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3]. Therefore, it is essential to study the TME, especially 
the associated immune cells [2, 4]. Previous studies have 
demonstrated that CD4+ T cells majorly contribute to 
tumorigenesis, metastasis, clinical diagnosis, and treat-
ment prognosis. The functions of CD4+ T cells are poten-
tially diverse and paradoxical due to the complexity of the 
TME [5]. CD4+ T cells exhibit different functional states 
and phenotypes and regulate the immune response, 
thereby coordinating the activities of other immune 
cells and affecting the behavior of tumors and response 
to therapy, and consequently exerting varying effects on 
tumor progression [5, 6]. Moreover, different CD4+ T cell 
subsets have varying functions in the anti-tumor process, 
including regulating humoral immunity, activating B cells 
and CD8+ T cells to exert anti-tumor effects, and killing 
tumor cells by cytotoxic CD4+ T cells [7–9].

The recent and rapid development of single-cell 
sequencing technologies and their wide application in 
cancer research has accelerated the elucidation of CD4+ 
T cell functions in TME. Single-cell sequencing can 

Introduction
The tumor microenvironment (TME) is a complex net-
work of stromal cells, immune cells, and extracellular 
components that sustain tumor cells through interactions 
with signaling molecules and physical factors [1, 2]. The 
interaction between TME and tumor cells has been dem-
onstrated to affect tumor invasion and drug resistance [1, 
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Abstract
Recent oncological research has intensely focused on the tumor immune microenvironment (TME), particularly 
the functions of CD4 + T lymphocytes. CD4+ T lymphocytes have been implicated in antigen presentation, cytokine 
release, and cytotoxicity, suggesting their contribution to the dynamics of the TME. Furthermore, the application 
of single-cell sequencing has yielded profound insights into the phenotypic diversity and functional specificity 
of CD4+ T cells in the TME. In this review, we discuss the current findings from single-cell analyses, emphasizing 
the heterogeneity of CD4+ T cell subsets and their implications in tumor immunology. In addition, we review the 
critical signaling pathways and molecular networks underpinning CD4+ T cell activities, thereby offering novel 
perspectives on therapeutic targets and strategies for cancer treatment and prognosis.
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overcome the shortcomings of traditional bulk sequenc-
ing methods in studying CD4+ T cells, such as the mask-
ing of cell heterogeneity, loss of cell-to-cell information, 
inability to differentiate cell subsets, and limited spa-
tial information [2, 10, 11]. Single-cell RNA sequenc-
ing (scRNA-seq) can be applied to identify the accurate 
molecular information about each cell within tumors [4, 
12]. In addition, scRNA-seq can investigate tumor het-
erogeneity, microenvironmental cell type composition, 
and cell state transitions [10, 13, 14]. It can comprehen-
sively demonstrate the unique characteristics of differ-
ent components in the TME and clarify the interactions 
between tumor cells and several components in the 
microenvironment, especially the relationship between 
tumors and immune cells [6, 12]. This allows us to bet-
ter understand the functions of CD4+ T cells in immune 
response, immune regulation, and tumor immunity, pro-
viding significant information to develop precise immu-
notherapeutic strategies [13, 15, 16].

Here, we review the recent advances in single-cell 
sequencing studies performed to study CD4+ T cells in 
TME. Specifically, we provide an overview of the clas-
sification of CD4+ T cells using single-cell sequencing. 
Surface markers of CD4+ T cells, their spatial distribution 
characteristics in the TME, temporal distribution char-
acteristics in tumor evolution, and their functions and 
mechanisms in tumor immunity are summarized.

