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�
 ABSTRACT 

Colorectal cancer is characterized by a complex tumor micro-
environment (TME) shaped by intestinal microbiota. In this study, 
16S rRNA sequencing of tissues from patients with colorectal 
cancer identified Prevotella, particularly the dominant species 
Prevotella copri, as a key intratumoral bacterium. The parenchymal 
invasion of P. copri was confirmed by FISH, and the abundance of 
P. copri correlated with advanced tumor stages and postoperative 
serologic markers. Notably, the reduced abundance of P. copri in 
paired normal tissues implied potential bacterial translocation 
during tumorigenesis. In multiple murine models, P. copri not 
only accelerated tumor growth but also reprogrammed tumor- 
associated macrophages (TAM) toward a protumoral state. 
Untargeted metabolomics revealed glycerophosphocholine 
(GPC) as the only conserved metabolite depleted by P. copri 
across murine models and bacterial cultures, a finding con-
firmed by spatial metabolomics in clinical specimens. Strikingly, 

GPC supplementation reprogrammed MARCO+ TAMs toward 
an antitumoral phenotype, effectively counteracting P. copri– 
mediated tumor progression. Overall, this study uncovers a 
paradigm in colorectal cancer pathogenesis in which P. copri 
creates an immunosuppressive niche by depleting GPC to ma-
nipulate macrophage polarization. These findings position 
P. copri as both a noninvasive diagnostic marker and druggable 
therapeutic target, with GPC restoration representing a prom-
ising immunometabolic intervention strategy. 

Significance: Glycerophosphocholine depletion by intra-
tumoral P. copri induces immunosuppressive polarization of 
MARCO+ macrophages in colorectal cancer, revealing a 
microbial–metabolic–immune axis that remodels the tumor 
microenvironment and represents a potential immunother-
apeutic target. 

Introduction 
Colorectal cancer ranks among the malignancies with the highest 

incidence and mortality across the world (1). In recent years, driven 
by lifestyle changes and an aging population, both the incidence and 
mortality of colorectal cancer have been steadily increasing globally 
(2–4). The development of colorectal cancer is influenced by the 
tumor microenvironment (TME), which is a crucial focus of re-
search (5). The TME is a complex ecosystem comprising various 
components, including immune cells, stromal cells, extracellular 

matrix, and microbiota. A deeper understanding of these compo-
nents and their interactions is essential for developing targeted and 
personalized therapies for colorectal cancer, thereby improving 
patient outcomes. 

Lately, intratumoral microbiota has emerged as a key component 
of the TME and has garnered increasing attention (6). For instance, 
intracellular bacteria in breast cancer tissues have been confirmed to 
be closely associated with metastasis (7). Although the general gut 
microbiota operates within the broader intestinal environment, the 
intratumoral microbiota possesses the potential to engage more 
directly and deeply in core tumor processes. This unique role of 
intratumoral microbiota has significant implications for identifying 
diagnostic biomarkers and potential therapeutic targets. However, 
the intratumoral microbiota is highly diverse, and its underlying 
mechanisms are complex, with many aspects still unclear. This 
complexity presents both opportunities and challenges for advanc-
ing our understanding of colorectal cancer progression and devel-
oping effective treatments. 

In this study, we aimed to investigate the intratumoral microbiota 
composition across different stages of colorectal cancer using 16S 
rRNA sequencing. By comparing tumor samples across different 
stages of colorectal cancer and analyzing adjacent normal tissues, we 
sought to elucidate the distinct microbial profiles associated with 
colorectal cancer progression. Our findings revealed that Prevotella 
copri is enriched in colorectal cancer tissues and promotes tumor 
progression by metabolizing glycerophosphocholine (GPC) to in-
duce M2 macrophage polarization. These results highlight the 
critical role of intratumoral P. copri in colorectal cancer and provide 
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new insights into potential therapeutic strategies targeting the tu-
mor microbiome. 

Materials and Methods 
Human sample collection 

A total of 315 frozen colorectal cancer tumor samples (cohort I) 
were obtained from the tissue bank of Jiangsu Provincial People’s 
Hospital. From this primary cohort, a randomly selected subcohort 
of 71 tumor samples, for which matched adjacent normal tissue was 
also available, constituted our paired analysis set. All sample col-
lection was conducted in accordance with the Declaration of Hel-
sinki, with written informed consent obtained from all patients, and 
was approved by the hospital’s ethics committee (2023-SR-212). 
Tumor samples were collected using sterile surgical blades and 
disposable sterile forceps immediately after surgical resection of the 
lesion, whereas paired normal tissues were collected from the area 
proximal to the lesion in the resected intestinal segment. Addi-
tionally, a separate validation set of 10 freshly collected matched 
tumor–normal pairs (cohort II) was obtained following the same 
standardized protocols. The characteristics of the patients are de-
tailed in Supplementary Tables S1–S3. Furthermore, one T2N0M0 
and one T3N0M0 colorectal cancer specimen were separately ob-
tained for FISH analysis. 

16S rRNA sequencing and analysis 
Bacterial DNA was extracted from ∼100 mg tissue samples, and 

the 16S rRNA gene V3 to V4 regions were amplified and sequenced 
on the Illumina MiSeq platform. The raw sequences were pro-
cessed using the QIIME2 DADA2 pipeline to generate amplicon 
sequence variants. Downstream analyses, including diversity, 
taxonomic, and ecological assessments like source tracker (8) 
and neutral model (9–11), were conducted using R software 
(version 4.1.3). 

P. copri culture 
P. copri (strain BNCC337399) was obtained from BeNa Culture 

Collection (BNCC) and cultured using Columbia blood agar plates 
and peptone–yeast extract–glucose (PYG) liquid medium composed 
of 0.5% yeast extract, 0.5% peptone, 0.5% glucose, 0.05% L-cysteine, 
0.0005% hemin, and 0.0001% vitamin K1. Both media were prere-
duced under anaerobic conditions (85% N2, 10% H2, and 5% CO2) 
for 24 hours. A frozen stock of P. copri stored at �80°C was thawed 
and inoculated onto Columbia blood agar plates, followed by an-
aerobic incubation at 37°C for 48 hours. Individual colonies were 
then transferred to PYG liquid medium and cultured anaerobically 
for additional 48 hours. To expand the culture, the bacterial sus-
pension was subcultured at a 1:10 dilution into fresh PYG medium 
and incubated until reaching logarithmic phase (OD600 ≈ 0.8). 
Bacteria were harvested by centrifugation, washed, and resuspended 
in sterile PBS at a concentration of 5 � 108 colony-forming units 
(CFU)/mL for subsequent experiments. P. copri was grown in PYG 
medium for 48 hours, and the supernatant was centrifuged at 
4,000 rpm for 10 minutes and filtered through a 0.22-μm filter to 
obtain P. copri–conditioned medium (Pc.CM). 

Animal experiments 
Specific pathogen-free (SPF)–grade male APCmin/+ mice (5 weeks 

old) were orally gavaged with P. copri (5 � 108 CFU in 0.1 mL sterile 
saline) three times per week for 12 weeks. GPC was administered in 
parallel by oral gavage at a dose of 20 μg per mouse, a dosage 

estimated based on animal model studies, also three times per week 
in a 0.1 mL saline suspension. Control groups received an equivalent 
volume of sterile saline (0.1 mL) without P. copri or GPC. At the 
experimental endpoint, mice were euthanized by cervical dislocation 
under anesthesia. 

