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Single-cell transcriptomic analysis reveals =

dynamic changes in the liver microenvironment
during colorectal cancer metastatic progression
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Abstract

Background Metastasis is a leading cause of cancer-related deaths, with the liver being the most frequent site
of metastasis in colorectal cancer. Previous studies have predominantly focused on the influence of the primary tumor
itself on metastasis, with relatively limited research examining the changes within target organs.

Methods Using an orthotopic mouse model of colorectal cancer, single-cell sequencing was employed to profile
the transcriptomic landscape of pre-metastatic and metastatic livers. The analysis focused on identifying cellular
and molecular changes within the hepatic microenvironment, with particular emphasis on inflammatory pathways
and immune cell populations.

Results A neutrophil subpopulation with high Prok2 expression was identified, showing elevated levels in the pre-
metastatic and metastatic liver. Increased infiltration of Prok2* neutrophils correlated with poor prognosis in liver met-
astatic colorectal cancer patients. In the liver metastatic niche (MN), these neutrophils showed high App and Cd274
(PD-L 1) expression, suppressing macrophage phagocytosis and promoting T-cell exhaustion.

Conclusion A Prok2* neutrophil subpopulation infiltrated both pre-metastatic and macro-metastatic liver environ-
ments, potentially driving immunosuppression through macrophage inhibition and T-cell exhaustion. Targeting
Prok2* neutrophils could represent a novel therapeutic strategy for preventing liver metastasis in colorectal cancer
patients.

Keywords Colorectal cancer liver metastasis, Liver pre-metastatic niches, Single-cell transcriptome sequencing,
Prok2 + neutrophils
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Background

Colorectal cancer (CRC) is a prevalent malignancy,
ranking third in incidence and second in mortal-
ity globally [1, 2]. While the 5-year survival rate for
early-stage colorectal cancer following radical sur-
gery exceeds 90%, this rate plummets to just 10-20%
once distant metastasis occurs [3]. The liver is the pri-
mary site for CRC metastasis, with about 50% of CRC
patients developing liver metastases during the course
of their disease, making liver metastasis the leading
cause of death in CRC patients [4]. Unfortunately, colo-
rectal cancer liver metastasis (CRCLM) patients typi-
cally show poor response to various treatment options,
highlighting the critical need for a deeper understand-
ing of the mechanisms driving CRCLM [5].

The pre-metastatic niche (PMN) plays a vital role in
tumor progression, forming prior to metastasis and serv-
ing as a key step in the metastatic process [6—8]. The
liver’s rich blood supply, coupled with its immunosup-
pressive environment, makes it a frequent site of metas-
tasis [9]. Researchers used bulk RNA sequencing to
analyze changes in the liver before metastasis following
orthotopic cecal modeling in mice, revealing an increase
in MDSC:s in the pre-metastatic liver [10]. However, bulk
RNA-seq is insufficient to analyze transcriptional charac-
teristics of specific cell types. The liver consists of paren-
chymal cells (hepatocytes) and non-parenchymal cells
(such as liver sinusoidal endothelial cells, hepatic stellate
cells, and Kupffer cells), all of which contribute to the for-
mation of the PMN [11, 12]. For example, hepatocytes
secrete serum amyloid A (SAA), which facilitates the
establishment of the PMN. Meanwhile, hepatic stellate
cells become activated, M2 macrophages are recruited to
release immunosuppressive factors, and myeloid-derived
suppressor cells (MDSCs) are attracted to the site [13—
15]. However, the precise mechanisms underlying PMN
formation and the complex interactions among various
cell types remain poorly understood.

Previous single-cell transcriptomic studies on the
liver microenvironment during metastasis have largely
focused on established liver metastases. Although dif-
ferences between metastatic lesions and primary tumors
have been observed, there is a lack of comprehensive
transcriptomic analysis tracking the liver’s progression
from normal tissue, through the pre-metastatic stage,
to the formation of metastatic lesions. Understanding
the changes in the liver from normal to pre-metastatic
states can better help us comprehend the early processes
of metastasis formation. Due to the difficulty of obtain-
ing clinical samples of normal and pre-metastatic liver
tissue, we utilized a mouse model of colorectal can-
cer with orthotopic cancer cell injection. Based on time
points and liver status, we categorized the liver samples
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into normal liver, pre-metastatic liver, and early tumor-
colonized liver, followed by single-cell transcriptome
sequencing.

In this study, we constructed a single-cell atlas of the
liver PMN and metastatic niche (MN) in mice, analyz-
ing the changes in various cell types during this process.
Among these cell populations, we identified a special
group of neutrophils that highly express Prok2 (Proki-
neticin 2). These neutrophils show increased infiltration
in the PMN liver and further accumulation in the MN
liver. Additionally, we found that they are associated
with exhausted T cells in the liver and are linked to poor
survival in patients with colorectal cancer liver metasta-
sis. Studies have shown that infiltrating neutrophils can
promote metastasis through the secretion of growth fac-
tors such as Prok2 [16]. However, the value of Prok2*
neutrophils within the PMN, as well as their interac-
tions with other cells at different stages of metastasis,
has not yet been reported. Prok2* neutrophils may rep-
resent a potential therapeutic target for anti-metastatic
immunotherapy.

Materials and methods

Cell line

CT26-GFP cells were cultured in 1640 medium sup-
plemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin at 37 °C in a humidified 5% CO2
incubator. GFP was overexpressed in CT26 cells to ena-
ble flow cytometric detection of tumor cells in the livers
of the orthotopic mouse model of colorectal cancer.

