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The immunosurveillance signature
predicts the prognosis and
immunotherapy sensitivity for
colon adenocarcinoma
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Colon adenocarcinoma (COAD) is a leading cause of cancer-related mortality worldwide, with
immune escape being a significant factor in the failure of immunotherapy. This study investigates the
correlation between Immunosurveillance-related genes and the prognosis of COAD patients, utilizing
data from 1140 patients across four public databases: The Cancer Genome Atlas (TCGA), International
Cancer Genome Consortium (ICGC), Array-express, and Gene Expression Omnibus (GEO). Employing
Cox regression analysis, we identified 182 immune genes significantly linked to overall survival

(OS) and established an Immunosurveillance score (1Ss) based on 16 of these genes. The ISs score

was validated using independent datasets, revealing that patients in the high-ISs group exhibited
significantly poorer OS compared to those in the low-1Ss group, as demonstrated by Kaplan-Meier
curves and Cox regression analyses. Moreover, the ISs score showed a negative correlation with
immune scores across multiple datasets. Notably, a higher ISs score was associated with improved
recurrence-free survival (RFS) and OS in patients treated with PD-1 and CTLA4 inhibitors. Our findings
suggest that the ISs score, derived from Immunosurveillance-related genes, has the potential to
serve as a valuable prognostic marker and a tool for identifying COAD patients who may benefit from
immunotherapy in clinical settings.

Keywords Colon adenocarcinoma (COAD), Immunosurveillance, Tumor microenvironment,
Immunotherapy sensitivity, Immune checkpoint inhibitors

COAD is one of the most frequent malignant lesions of the digestive system in humans, with an insidious onset.
Although COAD has a relatively low incidence worldwide, it ranks the fourth leading cause of cancer-related
death in the world! 3. Radical surgery is the only effective treatment for the cure of COAD. Unfortunately, most
COAD patients are present in advanced stages when they are diagnosed and not amenable for surgery*=. Even
when COADs undergo surgery, the 5-year postoperative survival rate is still not ideal. Despite great advances
in chemotherapy for colon cancer, chemo-resistance and toxic side effects also inhibited the improvement of
COAD patients’ prognosis after treatment”®. Previous studies have demonstrated the 5-year survival rate of
COAD is less than 9%, which is far lower than that of other malignanciesz’9.

Recent years, besides chemotherapy, immunotherapy has become a research hotspot in the treatment of
malignances, included colon cancer. However, it has a poor effect on pancreatic cancer with PD-1/PD-L1
blockade monotherapy>’. Immune evasion might be the main cause of immunotherapy failure, which reflected
in the resistance to immune checkpoint blockade (ICB) therapy!®!!. More and more studies have disclosed the
molecular mechanisms of immune evasion in colon cancer, which increases the difficulty in the treatment of
COAD. Considering the lethal nature and limited efficacy of immunotherapy, the prognosis of COAD patients
should be assessed holistically. Surgeons should evaluate treatment benefits using immune-related gene markers
alongside other factors, including clinicopathological features (TNM staging, differentiation, invasion depth),
molecular characteristics (MSI status, RAS/BRAF mutations), surgical factors (margin status, resection extent),
and patient factors (age, comorbidities, nutritional status)!?.
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In this study, we developed and validated an Immunosurveillance score (ISs) with the whole genome
expression data from several datasets for COAD. More importantly, the IEGPI score could identify COAD
patients with an unfavorable prognostic outcome after surgery, and COAD patients with a high sensitivity to
immunotherapy after received with both PD-1 and CTLA4!3!4,

Results

Immune surveillance-related genes linked to prognosis in COAD

In normal mammalian systems, immune cells constantly monitor the physiological state of their
microenvironment, with CTLs identifying and eliminating malignant cells. According to existing literature,
182 genes have been identified that are associated with the escape of cancer cells from T-cell surveillance and
eradication (Supplementary Table S1). To investigate whether these genes affect the OS of colorectal cancer
patients, we performed a COX regression analysis on the transcriptome levels of these 182 genes, comparing
them with the survival times of the corresponding samples. This analysis resulted in 25 genes whose mRNA
expression levels significantly impacted OS (Supplementary Table S2). Through the integration of five gene sets,
we eventually identified 16 critical genes (Supplementary Table S3 and Fig. 1A). Among these, high expression
of six genes was associated with favorable prognosis, while high expression of the remaining ten was linked to
poor patient survival (Fig. 1B).