Application of single-cell sequencing in research 
on CD4 + T cells in TME
Unique advantage of single-cell sequencing dissecting 
CD4+ T cells in TME
Single-cell sequencing technology has rapidly advanced 
over the past decade. The initial sequencing studies pre-
dominantly focused on the transcriptomic analysis of 
numerous mixed cells, known as bulk transcriptome 
sequencing. This method allowed researchers to analyze 
the average gene expression within a sample. However, it 
masked specific signals exhibited by individual cell pop-
ulations or cell states. The development of sequencing 
technology led to single-cell sequencing, which enabled 
a comprehensive study of gene expression at the single-
cell level. Examining individual cells at the genomic, 
transcriptomic, epigenomic, and proteomic levels can 
overcome the limitations of traditional bulk sequencing 
[14, 17].

Comparison of two single-cell sequencing platforms: 10X 
Genomics and Smart-seq2
Currently, sequencing research of CD4+ T cells largely 
depends on two sequencing platforms, namely, 10X 
Genomics Chromium, and Smart-seq2. Significant dif-
ferences exist between these two protocols in terms 
of sequencing principle, sequencing volume, and data 

presentation. Smart-seq2 is based on high-fidelity reverse 
transcriptase, template conversion, and pre-amplification 
to increase the yield of cDNAs and ultimately obtain full-
length transcripts. This method has excellent coverage, 
which refers to the frequency or depth with which each 
position in the target genome or sample is sequenced. 
Higher coverage indicates that more reads(the short 
sequence fragments obtained from target DNA or RNA 
segments during the sequencing process) cover the tar-
get area, thus enhancing the accuracy and reliability of 
detection. It can also detect rare transcripts and does 
not require additional specialized equipment, thereby 
increasing its applicability [18]. The 10X Genomics sin-
gle-cell sequencing is based on the 10X Genomics plat-
form and can separate and label 5,000 to 10,000 single 
cells at once and detect them at the single-cell level as 
well. The method is based on microfluidics and is based 
on molecular biology principles similar to that of Smart-
seq2, applying template conversion techniques [19]. 
However, it differs from Smart-seq2 in the approach and 
throughput of cell capture. Figure 10X Genomics method 
involves wrapping individual cells in a small oil droplet 
(containing a barcode and reverse transcriptase primer) 
and reverse transcribed into cDNA, following which the 
oil droplet ruptures to release the cDNA for library con-
struction. Although this approach increases the experi-
ment flux, it requires specialized experiment equipment 
[20]. There exist certain differences in the principles of 
constructing the library between these two techniques. 
Each method has its own set of advantages and limita-
tions, as illustrated in Table 1.

Recently, Zhang et al. conducted a comparative analysis 
of scRNA-seq data of immune cells using the two plat-
forms [20]. Smart-seq2 detected more genes and more 
complex datasets in cells, especially transcripts of lower 
abundance and alternative splicing transcripts. Smart-
seq2 data are more similar to the bulk RNA-seq data. 
Approximately 10–30% of all transcripts detected by both 
platforms belonged to non-coding genes, with a higher 
proportion of lncRNAs in the 10X Genomics Chro-
mium. Smart-seq2 has a higher sensitivity and detects a 
considerably larger number of expressed genes than the 
number of expressed genes detected by 10X Genomics 
Chromium. The Smart-seq2 data demonstrated a single-
peaked distribution for the genes detected, with a few 
low-expressed genes detected in all cells. In contrast, the 
10X Genomics data demonstrated a double-peaked dis-
tribution due to numerous near-zero expressed genes, 
suggesting a high level of noise or random capture of 
mRNA at very low expression in the 10X Genomics 
data. The 10X Genomics Chromium data allow for bet-
ter detection of rare cell types due to its ability to cover 
numerous cells. In addition, each platform detects 
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different sets of genes expressed in clusters of cells, sug-
gesting the complementarity of techniques [1, 20].