Orthotopic mouse model of colorectal cancer

All experimental animals were obtained from the Animal
Center of the Sixth Affiliated Hospital of Sun Yat-sen Uni-
versity (Guangzhou, China) and handled in strict accord-
ance with protocols approved by the Institutional Animal
Care and Use Committee of the same institution. Female
BALB/c mice, aged 4-6 weeks, were randomly assigned
to either the control or tumor groups. Under anesthesia,
both groups underwent surgery. A sterilized incision was
made just left of the center of the abdomen to expose the
cecum. In the tumor group, 1x10"® CT26-GEP cells,
suspended in 50 pL of PBS, were slowly injected into the
plasma membrane layer of the cecum. The control group
received an equal volume of PBS. After the injection, a
sterile cotton swab was applied to the injection site for
2 min to prevent leakage of the CT26-GFP cell suspen-
sion into the peritoneal cavity. Finally, the incision was
sutured using sterile needle and thread. The maximum
diameter of all tumors is less than 1.5 ¢cm, in compliance
with the ethical standards of the animal center.



Jiang et al. Journal of Translational Medicine (2025) 23:336

Isolation of liver cells

Liver single cell suspension preparation was performed
by the laboratory staft of NovelBio Biopharmaceutical
Technologies Ltd. Liver lysis was performed as described
previously [17], whole mouse livers were removed, cut
into small pieces on ice, and then enzymatically lysed
with 1 mg/mL Collagenase II (Worthington) for 30 min
on a shaker at 37 °C. 70-micron cell filters were sieved
and then erythrocytes were lysed in erythrocyte lysis
buffer (Miltenyi Biotec), rinsed twice with PBS, and then
the MACS Dead Cell Removal Kit (Miltenyi Biotec) was
used to further enrich the single cell suspension.

Single-cell library preparation and sequencing

Single cell capture was realized using the BD Rhapsody
system. Whole transcriptome libraries were prepared
according to the BD Rhapsody Single Cell Whole Tran-
scriptome Amplification Workflow and 150 bp paired-
end sequencing was performed using the NovaSeq 6000
and NovaSeq X Plus (Illumina, San Diego, California,
USA).

Single-cell sequencing quality control

Matrix data were organized and analyzed using the Seu-
rat R package [18]. Low-quality cells were filtered based
on the following criteria: mitochondrial gene expres-
sion>25%, erythroid gene expression>1%, a minimum
of 200 gene tests, and Unique Molecular Identifiers
(UMIs) > 1000. Additionally, doublet prediction and fil-
tering were performed using the DoubletFinder R pack-
age [19].

Cell type annotation

To eliminate batch effects between samples, we applied
the default parameters of the Harmony R package [20]
to integrate the data from each sample. To facilitate
the comparison of gene expression across samples, we
normalized the data and selected the top 4000 highly
variable genes for further analysis using a scaling fac-
tor of 10,000. The data were log-transformed using the
“ScaleData” function from the Seurat R package [18],
and the first 50 principal components were reduced
using PCA. Dimensionality reduction was performed
using PCA, and clustering was done using the first
20 principal components with 'FindNeighbors’ and
‘FindClusters’ functions. Cell types were identified
based on known markers, and we categorized the cells
into 8 major types: B cells, myeloid cells, T/NK cells,
cholangiocytes, endothelial cells, hepatocytes, fibro-
blasts, and tumor cells. To further investigate liver
immune cell subpopulation changes during colorectal
cancer liver metastasis, T/NK cells and myeloid cells
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were isolated using the “Subset” function, normalized
again, and cell subpopulations were identified based
on known markers. Dimensionality reduction cluster-
ing was performed using the Harmony R package [20].

Deconvolution

We used single-cell sequencing data from the control
and PMN groups as a reference to predict the immune
cell abundance of each sample from the bulk RNA-seq
data using the BisqueRNA R package [21]. The datasets
included GSE109480 (which collected pre-metastatic
liver samples using the LSL-Kras®'?P/*; LSL-Trp53~127H/;
Pdx1-cre (KPC) mouse model of pancreatic ductal ade-
nocarcinoma (PDAC)) [22], PRJNA590588 [23] (which
collected pre-metastatic niche (PMN) and metastatic
niche (MN) liver samples using an intrasplenic injection
mouse model) and GSE147044 (which collected pre-
metastatic liver samples using an orthotopic colorectal
cancer mouse model) [10]. These three datasets from the
GEO database were used to validate the cell occupancy of
each population in the control and PMN groups in sin-
gle-cell sequencing, totaling 13 healthy mouse livers and
17 PMN livers. These datasets were selected due to their
comprehensive coverage of pre-metastatic and metastatic
niches in similar mouse models.

Differential gene analysis and enrichment analysis
Differential gene expression in hepatocytes during liver
metastasis of colorectal cancer was analyzed using the
“FindMarkers” function from the Seurat R package [18].
Top 20 up-regulated genes were labeled in a volcano plot.
The “fgsea” function in the clusterProfiler R [24] package
was used for the Gene Set Enrichment Analysis (GSEA)
analysis. Differential analysis of bulk RNA-seq data was
done using the limma R package [25], and finally ggpubr
R package [26] was used to show the top 20 genes that
were differentially up-regulated in the PMN group com-
pared to the control group in the volcano plot.

Survival analysis

Data for the survival analysis were obtained from
GSE159216 [27], which includes 283 patient samples with
colorectal cancer liver metastasis. The RNA sequencing
data was derived from these metastases, and patients
were monitored for prognosis. The survival R pack-
age [28] was employed to conduct the survival analysis.
Human gene symbols were converted to mouse symbols
using the “bitr” function from the clusterProfiler R pack-
age [24]. Subsequently, the BisqueRNA R package [21]
was utilized to estimate the NO-N3 cluster neutrophil
percentages for each colorectal cancer liver metastasis
patient, based on NO-N3 neutrophil single-cell sequenc-
ing data through deconvolution. The classification of
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patients into high or low N1-N3 groups was determined
using the “surv_cutpoint” function in the survminer R
package [26]. Finally, Kaplan—Meier survival curves were
generated to visualize the survival outcomes.

