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Abstract
Background  CD4+ T cells play an indispensable role in anti-tumor immunity and shaping tumor development. We 
sought to explore the characteristics of CD4+ T cell marker genes and construct a CD4+ T cell-related prognostic 
signature for stage III-IV colorectal cancer (CRC) patients.

Method  We combined scRNA and bulk-RNA sequencing to analyze stage III-IV CRC patients and identified the 
CD4+ T cell marker genes. Unsupervised cluster analysis was performed to divide patients into two clusters. The 
LASSO and multivariate Cox regression were performed to establish a prognostic-related signature. RT-qpcr and 
immunofluorescence staining were performed to examine the expression of ANXA2 in CRC tissue.

Result  We found a higher infiltration abundance of activated memory CD4+ T cells was associated with improved 
prognosis in stage III-IV CRC patients. Patients were divided into two subgroups with distinct clinical and 
immunological behaviors based on CD4+ T cell marker genes. And then a prognostic signature consisting of six CD4+ 
T cell marker genes was established, which stratified patients into high- and low-risk groups. Immune spectrum 
showed that the low-risk group had higher immune cell infiltration than the high-risk group. Furthermore, the risk 
score of this signature could predict the susceptibility of stage III-IV CRC patients to immune checkpoint inhibitors 
and chemotherapy drugs. Finally, we validated that ANXA2 was enriched in Tregs and was associated with infiltration 
of Tregs in CRC tumor microenvironment.

Conclusion  The CD4+ T cell-related prognostic signature established in the study can predict the prognosis and the 
response to immunotherapy in stage III-IV CRC patients. Our findings provide new insights for tumor immunotherapy 
of advanced CRC patients.
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Introduction
The incidence and mortality rate of colorectal cancer 
(CRC) continues to rise globally. By 2040, there will be 
3.2 million new cases and 1.6 million deaths. This trend 
highlights the urgency of research and treatment for 
colorectal cancer [1]. In recent years, great progress has 
been made in surgical therapy, systemic therapy, and 
other therapeutic strategies, which have greatly improved 
the overall survival time of CRC patients in an early 
stage [2]. However, many CRC patients were initially 
diagnosed at advanced stages with their 5-year survival 
rate ranging from 14–71% [3]. There are few effective 
therapies and prognostic biomarkers for CRC patients at 
advanced stages, thus resulting in inappropriate decision-
making and ultimately a poorer prognosis [4]. There-
fore, it is urgent to find effective biomarkers related to 
prognosis and treatment for stage III-IV CRC patients. 
Currently, existing studies based on microarray or RNA-
seq detection data have provided a broad data basis for 
searching for effective biomarkers. Zheng et al. demon-
strated that CALD1 could be used as a prognostic bio-
marker and a prospective therapeutic target for stage III/
IV pMMR CRCs through multiple bioinformatic analyses 
and cell-level assays [5]. Moreover, Liu et al. established 
a nomogram model of the SMAD4, ZFHX3, and PREX2 
mutation status, pathological location, and preopera-
tive CEA value to accurately predict the risk of Stage 
III/IV CRC patients [6]. Although these biomarkers had 
made some achievements in monitoring the prognosis 
of advanced CRC patients, due to the heterogeneity and 
complex composition of tumors, conventional bulk data 
detection usually failed to distinguish tumor tissue from 
non-tumor tissue, such as tumor microenvironment or 
paracancer tissue, which lead to a certain bias in the pre-
dictive performance of these genetic markers for prog-
nostic outcomes in patients with stage III-IV CRC.

Single-cell RNA sequencing (scRNA-seq) allows the 
definition of molecularly distinct cell subpopulations 
and reveals the molecular characteristics of diverse cells 
in the TME at the single-cell level, greatly improving 
the limitations of traditional bulk data. Previous stud-
ies have reported that exploring gene expression signa-
tures based on molecular characteristics of immune cells 
derived from scRNA-seq data provides new insights into 
cancer immunity [7, 8]. Since current data obtained by 
single-cell technology cannot directly link cell types to 
the clinical phenotype of cancer patients. Several studies 
have combined single-cell data with bulk data to identify 
reliable biomarkers that have shown benefits in predict-
ing prognosis and sensitivity to chemotherapeutic drugs 
in patients with multiple types of cancer, such as hepato-
cellular carcinoma [9], lung adenocarcinoma [10], breast 
carcinoma [11]. Therefore, based on bulk RNA-seq and 
scRNA-seq analysis, comprehensive identification of 

predictive biomarkers and novel molecular targets for 
diagnosis and treatment of stage III-IV CRC patients will 
contribute to the precise stratification of patients.

During the initiation and progression of tumors, tumor 
cells are surrounded by a complex array of TME, includ-
ing kinds of immune cells, stromal cells, extracellular 
matrix, and various cytokines [12]. Abundant evidence 
confirms that the heterogeneity of immune cell infiltra-
tion in TME is an important factor affecting the efficacy 
and prognosis of CRC and other tumor types [13, 14]. In 
the TME, T cells play an important role in immune mon-
itoring and tumor eradication [15]. As one of the most 
common T cell subtypes, CD4+ T cells are closely associ-
ated with anti-tumor responses, as they can enhance the 
killing activity of other anti-tumor effector cells, such as 
CD8+ T cells and macrophages [16, 17]. In several stud-
ies, adoptive transfer of tumor-specific CD4+ T cells has 
shown impressive efficacy in tumor suppression [18, 19]. 
It has been found that circulating CD4+CTLA-4+ T cells 
increased in patients with advanced stage, which might 
be used as a potential biomarker to predict the progres-
sion and treatment response of CRC [20]. There are few 
studies on the antitumor immunity of CD4+T cells in 
advanced CRC. Therefore, it is necessary to investigate 
the relationship between the gene expression profile of 
CD4+T cell-related markers and the prognosis and ther-
apeutic response of stage III-IV CRC patients. In our 
study, we performed an integrative analysis of scRNA-seq 
and bulk RNA-seq of stage III-IV CRC patients to iden-
tify CD4+ T cell marker genes. We verified the predictive 
power of the CD4+ T cell-related signature and further 
compared the differences in immune cell infiltration, 
immune checkpoint response, and sensitivity to che-
motherapeutic drugs between the two risk groups. Our 
study will help to provide recommendations for the clini-
cal treatment of stage III-IV CRC patients.