Application and development of spatial 
transcriptomics to dissect TME
Emerging spatial transcriptomics is increasingly being 
applied to study tumor CD4 + T cells. Currently, 10X 
Genomics Visium and GeoMx DSP are the most rep-
resentative technologies in this field [21]. 10X Genom-
ics Visium uses spatial barcoding and high-throughput 
sequencing to provide unbiased whole-transcriptome 
data, making it ideal for large-scale tissue analysis. How-
ever, its spatial resolution is limited (about 55 μm), pre-
venting single-cell precision. In contrast, GeoMx DSP 
combines targeted probe hybridization with optical 
selection to achieve high-resolution multi-omics analy-
sis of RNA and proteins, with near single-cell resolution 
[22]. It is well-suited for precise molecular detection in 
specific regions of interest but requires preselected tar-
gets and has lower throughput. Temporal specificity 
can be studied by obtaining samples from different time 
points and using single-cell transcriptome sequencing 
techniques to differentiate cell types and gene expression 
patterns in the temporal dimension [23]. However, spa-
tially specific information is relatively difficult to obtain 
because of losing cellular spatial relationships during 
tissue dissociation [1]. Spatial transcriptomics sequenc-
ing can identify different cell populations while preserv-
ing their spatial location information. Thus, it provides 
crucial data on the relationship between cell function, 
phenotype, and location in the tissue microenvironment 
[24]. The location of gene expression can be used to map 
the complex and complete expression of disease-causing 
genes [18]. This approach allows the researchers to reveal 

the biological structure of normal and abnormal tissues 
and discover novel tissue biomarkers [25, 26].

Spatial transcriptomics has been applied to study pri-
mary pancreatic tumors, and subpopulations of ductal 
cells, macrophages, dendritic cells (DCs), and cancer cells 
are spatially restricted with significant co-enrichment 
with other cell types [27]. A study provided a spatially 
resolved fine map of the immune landscape in pancre-
atic ductal adenocarcinoma. The researchers highlighted 
immune subsets with potentially underappreciated func-
tions in pancreatic ductal adenocarcinoma, particularly 
CD4+ T cell subsets and natural killer (NK) T cells that 
are terminally exhausted and acquire a regulatory pheno-
type [28]. Another study provided the whole transcrip-
tome profile of metastasis by analyzing the spatial RNA 
sequencing of primary and metastatic tumor specimens 
obtained from 44 patients with non-small cell lung can-
cer (NSCLC). The results suggested that TME creates an 
immunosuppressive and fibrotic ecology in the brain for 
metastatic brain tumors [29]. Similarly, other researchers 
have applied spatial transcriptomics to melanoma lymph 
node biopsies, thereby successfully sequencing the tran-
scriptomes of over 2,200 tissue domains. They used this 
approach to generate gene expression profiles, reveal-
ing details of melanoma metastases [30]. Furthermore, a 
combination of scRNA-seq and spatial transcriptomics 
has been applied to human squamous cell carcinomas. 
For example, researchers found that cancer cells localize 
to fibrovascular ecotopes, whereas immune cells are spa-
tially confined to different compartments, suggesting that 
cancer cells could employ a spatial mechanism to evade 
immune surveillance [31]. These studies demonstrate 
that spatial transcriptomics approaches can be used to 
study the subpopulation structure and reveal the interac-
tions inherent in complex tissues.

Table 1  Comparison of 10X Genomics and Smart-seq2 for single-cell RNA sequencing
Feature 10X Genomics Smart-seq2
Sequencing 
principle

Based on droplet microfluidics. Based on full-length cDNA synthesis and amplification.

Throughput High: Processes thousands to tens of thousands of cells per run. Low: Handles hundreds of cells per run.
Sequencing 
coverage

High: Capable of processing thousands to tens of thousands of cells 
per run.

Low: Handles hundreds of cells per run

Sequencing depth Shallow: Focuses on gene expression levels but lacks depth for low-
abundance genes or full-length transcript.

Deep: Generates comprehensive full-transcriptome data, 
capturing low-abundance genes and rare transcripts.

Sensitivity Moderate: Suitable for detecting moderately to highly expressed 
genes.

High: Excellent for identifying low-abundance genes 
and rare transcripts.

