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ABSTRA

Early synchronous colorectal liver metastasis (CRLM) repre-
sents a clinical condition characterized by the simultaneous
presence of primary colorectal cancer and metastatic liver lesions.
In this study, we characterized the tissue-specific transcriptomes,
phenotypes, and functional relevance of tumor-associated mac-
rophages (TAM) within the tumor microenvironment (TME) of
colorectal cancer and CRLM specimens from patients who un-
derwent simultaneous surgical removal of these malignancies.
The high-throughput single-cell transcriptional analysis revealed
an inverse ratio of inflammatory and immunoregulatory TAMs
in the colorectal cancer and CRLM TMEs, along with heteroge-
neity in both tumoral tissues. Furthermore, we found that

Introduction

Colorectal cancer (CRC) represents one of the most frequent
malignancies worldwide, with more than 50% of patients developing
colorectal liver metastasis (CRLM; refs. 1, 2). Among them, simul-
taneous synchronous CRLM represents a particularly challenging
clinical entity, occurring in approximately 15% to 25% of colorectal
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inflammatory TAMs in colorectal cancer expressed inhibitory
ligands that might support immune escape, thus favoring liver
metastatic progression. In contrast, CRLM lesions possessed a
highly immunosuppressive milieu characterized by large prolif-
erative CTLA4" immunoregulatory TAMs and the presence of
IL7R" cytotoxic TAMs. Higher frequencies of these specific TAM
subsets in CRLM were associated with shorter disease-free sur-
vival and worse patient prognosis. The identification and char-
acterization of immunoregulatory TAMs preferentially enriched
in CRLM is key for the development of novel immunothera-
peutic strategies aimed at boosting anticancer immune responses
within the TME.

cancer cases (3). This clinical setting reflects an early disease phase,
with concurrent primary tumors and liver metastases. The standard
treatment combines systemic chemotherapy and surgical resection,
but the 5-year survival rate is only 50% with heterogeneous clinical
outcomes and responsiveness to treatments (4, 5).

The clinical variability observed in patients may stem not only from
tumor-intrinsic changes but also from immune alterations within the
tumor microenvironment (TME; refs. 6, 7). In this scenario, tumor-
associated macrophages (TAM) can remarkably accelerate tumor pro-
gression, invasion, and dissemination through various mechanisms
(8, 9). The role of these innate immune effectors is complex as they can
exhibit a high degree of plasticity and can be polarized into either
inflammatory/antitumorigenic (conventionally referred to as M1-like
TAMs) or immunoregulatory/protumorigenic (conventionally referred
to as M2-like TAMs) phenotypes depending on the signals they receive
within the TME (10). TAM clinical relevance has been reported in
many different cancer types (11, 12). Recently, we identified a distinct
subtype of TAMs, termed large TAMs, according to their morphology,
which is more highly enriched in patients with CRLM with the worst
prognosis. In particular, we found that these large TAMs exhibit high
cellular complexity with intracellular vacuoles, and their prognostic
relevance parallels a peculiar functional diversity in CRLM (13, 14).
Nonetheless, we still do not know whether the enrichment of large
TAM subsets represents a peculiar phenomenon of the TME of CRLM
or whether it is also present in the TME of matched primary tumors.
Even the characterization at single-cell level of large TAMs is still
lacking, and this is an important knowledge gap considering the sig-
nificantly higher recurrence rates for patients with CRLM compared
with those with primary colorectal cancer (15-17).

In the present study, we performed single-cell RNA sequencing
(scRNA-seq) of peritumoral samples from three patients with early
synchronous CRLM who underwent simultaneous surgical resection
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of primary and metastatic lesions. To provide insights into the
mechanisms behind the progression of early-stage diseases, the
purpose of this work was to examine the transcriptional heteroge-
neity and diversity of TAMs within the TME. Our results revealed
an inverse ratio of inflammatory and immunoregulatory TAMs in
the colon and liver, along with heterogeneity in both tissues.
Moreover, we found that colon-associated inflammatory TAMs
expressed inhibitory ligands that might support immune escape,
thus favoring liver metastasis. Furthermore, and in contrast with the
primary tumor, CRLM lesions possessed a highly immunosup-
pressive milieu characterized by the presence of proliferative and
immunoregulatory CTLA4" TAMs and cytotoxic IL7R" TAMs.

Materials and Methods

Study approval and patient information

All patients enrolled in this study (n = 18, Table 1) were histo-
logically confirmed as having synchronous CRLM and underwent
simultaneous surgical resection of the primary colorectal tumor and
liver metastases at IRCCS Humanitas Research Hospital. Written
informed consent for tissue collection and biobanking was provided.
The study was conducted in accordance with the ethical principles
outlined in the Declaration of Helsinki (1975) and approved by the
IRCCS Humanitas Research Hospital Ethics Committee (protocol
number 282/19). Patients were enrolled regardless of KRAS muta-
tion status.

Table 1. Demographics and clinical-pathologic data.

Variable Data
Number of patients 18
Gender

M/F, n (%) 10 (55.5)/8 (45.5)
Age (year), median (range) 64 (39-77)
Size of CRLMs (cm), median (range) 1.8 (0.7-13)
Number of CRLMs, median (range) 2 (1-19)
Bilateral (liver) disease, n (%) 7 (38.8)
Preoperative CEA, median (range) 3.8 (0.5-147)
Grading of the primary CRC

GI1-2, n (%) 15 (83.4)

G3-4, n (%) 3 (16.6)
Staging of the primary CRC

T status, T3-4, n (%) 12 (66.6)

N status, N+, n (%) 9 (50)
Synchronous presentation, n (%) 18 (100)
Site of primary CRC

Right colon, n (%) 8 (44.4)

Left colon 4 (22.2)

Rectum, n (%) 6 (33.4)
Neoadjuvant chemotherapy, n (%) 12 (66.6)

Chemotherapy lines, median (range) 10,2)
Type of chemotherapy, n (%)

Oxaliplatin-based 9 (50)

Irinotecan-based 9 (50)

+Anti-VEGF 12 (66.6)

+Anti-EGFR 6 (33.4)
RAS mutated, n (%) 7 (38.8)
Simultaneous resection, n (%) 18 (100)
Type of analysis

IHC 18 (100)

scRNA-seq 3 (16.6)

Abbreviations: CEA, carcinoembryonic antigen; CRC, colorectal cancer; G,
grade; N, node; T, tumor.
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Fresh peritumoral tissue samples from both the colon and liver
were collected intraoperatively in 5 mL of RPMI 1640 media
(Euroclone, cat # ECB9006L; lot EUMO023P), specifically from areas
adjacent to the tumor core and devoid of visible necrosis or hem-
orrhage. Peripheral blood was collected from the same patients.

scRNA-seq was performed on matched tumor (colon and liver)
and blood samples from three patients (CRLM-1, CRLM-2, CRLM-3;
n = 3, Table 1). For validation, IHC was carried out on a retro-
spective cohort of 18 patients with early synchronous CRLM who
underwent simultaneous surgical resection of primary and metastatic
lesions between January 2020 and December 2024 at IRCCS
Humanitas Research Hospital, namely the three patients profiled by
scRNA-seq and 15 additional cases selected using identical clinical
and pathologic criteria (Table 1).