Method
Data collection
In this study, two scRNA-seq datasets containing clinical 
information of CRC patients were downloaded from the 
Gene expression omnibus (GEO) database (​h​t​t​p​​:​/​/​​w​w​w​
.​​n​c​​b​i​.​​n​l​m​​.​n​i​h​​.​g​​o​v​/​g​e​o​/) and used to screen CD4+ T cell 
marker genes of stage III-IV CRC patients. GSE166555 
includes 6 stage III-IV CRC patients, and GSE144735 
includes 2 stage III-IV CRC patients. To analyze the rela-
tionship between the proportion of various immune cells 
and the prognosis of stage III-IV CRC patients, we down-
loaded the expression matrix and clinical information of 
194 stage III-IV CRC patients from The Cancer Genome 
Atlas (TCGA) database and the expression matrix and 
clinical information of 422 stage III-IV CRC patients 
from the GEO database, including GSE17538 (n = 132), 
GSE12945 (n = 26) and GSE39582 (n = 264). In addition, 
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to explore the value of CD4 + T cell-related signature in 
predicting immunotherapy response, 298 samples treated 
with immunotherapy were obtained from the IMvigor210 
cohort. The data of stage III-IV CRC patients in TCGA, 
GSE17538, GSE12945, and GSE39582 were combined, 
and the ComBat method was conducted for batch cor-
rection. Subsequent analyses involved a total of 616 stage 
III-IV CRC patients.

Acquisition of CD4+ T cell marker genes by scRNA-seq 
analysis
We performed scRNA-seq data analysis by R packages, 
including “Seurat” and “SingleR” [21]. To retain high-
quality scRNA-seq data, unqualified cells in the inte-
grated dataset were excluded according to the following 
quality control standards: (1) Cells with mitochondrial 
gene content of more than 5% were removed, (2) Cells 
that expressed less than 50 genes and clusters with cell 
count less than 3 were also removed. After normalizing 
the data using the “NormalizeData” package, we per-
formed principal component analysis (PCA) to screen 
out the top 15 principal components (PCs) based on the 
top 2000 highly variable genes. T-distributed stochastic 
neighbor embedding (t-SNE) was then used for unsu-
pervised clustering, and cell subpopulations were visu-
alized using T-SN-1 and T-SN-2. The “FindAllMarkers” 
function in the “Seurat” package was used to calculate 
the differentially expressed genes (DEGs) of each clus-
ter compared to all other clusters.|log2 (fold change)| > 
1 and adjusted P-value < 0.05 were used to identify the 
marker genes for each cluster. Finally, the MonacoIm-
muneData dataset was applied to annotate the cell sub-
populations of the different clusters. The common CD4+ 
T cell marker genes in GSE166555 and GSE144735 were 
obtained by venn diagram and included in subsequent 
analysis.

Consensus clustering and pathway enrichment analysis of 
CD4+ T cell marker genes
We used the “ConsensusClusterPlus” package in the 
R studio program to classify stage III-IV CRC patients 
into different molecular subgroups based on CD4+ T cell 
marker gene expression by unsupervised cluster analysis. 
The consensus clustering algorithm was used to estab-
lish the quantity and consistency of clusters. The optimal 
number of clusters was determined by the k-means algo-
rithm. The Gene Ontology (GO) and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) analysis were conducted 
using the R package “clusterProfiler”.

Construction and validation of a CD4+ T cell-related 
prognostic signature
A univariate Cox regression analysis was used to iden-
tify CD4+ T cell marker genes associated with prognosis 

in stage III-IV CRC patients. Subsequently, to minimize 
overfitting, the least absolute shrinkage and selection 
operator (LASSO) Cox regression was performed by the 
“glmnet” package to determine significant prognostic 
genes in the training set. The optimum value of penalty 
parameters was determined by 10-fold cross validation 
method. Finally, based on the genes selected by LASSO 
Cox regression analysis, we used stepwise multivari-
ate Cox regression analysis to identify key prognostic 
genes and establish the CD4+ T cell-related signature. 
According to the expression levels and corresponding 
coefficients of the signature genes (Table S1), the risk 
score of each stage III-IV CRC patient was calculated. 
The formula is: risk score = expression level of a gene (a) 
× correspondence coefficient (a) + expression level of a 
gene (b) × correspondence coefficient (b) + expression 
level of a gene (n) × correspondence coefficient (n). The 
patients were divided into high-risk group and low-risk 
groups based on the median risk score. The Kaplan-
Meier survival curve was generated using the R package 
“survminer” to compare the survival differences between 
the high-low risk groups. The time-dependent receiver 
operating characteristic (ROC) curves and the area 
under the curve (AUC) were measured by the “survival-
ROC” package to assess the accuracy of the prognostic 
signature. The nomogram was established by combining 
clinicopathological characteristics and risk scores using 
the “rms” package. The calibration curve analysis was 
performed to confirm the accuracy of the established 
nomogram.