Integrated analysis of human neutrophil single-cell
sequencing data

Our research indicates that neutrophils exhibit the most
significant changes in proportion between the pre-met-
astatic niche (PMN) and metastatic niche (MN) in the
liver. Neutrophils are primarily generated in the bone
marrow [29, 30]. Once they mature, these cells enter the
peripheral blood and migrate to the liver as needed. Con-
sidering that peripheral blood is easily accessible and that
literature reports elevated levels of neutrophils in periph-
eral blood prior to tumor metastasis [31], we collected
single-cell sequencing data from both the peripheral
blood and liver tissue of healthy individuals and patients
with liver metastasis to further investigate the proportion
of neutrophils. First, we collected healthy human periph-
eral blood single-cell sequencing data from the literature
[32], which includes data from 2 healthy human periph-
eral blood samples. To effectively capture neutrophils,
the Microwell-seq platform was utilized for this sequenc-
ing. Additionally, we obtained healthy human liver sin-
gle-cell sequencing data from the GSE134355 dataset
[33], which includes 5 liver samples. This sequencing also
used the Microwell-seq platform. Furthermore, sequenc-
ing data for peripheral blood and liver single cells from
patients with liver metastases of colorectal cancer were
sourced from Wu et al. [34]. This dataset contains 11
liver metastasis samples along with 2 peripheral blood
samples, sequenced using the 10X Genomics platform.
To identify neutrophils, we focused on specific markers:
CXCR2, S100A8, G0S2, S100A12, and CSF3R.

To facilitate better comparison of gene expression pro-
files across different sequencing platforms, we utilized
the Harmony R package [20] to integrate data from vari-
ous platforms based on distinct samples. The calculation
of the N1 signature was performed using the “AddMod-
uleScore” function from the Seurat package [18], ena-
bling us to score each cell accordingly.

Gene set score

N1 neutrophils were analyzed differentially in compari-
son to all other cell types using the “FindMarkers” func-
tion. Genes exhibiting high expression levels (p<0.05,
LogFC>2) were intersected with those associated with
poor prognosis in patients with liver metastases from
colorectal cancer (GSE159216). This analysis yielded
a total of 24 genes identified as N1 signatures. The N1
neutrophil-associated signature, along with M1 and M2
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signatures, was compiled from various literature sources
and is organized in Table S3.

Trajectory analysis

Pseudotime analysis was conducted using the Monocle3
R package [35]. Based on existing literature and gene
expression data, the pseudotime of all cell types was pre-
dicted, utilizing cells at early stages of development as the
root node. For instance, the developmental onset corre-
sponding to the putative time allowance for neutrophils
was identified as N3 neutrophils, characterized by high
expression levels of genes such as Camp and Ltf. The root
nodes for macrophages were designated as Kuppfer3 and
MACS3, respectively.

Cell-cell interactions

To examine the changes in communication between
different cells in the liver microenvironment during
various stages of colorectal cancer liver metastasis, we
employed the CellChat R package [36] for our analysis.
This package utilizes a database of receptor pairs known
as CellChatDB, which is a manually curated resource that
incorporates data from the KEGG database and recep-
tor pairs reported in the literature. Using the cell—cell
contact library within the CellChatDB, we predicted the
likelihood and p-values of cell-cell interactions. Finally,
we presented the receptor ligands that exhibit differences
across the various subgroups.

Immunofluorescence

Tissue was firstly fixed in 4% paraformaldehyde, embed-
ded in paraffin and sectioned at 4 pum thickness. Then
those paraffin-embedded tissue sections were depar-
affinized, rehydrated and microwave antigen retrieved
in EDTA buffer. Sections were blocked with 5% BSA for
30 min at room temperature. Then those samples were
following incubated with anti-MPO (5ug/ml, AF3667,
R&D) and anti-PROK2 (1:50, PS04727S, Abmart) over-
night at 4 °C. After rinsing by PBS, fluorochrome conju-
gated secondary antibodies (1:1000, A11012, Invitrogen;
1:1000, ab150129, Abcam) were added for incubation 1 h
at room temperature. After rinsing by PBS, DAPI (D1306,
Invitrogen) was then used for staining the nuclei. Obser-
vation and photographing were performed with the
confocal microscopy Cell Observer (ZEISS, Germany).
Briefly, the positive for Prok2 and Mpo were count as
Prok2* neutrophils.

Results

Single-cell atlas of the liver across different stages

of colorectal cancer metastasis

To temporally track the alterations of live microenviron-
ment during liver metastasis of colorectal cancer, the
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GFP-labelled CT26 cells were implanted in the cecum
of mice to establish an orthotopic model. Liver samples
were collected on day 19 (n=2) and 38 (n=2) repre-
senting pre-metastatic and metastatic niche respectively
determined by flow cytometry to evaluate the metastatic
lesions with existence of GFP positive tumor cells. Simul-
taneously, the liver tissues from the same-age mice with-
out harboring tumor were collected as control (n=2).
As expected, rare GFP positive cells were colonized in
the liver with obvious tumor burden in the cecum on
day 19, while around 2% GFP positive tumor cells were
captured in the liver on day 38, suggesting a successful
formation of pre-metastatic and metastatic niche in the
murine model (Fig. 1A, B, C and Fig. S1). Next, single-cell
suspensions were prepared from the aforementioned liv-
ers. To capture the diverse range of cell types consisting
the liver microenvironment we avoided cell sorting step,
and single-cell capture was achieved by using a BD Rhap-
sody system (Fig. 1D). Following preliminary quality con-
trol and dimensionality reduction clustering, a total of
53,966 high-quality cells were obtained (Table S1). These
included immune cells such as T/NK cells, B cells, and
myeloid cells; non-immune cells such as endothelial cells
and fibroblasts; as well as epithelial cells, including tumor
epithelial cells, hepatocytes, and cholangiocytes (Fig. 1E).
The cell types belonging to each cluster were annotated
using known markers (Fig. 1F) [37-39]. Intriguingly, we
observed significant changes of the hepatic microenvi-
ronment starting from the PMN formation. In the PMN,
there was an obvious increase in myeloid cells, while
the infiltration of T/NK cells, endothelial cells, and B
lymphocytes showed a slight decrease, with no change
observed in the abundance of hepatocytes. Additionally,
the proportion of myeloid cells further increased, accom-
panied by significant reduction of T/NK cells, endothe-
lial cells, and B cells in the MN (Fig. 1G). Consistent
with FACS analysis, single-cell sequencing data showed
that no tumor cells were captured in the liver of PMN,
whereas a small number of tumor cells were present in
the liver of MN (Fig. 1H). We also validated our findings
by analyzing bulk RNA-seq data available in public data-
bases, which included 13 healthy liver samples and 17
PMN liver samples. We performed immune cell decon-
volution to predict the proportions of T/NK cells, mye-
loid cells, and B cells. In line with our sequencing results,
the PMN liver tissues displayed increased infiltration of
myeloid cells and reduced presence of T/NK cells and B
cells compared to the control group (Fig. 11, ], K).
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Inflammatory pathways are significantly activated