Two subcutaneous tumor models were established using 6-week- 
old SPF-grade male C57BL/6J mice. In the first model, mice received 
oral gavage with P. copri (5 � 108 CFU in 0.1 mL sterile saline) for 
15 days. On day 15, 1 � 107 MC38 cells suspended in 0.1 mL cold 
PBS were injected subcutaneously into the right flank of the mice. 
Oral gavage continued daily until the mice were sacrificed on day 30 
(15 days after injection). In the intratumoral bacterial model, 
MC38 cells were pretreated with P. copri at a multiplicity of infec-
tion (MOI) of 100 (1 � 109 CFU bacteria per 1 � 107 cells) for 
24 hours. On day 15, the pretreated cells were subcutaneously in-
jected into the right flank. Tumor volume was measured daily until 
sacrifice on day 30 for endpoint analysis. 

The macrophage depletion model was established by intraperi-
toneal injection of clodronate liposomes (refs. 12–15). Six-week-old 
SPF-grade male APCmin/+ mice received intraperitoneal injections 
(200 μL) of clodronate liposomes (5 mg/mL) twice weekly for 
8 weeks. Control mice were injected with an equivalent volume of 
control liposomes. Concurrently, both groups were orally gavaged 
three times per week with either P. copri (5 � 108 CFU in 0.1 mL 
sterile saline) or GPC (20 μg in 0.1 mL sterile saline). Mice were 
sacrificed at the end of 8-week treatment period for further analysis. 

Detection of P. copri using FISH 
FISH was performed to confirm P. copri colonization in colon or 

tumor tissues using a DNA FISH Kit (Future Biotech Co., Ltd.; ref. 
16), Briefly, paraffin-embedded colon sections (3 μm) were depar-
affinized, dehydrated, and denatured, rehydrated through a graded 
ethanol series, and subjected to denaturation. Hybridization was 
then carried out using a Cy3-labeled P. copri–specific probe (TTT- 
CGCTTGGCCGCTGACCTGTTC) at 37°C for 2 hours in a hu-
midified chamber. After hybridization, slides were washed to 
remove unbound probe, counterstained with DAPI to visualize 
nuclei, and mounted. Fluorescent signals were detected and imaged 
using a confocal laser scanning microscope (Leica). 

Histology, IHC, and immunofluorescence 
To evaluate the histopathologic changes in APCmin/+ mice 

following P. copri treatment, formalin-fixed, paraffin-embedded 
(FFPE) sections of the colon were stained with hematoxylin and 
eosin (H&E). 

Tumor cell proliferation was assessed by IHC staining for 
Ki67 and proliferating cell nuclear antigen (PCNA). Briefly, 4-μm 
FFPE tissue sections were deparaffinized, rehydrated, and subjected 
to antigen retrieval in citrate buffer (pH 6). Endogenous peroxidase 
activity was quenched with 3% hydrogen peroxide, followed by 
blocking with 5% normal goat serum. Sections were incubated 
overnight at 4°C with primary antibodies against Ki67 (Servicebio, 
AB_3083641) and PCNA (Servicebio, AB_3714654). After washing, 
sections were incubated with Cy3-conjugated secondary antibodies 
(Servicebio, AB_2923552) for 1 hour at room temperature. Detec-
tion was performed using DAB substrate, and sections were coun-
terstained with hematoxylin. 

Tumor sections were immunostained to assess macrophage in-
filtration and phenotype using antibodies against F4/80 (Servicebio, 
AB_2938980), CD68 (Servicebio, AB_2924885), CD86 (Servicebio, 
AB_3661680), CD206 (Servicebio, AB_3665021), and macrophage 
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receptor with collagenous structure (MARCO; Novus, AB_3585255). 
Nuclei were visualized with DAPI, and images were captured by 
confocal microscopy (Leica). 

RNA sequencing analysis 
Total RNA was extracted from snap-frozen MC38 tumors and 

sequenced on an Illumina NovaSeq 6000 platform. After quality 
control (QC) and alignment to the mm10 genome, differential 
gene expression analysis was performed using DESeq2 (|fold 
change| > 1.2, P < 0.05). Gene set enrichment analysis (GSEA) was 
subsequently conducted. 

Cell culture 
Bone marrow–derived macrophages (BMDM) were obtained 

from tibias and femurs of 6- to 8-week-old C57BL/6 mice. Bone 
marrow cells were flushed with cold DMEM (Gibco), filtered 
through a 70-μm strainer, centrifuged at 1,500 rpm for 5 minutes, 
and resuspended in complete medium consisting of DMEM sup-
plemented with 10% FBS (Gibco) and 1% penicillin/streptomycin 
(Gibco). Cells were plated and cultured in the presence of 20 ng/mL 
macrophage colony-stimulating factor (Beyotime, cat. #P6015) for 
6 days, with medium refreshed every 2 days. Adherent BMDMs 
were harvested for subsequent experiments. 

The mouse colorectal cancer cell line MC38 and the human co-
lorectal cancer cell line HCT116 were obtained from the Cell Bank 
of the Chinese Academy of Sciences (CBofCAS; cat. #SCSP-5431 
and SCSP-5076, respectively) in March 2023. The human monocytic 
cell line THP-1 was obtained from the CBofCAS (cat. #SCSP-567) in 
July 2023. All cell lines were authenticated by short tandem repeat 
profiling by the bank prior to shipment and were tested negative for 
Mycoplasma contamination using the PCR-based method. The latest 
in-house Mycoplasma test was performed in October 2025, using a 
Mycoplasma qPCR Detection Kit (Beyotime, cat. #C0303S), and all 
cell lines were confirmed to be free of contamination. 

THP-1 cells were cultured in RPMI-1640 medium (Gibco) sup-
plemented with 10% FBS and 1% penicillin/streptomycin. Differ-
entiation into macrophage-like cells was induced with 100 ng/mL 
phorbol 12-myristate 13-acetate (PMA; Beyotime, cat. #S1819) for 
48 hours, followed by a 24-hour stabilization period in fresh me-
dium prior to use. MC38 and HCT116 cells were maintained in 
DMEM supplemented with 10% FBS and 1% penicillin/streptomycin. 
All cells were cultured at 37°C in a humidified incubator with 5% 
CO2. For all experiments, cells were used within a cumulative period 
of 6 weeks after thawing, which corresponded to a total of approxi-
mately 10 passages. 