Evaluation of tumor immune microenvironment
To assess the specific cellular components of the 
immune microenvironment, the CIBERSORT algo-
rithm was applied to calculate the relative proportions 
of 22 immune cells in the CRC samples obtained in each 
sample, and samples with p < 0.05 were screened for sub-
sequent analysis. The components of the immune and 
stromal cells in the tumor microenvironment (TME) of 
stage III-IV CRC patients were calculated to compare the 
differences in microenvironment characteristics between 
different CD4+ T cell-related subgroups or risk groups 
by the ESTIMATE algorithm. Single sample Gene Set 
Enrichment Analysis (ssGSEA) was used to further com-
pare the activity of immune cells and the immune func-
tion of each sample in different risk groups. Moreover, we 
calculated the tumor mutation burden (TMB) score for 
each CRC patient in the high-risk and low-risk groups.

Drug sensitivity analysis
The Drug sensitivity data were downloaded from the 
Genomics of Drug Sensitivity in Cancer database 
(GDSC, ​h​t​t​p​​s​:​/​​/​w​w​w​​.​c​​a​n​c​e​r​r​x​g​e​n​e​.​o​r​g​/). The “oncoDi-
rect” R package was used to evaluate differences in the 

https://www.cancerrxgene.org/
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half-maximal inhibitory concentration (IC50) values 
of common CRC chemotherapeutic drugs between the 
high-risk and low-risk groups.

Patients
CRC patients undergoing radical resection of CRC in 
Zhongnan Hospital of Wuhan University were collected 
as study objects. The acquisition of clinical information 
and tissue samples of patients has been approved by the 
Ethics Committee of Zhongnan Hospital of Wuhan Uni-
versity and informed consent of patients (ID:2020110). 
We collected tumor and paracancer tissue samples from 
5 CRC patients undergoing endoscopic or surgical resec-
tion from Zhongnan Hospital of Wuhan University. The 
inclusion criteria were as follows:1. Age ≥ 18 years old, 
≤ 75 years old, male and female; 2. Patients with unre-
sectable metastatic colon or rectum adenocarcinoma 
confirmed by histopathology; 3. Unresectable metastases 
have not received any systemic antitumor therapy; 4. For 
subjects who have previously received neoadjuvant or 
adjuvant therapy, the date of first discovery of progres-
sion must be at least 6 months away from the date of last 
administration of neoadjuvant or adjuvant therapy.

Immunofluorescence staining
Colorectal tumor and adjacent normal paraffin sections 
of CRC patients were incubated sequentially with two 
primary antibodies, ANXA2 (rabbit, 1:200, ProteinTech, 
Wuhan, China), Foxp3 (mouse, 1:500, Abcam, Shang-
hai, China). The nucleus was counterstained with DAPI 
(Biaqiandu technology, Wuhan, China). The stained sec-
tions were observed using a fluorescence microscope 
(Olympus, Japan).

Quantitative real-time PCR
Total RNA from CRC tumor and adjacent colon or rec-
tum tissues was extracted by TRIzol reagent (Invitro-
gen, USA). The first-strand cDNA was synthesized using 
total RNA with a reverse transcription kit (TOYOBOO, 
Japan). Real-time PCR was performed using SYBR Green 
RT-PCR kit (CWbio, China). The primers were synthe-
sized by Tsingke Biological Technology (Beijing, China). 
The expression levels of the examined ANXA2 (primer 
forwad: 5’- ​A​G​A​G​T​T​T​C​C​C​G​C​T​T​G​G​T​T​G​A − 3’, primer 
reverse: 5’ -​C​C​A​T​A​T​G​C​A​C​T​T​G​G​G​G​G​T​G​T − 3’. ) tran-
scripts were compared to that of GAPDH (primer for-
wad: 5’- ​A​A​T​G​G​G​C​A​G​C​C​G​T​T​A​G​G​A​A​A − 3’, primer 
reverse: 5’ -​G​C​G​C​C​C​A​A​T​A​C​G​A​C​C​A​A​A​T​C − 3’. ) and 
normalized to the mean value of the controls.

Statistical analysis
All statistical analyses and graphics in the study were 
conducted in R software (version 4.2.2, ​h​t​t​p​s​:​/​/​w​w​w​.​
r​-​p​r​o​j​e​c​t​.​o​r​g​/​​​​​)​. Variables between two groups and three 

groups were compared by Wilcoxon or Kruskal-Wallis 
test. Univariate and multivariate Cox regression analyses 
were used to investigate the prognostic value of the CD4+ 
T cell-related signature. Statistical differences in survival 
curves were determined by a log-rank test. P < 0.05 was 
considered statistically significant.