KEGG annotation analysis indicated that the risk-associated genes were involved in pathways related to
autophagy, the TNF signaling pathway, and GPI anchor biosynthesis (Fig. 1C). GO annotation analysis revealed
that these risk genes primarily participated in biological processes related to post-transcriptional silencing and
the inhibition of protein translation (Fig. 1D). To assess the representativeness of the data and potential biases,
we further visualized the differences in patient characteristics across the four public databases. The heatmap
is divided into four sections: Immune Surveillance Score, Overall Event, Gender, and Age (Fig. 1E). Further
investigation into single-cell transcriptome data allowed us to identify cell populations such as B cells, epithelial
cells, mast cells, myeloid cells, stromal cells, and T cells (Fig. 1F). Notably, epithelial cells had the lowest ISs, while
T cells displayed the highest ISs (Fig. 1G,H). Thus, these findings suggest that certain immune surveillance-
related genes have a significant impact on the prognosis of colorectal cancer patients, with implications for
potential therapeutic targets and prognostic indicators.

Patients with high IS tend to have poorer outcomes

In colorectal cancer patients, the transcriptional expression of each risk gene is strongly correlated with ISs, and
this pattern holds consistently across all datasets (Fig. 2A). Microarray sequencing data were used as the training
set for model development, and we found that patients with high IS scores had shorter overall survival compared
to those with low IS scores (Fig. 2B). This trend was also observed in the TCGA-COAD dataset, with similar
results (Fig. 2C). To explore whether patients’ IS scores could indicate the activation or suppression of tumor-
related pathways, we calculated the correlation between the average scores for Hallmark pathways and IS scores
in each dataset. The results showed significant variability in the correlation between pathways and IS scores
across different datasets (Fig. 2D). In addition, we further explored the interactions between different subsets
and constructed a communication network diagram among the various cell subsets, including the Number of
interactions and Interaction weights/strength (Fig. 2E).

ISs are an independent prognostic factor in colon cancer patients

Through multivariate Cox regression analysis, we found that ISs could serve as an independent predictor for
overall prognosis in patients with colon cancer (Fig. 3A, P=0.0171). Additionally, Kaplan-Meier (K-M) analyses
of three independent datasets revealed that patients with high immune scores (HIS) had significantly shorter
progression-free intervals compared to those with low immune scores (LIS) (Fig. 3B,C). The specific datasets are
GSE17538, GSE38832, and GSE39582. To assess its advantages and limitations in terms of predictive accuracy,
stability, and clinical practicability, we compared the AUC (Area Under the Curve) values of our immune
surveillance score (IS) model with those of other published prognostic models for colon adenocarcinoma. As
shown in Fig. 3D, our model achieved an AUC of 0.82, significantly higher than the AUC values reported in
previous studies. This highlights the superior predictive accuracy of the IS score model, indicating that our
approach offers more reliable prognostic power in evaluating patient outcomes.

Genomic landscape differences between HIS and LIS patients

The accumulation of somatic gene mutations in body cells is a crucial factor in the development of cancer.
In order to explore the relationship between ISs and gene mutations, we first identified a positive correlation
between ISs and TMB in the TCGA-COAD dataset (Fig. 4A). Additionally, among the six genes with the
highest mutation frequencies in colon cancer patients, namely APC, TP53, TTN, KRAS, SYNEI, and PIK3CA
(Fig. 4B), the expression levels of APC, KRAS, and PIK3CA were positively correlated with ISs, while TP53
transcriptional expression levels showed a negative correlation (Fig. 4C). Furthermore, we observed a negative
correlation between ISs and Copy Number Variation (CNV) scores (Fig. 4D). Subsequently, we compared the
genes exhibiting the greatest differences in mutations between HIS and LIS patients, which included BRAE,
AHNAK2, KMT2B, FMN2, KMT2D, DST, SLIT3, KIAA1549L, CDON, and SLC4A7 (Fig. 4E). Furthermore,
we compared the differences in mutation sites of the same genes between HIS and LIS patients (Fig. 4F-H,
BRAE, KMT2B, and AHNAK?2), revealing a significantly higher number of mutation sites in KMT2B among
HIS patients, with no significant differences observed in other genes. Moreover, we conducted a comprehensive
analysis of chromosomal amplifications and deletions in each patient. While both HIS and LIS patients exhibited
concurrent 16p13.3 deletions, LIS patients displayed high-frequency amplifications at 8p11.23, 13q12.13, and
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Fig. 1. Illustrates the construction of the IS scoring model. (A) Expression levels of risk genes across five
independent datasets. (B) The impact of risk genes on patient prognosis. Orange represents risk genes, where
high expression correlates with shorter survival time. Blue represents protective genes, where low expression
correlates with shorter survival time. (C,D) Functional annotation of genes associated with colon cancer
survival. (E) Heatmap of the distribution of clinical features for each sample. (F) Single-cell type annotation in
colon cancer. (G) IS groupings for each cell type. (H) IS scores for various cell types.