Cell Counting Kit-8 assay 
MC38 cells or HCT116 cells were seeded into a 96-well plate at a 

density of 5,000 cells per well in 100 μL of complete DMEM and 
incubated overnight in an incubator at 37°C with 5% CO2. Cells 
were subsequently treated with one of the following: Pc.CM (8 μL 
per well), heat-killed P. copri (5 � 105 CFU per well), or GPC (100 
μg per well) for 5 days. Treatments were maintained for 5 days. 
BMDMs or PMA-differentiated THP-1 cells were seeded into a six- 
well plate at a density of 100,000 cells per well. Cells were stimulated 
with Pc.CM (8 μL per well), heat-killed P. copri (5 � 105 CFU per 
well), or GPC (100 μg per well) for 48 hours. After stimulation, 
culture supernatants (10 μL per well) were collected to treat seeded 
MC38 or HCT116 cells (5,000 cells/well) for another 24 hours. Cell 
viability was assessed daily using the Cell Counting Kit-8 (Beyotime, 

cat. #C0037) following the manufacturer’s instructions. Absorbance 
was measured at 450 nm using a microplate reader. 

Cell cycle analysis 
To assess the impact of macrophage-derived factors on tumor cell 

proliferation, cell cycle analysis was performed using flow cytometry 
(FCM). For the cell cycle, HCT116 cells were seeded at 2 � 105 cells 
per well in the lower chamber of six-well Transwell plates and 
synchronized by serum deprivation for 24 hours. In the upper 
chamber, PMA-differentiated THP-1 cells (1 � 105 cells per well) 
were treated with PBS (control), Pc.CM, GPC (100 μg per well), or 
GPC-supplemented Pc.CM for 24 hours. After treatment, coculture 
was established by placing the upper chamber with THP-1 cells 
above the synchronized HCT116 cells for an additional 48 hours. 

HCT116 cells were then harvested and fixed with 70% ethanol at 
4°C overnight. Following fixation, cells were washed with PBS, 
treated with RNase A (50 μg/mL) at room temperature for 
15 minutes, and stained with propidium iodide (50 μg/mL) for 
30 minutes in the dark. DNA content was analyzed using a 
FACSCalibur flow cytometer (BD Biosciences) equipped with a 488- 
nm laser and a 585-/540-nm bandpass filter. Cell cycle distribution 
(G0–G1, S, and G2–M phases) was determined using ModFit LT 
software (Verity Software House). 

Isolation of immune cells 
Tumor tissues were enzymatically dissociated into single-cell 

suspensions using the Tumor Dissociation Reagent Kit (Miltenyi 
Biotec), following the manufacturer’s instructions. Briefly, tumors 
were minced into small fragments and then incubated with the 
enzyme cocktails at 37°C. The resulting suspensions were filtrated 
through a 100-μm cell strainer to remove debris and undigested 
material. Cells were centrifuged at 300 g for 5 minutes at 4°C, and 
the pellet was resuspended in PBS containing 1% BSA. 

qPCR 
Total RNA was extracted from cells or tissues using standard 

protocols. RNA was reverse transcribed into cDNA using a reverse 
transcriptase enzyme. qPCR was performed using specific primers 
for the target genes (Supplementary Table S4). The expression levels 
of target genes were normalized to an internal reference gene and 
analyzed using the 2�ΔΔCt method. 

Untargeted metabolomics profiling 
Serum samples from APCmin/+ mice, subcutaneous tumor models, 

and Pc.CM were analyzed by untargeted metabolomics using LC/ 
MS-MS (Waters). Metabolites were extracted with ice-cold metha-
nol, and QC samples were integrated throughout the randomized 
sequence. Data were acquired in both ESI-positive and -negative 
modes. Raw data processing, metabolite identification, and anno-
tation were performed using XCMS and metaX. Differential me-
tabolites were identified and subjected to Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway analysis. 

Quantification of GPC 
Fecal samples from APCmin/+ mice were weighed, homogenized 

by ultrasonication, and stabilized through freezing. GPC levels were 
then quantified using an high-performance liquid chromatography 
coupled with evaporative light scattering detection (HPLC-ELSD) 
system (Shimadzu, LC-20A), with a commercial standard (TRC, 
#G598700) for calibration. 
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Spatial metabolomics sample processing and analysis 
Tumor and adjacent normal tissues (not separated) were col-

lected without formalin fixation, with each sample measuring ap-
proximately 0.8 to 1 cm in diameter. The samples were stored in an 
ultralow temperature freezer at �80°C. Before sectioning, the tissues 
were embedded in Cryo-Gel and sectioned into 8- to 10-μm-thick 
cryosections using a precooled cryostat (Leica, CM1860), which 
were then adhered to positively charged slides (Fisher Superfrost 
Plus). Routine pathologic sections were also prepared for H&E 
staining. Subsequently, spatial metabolomics analysis was per-
formed using atmospheric pressure matrix-assisted laser desorption 
ionization coupled with a mass spectrometer (Thermo Fisher Sci-
entific, QE PLUS). Intelligent region selection and functional anal-
ysis were conducted using proprietary algorithms, and ion spatial 
imaging maps were generated using Mzkit software. Metabolite 
identification was performed by matching against databases such as 
KEGG, Human Metabolome Database, LipidMaps, and MoNA. 
Regional conservation typing was based on the motif sequence 
search principle using the Gibbs sampling algorithm. 

FCM 
A single-cell suspension from dissociated tumor tissue or isolated 

BMDMs was first stained with Fixable Viability Stain 780 (APC-cy7, 
BD Biosciences, AB_2869673) to distinguish live and dead cells. 
Cells were incubated with the viability stain at 37°C in the dark for 
8 minutes, followed by washing with PBS. Subsequently, cells were 
stained with fluorochrome-conjugated antibodies against CD45 
(BV510, BD Biosciences, AB_2739896), CD11b (PE, BD Biosci-
ences, AB_396680), F4/80 (BV421, BD Biosciences, AB_2734779), 
and CD86 (BV650, BD Biosciences, AB_2738665), as well as 
MARCO (FITC, Novus, AB_3123344). This staining was performed 
on ice in the dark for 30 minutes. After washing with PBS, cells were 
fixed and permeabilized using the BD Fixation/Permeabilization Kit 
(AB_2869008) according to the manufacturer’s instructions. 
Cells were then stained with anti-CD206 (AF647, BD Biosciences, 
AB_2739133) on ice in the dark for an additional 30 minutes. Finally, 
cells were washed and resuspended in PBS containing 1% FBS for 
analysis. FCM analysis was performed using a FACSymphony 
A5 flow cytometer (BD Biosciences), equipped with five lasers and 
23 detectors, allowing for high-dimensional resolution of immune cell 
subsets. Tumor-associated macrophages (TAM) were classified as 
M1-like (CD11b+F4/80+CD86+) or M2-like (CD11b+F4/80+CD206+) 
populations. Gates and quadrants were based on fluorescence minus 
one control (Supplementary Fig. S1). 

Molecular docking 
Molecular docking was performed using AutoDock Vina with the 

prepared 2OY3 protein structure (extracted from PDB complex 
using PyMOL). The ligand compound was docked into the binding 
site, with the best pose (docking score: �5.944 kcal/mol) showing 
compound (cyan sticks) forming hydrogen bonds (yellow dashes) 
with key residues (brick red sticks). 