Result
Immunogenomic characterization of public CRC datasets 
reveals critical roles of activated memory CD4+ T cells in 
CRC prognosis
To assess the role of immune cells in the prognosis of 
CRC patients, we first quantitatively estimated the com-
position of 22 immune infiltrating cells in 4 publicly avail-
able CRC cohorts and evaluated the prognostic effect 
of each immune cell type on CRC at different clinical 
stages. Forest maps showed that infiltration of memory B 
cells (HR = 26.463, 95% CI, 1.388-504.577, P = 0.029) and 
M2 macrophages (HR = 10.013, 95% CI, 1.223–81.977, 
P = 0.032) was significantly associated with poor prog-
nosis of stage III-IV CRC patients (n = 617), while infil-
tration of activated memory CD4+ T cells (HR = 0.010, 
95% CI, 0.001–0.256, P = 0.005) was associated with 
better prognosis of stage III-IV CRC patients (Fig.  1A). 
However, the infiltration of these immune cells was not 
significantly associated with the prognosis of stage I-II 
CRC patients (n = 697, Figure S1). Survival analysis was 
used to further compare the relationship between acti-
vated memory CD4+ T cells, M2 macrophages, and 
memory B cells and the prognosis of stage III-IV CRC 
patients. As expected, patients with high infiltration of 
activated memory CD4+ T cells had a significantly longer 
OS than those with low infiltration (P = 0.012, Fig.  1B), 
whereas patients with high infiltration of memory B 
cells had a shorter OS than those with low infiltration 
(P = 0.043, Fig.  1C). There was no significant difference 
in OS between patients with high and low infiltrating M2 
macrophages (P = 0.079, Fig.  1D). These results suggest 
that activated memory CD4+ T cells and memory B cells 
can effectively predict the prognosis of stage III-IV CRC 
patients.

Acquisition of CD4+ T cell marker genes using scRNA-seq 
data
After data processing and screening, a total of 6 patients 
with stage III-IV CRC in GSE166555 and a total of 2 
patients with stage III-IV CRC in GSE144735 were 
included in subsequent analysis. Vlnplots showed the 
range of detected gene numbers (nFeature), the sequence 
count per cell (nCount) and the percentage of mitochon-
drial content (percent.mt) in each sample of GSE166555 
and GSE144735 (Figure S2A and S2B). Correlation 
analysis results showed that nCount was positively cor-
related with nFeature in GSE166555 and GSE144735 

https://www.r-project.org/
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(Figure S2C and S2D). Then, we selected the top 1500 
highly variable genes and plotted them in a scatter plot 
(Figure S2E and S2F). The PCA method was performed 
to reduce the dimensionality (Fig. 2A and B), and 15 PCs 
with P-value < 0.05 were selected for further analysis in 
both GSE166555 and GSE144735 (Figure S2G and S2H). 
We identified 16 clusters in GSE166555 and 13 clusters in 
GSE144735, and visualized these clusters using the t-SNE 
algorithm (Fig.  2C and D). The reference datatset from 
the MonacoImmuneData was used to annotate each clus-
ter, and we found that cells from cluster 0 in GSE166555 
were classified as CD4+ T cells (Fig. 2E), while cells from 
clusters 0 and 4 in GSE144735 were classified as CD4+ 
T cells (Fig.  2F). The clusters identified as CD4+ T cells 
were also found to have different gene expression profiles 
compared to the other clusters, with 246 and 184 genes 
differentially expressed in GSE166555 and GSE144735, 
respectively (Figure S3A and Figure S3B), which were 
identified as stage III-IV CRC-related CD4+ T cell marker 
genes (Table S2 and Table S3).

Identification of CD4+ T cell-related subtypes of stage III-IV 
CRC
A total of 54 CD4+ T cell marker genes of stage III-IV 
CRC were identified by Venn diagram (Fig. 3A, Table S4). 
To understand the biological function and prognostic 
value of these CD4+ T cell marker genes, we integrated 
the expression matrix and clinical data of 4 bulk datas-
ets (TCGA-CRC, GSE17538, GSE12945, GSE39582), 
and finally included a total of 48 CD4+ T cell marker 
genes for follow-up analysis. As expected, the results 
of GO analysis showed that these CD4+ T cell marker 
genes were closely related to immune and inflamma-
tory response, such as “positive regulation of leukocyte 
activation”, “T cell receptor binding” and “MHC protein 
complex” (Fig.  3B). Similarly, KEGG pathway analysis 
showed that these CD4+ T cell marker genes were mainly 
enriched in immune-related pathways like “Hemato-
poietic cell lineage”, “Th17 cell differentiation” and “Th1 
and Th2 cell differentiation” (Fig. 3C). The network plot 
presented a comprehensive landscape of the relationship 

Fig. 1  The role of immunogenomic characterization in the prognosis of stage III-IV CRC. (A) The forest plot showed the effect of each immune cell type 
on the overall survival (OS) in stage III-IV CRC patients. (B-D) The Kaplan-Meier (K-M) curves of stage III-IV CRC patients and activated memory CD4+ T cells, 
M2 macrophages, and memory B cells
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between CD4+ T cell marker genes and the prognostic 
value of stage III-IV CRC (Figure S4A). Univariate Cox 
regression analysis revealed 20 of the 48 CD4+ T cell 
marker genes were significantly associated with sur-
vival (P < 0.05, Figure S4B). To further evaluate the role 
of CD4+ T cell marker genes in predicting the prognosis 
of stage III-IV CRC, we used 20 prognostic CD4+ T cell 
marker genes for unsupervised clustering on stage III-IV 
CRC patients. As shown in Figure S4, when k = 2 or k = 3, 
the cohort could be well divided into different subtypes. 
Overall survival analysis showed significant survival dif-
ferences between the two subtypes (P = 0.043, Figure S4E) 
and no significant survival differences among 3 subtypes. 
We observed significant differences in TME between 
the two subtypes, and cluster A was remarkably abun-
dant in most immune cell infiltrates, such as activated B 
cell, activated CD4 T cell, activated CD8 T cell, activated 
dendritic cell, CD56bright natural killer cell, and oth-
ers (Fig.  3F). In addition, we calculated the TME score 
for each stage III-IV CRC patient using the ESTIMATE 
algorithm, and compared immune scores, stroma scores, 
ESTIMATE scores, and tumor purity between the two 
subtypes. According to the findings, cluster B patients 
had higher immune scores (Fig.  3G), stroma scores 
(Fig. 3H), and ESTIMATE scores (Fig.  3I) than those in 
cluster A patients, while tumor purity was lower than 
those in cluster A patients (Fig. 3J). In conclusion, cluster 

B patients had higher levels of immune cell infiltration 
and TME scores, which explained the better prognosis to 
some extent.