Isolation of cells and sorting

Peritumoral colon and liver tissue samples, surgically sampled
from tissue area adjacent to the tumor mass, were chopped into
small fragments, digested in Hank’s Balanced Salt Solution+/+
(Euroclone, cat # ECM0507L; lot EUMO026R) containing 2 mg/mL of
collagenase type I solution (Gibco, cat # 17100-017; lot 2802331),
2% FBS (Sigma-Aldrich, cat # F7524-500ML; lot BCCD0778), 50 pg/
mL DNAse I (Sigma-Aldrich), and 10 mmol/L HEPES (Sigma-
Aldrich, cat # H0887-100ML; lot RNBM3396), and subsequently
incubated for 35 minutes at 37°C in the same solution. The resulting
single-cell suspensions were filtered through a 100-um cell strainer,
and erythrocytes were lysed with BD Lysing Buffer (cat # 555899; lot
4068991). Cells were pelleted, counted, and subsequently cry-
opreserved in cryovials containing 1 mL of FBS (Sigma-Aldrich, cat
# F7524-500ML; lot BCCD0778) supplemented with 10% DMSO
(PanReac AppliChem), as previously published (18). Samples were
initially stored at —-80°C and subsequently transferred to liquid ni-
trogen for long-term preservation until further processing. Next, the
cells were thawed, washed in PBS, stained with Live/dead Aqua
Fluorescent Reactive Dye (Thermo Fisher Scientific, cat # L34967;
lot 2775959) and the mouse anti-human CD45 2D1 (BD Biosci-
ences, cat # 560178, RRID: AB_1645479; lot 1306196) at 4°C for
20 minutes, and sorted using a FACS Melody cell sorter (BD Bio-
sciences, RRID: SCR_023209).

From the same patients, fresh peripheral blood mononuclear cells
(PBMC) were isolated through Lympholyte-H Cell Separation
density gradient solution (Cedarlane Laboratories) according to the
manufacturer’s instructions and frozen in FBS (Sigma-Aldrich, cat #
F7524-500ML; lot BCCD0778) supplemented with 10% of the
cryoprotective DMSO (PanReac AppliChem; ref. 18).

IHC

Consecutive tissue sections 2-pm thick were prepared from
formalin-fixed and paraffin-embedded tissues provided by the Pa-
thology Department of the Humanitas Clinical and Research Center
and processed for IHC. Briefly, after deparaffinization and rehydra-
tion, antigen retrieval was performed by heat treatment using Diva
Decloaker solution 100x (Bio-Optica, cat # BRI2006 L; lot 061223A)
in a pressure cooker at 120°C for 5 minutes. Endogenous peroxidases
were blocked by incubation with Peroxidase-Blocking Solution
(Agilent, cat # s2023; lot 20076272) for 15 minutes at room tem-
perature. The sections were then incubated with the primary rabbit
anti-human proliferating cell nuclear antigen (PCNA) D3HS8P (Cell
Signaling Technology, cat # 13110, RRID: AB_2636979; lot 7, mono-
clonal, 1:100) for 2 hours at room temperature, followed by incubation
with the Dako EnVision+ System- HRP Labeled Polymer Anti-Rabbit
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(Agilent, cat # K4003, RRID: AB_2630375; lot 11523704). Dia-
minobenzidine tetrahydrochloride (Biocare Medical, DAB Chromogen
Kit DB801; lot 101823A-4) was used as a chromogen (brown). Double
staining was performed with incubation of the anti-human CD163
10D6 (Leica Biosystems, cat # NCL-L-CD163, RRID: AB_2756375; lot
6098050; 1:200) for 2 hours at room temperature on the same tissue
sections previously marked with anti-PCNA, followed by incubation
with the Dako EnVision+ System- HRP Labeled Polymer Anti-Mouse
(Agilent, cat # K4001, RRID: AB_2827819; lot 11292400). An AEC
staining kit (Sigma-Aldrich, cat # AEC101-1KT, lot 0000210570)
was used as a chromogen (red). Nuclei were lightly counterstained
with a freshly made hematoxylin solution (Histo-Line Laboratories,
cat # 01IHEMM1000; lot HEMM-35/21). For single IHC CD45 anti-
body clone PD7/26 + 2B11 (Agilent, cat #M0701, RRID: AB_2314143;
lot 41827598) 1:200 or CD163 antibody 10D6 (Leica Biosystems, cat #
NCL-L-CD163, RRID: AB_2756375; lot 6098050) 1:200 were used,
followed by incubation with the Dako EnVision+ System- HRP La-
beled Polymer Anti-Mouse (Agilent, cat# K4003, RRID: AB_2630375;
lot 11523704). Images were captured by light microscopy using an
Olympus BX51 microscope with 10x and/or 40 x magnification. The
images were processed by Photoshop.

Single-cell RNA library preparation

Libraries for scRNA-seq (three patients, eight matched libraries—
three colon CD45", three liver CD45", and two PBMCs) were
generated using a microfluidic-based approach on the Chromium
Single-Cell Platform using the Chromium Single-Cell 5’ Library and
Gel Bead Kit (10x Genomics, 1000006) according to the manu-
facturer’s instructions. In brief, thawed samples were evaluated for
viability prior to scRNA-seq analysis, and all were >95% viable.
Single cells were individually loaded onto a Chromium single-cell
controller (10x Genomics) to generate single-cell gel beads-in-
emulsion. Captured cells were then lysed, and the released RNA was
barcoded through reverse transcription in individual gel beads-in-
emulsion. The concentration of the scRNA-seq libraries was
assessed using an Agilent 4200 TapeStation system. The libraries
were sequenced using an Illumina NovaSeq 6000 sequencer with a
paired-end 150-bp (PE150) reading strategy (performed by Capi-
talBio Technology).