MARCO knockdown and Western blotting 
The MARCO-targeting short hairpin RNA sequence (50-GAT-

GATGATTGGGATAATAAT-30) was cloned into the lentiviral 
vector LV1. BMDMs were seeded at a density of 1 � 105 cells per 
well in a six-well plate. The lentivirus was then used to transduce 
BMDMs at an MOI of 10 in the presence of 5 μg/mL polybrene to 
enhance transduction efficiency. Knockdown efficiency was con-
firmed by Western blotting. Briefly, total protein was extracted from 

cells, quantified, separated by SDS-PAGE, and transferred to a 
polyvinylidene difluoride or nitrocellulose membrane. The mem-
brane was blocked with 5% nonfat milk in TBST for 1 hour at room 
temperature. Then, it was incubated with MARCO antibody 
(Novus, AB_2140593) at a dilution of 0.25 μg/mL overnight at 4°C. 
After washing, the samples were incubated with the secondary 
antibody (GB122199, Servicebio, Goat Anti-Rabbit IgG HRP, dilu-
tion 1:500) for 1 hour at room temperature. Protein bands were 
visualized using chemiluminescence with an enhanced chem-
iluminescence substrate kit (Thermo Fisher Scientific, cat. #32106). 

Statistical analysis 
Data were expressed as mean ± SD. Statistical analyses were 

conducted with R software (version 4.1.3). Normality test was 
conducted prior to the following analysis. For data that followed a 
normal distribution, they were analyzed by one-way ANOVA or 
Student t test; for those that did not follow a normal distribution, 
they were compared by a Mann–Whitney U test or Kruskal–Wallis 
test. Tumor volume, weight, and other measurement data were 
analyzed using repeated-measures ANOVA. 

Ethics approval 
Human studies were approved by the Ethics Committee of 

Jiangsu Provincial People’s Hospital (2023-SR-212) with written 
informed consent from all participants. Animal experiments com-
plied with NIH guidelines and were approved by the Laboratory 
Animal Welfare and Ethics Committee of Nanjing Medical Uni-
versity (IAUC-2403024). 

Results 
Prevotella in TME is significantly associated with T-stage in 
colorectal cancer 

To explore the intratumoral microbiota composition in different 
stages of colorectal cancer and identify bacterial components asso-
ciated with tumor progression, we conducted 16S rRNA gene se-
quencing on tumor samples from 315 treatment-naı̈ve patients with 
colorectal cancer (Supplementary Table S1) stratified by T-stage. 
Species accumulation curves confirmed adequate sequencing depth 
(Supplementary Fig. S2A). Significant differences in microbial 
composition were observed between T0 to T2 (early stage) and T3 to 
T4 (advanced stage) groups in terms of α and β diversity (Fig. 1A; 
Supplementary Fig. S2B). Strikingly, with potential contamination 
ruled out, microbiota profiling revealed that Prevotella, a condi-
tionally pathogenic bacterium, is a significant component of the 
TME (Fig. 1B; Supplementary Fig. S2C), and the Prevotella-dominant 
enterotype was overrepresented in T3 to T4 cases (Fig. 1C). Taxo-
nomic analysis further identified Prevotella as the most differentially 
abundant genus (Fig. 1D; Supplementary Fig. S2D), with its relative 
abundance escalating proportionally to T-stage (Fig. 1E). Together, 
these data establish Prevotella as a tumor stage–associated genus 
within the colorectal cancer microbiota. Additionally, IHC staining 
revealed significantly higher Ki67+ proliferative indices in tumors 
harboring elevated Prevotella levels (Fig. 1F). Further analysis of 
paired pre-/postoperative serum markers showed that T3 to 
T4 patients in the Prevotella-high group exhibited a smaller rela-
tive decrease in carcinoembryonic antigen and CA19-9, but not 
α-fetoprotein levels, compared with Prevotella-low cases (Fig. 1G and 
H; Supplementary Fig. S2E). These findings suggest an association 
between Prevotella, as a prevalent TME constituent, and colorectal 
cancer progression. 
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Distribution of Prevotella in tumor and normal 
microenvironments 

Building on our identification of Prevotella as a colorectal cancer– 
associated bacterium, the spatial organization of intratumoral 
microbiota and their ecological relationships with adjacent normal 
tissues require further elucidation. To address this, we performed 
16S rRNA sequencing on 71 randomly selected paired adjacent 
normal tissues (Supplementary Table S2) from cohort I. β diversity 
analysis revealed significant compositional differences between T 
and N tissues (Fig. 2A), promoting systematic investigation into 
microbial translocation dynamics. 

The public metagenomic datasets (PRJDB4176 and PRJEB7774) 
revealed that P. copri is the dominant species within this genus in 

the human gut and is consistently associated with advanced colo-
rectal cancer (Supplementary Fig. S2F and S2G). To delineate the 
spatial distribution of P. copri in colorectal cancer microenviron-
ments, we performed FISH with P. copri–specific probes on paired 
tumor/normal tissues from cohort II (Supplementary Table S3). 
Strikingly, P. copri exhibited restricted distribution in normal tissues 
but demonstrated deep parenchymal infiltration in tumors and 
showed positive association with T-stage (Fig. 2B and C; Supple-
mentary Fig. S2H). Given these findings, we next analyzed the re-
lationship between tumor microbiota and adjacent normal 
tissues. SourceTracker analysis demonstrated that 96.3% of intra-
tumoral bacteria originated from adjacent N tissues, with this pro-
portion increasing to 96.8% in T3 to T4 patients (Fig. 2D). 
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Figure 1. 
The intratumoral abundance of 
P. copri in association with colorectal 
cancer progression. A, α diversity 
metrics of in-house 16S rRNA se-
quencing data of colorectal cancer 
tumor tissues. B, Stacked bar chart 
showing the mean relative abun-
dance of the top 10 genera (selected 
by median abundance across all 
samples) within each group (T0–2, 
n ¼ 65; T3–4, n ¼ 250). C, Typ-
ing analysis is shown by principal 
component (PC) analysis, and the 
percentage of enterotypes was sta-
tistically analyzed using a stacked 
bar chart. D, Enriched genera analy-
sis by LEfSe [linear discriminant 
analysis (LDA) score >2.5]. E, The 
relative abundance of Prevotella in-
creases with higher T stages (Krus-
kal–Wallis test). F, The proportion of 
different percentages of Ki67+ cells 
in patients with colorectal cancer 
with high and low abundance of 
P. copri. G, T3 to T4 patients (n ¼ 65) 
with high P. copri abundance (Pc 
high) showed a smaller relative 
reduction [(postoperative value �
preoperative value)/preoperative 
value] in postoperative carcinoem-
bryonic antigen levels compared 
with the Pc-low group, whereas no 
such difference was observed in 
T0 to T2 patients (n ¼ 27). CEA, 
carcinoembryonic antigen. H, Simi-
lar trends were observed for CA19- 
9. Low, Prevotella low (<median); 
high, Prevotella high (≥median). 
Data are expressed as mean ± SD. 
ns, nonsignificant; *, P < 0.05; 
**, P < 0.01; ***, P < 0.001. . 
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The Tumor–Normal Neutral model (Supplementary Fig. S2I) fur-
ther corroborated this migration trend, demonstrating a stronger fit 
in T3 to T4 compared with T0 to T1 groups (Fig. 2E). Collectively, 
these findings paint a coherent picture in which tumor-associated 
microbiota arise through dynamic migration from adjacent tissues, 
with P. copri’s spatial redistribution exemplifying how T-stage 
progression reshapes microbial ecology. Notably, paired analysis 
identified significant enrichment of Prevotella in T compared with N 
tissues (Fig. 2F), with the disparity being markedly greater in T3 to 
T4 patients (Fig. 2G). This observation was consistent with 
the broader pattern of T-stage–dependent microbial migration, 

indicating that Prevotella may contribute to the evolving ecological 
dynamics of the TME during colorectal cancer progression. 