Construction and evaluation of the prognostic signature 
based on CD4+ T cell marker genes
To further evaluate the reliability of CD4+ T cell mark-
ers for predicting prognosis in patients with III-IV CRC, 
we established a CD4+ T cell-related prognostic sig-
nature. The LASSO Cox regression was performed to 
build a CD4+ T cell-related prognostic signature in the 
training set based on 20 prognostic CD4+ T cell marker 
genes (Figure S5A and S5B). Finally, we used multivari-
ate Cox regression analysis to optimize the prognostic 
signature, including only the six most predictive genes. A 
CD4+ T cell marker gene risk score was built: Risk score 
= (-0.216×CD2 expression) + (-0.429×CD9 expression) 
+ (0.447×ANXA2 expression) + (0.388×RORA expres-
sion) + (0.472×RGS1 expression) + (-0.349×HLA-DRA 
expression). We used the above formula to calculate the 
risk score for each patient and divided patients into high-
risk group (n = 154) and low-risk groups (n = 154) based 
on the median cutoff point. Kaplan-Meier (K-M) curves 
showed that the overall survival of high-risk patients 
was significantly worse than that of low-risk patients in 
the training set (Fig. 4A), testing set (Fig. 4B), and total 
set (Fig.  4C). From the distribution of risk scores and 

Fig. 2  Acquisition of CD4+ T cell marker genes using scRNA-seq data. (A-B) PCA was used for dimensionality reduction in GSE166555 and GSE144735. (C-
D) 16 clusters in GSE166555 and 13 clusters in GSE144735 were visualized based on t-SNE algorithm. (E-F) Cell subpopulations identified by marker genes
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Fig. 3  Identification of CD4+ T cell-related subtypes of stage III-IV CRC. (A) Venn diagram shows the intersection of 54 CD4+ T cell marker genes in the 
GSE166555 and GSE144735. (B) Gene Ontology (GO) biopathway of the CD4+ T cell marker genes. (C) Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathways of the CD4+ T cell marker genes. (D) The stage III-IV CRC patients were divided into two clusters by applying a consensus clustering algorithm. 
(E) Overall survival analyses for the two clusters (p = 0.043). (F) The abundance of immune cells in the two clusters. (G-J) Differences in immune scores, 
stroma scores, ESTIMATE scores, and tumor purity of the two clusters
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Fig. 4  Construction and evaluation of the prognostic signature based on CD4+ T cell marker genes. (A-C) The Kaplan-Meier (K-M) curves showed the dif-
ferent survival overcomes in the train, test, and total set. (D-F) Time-dependent receiver operating characteristics (ROC) curves for OS at 1-, 3-, and 5-years 
of the three sets. (G) The nomogram was used to predict the prognosis of patients based on their clinical information and risk score. (H-I) Calibration plot 
for the validation of the nomogram, with an AUC of 0.755, 0.763, and 0.766 at 1, 3, and 5 years, respectively. (J) Nomogram was a better predictor of 1-year 
OS than other clinical parameters
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survival status of each patient, we found that higher risk 
scores were associated with more deaths in the training 
set (Figure S5C and S5F), testing set (Figure S4D and 
S4G), and total set (Figure S5E and S5H). The heat map 
showed detailed expression levels of the six genes (Fig-
ure S5I-K). Time-dependent ROC curves were utilized to 
evaluate the predictive accuracy of the prognostic signa-
ture. As shown in Fig. 4D, the 1-, 3-, and 5-year AUC val-
ues of stage III-IV CRC patients in the training set were 
0.710, 0.679, and 0.692, respectively. Moreover, the 1, 3, 
and 5-year AUC values in the testing set and the total set 
also confirmed that this CD4+ T cell-related prognostic 
signature could well predict the prognosis of stage III-IV 
CRC patients (Fig. 4E-F). For better clinical application, 
we constructed a nomogram based on the risk score of 
the prognostic signature and other clinicopathological 
factors to more comprehensively predict patient survival 

(Fig. 4G). The calibration curve and ROC curves showed 
that the nomogram had strong predictive performance, 
with an AUC of 0.755, 0.763, and 0.766 at 1, 3, and 5 
years, respectively (Fig. 4H-I). Furthermore, the multiple-
ROC curve illustrated that the nomogram predicted OS 
with better accuracy than other clinicopathological fac-
tors at 1 year (Fig. 4J).

Relationship between the prognostic signature and 
clinicopathological factors
To understand the relationship between the CD4+ T 
cell-related signature and clinicopathological factors, we 
showed the relationship between CD4+ T cell-related 
subtypes, the prognostic signature, and patient sur-
vival status. We found that cluster B patients were more 
concentrated in the low-risk group with fewer deaths 
(Fig.  5A). Moreover, we found that risk scores of stage 

Fig. 5  Relationship between the prognostic signature and clinicopathological factors. (A) Sankey diagram of subtype and survival status. (B-D) The rela-
tionship between the risk scores and clinical stage, age, and gender. (E-F) Univariate and multivariate Cox regression analysis. (G-H) Gene Set Enrichment 
Analysis (GSEA) between high- and low-risk groups
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IV patients were significantly higher than those of stage 
III patients (P = 0.0012, Fig. 5B), while the risk score had 
no significant relationship with age (P = 0.42, Fig. 5C) and 
gender (P = 0.077, Fig. 5D). The results of univariate and 
multivariate Cox regression analysis suggested that the 
risk score was an independent prognostic factor for OS of 
stage III-IV CRC patients (Fig. 5E and F).