in hepatocytes from both the PMN and MN of colorectal
cancer liver metastasis

Given that hepatocytes, account for 80% of all liver paren-
chymal cells [40, 41] and are responsible for carrying out
most liver functions [42, 43], we next sought to explore
transcriptomic changes in hepatocytes during meta-
static progression. Our findings revealed that inflamma-
tory protein-related genes, such as Saal, Saa2, Ormli,
Orm2, Len2 and the granulocyte-associated chemokine
Cxcl1, were significantly elevated in hepatocyte prior to
the onset of colorectal cancer liver metastases (Fig. 2A,
Table S2). In the MN, hepatocytes express granulocyte
chemotactic factors such as S100a8 and S100a9, as well
as additional chemotactic factors like Cxcl2 and Cxcl10
(Fig. 2B, Table S2). Moreover, compared to hepatocytes
in the PMN, the expression of these inflammatory factors
is further elevated within the MN (Fig. 2C). Interestingly,
the inflammation-related proteins secreted by hepato-
cytes, such as Saal, Saa2, Orml, Orm2, and Lcn2, do not
show a further significant increase (Fig. 2C, Table S2).
Inflammation-associated pathways, including the IL-6/
JAK/STAT3 and TNF-a/NF-xB pathways, were activated
in hepatocytes before liver metastases occurred (Fig. 2D).
Consistent with our study, activation of IL-6-STAT3-SAA
signaling in hepatocytes has been shown to support cre-
ating a metastasis-favorable microenvironment [22].
IL-6/JAK/STAT3 and TNF-a/NF-xB were more strongly
activated in hepatocytes within the MN compared to the
PMN Additionally, the bile acid metabolism pathway is
downregulated in the PMN and further downregulated
in the MN, suggesting that metabolic changes in the liver
also play a role in the formation of this process (Fig. 2E,
E).

To further validate our conclusion, we analyzed the
bulk RNA-seq data of a pre-metastatic pancreatic cancer
liver model [10, 22, 23] and similarly found that inflam-
mation-related protein genes, including Saal, Saa2,
Orml, Orm2, Lcn2, and Cxcll, were significantly upreg-
ulated in the PMN liver (Fig. 2G, H, Table S2). Moreo-
ver, in the bulk RNA-seq data of the PMN liver from a
colorectal cancer orthotopic liver metastasis model [10],
these inflammatory proteins as well as CxclI were also
significantly elevated compared to the sham-operated
liver group (Fig. 2I, Table S2). These results suggest that
in both PMN and MN, hepatocytes, as the most abun-
dant cells in the liver, undergo inflammatory activation as
their primary change. The high expression of inflamma-
tory proteins and myeloid cell-associated cytokines may
be the initiating factors for the increased infiltration of
myeloid cells in PMN and MN.
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Fig. 1 Single-cell atlas of liver in a mouse model of colorectal cancer liver metastasis. Flow cytometry analysis of GFP signals in liver tissues
from control (A), pre-metastatic niche (PMN) (B), and metastatic niche (MN) (C) groups of the colorectal cancer orthotopic mouse model. D
Diagram of liver single-cell suspension preparation. E Uniform Manifold Approximation and Projection (UMAP) plot of liver samples from all groups.
F Cell type annotation markers. G The proportion of each cell type in different groups. H The proportion of tumor cells in the control, PMN, and MN
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using Wilcoxon test
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Fig. 2 The differential genes and pathways in hepatocytes between the pre-metastatic niche (PMN) and metastatic niche (MN). A Differential
volcano plot of hepatocytes between the PMN group and the control group. B Differential volcano plot of hepatocytes between the MN group
and the control group. C Differential volcano plot of hepatocytes between the MN group and the PMN group. Red dots represent the top 20
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normalized enrichment score. G Differential volcano plot in the pre-metastatic niche (PMN) liver of the pancreatic cancer orthotopic liver metastasis
model compared to the control group. H Differential volcano plot in the PMN liver of the pancreatic cancer spleen metastasis model compared

to the control liver. | Differential volcano plot in the PMN liver of the colorectal cancer orthotopic liver metastasis model compared to the control
liver, showing the top 19 upregulated genes in PMN compared to control
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N1 neutrophils (Prok2* neutrophils) are increased in PMN,
MN and associated with poor prognosis in patients

with colorectal cancer liver metastasis

Increased myeloid cell infiltration is one of the most
prominent features in PMN and MN (Fig. 1G). Next,
we focus on the variations among different types of
cells within the myeloid cell population. we conducted a
detailed subpopulation analysis of hepatic myeloid cells
using known markers [37] (Fig. 3A, B). Seven distinct
subpopulations of myeloid cells were identified after
UMAP clustering: macrophages, neutrophils, mono-
cytes, DC1, DC2, pDC cells, and basophils. The propor-
tion of neutrophils progressively increases in both PMN
and MN, while the proportion of monocytes also rises
in these stages. Conversely, pDCs progressively decrease
in PMN and MN, ¢DCs mainly decrease in MN, and
macrophages show no significant change in proportion
(Fig. 3C).