P. copri promoted colorectal cancer progression in mouse 
models 

Given the association of Prevotella with advanced colorectal 
cancer, we focused on its dominant species (17), P. copri, to in-
vestigate its functional role in tumor progression. To address this, 
APCmin/+ mice and subcutaneous tumor-bearing mouse models were 
treated with P. copri. After 12 weeks of treatment, P. copri–colonized 
APCmin/+ mice exhibited significantly higher tumor burden and 
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Figure 2. 
Enrichment and source analysis 
of P. copri in tumor tissues. A, β 
diversity is shown by principal 
coordinate analysis, and the sta-
tistical difference was analyzed 
by PERMANOVA (R2 ¼ 0.04, 
F ¼ 5.783, P < 0.001). B, Repre-
sentative FISH images of P. copri 
in paired primary tumor and ad-
jacent normal tissues from pa-
tients with colorectal cancer; 
insets show higher-magnification 
views of the corresponding 
boxed regions. C, FISH signal in-
tensity of P. copri in paired pri-
mary tumor and adjacent normal 
tissues (n ¼ 10). MFI, mean 
fluorescence intensity. D, The 
SourceTracker results are dis-
played using a pie chart, in which 
the red portion represents the 
proportion of intratumoral bac-
teria originating from normal 
colonic microbiota. E, Neutral 
model fitting results using nor-
mal colonic microbiota as the 
source. The solid blue line repre-
sents the fitted curve, and the 
dashed blue lines indicate the 
95% confidence interval. The co-
efficient of determination (R2) 
measures the goodness of fit for 
the neutral model, ranging 
from ≤0 (no fit) to 1 (perfect fit). 
F, Dumbbell plot comparing the 
abundance of Prevotella be-
tween tumor sites and normal 
colonic sites in paired patient 
samples. G, Prevotella abundance 
in tumor and normal tissues from 
patients with colorectal cancer 
with T0 to T2 and T3 to T4 stage. 
Data are expressed as mean ± SD. 
Compared with normal tissue, 
*, P < 0.05; ***, P < 0.001; ns, 
nonsignificant. 
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splenomegaly compared with both untreated and E. coli–treated 
groups (Fig. 3A–D). 16S rRNA sequencing of mouse feces confirmed 
the successful and specific colonization of P. copri (Fig. 3E). No 
notable alterations in other pathogenic or probiotic bacteria were 
observed (Supplementary Fig. S3A and S3B). Furthermore, FISH 
analysis validated these findings, revealing a higher bacterial load 
of P. copri in the treated group. Moreover, we observed a specific 
enrichment of P. copri within the tumor areas (Fig. 3F), a finding 
that mirrors the enrichment pattern we identified in human co-
lorectal cancer samples. To ensure reproducibility, subcutaneous 
tumor models were established in C57BL/6 mice, P. copri was 
introduced by either oral gavage or an intratumoral bacterial 
model, and successful bacterial survival within tumor cells was 
confirmed prior to these experiments (Supplementary Fig. S3C). Both 
routes of administration significantly accelerated tumor growth and 
induced splenomegaly (Fig. 3G–J for the oral gavage model and K–N 
for the intratumoral bacterial model). Given that splenomegaly often 
indicates immune disruption, this finding suggests a potential role of 
P. copri in modulating the host immune microenvironment. 

Independent replicate experiments validated the key phenotypic 
findings of P. copri–driven tumor progression in both the APCmin/+ 

model (Supplementary Fig. S4A–S4F) and in subcutaneous models 
employing either oral gavage (Supplementary Fig. S4G–S4K) or the 
intratumoral bacterial model (Supplementary Fig. S4L–S4P). To-
gether, these results provide strong evidence that P. copri promotes 
colorectal tumor development in vivo. 

P. copri drives colorectal cancer progression by modulating 
macrophage polarization 

Our findings above demonstrated the tumor-promoting effects of 
P. copri in vivo; however, no direct effect on cancer cells was ob-
served in vitro (Supplementary Fig. S5A), suggesting an indirect 
mechanism, such as tumor immunity or tumor metabolism. 

To elucidate the underlying mechanism, we performed tran-
scriptome sequencing on subcutaneous tumors from the intra-
tumoral bacterial model and PBS-treated control mice. GSEA 
revealed a striking downregulation of multiple immune-related 
pathways, including TNFα–NFκB, IL6–JAK–STAT3, inflammatory 
response, and IFNγ response signaling pathways, upon P. copri 
treatment (Fig. 4A). Differential analysis also revealed significant 
expression changes in numerous tumor immunity–related genes. 
Notably, we observed alterations in genes related to macrophage 
polarization, including the downregulation of CD86 and Nos2, as 
well as the upregulation of Mrc1 and Cd209a, among others, in the 
intratumoral bacterial model group (Fig. 4B). 

Indeed, emerging reports have highlighted the critical role of 
TAMs in bridging the relationship between microbiota and tumor 
progression (18). Furthermore, immunofluorescence analysis 
showed a significant increase in F4/80+ cells in both subcutaneous 
tumor models (Fig. 4C and D). FCM of tumor tissues from 
P. copri–gavaged APCmin/+ mice revealed a shift of macrophages 
from an M1 (CD86+) to an M2 (CD206+) phenotype (Fig. 4E and 
F). The functional importance of macrophages was confirmed by 
depletion experiments using clodronate liposomes, which substan-
tially abrogated the tumor-promoting effect of P. copri (Fig. 4G–J), 
establishing macrophages as a critical mediator. Multicolor immu-
nofluorescence analysis of human colorectal cancer tissues further 
validated these findings, showing that high P. copri signal intensity 
correlated with an increased M2/M1 macrophage ratio (Fig. 4K). 
We next dissected this macrophage-mediated mechanism in vitro. 
The supernatant from cultured macrophages pretreated with live 

P. copri significantly enhanced colorectal cancer cell proliferation 
(Supplementary Fig. S5B). Similarly, although Pc.CM alone exerted no 
direct effect on colorectal cancer cells (Supplementary Fig. S5C and 
S5D), supernatants from Pc.CM-pretreated macrophages significantly 
promoted tumor cell growth (Supplementary Fig. S5E). This confirms 
the essential role of macrophages as other immune cell populations 
remained unaffected in vivo (Supplementary Fig. S5F and S4G). Fur-
thermore, Pc.CM also promoted cell-cycle progression (Supplementary 
Fig. S5H). FCM of BMDMs confirmed that Pc.CM alone was sufficient 
to recapitulate the M2-polarizing shift observed in vivo (Supplementary 
Fig. S5I and S5J). Collectively, our results indicate that Pc.CM may 
contain key components that drive macrophage polarization. 