We further explored differences in biological processes 
and pathways between high-and low-risk groups. The 
results of the GSEA analysis showed that the enriched 
pathways in the high-risk group were mainly concen-
trated in adherens junction, melanoma and TGF-beta 
signaling pathway (Fig.  5G), and the enriched pathways 
in the low-risk group were focused on antigen process-
ing and presentation, intestinal immune network for IGA 
production and primary immunodeficiency (Fig. 5H).

Association between the prognostic signature and 
immune cell infiltration
Since CD4+ T cells play a crucial role in anti-tumor 
immune response, we investigated the relationship 
between the CD4+ T cell-related prognostic signature 
and immune cell infiltration in stage III-IV CRC patients. 

As shown in Fig.  6A, the six CD4+ T cell marker genes 
constructed the prognostic signature were significantly 
correlated with the infiltration levels of most immune 
cells. The EPIC analysis also showed significantly corre-
lation between immune infiltration and 6 maker genes 
(Fig.  6S). Moreover, we found that memory B cells, 
plasma cells, resting memory CD4 T cells, and neu-
trophils were significantly upregulated in the high-risk 
group, and naïve B cells, CD8 T cells, activated memory 
CD4 T cells, follicular helper T cells, resting NK cells, 
and resting dendritic cells were significantly upregulated 
in the low-risk group (Fig.  6B). The results of ssGSEA 
analysis showed that the enrichment of immune-related 
functions was significantly higher in the low-risk group 
than in the high-risk group, such as APC co-stimulation, 
CCR, Checkpoint, Cytolytic activity, HLA, inflamma-
tion promoting, MHC class I, T cell co − inhibition, T cell 
co − stimulation, aDCs, B cells, CD8+ T cells, DCs, iDCs, 
pDCs, T helper cells, Tfh, Th1 cells, TIL (Fig. 6C and D). 
In addition, by using the ESTIMATE algorithm, we found 
that the immune scores of high-risk patients were lower 
than those of low-risk patients, while stromal scores were 
higher than those of low-risk patients (Fig.  6E). These 

Fig. 6  Association between the prognostic signature and immune cell infiltration. (A) The correlation of 6 key genes expression and immune cell infiltra-
tion. (B) CIBERSORT analysis showed the correlation between 6 key genes and immune infiltration. (C-D) The abundance of immune-related functions in 
the high- and low- risk groups. (E) Comparison of TME score in the two risk groups
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results suggested that the risk score was negatively cor-
related with the level of immune cell infiltration.

Relationship between the CD4+ T cell-related signature 
with immunotherapy response and drug sensitivity
Given the important role of CD4+ T cell-based immu-
notherapeutic strategies in anti-tumor treatment, we 
explored whether the CD4+ T cell-related signature could 
predict responses of stage III-IV CRC patients to chemo-
therapy and immunotherapy. We first used the GDSC 
[22] database to predict the chemotherapy drug sensi-
tivity of CRC patients in high-risk and low-risk groups. 
The results showed that patients in high-risk group were 
more sensitive to Oxaliplatin and 5-Fluorouracil than 
those in the low-risk group, but there were no signifi-
cant differences in Irinotecan sensitivity between the two 
groups (Fig. 7A-C). Next, we assessed the prognostic role 
of risk score for chemotherapy and chemotherapy-com-
bined bevacizumab-immunotherapy in GSE72970. As 
shown in Fig.  7D and E, the low-risk group had higher 
proportion of Response patients (R) and lower propor-
tion of Non-Response patients (NR) than the high-risk 
group, indicating that the low-risk group was more sen-
sitive to chemotherapy and chemotherapy + bevacizumab 
than the high-risk group. We also found significant differ-
ences in OS and progression-free survival (PFS) between 
these two groups. (Fig.  7F-I) These results suggest that 
the CD4+ T-cell-related signature is a good predictor of 
chemotherapy and immunotherapy response in CRC 
patients.

ANXA2 is associated with the infiltration of Tregs in stage 
III-IV CRC
Among all CD4+T cell genes in the risk score cohort, we 
found that ANXA2 is significantly positive correlated 
with poor prognosis in stage III-IV CRC patients. Subse-
quently, we decided to explore the relationship between 
ANXA2 and the infiltration of CD4+ T cell subsets. 
After primarily classification of GEO dataset GSE166555 
(Fig.  8A), we further conducted subclustering analy-
ses on CD4+ T cell clusters. We found that ANXA2 was 
enriched in Treg subsets (Fig. 8B) and the proportion of 
Tregs significantly increased in ANXA2high group, com-
pared to ANXA2low group (Fig.  8C). Immunofluores-
cence staining of FOXP3 and ANXA2 on 5 pairs of CRC 
tumor and adjacent normal tissues showed that the co-
localization of FOXP3 and ANXA2 in CRC tumor tissues 
was increased compared with that in adjacent normal 
tissues (Fig.  8D and E and Figure S7). Additionally, RT-
PCR results showed that ANXA2 mRNA expression in 
colorectal cancer tissues was higher than that in normal 
tissues (Fig. 8F). These results indicated that the expres-
sion of ANXA2 increased in CRC tissue, and it’s associ-
ated with the infiltration of CRC Tregs.