Among these, neutrophils showed the most significant
increase in PMN and MN (Fig. 3C). Thus, we focused on
neutrophils and used UMAP to categorize them into four
subpopulations (NO, N1, N2, N3) to further explore their
potential biological states (Fig. 3D). Neutrophil subtypes
N1 and N3 followed the same pattern as the overall neu-
trophil increase in myeloid cells, with gradual elevation
during PMN and MN formation (Fig. 3E). To determine
whether this phenomenon is general, predictive decon-
volution analysis was performed using bulk RNA-seq
data of CRC and PDAC samples from Zeng et al. [10] and
Li et al. [23]. Interestingly, in line with our finding, the
data also indicated a significant rise in N1 and N3 neu-
trophil infiltration during the PMN phase (Fig. 3F, G).
Notably, N1 neutrophils increased further as metastasis
progressed (Fig. 3G). N1 and N3 neutrophils exhibited
high expression of early neutrophil markers like Retnlg
and Mmp8 compared to other neutrophil subtypes (Fig.
S2A, S2B, S2C and Table S3). Immature and early neu-
trophils are closely linked to tumor metastasis [44, 45].
While both N1 and N3 populations shared certain gene
expressions, N3 neutrophils expressed earlier bone

(See figure on next page.)

Page 8 of 17

marrow-derived neutrophil markers like Ltf and Camp
at higher levels than N1 neutrophils [46] (Fig. S2A, Fig.
S2D, S2E).

Conversely, N1 neutrophils had higher expression
of metastasis-related genes such as Prok2 (Fig. S2F),
which is critical in chemotherapy-promoted breast can-
cer metastasis and serves as a mediator of neutrophil-
dependent angiogenesis during early tumor progression
[16, 47]. We have confirmed the results by detecting
Prok2* neutrophils in the liver of the control, PMN, and
MN groups by co-staining Mpo and Prok2 with immu-
nofluorescence (IF). The result is quite consistent with
our single-cell analysis (Fig. 3H). Pseudotime analysis
indicated that N3 neutrophils developed earlier than N1
neutrophils (Fig. 31, Fig. S2G). In contrast, control neu-
trophils developed later and more maturely than those in
PMN and MN liver neutrophils (Fig. 3]).

Gene set scoring revealed that N1 neutrophils
expressed high levels of MDSC-related genes, suggest-
ing a potential link between N1 neutrophils and tumor
immunosuppression. In comparison, N3 neutrophils
expressed genes linked to phagocytosis and granule for-
mation, placing them in a more immature state (Fig. 3K).
Meanwhile, NO and N2 neutrophils exhibited charac-
teristics of senescence and apoptosis (Fig. 3K). Next,
we focus on these specific neutrophil subpopulations to
explore whether they are associated with the survival of
patients with liver metastasis. Interestingly, among four
subpopulations of neutrophil, we found that only the pro-
portion of N1 neutrophils was associated with poorer
prognosis in patients with colorectal cancer liver metas-
tases. (Fig. 3L, Fig. S2H, S2I, and S2J).

To further investigate the predictive potential of N1
neutrophils, we identified an N1 signature by inter-
secting genes highly expressed by N1 neutrophils with
genes associated with poor prognosis in colorectal can-
cer liver metastases (Fig. S2K and Table S3). As antici-
pated, the N1 signature correlated significantly with
poor patient outcomes (Fig. S2L). Moreover, sequenc-
ing data from healthy individuals and patients with

Fig. 3 N1 neutrophils infiltrate more in the liver pre-metastatic niche (PMN) and metastatic niche (MN) are associated with poor prognosis

in colorectal cancer liver metastasis patients. A UMAP plot of myeloid cells. B Myeloid cell marker expression plot. C Proportion of myeloid

cell subpopulations in control, PMN, and MN. D UMAP plot of neutrophils. E Proportions of neutrophil subpopulations. F Proportion of NO-N3
neutrophils in the PMN liver of the colorectal cancer liver metastasis model. G Proportion of NO-N3 neutrophils in the PMN liver and MN

of the pancreatic cancer liver metastasis model. H Prok2* neutrophils in the livers of the control, PMN, and MN groups through co-staining Mpo
and Prok2 using immunofluorescence (IF). I Proportion of NO-N3 neutrophils across different pseudotime stages. J Proportion of cells at different
pseudotimes in control, PMN, and MN. K Heatmap showing neutrophil-related signatures in NO-N3 neutrophils, with values scaled from —1to 1.L
Survival curve of colorectal cancer liver metastasis patients based on the high or low proportion of N1 neutrophils. M Expression levels of the N1
neutrophil signature in peripheral blood and liver tissues of colorectal cancer liver metastasis patients and healthy controls. "Liver normal" and "liver
tumor" refer to liver tissues from healthy donors and colorectal cancer liver metastasis patients, respectively. "PBMC normal" and "PBMC tumor" refer
to peripheral blood mononuclear cells from healthy donors and colorectal cancer liver metastasis patients, respectively
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colorectal cancer liver metastases revealed that the predicting the prognosis of liver metastasis in colo-
N1 signature was significantly elevated in both periph- rectal cancer. The above results suggest that we have
eral blood and liver neutrophils of patients compared identified a neutrophil subpopulation likely playing a
to healthy individuals (Fig. 3M). This indicates that key role in PMN and MN formation. This subpopula-
the N1 signature is a potential biological marker for tion expresses higher levels of immunosuppressive and
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tumor metastasis-related genes, which are associated

(2025) 23:336

with poorer prognosis in metastatic tumors.