Processing scRNA-seq data

Fastq files were processed with Cell Ranger v7.1.0 (10x Geno-
mics, RRID: SCR_023221) using default parameters. The scRNA-seq
reads were aligned to the GRCh38 (version refdata-gex-GRCh38-
2020-A, 10x Genomics) human genome reference. Only mapped
reads with valid barcodes and unique molecular identifiers (UMI)
were retained to compute a gene expression matrix containing the
number of UMI for every cell and gene. Gene counts were then
imported into Python (v3.9.7, RRID: SCR_008394) and processed
with Scanpy (v1.9.3, RRID: SCR_018139; ref. 19). Each sample was
QC-filtered independently. Cells with fewer than 500 and more than
4,000 expressed genes, or fewer than 950 and more than than
12,000 UMIs; greater than 10% of mitochondrial genes; and less
than 0.05% of ribosomal genes were removed. Doublets were
computationally identified and removed using Single-Cell Remover
of Doublets (v0.2.3, RRID: SCR_018098; ref. 20). Raw data matrices
of all samples (n = 8) were then merged in one single AnnData
object (v0.10.4, RRID: SCR_018209; ref. 21) and were then log-
normalized with a scale factor of 10,000. Highly variable genes
(HVG, n = 4,000) were identified across each sample (batch_key =
"sample_identity") using the Seurat_v3 dispersion-based methods on
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raw counts, and data from each sample were integrated and batch-
corrected with the single-cell Variational Inference (scVI)-tools al-
gorithm (v1.0.0; ref. 22). In brief, the setup of the model was per-
formed with the scvi.model. SCVLsetup_anndata() function, setting
as batch_key the patient ID covariate, and with the scvimo-
del.SCVI() function, setting n_layers = 2, n_latent = 30, and
gene_likelihood = “nb” parameters. The clustering analysis was
performed using the Leiden algorithm (23), and the clusters were
then embedded in two-dimensional Uniform Manifold Approxi-
mation and Projection (24) using the scVI batch-corrected latent
space. For the reclustering of cells of interest, we extracted cells from
the total dataset, recomputed the HVGs on raw counts, and
retrained the scVI model with the same settings reported above.

Analysis of publicly available healthy liver and healthy blood
scRNA-seq databases

The scRNA-seq raw counts of healthy liver samples (n = 5) and
healthy blood samples (n = 6, at baseline) were downloaded from
Gene Expression Omnibus (GEO) datasets accession numbers
GSE136103 (RRID: SCR_005012; ref. 25) and GSE260763 (26, 27),
respectively, and then imported into Python (v3.9.7) and processed
with Scanpy (v1.9.3) with the same workflow reported above.

Differentially expressed gene analysis

Differentially expressed genes (DEG) were computed using the
FindAllMarkers() function to identify the cluster-specific and cell
cycle-specific genes, and FindMarkers() function to identify the
inflammatory- and immunoregulatory-specific genes between the
colon and liver, implemented in Seurat (v4.4.0, RRID:
SCR_007322; ref. 28) under R v4.3.2. Briefly, the AnnData object
was converted to a Seurat object (-h5Seurat) with the Convert()
function implemented in SeuratDisk (v0.0.0.9020), setting dest =
h5seurat and assay = RNA parameters, and read with the
LoadH5Seurat() function. DEGs were computed on raw counts set-
ting test.use = negbinom, logfc.threshold = 0, and min.pct = 0.1 pa-
rameters, setting adjusted P value < 0.05 and /log, fold change/ > 0.25
as cutoff for significance.

Gene module scores and cell-cycle scores

Gene module scores were calculated with specific gene lists,
reported as Supplementary tables or specified in the Figure
legends, with the Scanpy-implemented scanpy.tl.score_genes()
function.

To compute the large and small TAM scores, we used the list of
DEGs from the published bulk RNA-seq comparison of small and
large TAMs (13). Briefly, we filtered the genes for FDR < 0.05; we
considered genes with a log, fold change > 2.5 for large TAMs and
genes with a log, fold change < —2.5 for small TAMs. We then
calculated two independent principal component analyses (29) on
the two lists with the Scanpy-implemented scanpy.tl.pca() function,
setting svd_solver = “arpack” and use_highly_variable = False, on
the liver macrophages clusters (L0-8). We extracted the top
20 highest genes characterizing the principal component 1 (PC1),
ranked according to their loading values. We then used the scan-
py.tl.score_genes() function to compute the two scores.

To evaluate the cell-cycle phase, we first calculated for each cell a
score based on the expression of S and G2M phase markers with the
Scanpy-implemented scanpy.tl.score_genes_cell_cycle() function, and
cells expressing neither of them have been associated with the
GI1 phase (30).
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Figure 1.

Myeloid cell characterization in synchronous metastatic colorectal cancer by scRNA-seq. A, Schematic overview of the experimental workflow depicting sample
processing and scRNA-seq of matched peritumoral samples of primary colorectal cancer (n = 3), metastatic liver tumor (n = 3), and peripheral blood cells (n = 2). B,
Tissue-integrated UMAP of the myeloid cell reclustering, a total of 11,283 single cells from all the patients (CRLM-1-3, n = 3), color-coded by tissue assignment. C,
UMAP plot (left) color-coded by the main myeloid cell families. The dot plot (right) shows the expression of canonical markers used for the annotation of the cell
families, in which the dot size indicates the proportion of expressing cells and the color indicates the normalized mean expression levels. D, Fractions (%) of cell
families detected in each tissue, colored as in (C), normalized on the total cells per tissue. The alluvial plot shows the correspondence between cell families and
tissues, in which the stratum indicates the contribution of each cell family in each tissue as frequency and the flow indicates the shared cell families among tissues. E,
The heatmap shows the scaled gene expression of the top five DEGs identified among the colon and liver cell families reported on the right.
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Figure 2.

Heterogeneity of TAM transcriptional profiles in the colon peritumoral area. A, UMAP clustering projection of the integrated colon myeloid immune cells from all
the patients (n cells = 1,127). B, The dot plot shows the expression of canonical markers used for the annotation of myeloid cell subtypes, in which the dot size
indicates the proportion of expressing cells, colored by normalized mean expression levels, and the clusters are reordered according to cell family. C, The nested
pie chart shows the percentage frequency distribution of each cluster (outer circle) and the cell family correspondences (inner circle), colored as in Fig. 1C. DC
clusters are reported in gray. D, The heatmap shows the scaled gene expression of the top 10 DEGs (rows) per cluster (columns) identified among the colon
macrophage clusters (CO, C2-6, and C8). DC clusters (C1, C7, and C9) were excluded from the analysis. E, The radar plots show the mean expression levels of the
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signature are highlighted in red. F, The dot plot shows the expression of immune checkpoint and ligand genes, in which the dot size indicates the proportion of
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based manner (batch_key = “tissue_identity”) and subsequently
filtered to retain only the 4,000 most variable across tissues to avoid
redundancy. A single-cell trajectory was constructed by the Dis-
criminative Dimensionality Reduction with Trees (DDTree) algo-
rithm on all the cells belonging to the blood, colon, and liver, except
for dendritic cells (DC). No starting root was set as starting point of
the trajectory. The trajectory visualization was conducted by the
plot_cell_trajectory() function implemented in Monocle2.

Reactome pathway analysis

Pathway enrichment pathway analysis was performed using the
Reactome web tool (https://reactome.org/, RRID: SCR_003485). The
Reactome pathways of cell type were enriched using DEGs with
adjusted P value < 0.05 and log, fold change > 0.25. Only pathways
with FDR < 0.05 and composed of at least three genes were selected
as significant and visualized by the ggplot2 package under R
v4.3.2 as circular bar plots, in which the bar length corresponds to
the —log;o of the P value of the pathways.