P. copri–derived intratumoral GPC depletion promotes 
colorectal cancer by driving M2 macrophage polarization 

In light of above findings that the effects observed could be 
attributed to P. copri’s active products in Pc.CM, untargeted 
metabolomics profiling was employed to screen potential com-
ponents both in vitro and in vivo. Distinct metabolic signatures 
were observed in serum from P. copri–gavaged APCmin/+ mice, 
serum from the intratumoral bacterial model, and Pc.CM 
samples (Fig. 5A–C). Notably, GPC, a water-soluble acetyl-
choline precursor, was the only metabolite consistently depleted 
across all three models, without significant disruption in the 
GPC metabolism gene of host (Fig. 5D and E, related metabo-
lites in Fig. 5F; Supplementary Fig. S6A–S6E). Subsequent 
quantification by HPLC-ELSD further confirmed decreased fecal 
GPC in P. copri–gavaged APCmin/+ mice (Fig. 5G). This fecal 
decrease mirrors the GPC reduction observed with serum 
in vivo and Pc.CM in vitro, suggesting that P. copri can directly 
lower GPC levels. Moreover, we collected a colorectal cancer 
specimen with adjacent nontumor tissue from a patient with 
stage III for spatial metabolomics analysis. After H&E staining 
and tumor region demarcation (Fig. 5H), we observed a sig-
nificant depletion of GPC within the tumor area compared with 
the adjacent nontumor area within the same specimen (Fig. 5I 
and J), further highlighting the potential role of GPC in tumor 
progression. Additionally, we also performed KEGG pathway 
analysis, which highlighted enrichment in glycerophospholipid 
metabolism pathways (Fig. 5K and L; Supplementary Fig. S6F). 
These metabolomics results indicate that depletion of GPC may 
be a potential mechanism through which P. copri fuels colorectal 
cancer progression. 

Given that GPC is a key component decreased in Pc.CM, its 
multifaceted roles were investigated. GPC effectively reversed the 
promotion of tumor cell proliferation and cell-cycle progression in-
duced by macrophages pretreated with Pc.CM (Supplementary 
Fig. S7A–S7C). Additionally, GPC upregulated M1-like macrophage- 
related genes, such as Tnfα, IL1β, and IL6, while downregulating 
M2-like markers, including Cd206, Arg1, and Mgl1 (Fig. 6A). These 
findings were consistent with the FCM results of macrophage polari-
zation following in vitro stimulation (Fig. 6B and C). Furthermore, 
GPC significantly inhibited colorectal cancer progression in APCmin/+ 

mice and alleviated splenomegaly, thereby counteracting the tumor- 
promoting effects of P. copri (Fig. 6D–G). FCM analysis of tumor 
tissues revealed a shift in macrophage polarization toward an M1-like 
phenotype (Fig. 6H and I), mirroring the observations in vitro. 

To determine whether macrophages serve as a critical node 
through which GPC modulates the TME, we established a 
macrophage-depleted APCmin/+ mouse model via intraperitoneal in-
jection of clodronate liposomes (Fig. 6J). As expected, macrophage 
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Figure 3. 
P. copri promotes colorectal cancer progression in vivo. A, APCmin/+ mice received oral gavage of P. copri starting at 5 weeks of age, whereas the control group 
received saline or E. coli for 12 weeks (n ¼ 6 per group; another independent replicate experiment is shown in Supplementary Fig. S4A). B, Number and volume 
of colorectal tumor. C, Colon images of APCmin/+ mice, with representative histologic sections showing H&E staining and Ki67 IHC of colon tissues. D, The relative 
abundance of P. copri in the 16S sequencing of mouse feces before and after P. copri gavage. E, Spleen weight of APCmin/+ mice. F, Representative images of 
P. copri colonization in colon by FISH. G, In the subcutaneous tumor model, C57BL/6 mice were pretreated with P. copri via gavage before MC38 cell injection 
(n ¼ 8 per group; another independent replicate experiment is shown in Supplementary Fig. S4G). H and I, Weight and volume of tumor of C57BL/6 mice. 
J, Spleen weight of subcutaneous tumor-bearing mice following P. copri gavage. K, Subcutaneous tumors were established in C57BL/6 mice by inoculation of 
MC38 cells that had been pretreated with P. copri (MOI ¼ 100 and 24-hours coculture; n ¼ 8 per group; another independent replicate experiment is shown in 
Supplementary Fig. S4L). L and M, Weight and volume of tumor of C57BL/6 mice. N, Spleen weight of subcutaneous tumor-bearing mice with intratumoral 
P. copri. Data are expressed as mean ± SD. Compared with the control group, **, P < 0.01; ***, P < 0.001. 
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P. copri promotes colorectal cancer progression by regulating macrophage polarization. A, GSEA enrichment analysis of RNA sequencing data reveals changes in 
tumor immunity–related pathways in subcutaneous tumor with intratumoral P. copri. B, Differential expression of macrophage polarization–related genes 
[P < 0.05 and fold change (FC) >1.2]. C and D, Immunofluorescence staining of F4/80 in tumor tissues from oral gavage (C) and the intratumoral bacterial (D) 
models. MFI, mean fluorescence intensity. E and F, FCM analysis of CD86+ macrophage (E) and CD206+ macrophage (F) in P. copri–treated APCmin/+ mice. G, 
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Discovery of GPC as a key metabolite mediating the effects of P. copri on macrophages. A and B, PLS-DA plots of serum metabolic profiles from P. copri– 
gavaged APCmin/+ mice (A) and subcutaneous tumor-bearing mice (B) with intratumoral P. copri. PC, principal component. C, PLS-DA plots of metabolic profiles 
of Pc.CM. D, Venn diagram of differential metabolites among APCmin/+ mice serum, C57BL/6 mice serum, and Pc.CM. E, Relative abundance of GPC (log2 

-transformed intensity) in serum from P. copri–gavaged APCmin/+ mice, serum from C57BL/6 mice in the intratumoral bacterial models, and Pc-CM. F, GPC 
metabolic pathway. G, Quantitative analysis of fecal contents of GPC in P. copri–gavaged APCmin/+ mice. H–J, The H&E staining image of the spatial metab-
olomics sample (H), the regional conservation typing map based on the Gibbs sampling algorithm (I), and the single-molecule spatial imaging map of GPC (J). 
K and L, KEGG pathway enrichment analysis of differential serum metabolites in P. copri–treated APCmin/+ mice (K) and subcutaneous tumor-bearing mice (L). 
Compared with the control group, *, P < 0.05; ***, P < 0.001. 
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depletion markedly increased colorectal tumor burden and abrogated 
the tumor-suppressive effects of GPC treatment (Fig. 6K–N). This 
suggests that GPC is the key substance through which P. copri reg-
ulates macrophage polarization. 