Increased infiltration of immunosuppressive macrophages

was primarily observed in MM

Next, we focused on macrophages, as they played a cru-
cial role in the pre-metastatic lung microenvironment in
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cancer metastasis [8, 15, 48]. Using UMAP dimensional-
ity reduction clustering, we identified six types of mac-
rophages (Fig. 4A), among which three types expressed
Kupffer cell markers such as Cd5l, Timd4, Lipa, and
HmoxI (Fig. 4B) [9]. Kupfter cells (KCs) are resident mac-
rophages in the liver and represent the largest group of
mononuclear phagocytes in the body [49]. KCs rapidly
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Fig. 4 Increased infiltration of suppressive macrophages in the metastatic niche (MN). A UMAP plot of macrophages. B Bubble plot of Kupffer cell
markers. C Display of the top 5 markers for each macrophage cluster. D Proportion of macrophage clusters. E UMAP trajectory plot of macrophages
in pseudotime. F Heatmap showing the expression of genes in Kupffer2 and Kupffer3 cells, with the top 40 genes upregulated in Kupffer2
compared to Kupffer3. G GO enrichment bubble plot of differential genes between Kupffer2 and Kupffer3. GO enrichment was performed

with p<0.05 and LogFC> 1, showing the top 10 functions based on p-value. H KEGG pathway enrichment bubble plot. | UMAP plot of CD14
signature expression values. J Diagonal plot of differential genes between MAC2 and MACT, percentage difference is calculated by subtracting

the expression levels between two cell types. K, L UMAP plots of M1 and M2 macrophage signature expression scores
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differentiate into mature macrophages in response to
various injuries and play an important role in controlling
liver inflammation and immunity [50]. The three types of
KCs showed differences in characteristic gene expression,
such as Kupffer2, which highly expressed cytokines like
1l6 (Fig. 4C and Table S4). Kupffer2 cells also showed a
significant increase in infiltration in MN, while Kupffer3
cells showed decreased infiltration (Fig. 4D).

Pseudotime analysis revealed that Kupffer2 cells
develop later than Kupffer3 cells (Fig. 4E). We conducted
differential analysis between Kupffer2 and Kupffer3
cells to explore how tumors impact macrophages in the
MN. Kupfter2 cells in the MN secrete large amounts of
cytokines, chemokines, and 1/6 (Fig. 4F and Table S4).
GO enrichment analysis showed that Kupffer2 cells
were significantly enriched for functions related to neu-
trophil chemotaxis and cell-cell interaction compared
to Kupffer3 (Fig. 4G and Table S4). KEGG enrichment
analysis further revealed that Kupffer2 cells activated the
TNF/NF-kB pathway more than Kupffer3 cells (Fig. 4H).

According to McGinnis CS et al., myeloid cells acti-
vated by TLR/NF-kB inflammation infiltrate the lung
microenvironment and are closely associated with lung
metastasis of breast cancer. Notably, one of the essen-
tial subtypes of myeloid cells in this process is CDI14"
“activated” cells [51]. Interestingly, our study also found
that the Cdil4 inflammation score was predominantly
expressed in Kupffer2 cells (Fig. 41).

In addition to Kupfter cells, we identified other groups
of macrophages, including MAC1, MAC2, and MAC3.
Among them, MAC2 infiltration significantly increased
in the MN, while MAC1 infiltration decreased (Fig. 4D).
Differential analysis revealed that MAC2 expressed
higher levels of M2 macrophage markers such as Argl
and Ctsd compared to MAC1 (Fig. 4] and Table S4).
Additionally, as expected, M1 tumor-suppressive mac-
rophage markers were expressed at low levels in most
macrophages (Fig. 4K), while M2 tumor-promoting
markers were highly expressed in MAC2 and Kupffer2
cells (Fig. 4L).

In summary, our study demonstrates that two immu-
nosuppressive macrophage populations, Kupffer2 and
MAC2, show significantly increased infiltration in the
MN.

Exhausted T cells mainly accumulate in the MN

Next, we focus on lymphocytes which primarily function
as executor of anti-tumor immune response. The main
cytotoxic cells in antitumor immunity are T cells and NK
cells [52—-54]. Using known markers, we classified the T/
NK cells into nine subpopulations (Fig. 5A, B). Interest-
ingly, exhausted T cells showed a significant increase in
infiltration in the MN, and Tregs were also increased in
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the MN (Fig. 5C). This suggests that the MN in the liver
is an immunosuppressive microenvironment, promoting
tumor growth and colonization.

Further analysis revealed that exhausted T cells in the
MN expressed higher levels of genes related to T cell dys-
function, such as Fos/2 and Crem, compared to exhausted
T cells in control samples (Fig. 5D). Additionally, GO
enrichment analysis indicated that MN T cells were pri-
marily enriched in pathways related to T cell apoptosis
(Fig. 5E and Table S5). Previous studies have shown that
myeloid-derived suppressor cells (MDSCs) are closely
associated with the suppression of T cell function [44,
55]. MDSCs are divided into G-MDSCs and M-MDSCs,
which are derived from neutrophils and monocytes,
respectively [56].

We analyzed the correlation between different neu-
trophil and macrophage subtypes and the infiltration of
exhausted T cells in the livers of metastatic patients with
colorectal cancer. Interestingly, compared to other neu-
trophil subtypes, only N1 neutrophils were correlated
with the proportion of exhausted T cells (Fig. 5F, Fig.
S3A, S3B, and S3C). Patients with a higher proportion of
N1 neutrophils had more infiltration of CD8-exhausted
T cells (Fig. 5F). This suggests that N1 neutrophils may
promote T cell exhaustion. Additionally, patients with a
higher proportion of Kupffer2 also had more infiltrated
CD8-exhausted T cells (Fig. 5G, Fig. S3D, S3E, S3F, S3G
and S3H).