Data complexity High: Generates massive datasets with complex barcoding and UMI 
deduplication, requiring significant computational resources.

Low: Easier data processing, though full-length 
transcriptome data demands substantial storage and 
computation.

Sample barcoding Dual-end barcoding Single-end barcoding
Cost Low High
Platform Requires the 10X Genomics Chromium system with a high degree 

of automation.
Requires more manual steps, though certain automated 
equipment can be utilized.

Application Suitable for large-scale cellular population analyses Ideal for high-resolution single-cell analyses
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Reclassification of CD4 + T cells in single-cell 
studies
In the previous section, we discussed how scRNA-seq 
and spatial transcriptomics techniques help identify and 
localize different cell populations within the TME. These 
technologies not only provide molecular characteristics 
of cells but also preserve their spatial information. Specif-
ically, recent pancreatic cancer studies combining these 
two techniques have revealed differential distribution of 
CD4 + T cells at the tumor periphery and core, which is 
crucial for understanding their role in tumor immunity 
[27, 32]. In head and neck cancers, spatial profiling of the 
immune microenvironment in PD-L1 + CTLA4 combina-
tion therapy patients identified CD4 + T cell activation 
and T cell recruitment to tumor-draining lymph nodes 
as early indicators of immune response to combination 
therapy [33]. This multi-omics approach is gradually 
being applied to study CD4 + T cells in the tumor micro-
environment of various cancers, including breast cancer 
[34], gastric cancer [35], hepatocellular carcinoma [36], 
lung cancer [37], nasopharyngeal carcinoma [38], cervi-
cal squamous cell carcinoma [39] and glioblastoma [40].

Exhausted CD4+ T cells
Initially, in the context of chronic infections and auto-
immune diseases, CD4 + T cells characterized by high 
expression of exhaustion markers, including TIGIT, 
PD-1, CTLA-4, and CD39, were identified as exhausted 
[41, 42]. Subsequent scRNA-seq studies in pan-cancer 
research have provided further evidence for the existence 
of this distinct population of exhausted CD4 + T cells 
[43–46].

A lung cancer study using single-cell sequencing has 
discovered certain exhausted CD4+ T cell subsets in 
TME. Certain evidence suggested that the enrichment 
of exhausted CD4+ T cells is associated with increased 
CD1C+ DC population [47], and in some subsets, the 
expression of Lag3 and Tim3 increased with a decrease 
in the expression of CD45RO [48]. Recent research 
constructed a CD4+ T cell atlas using scRNA-seq data 
from patients with multiple cancer types and identi-
fied two exhausted CD4+ T cell subgroups expressing 
PD-1 and CD200 in bladder cancer [49]. One of them 
highly expresses PD-1 and CD200 (PD1hiCD200hiCD4+ 
T cells), and the other one highly expresses PD-1 with 
low expression of CD200 (PD1hiCD200lowCD4+ T cells). 
Researchers found that patients with high proportions of 
PD1hiCD200hiCD4+ T cells displayed a worse response 
to immunotherapy than those with PD1hiCD200lowCD4+ 
T cells. They later detected that PD1hiCD200hiCD4+ T 
cells recruit tip endothelial cells and initiate angiogenesis 
through UTP and its transporter P2RY6. Furthermore, 
they found that tumor cells recruit PD1hiCD200hiCD4+ 
T cells to promote epithelial–mesenchymal transition 

by enhancing m6A-mediated GAS6. These findings indi-
cate that a combination of immunotherapy and anti-
CD200 drugs could be a promising treatment strategy 
for patients with bladder cancer [49]. In a recent sin-
gle-cell study of endometrial cancer, researchers used 
identified exhausted CD4+ T cells with scRNA-seq, and 
malignant epithelial cells induce immune suppression 
through ligand receptor pairs (such as TNF-ICOS) inter-
acting with depleted CD4+ T cells. Blocking the binding 
of TNF-ICOS may inhibit the induction of immunosup-
pressive microenvironment and may become an effective 
therapeutic target for endometrial cancer in the future 
[50]. Appling single-cell sequencing in PD-1 blockade 
tumor sample, some researchers found that exhausted 
T cell clonotypes directly attack tumor cells, and PD-1 
blockade can promote infiltration of these exhausted 
T clonotypes [51]. We believe that gaining insights into 
these unexplored mechanisms could help us identify 
approaches to reactivate exhausted T cells and enhance 
the effectiveness of the existing immunotherapy.