Statistics

Continuous variables were presented as a range with a median, and
discrete variables were presented as a number and percentage. Variables
were analyzed using the x* test or the Mann-Whitney U test where
appropriate. Survival analyses were performed using the Kaplan—-Meier
curves to analyze differences in disease-free survival and compared
using the log-rank Mantel-Cox test. Survival was calculated from the
day of surgery. The effect size was reported as HR and 95% confidence
interval, P values, and survival plots. Statistical computations were
conducted using the software Stata (v16, RRID: SCR_012763) and
GraphPad PRISM (v10.2.3, RRID: SCR_002798). A P value less than
0.05 was considered significant for all tests and was represented with
GraphPad style and summarized with the following number of asterisks
(*): %, P < 0.05; ***, P < 0.001; and ****, P < 0.0001.

Results

Single-cell transcriptomic profile of macrophages in early
phases of synchronous CRLM

To investigate heterogeneity within the TAM populations and
depict differences between primary colon tumor and liver metastasis,
we isolated CD45" leukocytes from the peritumoral area of matched
colon and liver tumor samples and from PBMCs (Supplementary Fig.
S1A and S1B) of three patients (CRLM-1-3) who underwent simul-
taneous synchronous colorectal-liver resections on the same day. We
then performed high-throughput scRNA-seq analysis on these human
specimens (Fig. 1A; Supplementary Fig. S1C).

Through gene profiling, the main populations of myeloid cells
within tumor-associated leukocytes and PBMCs were identified:
these included blood monocytes (Mono) and tissue macrophages

Tissue-Resident Macrophages and Metastatic Colorectal Cancer

(TAMs) expressing CD14, CD16 (FCGR3A), CD88 (C5AR1), CD68,
LYZ, and VCAN, and DCs, expressing CDIC, CLEC9A, CLECI10A,
IL3RA, and CLEC4C (Supplementary Fig. S1D and SI1E). Despite
previous studies documenting transcriptome profiles of macro-
phages (32), detailed transcriptome annotations that can compre-
hensively capture the dynamic changes of macrophages from the
primary to the metastatic site are not available or being published.
Hence, to identify distinct transcriptional programs of macrophages
simultaneously populating the colon and corresponding liver me-
tastases, we further subclustered the myeloid-enriched clusters by
refining a total of 11,283 cells, which were spatially represented
through Uniform Manifold Approximation and Projection (UMAP;
Fig. 1B). Based on the expression of known markers expressed by
the main myeloid populations in tissues and peripheral blood, we
identified (i) the classic monocytes (cMono_CD14) and nonclassic
monocytes (ncMono_FCGR3A) according to the expression of
CDI14 or FCGR3A genes, respectively, and (ii) macrophages,
expressing CD68, LYZ, and C5ARI, which we further annotated into
inflammatory (VCAN, S100A8, SI00A9, FCNI, CFD, and CTSL) and
immunoregulatory (CDI163, MRCI, and CIQA-C) TAMs (33, 34).
Furthermore, we identified three main subsets of DCs according to
their lineage signatures: (i) type 1 conventional DCs (cDC1; CADM1,
CLEC9A, and XCRI); (i) DC_LAMP3 (LAMP3, KIF2A, RPS27L,
GRSF1, and CCL19); and (iii) plasmacytoid DCs (pDC; CLEC4C,
IL3RA, and IRF7; Fig. 1G; ref. 35). By comparing the frequencies of the
TAM clusters between colon and liver, we found an inversed
inflammatory/immunoregulatory ratio within the two tissues. Indeed,
in the colon, the main population was inflammatory TAMs (53.4%),
relative to 27% in the liver, whereas the liver was enriched in immu-
noregulatory TAMs (64.4%), relative to the colon (23.4%; Fig. 1D).
Moreover, these two TAM families were characterized by unique and
different transcriptomic profiles within the two tissues (Fig. 1E).

Colon-associated inflammatory TAMs are involved in tumor
immune evasion

To better characterize inflammatory and immunoregulatory
TAM populations in the colon, we independently analyzed myeloid
cells. Following high-resolution clustering, the colon myeloid cells
clustered into 10 distinct populations (Fig. 2A). By supervised an-
notation (Fig. 2B), clusters S100A8_CO0, IFITM3_C2, DOCK4_C4,
and S100A9_C6 were found to be enriched in inflammatory TAMs,
whereas clusters AREG_C3, RNASEI_C5, and CCL2_C8 were
enriched in immunoregulatory TAMs. Regarding DCs, the
LAMP3_C9 cluster was identified as DC_LAMP3, whereas
GZMB_C1 and SELIL3_C7 clusters were identified as pDCs. This
annotation further confirmed the above-reported abundance of in-
flammatory TAMs in the colon (53.4%; Figs. 1D and 2C). None-
theless, even though clusters belonging to the same inflammatory or
immunoregulatory family share a common backbone-gene

Figure 3.

Heterogeneity of TAM transcriptional profiles in the liver peritumoral area. A, UMAP clustering projection of the integrated liver myeloid immune cells from all the
patients (n cells = 6,127). B, The dot plot shows the expression of canonical markers used for the annotation of myeloid cell subtypes, in which the dot size
indicates the proportion of expressing cells, colored by normalized mean expression levels, and the clusters are reordered according to cell family. C, The nested
pie chart shows the percentage frequency distribution of each cluster (outer circle) and the cell family correspondences (inner circle), colored as in Fig. 1C. DC
clusters are reported in gray. D, The heatmap shows the scaled gene expression of the top 10 DEGs (rows) per cluster (columns) identified among the liver
macrophage clusters (LO-8). DC clusters (L9-11) were excluded from the analysis. E, The radar plots show the mean expression levels of the antigen-presentation
(n genes = 24), lipid-associated (n genes = 32), and angiogenic (n genes = 31) scores per cluster. Clusters with the highest scores for each signature are
highlighted in red. F, The dot plot shows the expression of immune checkpoint and ligand genes, in which the dot size indicates the proportion of expressing
cells, colored by normalized mean expression levels, and the clusters are reordered according to cell family. DC clusters (L9-11) were excluded from the analysis.
G, The feature plot shows the expression of the cytotoxic inflammatory score (n genes = 21). DC clusters (L9-11) were excluded from the UMAP plot.
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Figure 4.