20q12.21, and high-frequency deletions at 4q22.1 and 20p12.1. Conversely, HIS patients showed high-frequency
amplifications at 8q24.21 and 11p15.1, along with high-frequency deletions at 1p33, 4q22.1, and 6q26 (Fig. 4L]).

The response rates to immunotherapy are low in HIS patients

The infiltration of immune cells within tumor tissues significantly impacts both the survival and proliferation of
tumor cells, concurrently serving as a pivotal determinant of the efficacy of immunotherapeutic interventions.
Leveraging the ESTIMATE algorithm, we estimated the tumor purity and immune cell infiltration scores at
the transcriptomic level for each sample. Strikingly, across the majority of datasets, we observed a positive
correlation between ISs and tumor purity, juxtaposed with a negative correlation with immune cell infiltration
levels (Fig. 5A,B). Further analysis revealed a compelling trend: higher ISs corresponded to decreased
infiltration of plasmacytoid dendritic cells (pDCs) and heightened levels of neutrophils and M2 macrophages
across the five datasets (Fig. 5C). Interestingly, the expression patterns of immune checkpoint-related genes
exhibited considerable variability across these datasets, with ICOSLG demonstrating a positive correlation with
ISs (Fig. 5D).
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Fig. 2. Evaluation of Patient Survival Prognosis Based on IS Score. (A) The correlation of each gene in the
computation of the IS score. (B,C) Kaplan-Meier analysis of the overall survival of patients stratified by the
median IS score to assess the relationship between overall survival and IS score. (D) The relationship between
IS score and the activation status of transcriptional pathways in the samples. (E) Communication network
diagram of the different cell subsets.

We opted to validate whether ISs could serve as predictive tools for the efficacy of ICI therapy in cancer
patients, utilizing an immunotherapy cohort collected from TIED study. In melanoma and gastric cancer
patients receiving both PD1 and CTLA4 inhibitors, ISs effectively discerned treatment response states (Fig. 6A—
E, AUC=0.727, 0.766, 0.644, 0.773, 0.647). Among melanoma patients treated with PD1 inhibitors, HIS
individuals exhibited shorter OS and RFS compared to LIS individuals (Fig. 6F,G, P=0.085, P=0.05), a similar
trend observed in urothelial carcinoma patients (Fig. 6H, P =0.014). Notably, ISs scores were significantly higher
in non-responsive patients compared to responders (Fig. 6I). Furthermore, employing TIED to predict response
status post-immunotherapy in colorectal cancer patients, we found that HIS patients displayed significantly
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Fig. 3. The IS score is an independent prognostic factor for patients with colon cancer. (A) COX multivariate
analysis of factors influencing overall survival. (B) Kaplan-Meier analysis of disease-free survival based on
patient stratification by the median IS score. (C) The differences in ISs were compared between patients with
relapse and those in remission. (D) Bar chart comparing the AUC values of the IS score model with those of
other research models.

elevated CAF scores, T cell exclusion scores, and TIED scores compared to LIS group, indicating diminished
benefits from immunotherapy in HIS patients (Fig. 6J-L).