CD4+ cytotoxic T lymphocytes
CD4+ cytotoxic T lymphocytes are crucial effectors of 
anti-tumor immunity. Previous studies have reported 
that T lymphocytes with cytotoxic functions are largely 
limited to the conventional major histocompatibility 
complex (MHC) class I-restricted CD8+ T lymphocytes. 
However, recent preclinical and clinical studies have 
demonstrated that MHC class II-restricted T helper cells 
with cytotoxic potential exist in tumors and that these 
CTLs can directly kill cancer cells [52, 53]. These cells 
can secrete GZMB and perforin, and kill target cells in an 
MHC class II-restricted manner, thus exerting antiviral 
and antitumor immunity and inflammation. Previously, 
certain scholars believed that CD4+ cytotoxic T lympho-
cytes can be differentiated from other Th, most of which 
are related to Th1 [7]. The latest research demonstrated 
that the development of thymocytes to CD4+ or CD8+ 
lineages and the acquisition of helper or cytotoxic activi-
ties are controlled by antagonistic transcription factors, 
namely, ThPOK and Runx3. ThPOK inhibits the cyto-
toxic program of CD4+ thymocytes and promotes T cell 
maturation, whereas Runx3 promotes this program of 
CD8+ T cells [54]. A few other studies reported that the 
competition for IL-2 Tregs can regulate the acquisition 
of cytotoxic activity by CD4+ T cells. Moreover, Blimp-1 
and T-bet independently control the cytotoxic and helper 
activities of CD4+ T cells in TME [55]. However, the 
specific differentiation mechanism of these cells has not 
been systematically elucidated, with ongoing research on 
CD4+ cytotoxic T lymphocytes.

Recently, some researchers used scRNA-seq and paired 
TCR sequencing to study the characterization of TME 
in seven types of bladder cancer resections [8]. They 
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identified multiple CD8+ and CD4+ T cell populations in 
the immune microenvironment. Two cytotoxic CD4+ T 
cell populations in these tumors were identified, express-
ing GZMB and GZMK. These two cell subpopulations 
were labeled as GZMB+CD4+ T cells and GZMK+CD4+ T 
cells, respectively. The GZMB+CD4+ T cells express high 
levels of cytotoxic molecules GZMB, perforin, GNLY, and 
natural killer cell granule protein 7 (NKG7). The GZMK+ 
CD4+ T cells express high levels of GZMK and lower lev-
els of NKG7. Both these subsets produce high levels of 
antitumor IFN-γ and TNF-α. These cytotoxic CD4+ T 
cells can recognize MHC-II on tumor cells and directly 
kill them. In addition, the researchers reported that the 
antitumor effects of these cytotoxic CD4+ T cells can be 
inhibited by CD4+ Tregs within the TME [56]. Therefore, 
cytotoxic CD4+ T cells could affect the MHC-II antigen 
presentation mechanism in tumor cells. The cytotoxic 
CD4+ T cell population in bladder cancer is characterized 
by directly killing autologous tumor cells in an MHC-II 
dependent manner and is related to improved response 
to immune checkpoint blockade (ICB). However, the 
existence, function, and clinical significance of cyto-
toxic CD4+ T cells in NSCLC remain elusive. The unique 
expression of MHC-II on NSCLC cells is speculated to 
provide a feasible method for cytotoxic CD4+ T cells to 
drive the ICB response of patients with MHC-I dam-
age [57]. In addition, CD4 + cytotoxic T cells have been 
found to exert anti-tumor effects directly or indirectly in 
liver cancer, colorectal cancer, breast cancer, melanoma, 
osteosarcoma, and head and neck tumors [53, 58–63]. 
Further studies on the characteristics of cytotoxic CD4+ 
T cells will help develop the next-generation ICB.