Discussion
Immunotherapy has achieved remarkable results in 
anti-tumor treatment. More and more studies have 
focused on biomarkers that can predict immunotherapy 
responses to improve the prognosis of patients. TME has 
been widely recognized as an important factor affecting 
the efficacy of cancer immunotherapy, and TME-related 
biomarkers have also received increasing attention. How-
ever, TME-related biomarkers based on tumorigenesis 
to predict immunotherapy response and prognosis in 
patients with advanced CRC are still lacking. The scRNA-
seq technique is a powerful tool for exploring tumor het-
erogeneity and tumor immune microenvironment, which 
is important for identifying potential therapeutic targets 
[23]. The abundance of T cells especially CD4+ T cell 
infiltration in tumors is closely related to the prognosis of 
patients with various solid tumors [24–26]. Recently, the 
signature of CD4+ T cell-related lncRNA constructed by 
Ning et al. has been proven to have potential predictive 
value for the prognosis and immunotherapy response of 
breast cancer [27]. Based on the important role of CD4+ 
T cells in the prognosis and immunotherapy of cancer 
patients, in our study, we tried to explore the relationship 
between CD4+ T cell marker genes and the prognosis of 
stage III-IV CRC patients.

We systematically analyzed the relationship between 
CD4+ T cells and the prognosis of patients with stage III-
IV CRC patients by combining bulk RNA-seq and clinical 
information data. As expected, CD4+ T cells are associ-
ated with a better prognosis of patients with stage III-IV 
CRC patients, but not with the prognosis of patients with 
stage I-II CRC patients. This suggests that CD4+ T cells 
may be a key biomarker for the prognosis of advanced 
CRC. Subsequently, we used scRNA-seq analysis and 
found out CD4+ T cell marker genes in stage III-IV CRC 
patients. Based on the CD4+ T cell marker genes, we used 
unsupervised clustering to divide patients into two sub-
sets. It was found that there were significant differences 
in overall survival and immune cell infiltration between 
the two subsets. Patients in cluster B have a better prog-
nosis and more immune cell infiltration compared with 
patients in cluster A. Consistently, immune scores and 
stromal scores of cluster B patients were also higher 
than those of cluster A patients. A large number of stud-
ies have shown that in patients treated with checkpoint 
inhibitors, high infiltration of immune cells is related to 
better tumor response and long-term survival [28, 29]. In 
addition, it has been reported that a TME of CRC with 
a high immune score is associated with better survival 
[30]. Therefore, the better prognosis of cluster B patients 
might be related to the high infiltration of immune cells.

We further established a CD4+ T cell-related prog-
nostic signature for stage III-IV CRC patients using the 
training set. The prognostic signature consisted of six 
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Fig. 7  Evaluation of predicting immunotherapy response and drug sensitivity. Estimated IC50 of Oxalipaltin_1089 (A), 5-fluorouracil_1073 (B) and Irinote-
can_1088 (C) based on GDSC database in high-risk and low-risk groups. (n = 616) Response of chemotherapy (D) (n = 64) and chemotherapy + bevacizum-
ab (E) (n = 22) in high-risk and low-risk groups. Overall survival analysis (F) and progression free survival analysis (G) of chemotherapy between two risk 
groups. (n = 64) Overall survival analysis (H) and progression free survival analysis (I) of chemotherapy + bevacizumab between two risk groups. (n = 22)
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Fig. 8 (See legend on next page.)
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CD4+ T cell marker genes, including CD2, CD9, ANXA2, 
RORA, RGS1, and HLA-DRA. The predictive power of 
the CD4+ T cell-related signature was verified in both 
the testing set and the total set. The prognostic signa-
ture showed good robustness and repeatability in both 
cohorts. Moreover, we established a nomogram by com-
bining clinicopathological factors and risk scores, and 
verified its predictive performance through a variety of 
validation methods. This nomogram could accurately 
predict the prognosis of stage III-IV CRC patients and 
guide the establishment of individualized examination 
procedures. Based on the excellent predictive power of 
this signature, we performed a GSEA analysis to explore 
the underlying mechanism. The low-risk group was more 
concentrated on pathways related to immune response, 
while the high-risk group mainly focused on pathways 
closely related to tumor progression, such as adhesion 
junction and TGF-beta signaling pathway. The alteration 
of adhesion junction is usually associated with metastasis 
of colorectal cancer cells [31], Disruption of the TGF-β 
signaling pathway in advanced CRC has been reported to 
lead to an aggressive phenotype of CRC and a poor prog-
nosis [32]. The inferior prognosis of the high-risk patients 
may be partly attributed to the significant enrichment of 
these pathways.

Due to the key role of TME in anti-tumor response, 
the differences in TME between the high-risk and low-
risk groups were compared. We observed that naïve B 
cells, CD8 T cells, activated memory CD4 T cells, fol-
licular helper T cells, resting NK cells, and resting den-
dritic cells were significantly upregulated in the low-risk 
group. Numerous studies have shown that these cells play 
an antitumor role in various solid tumors [33–36]. More-
over, the enrichment of immune-related functions and 
immune scores in the low-risk group were significantly 
higher than those in the high-risk group. A high level of 
immune cell infiltration and strong immune response 
usually indicates a strong anti-tumor response [37, 38]. 
The low level of immune cell infiltration can promote 
tumor cells to evade immune monitoring and thus pro-
mote tumor progression, which may partly explain the 
significantly decreased survival rate of high-risk patients. 
In addition, to evaluate the impact of risk score on che-
motherapy and immunotherapy, we compared the dif-
ferences between the high-risk and low-risk groups in 
the We have analyzed the sensitivity of high-risk and 
low-risk patients to common chemotherapy drugs for 
CRC patients and have shown that the low-risk group 