GPC suppresses colorectal cancer progression via MARCO+ 

macrophages 
Given that many lipid molecules exert biological effects via in-
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Figure 6. 
Supplementation with GPC suppresses colorectal cancer progression induced by P. copri by regulating macrophage polarization. A, The expression of 
macrophage-related genes in THP-1–derived macrophages following Pc.CM, GPC, or Pc.CM + GPC stimulation. B and C, The proportion of CD86+ macrophages (B) 
and CD206+ macrophages (C). D, APCmin/+ mice received oral gavage of P. copri, GPC, or P. copri + GPC for 12 weeks (n ¼ 6 per group). E–G, Tumor number and 
volume (E), representative images of colon (F), and spleen weight (G) in APCmin/+ mice treated with P. copri, GPC, or P. copri + GPC. H and I, The proportion of CD86+ 

macrophages (H) and CD206+ macrophages (I) in tumors from APCmin/+ mice treated with P. copri, GPC, or P. copri + GPC. J, APCmin/+ mice received GPC and P. copri 
with weekly clodronate (Clod) liposome injections for macrophage depletion (n ¼ 6 per group). K–N, Tumor number and volume (K), representative images of colon 
(L), spleen weight (M), and percentage of macrophage (N) in APCmin/+ mice. Data are expressed as mean ± SD, *, P < 0.05; **, P < 0.01; ***, P < 0.001. 

2424 Cancer Res; 86(10) May 15, 2026 CANCER RESEARCH 

Yuan et al. 
D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
a
a
c
r
j
o
u
r
n
a
l
s
.
o
r
g
/
c
a
n
c
e
r
r
e
s
/
a
r
t
i
c
l
e
-
p
d
f
/
8
6
/
1
0
/
2
4
1
4
/
3
7
9
0
5
6
5
/
c
a
n
-
2
5
-
3
4
0
0
.
p
d
f
?
g
u
e
s
t
A
c
c
e
s
s
K
e
y
=
2
4
1
0
1
f
2
5
-
7
0
0
6
-
4
b
1
e
-
a
6
3
a
-
d
4
3
8
c
f
1
6
5
4
9
b
 
b
y
 
g
u
e
s
t
 
o
n
 
1
7
 
M
a
y
 
2
0
2
6



MARCO: –5.944 kcal/mol

PBS

8.01

105

105

104

104

103

103

–103

–103

0

105

104

103

–103

0

105

104

103

–103

0

105

104

103

–103

0

105

104

103

–103

0

105

104

103

–103

0

105

104

103

–103

0

105

104

103

–103

0

0 105104103–103 0 105104103–103 0 105104103–103 0

105104103–103 0 105104103–103 0 105104103–103 0 105104103–103 0

15.3 5.02 9.13

11.1 4.35 18.8 8.79

Pc low

CD68 CD86 CD206 MARCO DAPI Merge 1

shMARCO

60kDa

40kDa

MARCO

M
A

R
C

O

CD86

M
A

R
C

O

CD206

+ –

-Actin

Merge 2

100 m

Pc high

GPC

GPC

GPC
Pc.CM

GPC
shMARCO

Pc.CM

– –
–– +
+ +

+

– –
–– +
+ +

+

– –

–

– –

–

–– +
+ +

+

+
+

+
++

+
+

+
GPC

shMARCO

Pc.CM –

– –

– +
+

+
++

+
+

+

GPC
Pc.CM – –

–– +
+ +

+

P. copri P. copri + GPC

P. copri

GPC
P. copri

PBS GPC

(F4/80+CD11b+gated)

C
D

86
+
M

A
R

C
O

+

ce
lls

 (
%

)

(F4/80+CD11b+gated)

P. copri P. copri + GPC

A

B

I

FD E

G H J K

C

TLR4: –5.317 kcal/mol GPR132: –5.577 kcal/mol CD36: –4.859 kcal/mol

20
**

***

***

*** **

*
*

**

** **
** **

*

***

15

10

5

0

C
D

20
6+

M
A

R
C

O
+

ce
lls

 (
%

)

20

15

10

5

0

C
D

86
+
M

A
R

C
O

+

ce
lls

 (
%

)
C

D
86

+
 c

el
ls

 (
%

)

6

4

25

20

15

10

5

0

C
D

20
6+

 c
el

ls
 (

%
)

25

20

15

10

5

0

2

0

C
D

20
6+

M
A

R
C

O
+

ce
lls

 (
%

)

6

4

2

0

C
D

68
+
C

D
86

+
M

A
R

C
O

+

/ C
D

68
+
C

D
86

+
 (%

)

30

20

10

0
Pc
low

Pc
high

Pc
low

Pc
high

C
D

68
+
C

D
20

6+
M

A
R

C
O

+

/ C
D

68
+
C

D
20

6+
 (%

) 30

20

10

0

Figure 7. 
Potential mechanism of GPC in regulating macrophage polarization. A, Molecular docking analysis identifies potential receptor for GPC binding. B and C, 
MARCO+ CD86+ macrophages (B) and MARCO+ CD206+ macrophages (C) in tumors from APCmin/+ mice treated with P. copri, GPC, or P. copri + GPC. D and E, 
The proportion of MARCO+ CD86+ macrophages (D) and MARCO+ CD206+ macrophages (E) in BMDMs treated with Pc.CM, GPC, or Pc.CM + GPC. F, The 
expression of MARCO protein in BMDMs infected by MARCO lentivirus. G and H, The proportion of CD86+ macrophages (G) and CD206+ macrophages (H) in 
BMDMs treated with Pc.CM, GPC, or shMacro. I–K, Immunofluorescence of TAMs in human colorectal cancer tissues with high vs. low P. copri signal intensity. 
Merge 1, CD68/CD86/MARCO/DAPI; merge 2, CD68/CD206/MARCO/DAPI. Data are expressed as mean ± SD, *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
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docking to explore whether GPC interacts with macrophage re-
ceptors (21). Among the screened candidates, MARCO emerged as 
the top-ranking target based on docking affinity (Fig. 7A). Previous 
studies suggest that MARCO+ macrophages are associated with 
immunosuppression and may play a crucial role in tumor pro-
gression and treatment response (22, 23). In our animal experi-
ments, GPC administration significantly increased MARCO+ 

M1-like macrophages and decreased MARCO+ M2-like subsets in 
APCmin/+ mice, both in the presence and absence of P. copri colo-
nization (Fig. 7B and C). These findings were further validated in 
BMDMs treated with GPC in vitro (Fig. 7D and E). Together, these 
data indicate that GPC inhibits the tumor-promoting phenotype of 
MARCO+ macrophages and reshapes the immunosuppressive TME, 
thereby exerting protective effects against P. copri–induced colo-
rectal cancer progression. To confirm the role of MARCO in me-
diating GPC-induced macrophage polarization, we performed 
MARCO knockdown using lentiviral transfection in BMDMs. No-
tably, MARCO silencing abrogated the polarization of BMDMs 
induced by GPC (Fig. 7F–H), functionally validating MARCO as a 
key cellular target of GPC. Importantly, in human colorectal 
cancer tissues, high P. copri abundance coincided with decreased 
MARCO+ M1-like TAMs and increased MARCO+ M2-like TAMs 
(Fig. 7I–K), further validating the clinical relevance of this axis. 
These findings uncover MARCO’s previously unrecognized role in 
mediating P. copri–induced TAM polarization during colorectal 
cancer progression. 