Transcriptomic correlation and trajectory analysis reveal both similarities and tissue-specific traits in colon and liver TAMs. A, The correlation matrix
shows the unsupervised hierarchical clustering computed using the Pearson correlation coefficient taking into consideration all the monocytes (blood)
and macrophages (colon and liver) clusters. DC clusters were excluded from the analysis. B, The ordering of different cell clusters along pseudotime in a
two-dimensional state-space defined by Monocle2. The pseudotime trajectory was computed on all the monocytes (blood) and macrophages (colon and
liver) clusters, without including DC clusters and setting the starting root. Each point corresponds to a single cell, color-coded according to the tissue
identity with the proportions of cells per branch. C, Left, the pseudotime trajectory is color-coded according to the pseudotime value, in which each dot
corresponds to a single cell. Right, the Monocle2 pseudo-temporal ordering of cells is superimposed on the UMAP plot, in which cells are colored based
on their progression along the pseudo-temporal space. D, Cell density distribution plot representing cluster frequency (y-axis) along the pseudotime
(x-axis). The median pseudotime value of each distribution is indicated by the solid line, whereas the total mean pseudotime value is indicated by the

dotted line.

signature, we identified high heterogeneity in the transcriptomes of
inflammatory and immunoregulatory TAMs (Fig. 2D; Supplemen-
tary Table S1). Indeed, inflammatory TAMs were characterized by
the upregulation of specific genes associated with responsiveness to
chemotactic signals and migration to inflammation sites. This latter
transcriptomic profile includes the S100 gene family (SI100A8,
SI100A9, and SI100A12) and several proinflammatory genes
(i.e., CCL3, CCL3L1, CCL4, CCL4L2, CXCL8, and CXCL10) known
to prime the initiation of inflammatory signal transduction and the

1790 Cancer Immunol Res; 13(11) November 2025

production of proinflammatory cytokines (36). Furthermore, the
elevated expression of VCAN in cluster SI00A9_C6 indicates a role
in extracellular matrix regulation and tissue remodeling, thus sug-
gesting a potential proregenerative function within this macrophage
subset (37). Cluster IFITM3_C2 was further characterized by high
expression of antigen-presenting genes such as HLA-DQBI, HLA-
DQAI, HLA-DRBI, and HLA-DPAI. In contrast, macrophages
expressing CD163 are typically categorized as immunoregulatory
TAMs and exhibit properties favorable for anti-inflammatory
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functions and tissue remodeling (38). These features were evident in
the colon within clusters AREG_C3, RNASE1_C5, and CCL2_CS8.
The high expression of the Clq gene family (CIQA, C1QB, and
C1QQC), along with high levels of CD163, CCL2, HMOXI, and
PPARG genes, indicates an active role in recruiting immune cells
to sites of inflammation and suggests a polarization toward an
anti-inflammatory phenotype. Additionally, the presence of mole-
cules such as AREG, ILIR, FOS, and JUN within these latter myeloid
clusters are crucial in fine tuning immune responses, modulating
inflammation, and supporting tissue health and repair.

By analyzing multiple genes at once and computing distinct gene
scores instead of focusing on the expression of individual genes, we
were able to further characterize each cluster based on its functional
characteristics (Fig. 2E; Supplementary Table S2; ref. 39). In partic-
ular, we identified the following: (i) clusters with antigen-presentation
properties (i.e., SI00A8_CO0, IFITM3_C2, and AREG_C3) suggesting
an ability to prime adaptive immune responses; (ii) clusters with lipid-
association properties (i.e., RNASEI_C5 and CCL2_C8) whose en-
hanced lipid accumulation and metabolism pathways are sugges-
tive of extensive phagocytosis; and (iii) clusters with angiogenic
properties (i.e., SI00A8_C0, DOCK4_C4, and S100A9_C6), which
may contribute to the regulation and support of tissue remodel-
ing. To our surprise, inflammatory TAMs rather than immuno-
regulatory TAMs expressed higher levels of the ligands of immune
checkpoints, including the PD-1 ligand PD-L1 (CD274) and the
TIGIT ligand NECTIN2 (Fig. 2F). The expression of inhibitory
checkpoint ligands on inflammatory TAMs has been already re-
ported to be possibly associated with an immune-escape mecha-
nism to evade T-cell immune surveillance (40). Hence, our results
showing high frequencies of inflammatory TAMs expressing in-
hibitory checkpoint ligands in the TME of colon cancer can
explain, at least in part, the lack of immune control of the pri-
mary tumor that naturally progresses toward liver metastasis
development.

The synchronous CRLM disease alters the physiologic
transcriptomic profiles of liver macrophages

In the TME of CRLM, the myeloid cells clustered into 12 distinct
populations (Fig. 3A). The resident macrophage population in the
liver is known as Kupffer cells (KC) and they are transcriptionally
defined by strong expression of the VSIG4 and CD5L genes, among
others (34). The cluster with the profile closest to KCs (CCL4L2_L5)
showed very low expression of CD5L and other KC genes (Sup-
plementary Fig. S2A). In order to determine whether or not this
finding was associated with the CRLM pathologic clinical setting, we
compared the profile of this population with KC populating healthy
human livers (see “Materials and Methods” section, Supplementary
Fig. S2B and S2C; ref. 25). In this different and para-physiologic
condition, we clearly annotated KCs, whose signature was highly
enriched in cluster HL2 (Supplementary Fig. S2D). The comparison
of the CCL4L2_L5 cluster profile to HL2 highlighted a down-
regulation of several KC-associated genes (i.e., CD5L, VSIG4,
MS4A4A, FOLR2, SLC40A1, VCAMI, and others), suggesting that
the transcriptomic profiles of KCs were markedly modified in the
hepatic TME during the early phases of liver metastasis from colon
cancer. Indeed, the lack of a comparable tissue cluster in our
pathologic clinical setting suggests a disruption in the typical KC
gene expression patterns inside the tumor milieu.

Similar to our analysis of the primary tumor, we analyzed the tran-
scriptomes of myeloid cells within CRLM tissues to determine the im-
munoregulatory or inflammatory nature of TAMs in the liver metastatic
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lesions. Clusters SI00A8 13, SMIM25_18, and CCL5_L4 were anno-
tated as inflammatory TAMs, whereas clusters IL7R_L0, TOBI_L1,
HSPA6_12, CCL4L2_L5, and SPATS2L 17 were annotated as immu-
noregulatory TAMs. APOCI_L6 was annotated as a cluster with mixed
transcriptional features of inflammatory and immunoregulatory TAMs
(Fig. 3B), which indeed spatially localized in the UMAP plot between
the two TAM families. Our annotation confirmed the abundance of
immunoregulatory TAMs (64.4%), as above-reported (Figs. 1D and 3G;
Supplementary Fig. S2E). PTGDS_19, CPNE3_L10, and LAMP3_11
clusters were annotated as DCs. As in the colon, we identified hetero-
geneous populations characterized by different transcriptomic profiles
(Fig. 3D; Supplementary Table S1). In particular, SIO0A8 L3 and
SMIM25_18 clusters distinctly exhibited hallmarks of inflammatory
profiles characterized by the upregulation of SI00A8, SI00A9, VCAN,
and ILIR genes. Conversely, CD163" immunoregulatory macrophages
exhibited peculiar features with high levels of HLA and Clq genes. The
dual transcriptional profile identified in cluster APOCI_L6 constitutes a
unique molecular liver signature, suggesting, within liver metastases, the
presence of a specific macrophage subset able to polarize into a
proinflammatory or immune-suppressive phenotype upon specific
stimuli and therefore to control immune responses or contribute to
inflammation and tissue repair. Additionally, we identified IL7R_LO,
TOBI_L1, HSPA6_L2, CCL4L2_L5, and APOCI_L6 as highly charac-
terized by antigen-presentation properties, whereas S100A8_L3,
APOCI1_L6, and SMIM25_18 expressed angiogenic properties. Fi-
nally, HSPA6_12, SI00A8_L3, CCL4L2_L5, and APOCI_L6 showed
high lipid-associated scores indicative of phagocytic properties
(Fig. 3E; Supplementary Table S2). The inhibitory checkpoints
CTLA-4 (CTLA4) and TIM-3 (HAVCR2), whose expression is
mainly recognized on T cells, were also expressed by all immuno-
regulatory TAM clusters (Fig. 3F). In this context, other recent
studies have reported their expression and function on other im-
mune cells, including macrophages (41, 42).