Altogether, these findings highlight the extensive and 
multifunctional roles of CD4+ T cells in antitumor immu-
nity. The role of cytotoxic CD4+ T cells in inducing an 
antitumor immune response is still not completely elu-
cidated, including the exact mechanism supporting its 
development, and the reason behind the significantly 
limited response of the influence on PD-L1 inhibitors in 
certain tumor responses [64]. The ongoing research on 
cytotoxic CD4+ T cells could help better understand the 
reactivity and resistance to existing immunosuppressive 
checkpoint inhibitors and determine novel targets for 
immunotherapy.

Regulatory T cells
Regulatory T cells (Tregs) are a subset of T cells with sig-
nificant immunosuppressive properties. They are char-
acterized by the expression of Foxp3, IL2RA, CD25, and 
CD4 [1, 45, 46]. IKZF2, TNFRSF9, TNFRSF14, TIGIT, 
and CTLA4 are well-defined Treg-associated genes [65, 
66]. Tregs regulate the body’s immune homeostasis and 
block autoimmune diseases, exert a suppressive effect 
on the immune system, and are the primary controllers 

of self-tolerance. Tregs suppress excessive immune 
responses by expressing CTLA4, IL-10, and TGF-β [1]. 
This immunosuppressive effect suppresses anti-cancer 
immunity, such that Tregs promote the immune escape 
of tumor cells and promote tumorigenesis and progres-
sion [67, 68]. Specifically, the effect is multifaceted. For 
example, Tregs participate in the epithelial–mesenchy-
mal transition of tumor cells and angiogenesis by secret-
ing growth factors and simultaneously supporting the 
expansion of stromal cells such as fibroblasts and endo-
thelial cells [68–70]. In conclusion, the function of Tregs 
in the TME is highly complex [3, 71].

Recently, several researchers have used scRNA-seq to 
study Tregs in TME. Numerous studies have confirmed 
significantly elevated numbers of Tregs in the peripheral 
blood or intratumor of patients with liver cancer [72], 
lung cancer [3], gastrointestinal tumors [73], breast can-
cer [74], and colorectal cancer [63]. Tregs are currently 
believed to originate from CD4+ naïve T (Tn) cells that 
have been stimulated by relevant cytokines. ScRNA-
seq deepens our understanding of the origin of Tregs. 
For example, a study revealed that Tregs in cancer are 
largely derived from CD4+ Tn cells recruited by tumor-
associated macrophage (TAM)-derived CCL18 [75, 76]. 
Two recent breast cancer studies reported that although 
Tn and Tregs in breast cancer have overlapping TCR rep-
ertoires, they rarely overlap with circulating Tregs, sug-
gesting that intratumoral Tregs develop largely from Tn 
cells in situ rather than from recruited Tregs. In addition, 
patients with breast cancer with high levels of Tn infil-
tration have higher levels of Treg infiltration and poor 
prognosis. Blocking the recruitment of Tn reduced the 
number of Tregs and inhibited tumor progression [77].