Validation of high-risk gene expression in colon adenocarcinoma

To further validate the expression of the high-risk genes associated with colon adenocarcinoma prognosis, we
performed immunohistochemistry (IHC) and Western blot (WB) experiments. First, we utilized the Human
Protein Atlas (HPA) database to obtain publicly available IHC images of colon adenocarcinoma tissues. We
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Fig. 4. Relationship between IS score and genomic events in colon cancer patients. (A) The correlation
between ISs and TMB scores. (B) The figure depicts the frequency of gene mutations in TCGA-COAD. (C)
The analysis presents the correlation between the expression of high mutation frequency genes and ISs. (D)
The analysis demonstrates the correlation between CNV scores and ISs. (E) The disparity in gene mutation
frequency between HIS and LIS patients. (F-H) The comparison focuses on the gene mutation sites between
HIS and LIS patients, specifically analyzing BRAF, KMT2B, and AHNAK?2. (I,J) The analysis compares
chromosomal amplifications and deletions between LIS and HIS patients.
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Fig. 6. The predictive capacity of the IS scores in assessing the response of cancer patients to immunotherapy.
(A) The study demonstrates the use of PD-1 inhibitors in melanoma patients. (B) The study depicts the
combined use of PD-1 inhibitors and CTLA-4 inhibitors in melanoma patients. (C). The study displays the
use of PD-1 inhibitors in gastric cancer patients. (D) The study demonstrates the use of CTLA-4 inhibitors

in melanoma patients. (E) The study represents the application of ACT therapy in melanoma patients. (F-H)
Segment patients into groups based on the median IS score for Kaplan-Meier analysis to compare overall
survival (OS) and progression-free survival (PFS) between the groups. (F,G) Focus on the use of PD-1
inhibitors alone in the treatment of melanoma. (H) The study shows the use of PD1 inhibitors in a cohort of
urothelial carcinoma. (I) Compare the IS score between responders and non-responders to immunotherapy in
urothelial carcinoma (P=0.02). (J-L) Examine the relationship between the IS score and levels of response to
immunotherapy across three independent transcriptomic datasets of colon cancer.

selected four high-risk genes—MAP3K7, HEXIM1, HCFC2, and DICER1—for experimental validation. The
IHC results demonstrated significantly higher protein expression levels of these genes in tumor tissues compared
to normal tissues. Image] software was used to quantify the average optical density (AOD), confirming a
significant increase in expression in tumor samples (Fig. 7A-H).

To further verify the differential expression of these genes at the protein level, we conducted WB analysis
on paired normal and tumor tissues. The results revealed notably higher protein expression of MAP3K7,
HEXIM1, HCFC2, and DICERI in tumor tissues (Fig. 7I). Quantification of the WB results using Image] showed
significantly higher relative expression levels of these genes in tumor tissues compared to normal tissues, with
band intensities normalized to GAPDH (Fig. 7]). These findings provide experimental evidence supporting the
bioinformatics analysis, confirming the elevated expression of these high-risk genes in colon adenocarcinoma.
This validation further strengthens their potential role as prognostic markers and therapeutic targets in colon
cancer.
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Discussion

This study proposes the immune surveillance score (ISs) as an effective tool for prognostic evaluation and
prediction of immunotherapy responses in colorectal cancer (COAD) patients. By analyzing transcriptomic
data of 182 immune surveillance-related genes, a scoring model based on 27 genes was developed, effectively
predicting patients’ overall survival (OS) and recurrence-free survival (RFS). Patients with high ISs scores
typically exhibited poorer prognosis and lower levels of immune cell infiltration®!*!>. Further analysis revealed
that high ISs scores were positively correlated with tumor mutation burden (TMB) and could effectively predict
responses to immune checkpoint inhibitors (e.g., PD1 and CTLA4)'6-%°. This suggests that the ISs score can
serve not only as a predictive biomarker for immunotherapy responses but also as a tool to assess immune
evasion mechanisms, thereby guiding the development of personalized treatment plans.

The innovation of this study lies in introducing the immune surveillance score (ISs) as a novel prognostic
evaluation tool and demonstrating its potential in immunotherapy. The ISs score integrates the expression
levels of multiple immune surveillance-related genes, comprehensively reflecting changes in the tumor immune
microenvironment, thus providing more precise information for clinical treatment®!~?*. Unlike existing single-
gene biomarkers, the ISs score evaluates multiple factors, including immune cell infiltration, tumor mutation
burden, and immune evasion mechanisms, offering a more comprehensive prediction of patients’ responses
to immune checkpoint inhibitors>'*!>. This offers a new direction for personalized decision-making in
immunotherapy, especially in colorectal cancer, where immune evasion mechanisms are prominent, highlighting
the significant clinical value of the ISs score?*-26.