IL7R_10 and CCL5_L4 represent unique tissue clusters spe-
cific of the pathologic CRLM and absent in the healthy liver and
pathologic colon, and their cytotoxic features were further con-
firmed by the cytotoxic inflammatory score (Fig. 3G; Supple-
mentary Fig. S2F; Supplementary Table S2). They expressed high
levels of the IL-7 receptor (IL7R) gene, which encodes for the
CD127 protein, together with several other genes linked to an
NK cell-like cytotoxic activity (i.e., KLRBI, NKG7, GNLY,
GZMA, and CTSW; Fig. 3B-D). A similar signature indicative of
cytotoxic monocytes (i.e., IL7RF** monocytes) has been already
reported both in physiologic and pathologic conditions
(i.e., tumor and viral infections; ref. 43). We observed that
the transcriptomic signature of IL7R_LO was preferentially as-
sociated with an immunoregulatory phenotype, whereas
CCL5_L4 was linked to an inflammatory phenotype. Moreover,
both clusters specifically expressed immunologic checkpoints,
including LAG3 (LAG3), TIGIT, CD9%, and ICOS (Fig. 3F),
consistent with inhibitory mechanisms already reported for lym-
phocytes (44-46).

Integration of transcriptomic profiles reveals tissue-specific
monocyte-macrophage dynamics

We then proceeded to characterize human circulating monocytes
in the peripheral blood of the same patients to get insight into the
blood-derivative TAMs in pathologic colon cancers and CRLM
(Supplementary Fig. S3A). Our findings revealed the presence of
distinct monocyte populations, with the main population

Cancer Immunol Res; 13(11) November 2025
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Figure 5.

Transcriptional profile showing proliferative features of liver immunoregulatory TAMs with large macrophages. A, The circular bar plots show a selection of
significantly enriched pathways with FDR values < 0.05, identified among significant DEGs (percent >10% and adjusted P value <0.05 and log, fold
change >0.25) of inflammatory (left) and immunoregulatory TAMs (right) as the comparison between the colon (orange) and liver (green) using the Reactome
pathway browser. The bars are color-coded according to the tissue identity and sized by the —log;o(P value) value of the pathway enrichment. The dotted lines
separate the different pathway groups. B, The radar plot shows the mean expression levels of proinflammatory (TNF, IL1A, IL1B, IL6, IL23A, CXCL9, CXCLT10, and
CXCLTI) and immune-suppressive (IL10, TGFBI, CCL2, CCL5, CCL17, and CCL22) module scores for the colon and liver inflammatory and immunoregulatory TAMs.
C, The bar plot shows the proportion (%) of each TAM cluster per cell-cycle phase (G, S, and G2M) in the colon and liver. For the statistical analysis, the SEM was
calculated according to the absolute cell count, and the unpaired nonparametric Mann-Whitney test was used to determine P values. D, The bar plot shows the
module score of cell-cycle genes (n genes = 57) in the liver. For the statistical analysis, the SEM was calculated according to the absolute cell count, and the
unpaired nonparametric Mann-Whitney test was used to determine P values. E, Double IHC for CD163/PCNA on liver metastases. In the peritumoral area of the
liver, some cells are double positive for CD163 (red) and PCNA (brown). The nuclei are counterstained with hematoxylin.  (Continued on the following page.)
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comprising classic monocytes (cMono_CD14) characterized by high
expression of CDI4 and the previously reported transcriptional
features (43) mainly enriched in clusters SI00A8_BO, HLA-
DRBI1_B1, PPBP_B2, DPYD_B3, and ALAS2_B4. On the other
hand, FCGR3A_B5 comprised a minor population of nonclassic
monocytes (ncMono_FCGR3A) showing high expression of
FCGR3A and low levels of CDI4. In addition to monocytes, we
identified a small cluster of circulating pDCs enriched in the cluster
GZMB_B6 (Supplementary Fig. S3A and S3B; Supplementary Table
S1). Importantly and differently from healthy PBMCs (see “Mate-
rials and Methods” section, Supplementary Fig. S3C and S3D; refs.
26, 27), we did not find any monocytes showing cytotoxic tran-
scriptional features, either among cMono_CD14 or in ncMo-
no_FCGR3A (Supplementary Fig. $3B, S3D, and S3E). Of note, we
found this signature only in TAMs from CRLM. Thus, we hy-
pothesized a possible origin of these latter hepatic TAMs from
circulating cytotoxic monocytes of patients with CRLM.

To provide a complete image of the three compartments and
highlight tissue-specific heterogeneities, we integrated the three
myeloid cell annotations from blood, primary colon cancer, and
CRLM (Supplementary Fig. S4A). Correlation analysis identified the
presence of shared transcriptional signatures of myeloid cells from
matched samples of peripheral blood, colon, and liver of patients
with CRLM (Fig. 4A). We observed significant high Pearson cor-
relations between the inflammatory TAMs identified in liver cluster
SI00A8_L3 and those categorized as inflammatory TAMs within
colon clusters DOCK4_C4 and S100A9_C6. These common traits
between TAMs from different tumor compartments of patients
with CRLM strongly suggest the presence of cells exerting similar
functions. We also found high correlations between all liver and
colon clusters in their high expression of HLA genes. Taken to-
gether, these results suggest interconnections between colon and
liver TAMs that are mainly based on their functional characteristics
(e.g., antigen-presentation, lipid-association, and angiogenesis). In
addition, blood cluster FCGR3A_B5 and liver cluster SMIM25_ L8
were transcriptionally similar, suggesting that nonclassic monocytes
from peripheral blood may migrate to the liver and differentiate into
inflammatory macrophages.

To identify the tissue-specific mechanisms regulating blood
monocyte migration and their subsequent differentiation into
macrophages within tissues, we then tracked their shifts by com-
puting pseudotime trajectories. DCs were excluded from these an-
alyses. We found that the trajectory split with the generation of
three paths: path 0, path 1, and path 2 (Fig. 4B and C; Supple-
mentary Fig. S4B). Blood cells were located on a single distinct
branch (99.8%, path 0), consistent with their immature and un-
differentiated status. Most colon macrophages localized on path 1
(92.6%), thus revealing the existence of a specific colon-associated
path. The liver macrophages, on the other hand, localized in both
paths 1 (34%) and 2 (59%), rather than a single branch, suggesting
that liver macrophages can follow distinct differentiation pro-
grams. On path 2, the liver inflammatory TAM SI00A8_L3 and

Tissue-Resident Macrophages and Metastatic Colorectal Cancer

SMIM25_18 clusters mainly overlap with colon macrophages
(Supplementary Fig. S4B). In contrast, liver-specific cytotoxic
TAMs (IL7R_L0 and CCL5_L4) localized on the liver-specific path
2, endowed with high pseudotime values as they were character-
ized by a highly differentiated and matured phenotype. In addi-
tion, 7% of liver TAM cells colocalized onto the blood-enriched
path 0. Therefore, to determine which cluster or group of clusters
exhibited stronger blood-derivation features, we stratified and
analyzed the amplitude of the pseudotime (Fig. 4D). This analysis
confirmed that liver macrophages were more likely to originate
from the bloodstream rather than the colon macrophages, and this
was more evident in clusters SMIM25_L8, APOCI_L6, and
CCL4L2_L5.