Furthermore, we examined the relationship between
neutrophils and macrophages. We found that the propor-
tion of N1 neutrophils was unrelated to the proportion of
Kupfter2 (Fig. 5H, Fig. S3I, S3], S3K, and S3L), but posi-
tively correlated with the proportion of MAC2 (Fig. 5I).

Diverse interactions between parenchymal cells

and immune cells contribute to the formation

of an immunosuppressive microenvironment

Cell—cell interactions play key roles in the formation of
PMN and MN. To study the specific interactions between
cells, we used CellChat to analyze the membrane protein
ligand-receptor pairs in the PMN and MM. Overall, the
analysis revealed that compared to the control, the num-
ber and intensity of ligand-receptor interactions between
cells significantly increased in PMN and MN (Fig. 6A).
The changes were more pronounced in the MN, where
787 significantly different ligand-receptor pairs were
observed compared to PMN (Fig. 6A).

We performed cell-cell interaction analysis between
hepatocytes, macrophages, neutrophils, and CD8-
exhausted T cells. The statistical analysis of meaningful
ligand-receptor pairs indicated that hepatocytes, mac-
rophages, and neutrophils all sent more signals to CD8-
exhausted T cells in the MN (Fig. 6B). The Cd274/Pdcdl
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Fig. 5 Increased infiltration of exhausted T cells in the metastatic niche (MN). A UMAP plot of T/NK cells. B Marker expression for T/NK cells.

C Proportion of T/NK cell subpopulations. D Differential volcano plots of various T/NK cell subpopulations comparing MN with control. E GO
enrichment bubble plot showing the results of GO pathway enrichment for differential genes between MN exhausted T cells and control exhausted
T cells. F Bar chart showing the correlation between the proportion of N1 neutrophils and exhausted T cells in colorectal cancer liver metastasis
patients. G Bar chart showing the correlation between the proportion of Kupffer2 macrophages and exhausted T cells in colorectal cancer

liver metastasis patients. H Bar chart showing the correlation between the proportion of N1 neutrophils and Kupffer2 macrophages. I Bar chart

showing the correlation between the proportion of N1 neutrophils and MAC2 macrophages. The p-values in these figures were calculated using
the Wilcoxon test

and Alcam/Cd6 signaling axes were the main path-
ways increased in the MN (Fig. 6C). Specifically, Cd274
expression significantly increased in MN neutrophils,
macrophages, and hepatocytes, while Pdcdl expression
was notably higher in MN exhausted T cells (Fig. 6D).

Interestingly, we also found that neutrophils in the MN
might further suppress macrophage phagocytic func-
tion through the App/Cd74 signaling axis (Fig. 6E, F, G).
In summary, in the MN of the liver, hepatocytes, neu-
trophils, and macrophages may all contribute to T cell
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Fig. 6 Cell-to-cell interactions. A The total number and proportion of different receptor-ligand interactions between cells in the control, PMN,
and MN groups. B Number of receptor-ligand interactions among hepatocytes, macrophages, neutrophils, NK cells, and exhausted T cells

in the control, PMN, and MN groups. C Bubble plot showing the upregulated receptor-ligand interactions in the MN group. D Expression levels
of Cd274 in neutrophils, hepatocytes, and macrophages, and Cd6 and Pdcd1 in CD8 exhausted T cells in the control, PMN, and MN groups. E
Upregulated receptor-ligand interactions between neutrophils and macrophages in the MN group. F Expression levels of App in neutrophils
across different groups. G Expression levels of Cd74 in macrophages across different groups

exhaustion, leading to the formation of an immunosup-
pressive microenvironment.

In addition, we separately analyzed the interactions
between different subtypes of neutrophils and mac-
rophages with CD8-exhausted T cells. We found that
most neutrophil subtypes highly expressed Cd274 in the
MN, including N1 neutrophils (Fig. S4A, and S4B), with
progressive increases in both the PMN and MN (Fig.
S4C). Furthermore, compared to other types of neutro-
phils, N1 neutrophils exhibited higher expression of the
App gene, interacting more significantly with Kupffer2
and MAC2 (Fig. S4D).

Among macrophages, MAC2 expressed higher levels
of Cd74 (Fig. S4E), with progressive increases in both
the PMN and MN (Fig. S4F), while Kupffer2 expressed
higher levels of Cd274 (Fig. S4E).

Discussion

Tumor metastasis is a complex, multi-step process, and
the tumor microenvironment plays a critical role in
determining metastasis [57, 58]. However, most previ-
ous studies have focused on changes within the tumor
microenvironment lacked temporal resolution in their
analysis. Liver metastasis is one of the primary causes
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of death in colorectal cancer (CRC) patients [59].
Research has indicated that patients with liver metas-
tases from colorectal cancer have a poor response to
immunotherapy [60]. To further elucidate changes in
the liver microenvironment at different stages of metas-
tasis, and to analyze the gene changes associated with
the poor response to immunotherapy in liver metas-
tases, we used the CT26-GFP cell line to establish a
CRC orthotopic model and collected liver samples for
single-cell sequencing before and after tumor metas-
tasis. These sequencing data revealed many metasta-
sis-related gene sets and changes in immune and liver
parenchymal cells under pre-metastatic niche (PMN)
and metastatic niche (MN) conditions, providing some
clues as to why immunotherapy is less effective in
patients with CRC liver metastasis.

We identified a subpopulation of neutrophils char-
acterized by elevated Prok2 expression. These cells
exhibited increased infiltration in the liver prior to and
further after metastasis (Fig. 3C). Notably, the enhanced
presence of Prok2" neutrophils in the liver correlated
with poor prognosis in patients with colorectal cancer
(CRCQ) liver metastasis (Fig. 3L). Prokineticin 2 (Prok2),
an inflammatory cytokine-like molecule predominantly
produced by macrophages and neutrophils infiltrating
damaged tissues [61, 62], plays a pivotal role in neovas-
cularization associated with various cancers. Research
has demonstrated that combining anti-Bv8/PROK2 with
anti-VEGF therapies effectively inhibits tumor forma-
tion in genetically engineered mice with cancer stem cell
characteristics (CIC). Furthermore, a PK2/Bv8/PROK2
antagonist has been shown to suppress tumorigenic pro-
cesses [63]. This evidence underscores the potential value
of targeting Prok2* neutrophils as a therapeutic approach
to improve outcomes for patients suffering from CRC
liver metastases.