The initial hypothesis of this study was that the expression of immune surveillance-related genes is closely
associated with the prognosis of colorectal cancer (COAD) patients and that the ISs score can serve as an
important tool for predicting immunotherapy responses?”-?. Through data analysis, we found that high ISs scores
were closely associated with poorer survival, lower levels of immune cell infiltration, and higher tumor mutation
burden, which are linked to the presence of immune evasion mechanisms!®. Particularly in immunotherapy,
patients with high ISs scores generally exhibited poor responses, validating the hypothesis that ISs serves as a
predictor of immunotherapy sensitivity”!*!>. Furthermore, the strong correlations between the ISs score, tumor
gene mutation frequency, and the immune microenvironment further support the potential application of this
model in immunotherapy®%.

Despite providing an important theoretical basis for the application of the ISs score in colorectal cancer,
this study has certain limitations. First, the research data were primarily derived from public databases, which
may introduce selection bias and inconsistencies in data quality. Although we validated the effectiveness of the
ISs score across multi-center datasets, data heterogeneity might affect its generalizability”!®. Second, the ISs
score was constructed based on transcriptomic data, which may not fully reflect protein-level expression. Future
studies should validate its accuracy and reliability using more direct experimental data®. Additionally, this study
primarily focused on colorectal cancer; future research should extend to other types of cancer to evaluate the
cross-cancer applicability and predictive capabilities of the ISs score in immunotherapy responses!®.

To facilitate the translation and application of the findings from this study, several key measures need
to be taken. First, the clinical application of the ISs score requires broader clinical validation, particularly
through multi-center, large-sample studies®*32. These studies should incorporate techniques such as
immunohistochemistry and single-cell RNA sequencing to further evaluate the ISs score’s ability to predict
prognosis and immunotherapy response in various clinical contexts!”?*?%. Second, the ISs score should be
integrated with existing clinical diagnostic and treatment protocols, including combining it with patient clinical
characteristics, tumor staging, and other biomarkers, to enhance its applicability in personalized treatment®.
Additionally, the ISs score can be combined with liquid biopsy technologies to develop it into a convenient
and non-invasive tool for predicting immunotherapy responses®**. Finally, to ensure the clinical utility of the
ISs score, researchers need to collaborate with pharmaceutical companies and clinicians to conduct relevant
clinical trials, evaluating its practical applications in various immunotherapy regimens and further advancing
the development of precision medicine!®~*°.

Future research directions should delve deeper into the biological mechanisms of the immune surveillance
score, particularly its relationship with immune evasion and immune cell infiltration®*. Through single-
cell technologies and high-throughput sequencing, further exploration is needed to elucidate the complex
interactions between the ISs score, immune cell subpopulations, and the tumor microenvironment®!!. Moreover,
the ISs score could be extended to other cancer types, such as lung cancer, gastric cancer, and melanoma, to
assess its prognostic and immunotherapy response predictive capabilities across different tumor types'®. As
immunotherapy targets continue to evolve, future research could also explore combining the ISs score with new
immunotherapy targets to further improve treatment efficacy and patient survival®*?>.

In conclusion, the immune surveillance score (ISs) has significant clinical potential as a predictive and
prognostic tool for immunotherapy response and prognosis in colorectal cancer. With further clinical validation
and cross-cancer studies, the ISs score is expected to become a key indicator in tumor immunotherapy, driving
the development of precision medicine and personalized treatment!”~°.

Methods

Data source

We collected six sets of RNA microarray sequencing data for colon cancer from the GEO database, including
GSE39582 (n=536), GSE17538 (n=288), GSE71729 (n = 125), GSE57495 (n =63), and GSE62452 (n =66), along
with the COAD data from the TCGA database (n=446). Additionally, the data for immunotherapy cohorts were
obtained from Tumor immune dysfunction and exclusion (TIDE, http://tide.dfci.harvard.edu/).
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Identification of prognostic genes for survival

Cytotoxic T lymphocytes (CTL) play a crucial role in the immune system’s direct action to destroy cancer cells.
According to the literature, 182 genes are involved in this process, collectively referred to as immune surveillance-
related genes (Supplementary Table S1). We analyzed the expression profiles of these 182 genes in our collected
dataset and stratified each sample into high- and low-expression groups. This stratification formed the basis for
correlating overall survival in colorectal cancer patients, employing Cox regression analysis to identify risk genes
with significant impact on survival duration. To further identify generally applicable key genes, we consolidated
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«Fig. 7. Validation of high-risk gene expression in colon adenocarcinoma. (A,C,E,G) Immunohistochemistry
(IHC) images from the HPA database showing the expression of MAP3K7, HEXIM1, HCFC2, and DICERI in
normal and tumor tissues. The tumor tissues exhibit significantly higher staining intensity, indicating elevated
expression of these genes. Scale bar =100 um. (B,D,F,H) Quantification of IHC staining using Image] software
reveals significantly higher average optical density (AOD) of MAP3K7, HEXIM1, HCFC2, and DICERI in
tumor tissues compared to normal tissues. (I) Western blot (WB) analysis confirms the overexpression of these
genes in tumor tissues compared to normal tissues, with GAPDH used as a loading control. (J) Quantification
of WB results shows the relative expression levels of MAP3K7, HEXIM1, HCFC2, and DICERI in colon
adenocarcinoma, with band intensities measured using ImageJ and normalized to GAPDH. The tumor tissues
exhibit significantly higher protein expression compared to normal tissues.