Liver immunoregulatory TAMs with large macrophage
transcriptional profile show proliferative features

Lastly, we focused on examining the differences in the tran-
scriptome and functional traits between the inflammatory and im-
munoregulatory TAM:s in the colon and liver. DEG analysis between
the colon and liver (Supplementary Fig. S5A; Supplementary Table
§3) showed that TAMs in the colon were more inflammatory, with
high levels of cytokine-associated genes (i.e., CCL3L1, CXCLS,
CCL20, CCL4L2, IL1B, and IL4L1). In contrast, liver TAMs were
characterized by an immune-regulatory signature with active
metabolism, as indicated by ribosomal genes (i.e., RPL11, RPLIO,
and RPL5). The Reactome pathway-based analysis confirmed a
higher transcriptional activation of inflammatory TAMs in the co-
lon and of immunoregulatory TAMs in the liver (Fig. 5A). Colon
TAMs rather than liver TAMs were highly associated with pathways
involved in inflammatory cytokines production (e.g., IL1, IL6, IL12,
and IL17). When looking at the metabolic pathways, liver TAMs
were associated with protein synthesis, post-translational modifi-
cations, and proliferative features, which were not found to be as-
sociated with colon TAMs. Additionally, liver TAMs were more
prone to exhibit immunosuppressive activity (Fig. 5B). These im-
portant differences between colon and liver TAMs highlight the
pivotal role of tissue-specific macrophage phenotypes in shaping the
local tumor milieu and the immunologic one, thus likely explaining
the different clinical progression of cancer in these two different
tissue compartments.

To investigate the proliferative properties observed in liver im-
munoregulatory TAMs, we analyzed the cell-cycle phases (G1, S,
and G2M; Fig. 5C). By stratifying the colon and liver macrophage
cell clusters across those three phases, we demonstrated that 100%
of colon TAMs were comprised within the growth phase (G1 phase),
whereas liver TAMs included cell clusters in G1, S, and G2M phases.
In addition, to determine whether these proliferative features pref-
erentially belonged to inflammatory or immunoregulatory TAMs in
patients with CRLM, we computed a score of genes related to the
cell-cycle proliferation phase (Supplementary Table S4), which in
fact was found to be significantly higher in the immunoregulatory
liver TAMs compared with inflammatory TAMs (Fig. 5D). We also

(Continued.) F,The Kaplan-Meier survival curve shows the proportion of disease-free survival in relation to the CD163"PCNA" macrophage frequency in 18 CRLM
specimens. Log-rank Mantel-Cox test used to determine P values. G, The PCA plots show the distribution of the liver macrophage clusters (LO-8) across the first
three dimensions (PC1-3) based on their similarity according to the large TAM signature (top) or to the small TAM signature (bottom). The red arrows delineate
the principal component 1 (PC1) dimension, which captures the highest variance and has been selected for downstream analysis. Dotted circles denote clusters
characterized by high PC1 values. H, The box plot shows the distribution of the S and G2M phase gene scores (n genes = 20) computed in the most
representative clusters enriched in the small (L3 and L8) and large (L2, L5, and L7) TAM scores, in which the inner line represents the median value. For the
statistical analysis, the unpaired nonparametric Mann-Whitney test was used to determine P values. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Cl,

confidence interval; TCA, tricarboxylic acid.
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identified a unique hallmark gene signature of these proliferating
macrophages within S and G2M cell-cycle phases (Supplementary
Fig. S5B).

By double IHC staining, we confirmed the presence of CD163"
macrophages expressing PCNA at the invasive margins of CRLM
(Fig. 5E). By plotting these data on a survival plot, we found a
statistically significant difference between CD163*PCNA"Y and
CD163"PCNA"E" patients: the 5-year disease-free survival went
from 75% of the first group to 0% of the second group denoting
more than sixfold risk of disease recurrence in case of CD163"-
PCNAME" (HR = 6.48; 95% CI = 1.37-30.5; P = 0.018; Fig. 5F).
These findings are consistent with the transcriptional data and, all
together, they support the hypothesis that liver immunoregulatory
and proliferative TAMs are associated with a negative prognosis.

Following our previous observation of morphologic differences
among TAMs in patients with CRLM (13), we proceeded to assess
whether the transcriptional classification of liver macrophage clus-
ters herein reported (LO-8; Fig. 3A, B, and D) was associated with
morphologic hallmarks that might lead to their identification on
standard histologic slides. To this end, we drew upon insights from
the bulk RNA-seq study on large and small TAMs to translate their
transcriptomic profile into the scRNA-seq data (13). Based on the
two signatures, we computed two independent gene-set scores de-
rived using a principal component analysis (PCA), in which the
principal component 1 (PC1) was used to capture the highest var-
iation in gene-set expression across the liver macrophages as a
continuous variable (see “Materials and Methods” section; Fig. 5G).
The results showed that SI00A8_L3 and SMIM25_L8 clusters were
strongly enriched in the small-TAM score, whereas HSPA6_L2,
CCL4L2_L5, and SPATS2L_L7 clusters defined large TAMs
(Fig. 5G; Supplementary Fig. S5C). In addition, by analyzing the
proliferation signature that characterized the liver TAMs in S and in
G2M phases (Supplementary Fig. S5B), we observed that only large
TAMs were enriched of that proliferation signature, indicating once
again a relation between cell morphology, cell function, cell activity,
and patients’ prognosis (Fig. 5H).

Discussion

The present study characterizes the transcriptional heterogeneity
of TAMs within the TMEs of matched human colorectal cancer and
CRLM peritumoral specimens in patients with synchronous CRLM
undergoing surgical resection of both primary tumor and liver
metastasis.

The peritumoral area represents a highly dynamic zone in which
tumor cells and immune components interact and mutually influ-
ence each other (13, 14, 47, 48). Within this microenvironment,
tumor-educated immune cells can acquire immunosuppressive and
protumorigenic features, ultimately dampening antitumor responses
and promoting tumor progression. Spatial transcriptomic and his-
topathologic studies have further demonstrated that the peritumoral
tissue, typically defined as the area within 100 um from the liver
parenchyma to the first row of tumor cells, harbors distinct prog-
nostic and therapeutic significance in colorectal cancer and CRLM
(49-51). The density and localization of tumor-infiltrating lym-
phocytes within this zone, as quantified by the Immunoscore,
strongly correlate with clinical outcomes (52-55).