patients is more sensitive to Oxaliplatin, 5-Fluoroura-
cil, and Irinotecan than the high-risk group patients. 
What’s more, we obtained the expression matrix of 84 
stage III-IVCRC patients receiving chemotherapy or 
chemotherapy + bevacizumab-immunotherapy from the 
GEO data set GSE72970 and analyzed responses to these 
therapies between the high-risk and low-risk groups. As 
expected, patients in the low-risk group were more sen-
sitive to chemotherapy or chemotherapy + bevacizumab-
immunotherapy. We also found significant differences 
in overall survival (OS) and progression-free survival 
(PFS) between these two groups. These results suggest 
that the CD4 + T-cell-related signature can potentially 
be applied to predict the sensitivity of CRC patients to 
chemotherapy and immunotherapy drugs. Nevertheless, 
there are certain limitations to this study. Due to the lack 
of relevant data, we were unable to conduct the colorec-
tal cancer cohort analysis of multiple immunotherapy 
combinations or immune check-point PD-L1 as was 
done in the melanoma [39] and lung adenocarcinoma 
[40] studies. The six CD4+ T cell marker genes used to 
construct the prognostic signature are closely related to 
the development and progression of CRC. It has been 
reported that the highest CD9-CD63 was observed in 
CRC patients, which is an independent prognostic factor 
for progression-free survival and overall survival of CRC 
patients [41]. Increased ANXA2 levels have been found 
in stage IV tumors and metastasis compared to stage 
I-III tumors, and silicon analysis confirmed that ANXA2 
overexpression was associated with consensus molecular 
subtypes (CMS) with the worst prognosis [42]. Previous 
studies have shown that the methylation status of the 
RORA promoter region was significantly correlated with 
unfavorable CRC stages (stage III and stage IV), which 
may be a useful biomarker for highly advanced CRC 
patients [43]. Lange et al. demonstrated that RGS1 is a 
potential marker of CRC tissue quality through microar-
ray and qPCR analysis [44]. HLA-DRA expression was 
increased in the right side CRC and was associated with 
patient prognosis [45]. These reports indicated that these 
CD4+ T cell marker genes might be potential therapeutic 
targets for stage III-IV CRC patients and that the novel 
prognostic signature constructed by them might be use-
ful for clinical applications. Additionally, by subpopu-
lation analysis of CD4+ T cells, we found that ANXA2 
expression was mainly distributed on Treg cells. Finally, 
we confirmed that ANXA2 expression was significantly 
up-regulated in CRC tissues, and ANXA2 co-localization 

(See figure on previous page.)
Fig. 8  ANXA2 is associated with infiltration of Tregs in Stage III-IV CRC. (A) GSE166555 CD4+ T cells subset was subclustered into 10 clusters which were 
visualized based on t-SNE algorithm. (B) Violin plot of ANXA2 distribution in 10 subcluster of GSE166555 CD4+ T cells subset. (C) Proportion of CD4+ T 
cell subclusters in ANXA2high group and ANXA2low group. (D) Representative image of immunofluorescence staining of ANXA2 and FOXP3 on paraffin 
sections of normal and CRC tissue. (Scale bar: 50 μm) (E) Data analysis of the number of cells colocalized with ANXA2 and FOXP3. (n = 5) (F) Expression of 
ANXA2 mRNA in CRC and normal tissue
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with Foxp3 (a Treg cell specific marker) was significantly 
increased in CRC compared with healthy controls. As 
we all know, Treg cells are a subpopulation of CD4+ T 
cells, which play a catalytic role in tumor development. 
Numerous studies have shown that an increased number 
of Treg cells in tumors is associated with tumor devel-
opment, immunotherapy failure, and poor prognosis in 
CRC [46, 47]. Reducing or depleting Tregs in CRC has 
been shown to inhibit tumor growth, suggesting that tar-
geting Tregs would be an effective anti-tumor approach 
for CRC [48]. At present, the relationship between 
ANXA2 and Treg cells has not been reported. ANXA2 
has been demonstrated to be a key regulator of CRC pro-
gression [42]. While, the relationship between ANXA2 
and Treg cells has not been reported. We have shown for 
the first time that ANXA2 can be used as a Treg-associ-
ated marker gene to predict the prognosis of advanced 
CRC patients and may be a potential target for immuno-
therapy in tumors.

Although this study provides new insights for predict-
ing the prognosis and treatment of CRC patients, it still 
has some limitations. First, this is a retrospective study 
that needs further validation in a prospective cohort 
study. Second, due to the small number of samples in 
the current scRNA dataset and the lack of clinical sur-
vival information, we didn’t validate TME differences 
with single-cell data further. Third, future research must 
explore the potential mechanism between the expres-
sion of CD4+ T cell marker genes and the prognosis of 
stage III-IV CRC patients. Fourthly, when discussing the 
relationship between risk score and chemotherapy drug 
sensitivity, there was a lack of relevant experiments to 
further verify the conclusion. Finally, lacking of single 
cell RNA sequencing data from stage III-IV CRC patients 
leads to analyze TME differences among different risk 
groups.

In conclusion, based on the comprehensive analysis of 
scRNA and bulk RNA-sequencing, we found that CD4+ 
T cells had a significant relationship with the prognosis 
of stage III-IV CRC patients, and then developed a novel 
prognostic signature composed of six CD4+ T cell marker 
genes, which could effectively predict the prognosis and 
the response to immunotherapy in stage III-IV CRC 
patients. The CD4+ T cell-related signature could serve as 
a prognostic biomarker for stage III-IV CRC patients and 
provide new insights for clinical decision-making of indi-
vidualized immunotherapy.
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