Discussion 
The intestinal environment in which colorectal cancer develops is 

among the most microbially complex ecosystems in the human 
body. Recent studies have increasingly emphasized the pivotal role 
of both tissue-resident and gut microbiota in tumor initiation and 
progression (24). To date, substantial research has characterized the 
microbial profiles of tumor-resident and gut microbiota in patients 
with colorectal cancer. In colorectal cancer tissues, enrichment of 
Fusobacterium nucleatum and depletion of Leptotrichia family 
bacteria have been associated with modulation of cancer progres-
sion (25). Moreover, analysis of the tumor microbiota has demon-
strated significant prognostic value for predicting colorectal cancer 
outcomes (26, 27). In this study, we observed significant differences 
in intratumoral microbial diversity across various tumor stages in 
patients with colorectal cancer. Notably, we not only found that 
Prevotella is a significant member of the TME but also observed that 
it was markedly enriched in advanced T-stage tumors. Furthermore, 
the tumor and adjacent normal tissues actually constitute two dis-
tinct environments. By analyzing the microbial populations in these 
two areas and applying the theory of community assembly (8, 10), 
we have preliminarily concluded that a microbial community, in-
cluding Prevotella, migrates into the TME with tumor progression, 
with P. copri’s parenchymal invasion conclusively demonstrated by 
FISH. These findings indicate that intratumoral Prevotella may have 
significant potential in the progression and outcomes of colorectal 
cancer. 

Prevotella, a Gram-negative anaerobic bacterium first identified 
in 1990 (28), is a common and abundant member of the human 
microbiota, colonizing multiple body sites, including the gastroin-
testinal tract, oral cavity, and vagina (29). Among gut-associated 
Prevotella species, P. copri is the most prominent. Previous studies 
have linked P. copri to deleterious effects under inflammatory 
conditions, such as rheumatoid arthritis and ankylosing spondylitis 

(30). Moreover, P. copri has been shown to be enriched in Eastern 
populations and is closely linked to dietary habits and disease de-
velopment in this demographic (31, 32). Studies have demonstrated 
that P. copri can activate the TLR4–ZFP90–NFκB signaling pathway 
and promote colorectal cancer progression in mice (33). However, 
the role of P. copri within tumors and its specific mechanisms of 
action in the TME remain largely unclear. Here, we demonstrated 
that P. copri promotes tumor growth in multiple murine models, 
including oral gavage and an intratumoral bacterial model, pro-
viding the first comprehensive evidence of P. copri contributing to 
colorectal cancer progression from the TME perspective. 

Previous study illustrated that bacteria can exert effects through 
their structural components or metabolic products, such as lipo-
polysaccharide from gut microbiota (34) or indole-3-lactic acid 
produced by bacterial metabolism (35). In addition, microbiota can 
also participate in the host metabolic process, such as the urea cycle 
(36), or directly regulate the expression of metabolic enzymes (37). 
With both in vivo and in vitro untargeted metabolomics profiling, 
our study identified GPC as the only overlapping differentially 
abundant metabolite. GPC, a water-soluble acetylcholine precursor 
with recognized nutraceutical potential, is approved for use in 
cognitive health and has been shown to modulate immune re-
sponses (38, 39). Although GPC has been primarily studied in the 
context of neuropsychiatric disorders, such as cognitive impairment 
(40) and neuronal injury after seizure (41), our findings represent 
the first demonstration and validation of GPC’s role in improving 
colorectal cancer outcomes, linking intratumoral bacteria with 
intratumoral metabolism. Given this, we propose that in the context 
of colorectal cancer, P. copri exerts its influence through a dual 
identity (42): as a gut commensal, it competes with the host for 
GPC, thereby reducing systemic levels that indirectly affect the tu-
mor, and as an intratumoral resident, it directly depletes GPC 
within the local microenvironment. This dual role coherently ex-
plains the observed systemic GPC reduction and its local impact on 
tumor. 

Emerging evidence has shown that microbiota can regulate the 
recruitment, activation, and function of various immune cells within 
the TME through multiple mechanisms, playing a crucial role in 
colorectal cancer development, progression, and response to therapy 
(43). In addition to the microbiota and their metabolites, the TME 
also comprises a diverse array of immune cells, among which 
macrophages are critical sentinel immune cells that play essential 
roles in pathogen defense, antigen presentation, phagocytosis, tissue 
repair, and tumorigenesis (44). TAMs, the most abundant and 
highly plastic immune cell population in the TME, are primarily 
classified into two subtypes: tumor-suppressive M1 macrophages 
and tumor-promoting M2 macrophages (45, 46). TAM polarization 
is regulated by the TME, epigenetic modification, and microbiota, 
collectively influencing colorectal cancer progression (47). Certain 
bacteria can directly modulate immune cells. For example, Fuso-
bacterium nucleatum induces M2 polarization of macrophages to 
promote colorectal cancer cell liver metastasis (48), and Anaero-
coccus digesitans facilitates M2 macrophage polarization to drive 
intestinal tumorigenesis (49). Our study further explores the intri-
cate interplay between the intratumoral microbiota, metabolites, 
and immune cells within the TME. We identified a novel axis in-
volving P. copri, GPC, and MARCO+ TAMs that contributes to 
colorectal cancer progression. Specifically, P. copri influences the 
TME by modulating the levels of GPC, a metabolite that affects the 
polarization of TAMs towards a tumor-suppressive M1 phenotype. 
This P. copri–GPC–MARCO+ TAM axis represents a previously 
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unrecognized immunomodulatory pathway in colorectal cancer, 
highlighting the complex interconnections within the TME that 
drive tumor progression. 

Although this study advances understanding of P. copri in 
colorectal cancer, some limitations remain. First, our FISH 
analysis, particularly for early-stage (Tis–T2) tumors, was con-
strained by the limited availability of such surgical specimens at 
our institution. Future studies involving collaboration with en-
doscopy centers or multicenter cohorts will be essential to vali-
date and extend these spatial observations across the full 
spectrum of colorectal cancer stages. Second, we could not track 
real-time bacterial migration routes or determine translocation 
mechanisms. Moreover, the clinical relevance of GPC depletion 
and its association with MARCO+ TAMs, as well as the impact of 
dietary GPC intake, requires validation in future prospective 
cohorts. Furthermore, to gain deeper functional insights, we have 
planned two key follow-up studies: the characterization of 
P. copri strains via metagenomic sequencing and enzymological 
assays and an investigation into the subtle differences of P. copri 
strains across different anatomic niches. These limitations will 
guide future longitudinal clinical studies and refine experimental 
models to fully elucidate P. copri’s pathogenic mechanisms in 
colorectal cancer. 

In summary, we identify P. copri as a tumor-enriched bacterium 
in patients with colorectal cancer and a potential driver of tumor 
progression. By analyzing paired tumor and adjacent samples 
across tumor stages, we uncover a dynamic, stage-dependent mi-
crobial migration pattern that favors P. copri accumulation within 
the TMEs. Mechanistically, P. copri depletes local GPC pools to 
reprogram MARCO+ TAMs, promoting an immunosuppressive 
TME conducive to tumor growth. These findings highlight a po-
tential therapeutic axis involving microbial metabolism, macro-
phage plasticity, and tumor immunity in colorectal cancer, 
providing a foundation for the development of novel targeted 
therapies that modulate the TME. 
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