Among the immune populations shaping the TME, TAMs have
emerged as key players, often described as double-edged because
of their dual roles in cancer progression (38, 56, 57). In the context
of CRLM, high frequencies of immunoregulatory TAMs are
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associated with poor prognosis and resistance to conventional
therapies (14, 38). We previously reported that high frequencies of
the so-called “large” TAMs exhibiting unique morphologic and
transcriptomic features within the peritumoral area of CRLM
correlate with worse prognosis (13, 14). These findings emphasize
the critical role of TAMs in the progression and therapeutic re-
sistance of CRLM, thus underscoring the need for targeted strat-
egies to modulate their activity within the TME. However, the
heterogeneity and different physiopathology of TAMs within the
TMEs of matched colorectal cancer and CRLM had never been
investigated in the context of the remarkable different clinical
progressions of the same cancer. Similarly, the ontogeny of hepatic
and gastrointestinal TAMs from circulating monocytes in a
matched setting had never been explored.

Our scRNA-seq experiments first showed that inflammatory and
immunoregulatory TAM clusters were present in both primary co-
lorectal cancer and CRLM, thus confirming the complex immuno-
logic heterogeneity of macrophages in cancer (33, 34). However, our
trajectory analyses clearly showed that frequencies, transcriptome
signatures, and functional relevance of these two dichotomic TAM
families were remarkably different within the TMEs of the colon and
liver, although both tissues are targeted by the same cancer. We found
an inverse ratio between inflammatory and immunoregulatory TAMs
within colon and liver TMEs, with great predominance of inflam-
matory TAM clusters in the colon and their immunoregulatory
counterparts in the liver. Inflammation plays a dual role in the co-
lorectal cancer immune escape, ultimately leading to liver metastasis
(58). On one hand, it can enhance antitumor immunity by activating
cytotoxic T cells and NK cells; on the other hand, chronic inflam-
mation can support tumor progression by creating a protumorigenic
microenvironment. Indeed, if an acute inflammatory response is not
properly resolved, it can evolve into a chronic process inducing the
activation of immunosuppressive macrophages, myeloid-derived
suppressor cells and regulatory T cells (8, 59, 60). Additionally, the
persistent inflammatory milieu also stimulates angiogenesis and ex-
tracellular matrix remodeling, thus further supporting tumor pro-
gression and metastatization (61). The preferential enrichment of
inflammatory TAMs in the TME of primary colorectal cancer plays a
paradoxical role, initially aiding in tumor control but ultimately en-
abling tumor evasion toward liver metastases (62), particularly in the
early phases of the disease. We also reported here that these inflam-
matory colon-specific TAMs express high levels of inhibitory immune
checkpoints ligands (e.g., PD-L1 and NECTIN2). This phenomenon
represents a key pathogenic mechanism explaining colorectal cancer
escape from immune surveillance (40).

In contrast, we found that the TME of CRLM was characterized
by high frequencies of immunoregulatory TAMs, which greatly
contribute to the establishment of immunosuppression, further
enhanced by the high expression levels of several inhibitory
checkpoints such as CTLA-4 and TIM-3. CTLA-4 promotes tumor
escape by hampering the downstream signaling of costimulatory
pathways through the internalization of CD80/CD86, which are
critical for T-cell activation (41, 42). Additionally, we identified two
pathologic liver-restricted clusters of IL7RF* cytotoxic macrophages
characterized by an NK-like signature (e.g., NKG7, GNLY, GZMA,
and CTSW), suggesting either the presence of TAM-mediated cy-
totoxicity against transformed cells or a TAM-mediated tumor
immune-escape mechanism. Nevertheless, the origin of this atypical
TAM population remains unclear. Two nonmutually exclusive hy-
potheses can be proposed. First, they may derive from cytotoxic
monocytes that migrate and differentiate into macrophages;
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alternatively, their cytotoxic gene signature could result from tro-
gocytosis, a process whereby macrophages acquire membrane
patches and cytotoxic molecules from other immune cells, such as
NK cells or T cells, through partial phagocytosis (63-65). This latter
phenomenon could explain the acquisition of NK-like features by
liver TAMs within the metastatic niche. Further investigations are
required to elucidate the precise mechanisms underlying the
emergence of these cytotoxic TAMs in CRLM. Notably, our pseu-
dotime analysis suggests that these cytotoxic TAM:s likely originate
from circulating monocytes that migrate and differentiate into
macrophages preferentially in the liver rather than in the colon.
Indeed, the IL7RP* cytotoxic monocytes were first described under
homeostatic physiologic conditions (43, 66). We report here that
these two clusters of cytotoxic cells were completely absent in the
bloodstream of patients with CRLM, whereas TAMs exhibiting a
similar transcriptional profile were detected in the liver TME but
were absent from both the colorectal cancer TME and healthy liver.
Nonetheless, these clusters expressed inhibitory checkpoints (e.g.,
TIGIT, LAG3, and CD96), thus suggesting a suppression of their
cytotoxic functions. Indeed, it has already been reported that TIGIT
on macrophages can interact with its ligand CD155 leading to the
inhibition of macrophage activation and promotion of an immu-
nosuppressive environment that, in turn, hampers the production of
proinflammatory cytokines (44, 67-69). Similarly, high expression
of LAG3 has been reported to be coexpressed with CD68 on TAMs
within an immunosuppressive TME (70-72). We also identified,
exclusively in the hepatic TME of CRLM and not in primary co-
lorectal cancer, the presence of unique immunoregulatory TAMs
endowed with proliferative features. Proliferating TAMs showed the
transcriptional characteristics of large TAMs, which were previously
reported by us as those TAMs associated with worse prognosis (13).
In this study, the finding of unique proliferation features of liver
large TAMs clearly indicates a relation between cell morphology,
cell function, cell activity and patients’ prognosis that deserves to be
ascertained.

The preferential enrichment of inflammatory TAMs in primary
colorectal cancer and their immunoregulatory counterparts in the
liver metastatic niche of CRLM in early stages of the disease mir-
rored the different clinical outcomes of the same cancer in these two
tissues. This divergence aligns with clinical observations, as recur-
rence typically occurs in the liver, marked by the emergence of new
CRLM lesions, even in absence of the primary colorectal cancer.
Based on our data, the disease-free survival is clearly affected by the
TAMs type in the context of CRLM. In other words, the develop-
ment of new CRLMs during the course of the disease may be
explained by the preferential enrichment of immuno-regulatory,
proliferative, large TAMs in the CRLM TME, therefore representing
a strong prognostic marker.

Overall, this study provides insights into the pathophysiology of
early phases of synchronous CRLM in regard to tissue-specific TAM
heterogeneity within the TME of the colon and liver. Although these
results need to be confirmed on larger longitudinal cohorts of pa-
tients with CRLM, the remarkable imbalance between colon and
liver macrophages together with the identification of liver-restricted
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