the results from five datasets using a fixed-effects model. This meta-analysis approach allowed us to isolate and
validate genes consistently associated with survival outcomes across different datasets.

Develop an immuno-surveillance-related gene signature for prognosis

To create a prognostic gene signature associated with immune surveillance, each identified risk gene’s standard
estimate (SE) and hazard ratio (HR) were used as weights reflecting its impact on patient survival. These weights
were then multiplied by the gene expression levels to compute the ISs for each patient.

Assessment of tumor immune scores

The ESTIMATE algorithm is used to determine immune scores for colorectal cancer samples, providing an
estimate of immune infiltration within tumor tissue. A higher estimate score indicates a greater proportion of
tumor cells within the sample, suggesting lower immune infiltration.

Estimation of immune cell infiltration

Using the ESTIMATE algorithm, we quantify the infiltration of 28 types of immune cells within tumor tissues,
based on the transcriptomic expression levels for each sample. A higher score indicates a greater degree of
immune cell infiltration.

Tumor mutational burden (TMB) assessment

To evaluate TMB, exome sequencing MAF (Mutation Annotation Format) files for colorectal cancer were
downloaded from the TCGA database. These files were imported into an R environment using the maftools
package, and TMB was calculated with the tmb function. Additionally, a mutation landscape for each sample
was plotted.

Gene functional enrichment analysis

For the identified risk genes, functional annotation analysis was performed using the ClusterProfiler package in
conjunction with the Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) databases.
Furthermore, the Gene Set Enrichment Analysis (GSEA) algorithm was employed to determine the level of
pathway enrichment at the transcriptomic level among patients with different immune scores.

Utilization of the human protein atlas database

The Human Protein Atlas (HPA) is an open-access database that provides comprehensive information on protein
expression across human tissues and cells. We used the HPA to examine the expression of MAP3K7, HEXIMI,
HCFC2, and DICERI in colon adenocarcinoma tissues through immunohistochemistry (IHC) images.

Western blot

Proteins were separated by SDS-PAGE, loading 10-20 pg of protein per lane, and electrophoresis was performed
at 80 V for 30 min, followed by 120 V until dye migration. Proteins were transferred to NC membranes using a
wet transfer system (350 mA for 90 min) in Tris-glycine buffer. The membranes were blocked with 10% skim
milk in TBST for 1 h, then incubated overnight at 4°C with primary antibodies against MAP3K7, HEXIMI,
HCFC2, and DICER1 at dilutions of 1:1000, 1:1000, 1:1000, and 1:250, respectively. After washing with TBST, the
membranes were incubated with HRP-conjugated secondary antibody (1:10,000) for 1 h at room temperature.
Protein signals were detected using an ECL substrate (1:1 reagent A: B mixture) and quantified with Image] by
normalizing the target band intensities to the loading controls.

Statistical analysis

Continuous variables were analyzed using either the t-test or the Wilcoxon rank-sum test, while categorical
variables were compared using either the chi-squared test or Fisher’s exact test. In survival analysis, the log-rank
test was used to compare overall survival rates between two groups. Statistical significance was defined as a P-
value <0.05.

Data availability

Publicly available datasets were analyzed in this study. The single cell RNA-seq datasets used for cell states anal-
ysis were all downloaded from GEO database (https://www.ncbi.nlm.nih.gov/geo/) under accession numbers
GSE39582, GSE17538, GSE71729, GSE57495 and GSE62452, and from the UCSC Xena platform (https://xenabr
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owser.net/) under accession TCGA Colon adenocarcinoma (COAD). Additionally, the data for immunotherapy
cohorts were obtained from TIDE (http://tide.dfci.harvard.edu/).
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