To investigate this further, we developed an N1 sig-
nature based on gene expression profiles of N1 neutro-
phils and their association with patient prognosis. Given
the clinical difficulty of obtaining liver tissue from CRC
patients before metastasis, as well as the unclear origins
of N1 neutrophils, we analyzed sequencing data from the
peripheral blood neutrophils of both CRC liver metasta-
sis patients and healthy individuals. Our findings revealed
a significant elevation of the N1 signature in the periph-
eral blood neutrophils of CRC liver metastasis patients
compared to healthy controls. However, the question of
whether the N1 signature is elevated in peripheral blood
neutrophils before CRC metastasis remains to be experi-
mentally validated. Moving forward, our goal is to moni-
tor early-stage CRC patients to explore the correlation
between the N1 signature in peripheral blood neutro-
phils and the development of CRC liver metastasis. This
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research may highlight Prok2 as a promising target for
intervention in CRC treatment strategies.

Prok2* neutrophils interact with other cell types as
well. These Prok2* neutrophils also exhibit high expres-
sion of Cd274 and App (Fig. 6C), which may lead to T cell
exhaustion and inhibit macrophage phagocytosis, respec-
tively. Consistent with this, in samples from human colo-
rectal cancer liver metastases, the proportion of Prok2*
neutrophils is positively correlated with exhausted T
cells. However, there is no correlation between the pro-
portion of Prok2* neutrophils and Kupffer2 cells, which
may be related to the characteristic of Kupffer2 cells as
resident macrophages in the liver. In most cases, Kupfter2
cells proliferate and increase in number due to stimuli
such as tumors and inflammation, rather than being
recruited [64, 65]. Although studies have shown that
Prok2 can promote the chemotaxis of macrophages [66,
67], the macrophages referred to here are more likely to
be monocyte-derived macrophages rather than Kupffer
cells. Consistent with this, in our study, the proportion
of N1 neutrophils was positively correlated with MAC2
cells (Fig. 51).

We also observed gene changes in resident liver cells
during the progression of CRC liver metastasis, including
hepatocytes and Kupffer cells. Before liver metastasis in
CRC, hepatocytes expressed large amounts of inflamma-
tory proteins such as Saal and the neutrophil chemokine
Cxcll. The increased secretion of Cxcll is likely one of
the factors driving the infiltration of myeloid cells in the
liver during the PMN phase of colorectal cancer liver
metastasis. Studies have shown that Saal secreted by
the liver can act on T cells in pancreatic cancer, promot-
ing T cell exhaustion. The poor response to immuno-
therapy in CRC liver metastasis patients may be closely
related to the cytokines secreted by the liver. Interest-
ingly, we found that Saal did not further increase in MN
but instead showed a decline. One possible reason is that
these inflammation-related proteins belong to the acute-
phase proteins and mainly participate in PMN formation,
while in the later MN stage, hepatocytes shift to primar-
ily secrete inflammatory cytokines [68-70].

Tumor cells also have a significant impact on resi-
dent Kupffer cells in the liver. In the MN liver, the TNF/
NF-kB pathway in Kupffer2 cells was significantly acti-
vated, which may further promote metastasis. This may
be closely related to the inflammatory stimuli from the
tumor. Research has shown that following liver resection
or viral infection, Kupffer2 cells and hepatocytes rap-
idly produce IL-6, promoting liver regeneration [71, 72].
Additionally, IL-6 promotes T cell exhaustion by facilitat-
ing the expression of immune checkpoint receptors (IR)
in CD8+T cells [73, 74]. At the same time, we observed
similar results in human specimens. The infiltration of
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Kupffer2 cells in liver metastatic lesions of colorectal
cancer patients was positively correlated with the infil-
tration of CD8 exhausted T cells. Immunotherapies such
as PD-L1 inhibitors primarily target early-stage stem-
like exhausted T cells [75]. Once T cells enter the termi-
nal exhaustion phase, they no longer respond to PD-L1
inhibitors [76]. We found that after CRC liver metastasis,
various cells, including neutrophils, macrophages, and
hepatocytes, highly expressed Cd274, promoting further
T cell exhaustion. These are likely to be one of the factors
contributing to the lack of response to immunotherapy in
patients with colorectal cancer liver metastases.

Conclusions

Our study highlights the dynamic changes in the liver
microenvironment during colorectal cancer (CRC) liver
metastasis, providing new insights into the mechanisms
underlying the poor response to immunotherapy in met-
astatic cases. We identified key immune cell subpopula-
tions, including N1 neutrophils (Prok2+ neutrophils)
and Kupffer cells, that play significant roles in promot-
ing immunosuppression and T cell exhaustion within the
metastatic niche (MN). The increased infiltration of neu-
trophils and macrophages, alongside their high expres-
sion of Cd274 and other immunosuppressive markers,
contributes to the creation of a tumor-supportive envi-
ronment, hindering the effectiveness of immunotherapy.
Furthermore, we established an N1 signature that corre-
lates with poor prognosis in CRC liver metastasis patients
and demonstrated that these findings could be extended
to peripheral blood neutrophils, offering a potential bio-
marker for early detection and monitoring of metastasis.
Overall, our study not only deepens the understanding of
cellular interactions and gene expression changes in the
liver during CRC metastasis but also identifies novel tar-
gets for therapeutic intervention and potential biomark-
ers to improve the treatment of CRC liver metastasis.
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