Single-cell sequencing can be used to cluster Tregs to 
better study their heterogeneity. For instance, a recent 
single-cell study in NSCLC was conducted in which 
the researchers divided Tregs into activated and rest-
ing Tregs based on the Treg activation antigen-specific 
marker TNFRSF9. They sequenced 404 characteristic 
genes of Tregs and subsequently found that activated 
TNFRSF9+ Tregs were highly expressive compared to the 
TNFRSF9 population of a set of 260 characteristic genes. 
In addition, the activated TNFRSF9+ Tregs were found in 
another two single-cell sequencing studies [78, 79]. This 
set of genes overlapped with the 404 genes described 
above and included genes associated with immunosup-
pressive functions such as REL27 and LAYN20. Their 
subsequent survival analysis using the TCGA-LUAD 
dataset demonstrated that these 260 genes were associ-
ated with a poorer prognosis in patients, particularly 
IL1R2 expression, whereas 404 genes originating from 
all Tregs of tumor sites were insignificantly related to 
survival. The clinical significance of activated Tregs in 
tumors warrants further investigation by subsequent 
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single-cell sequencing [80]. Zhang et al. conducted deep 
scRNA-seq on 12,346 T cells obtained from 14 patients 
with NSCLC in the early stages of treatment [80]. They 
found heterogeneity within several different groups of 
Tregs. Tregs clonal amplification is largely cluster-spe-
cific, occurs within the tumor, and is associated with 
the function of Tregs. These studies provide a novel 
approach to classify patients and will contribute to fur-
ther understanding of the functional status and dif-
ferentiation of Tregs in lung cancer [80]. Several years 
ago, certain researchers have identified a new Treg sub-
set (CD4+CD69+CD25−), which differs from the previ-
ously identified Tregs as it does not express FOXP3 and 
does not secrete IL-10 [81]. However, it highly expresses 
CD122 and TGF-β [82]. Recently, researchers have used 
single-cell sequencing studies this new subpopulation of 
Tregs in more depth and found that CD4+CD69+CD25− 
T cell expansion significantly correlates with tumor size, 
vascular invasion, and TNM staging in hepatocellular 
carcinoma (HCC) [83]. Therefore, subsequent sequenc-
ing of this new subpopulation of Tregs could provide new 
insights for tumor immunotherapy.

Single-cell sequencing can identify the relevant signa-
ture genes of Treg, which are significant for constructing 
prognostic models for different tumors. In a single-cell 
study of pancreatic cancer, researchers identified the 
genes CASP4, TOB1, and CLEC2B as associated with 
poorer prognosis in patients, whereas the gene FYN was 
associated with better prognosis [84]. The Tregs can be 
roughly divided into two subgroups depending on the 
variability of these four genes within the Treg population. 
The two subgroups have significantly different HIF-1 
signaling pathways. A breast cancer single-cell research 
constructed a prognostic predictive model using Treg 
genes, namely, TK1, LOX, KDM5B, PSMD4, and NFE2L3, 
in which TK1 demonstrated the most significant prog-
nostic value [85]. Knockdown of TK1 impaired prolifera-
tion, migration, and invasion of cancer cells. Pan-cancer 
analyses demonstrated that TK1 was associated with 
poor prognosis and activation of proliferative pathways 
in different cancers. Similarly, another single-cell study 
in esophageal cancer constructed a Treg-associated prog-
nostic prediction model using the SH2D2A and TERF2IP 
genes, which can accurately predict patient prognosis 
[86]. The single-cell data in osteosarcoma demonstrated 
high activation of oxidative phosphorylation, angiogen-
esis, and mTORC1 in Tregs [87]. Cellular communication 
analyses demonstrated that Tregs interact with cells such 
as osteoblasts, endothelial cells, and myeloid cells via 
CXCR4 and CXCL12/TGFB1, and they can collaborate 
to promote tumor progression. Treg genes CD320 and 
MAF were subsequently selected to construct a prognos-
tic model and achieve good prognostic accuracy [87]. The 
complexity and importance of interactions between Treg 

and tumor-associated cells was confirmed by another 
osteosarcoma single-cell study, which revealed that the 
interaction gene set between osteoclasts and Tregs can 
accurately predict the prognosis of patients with osteo-
sarcoma [88]. In addition to constructing prognostic 
models, these Treg-related signature genes can be used 
to develop tumor immunotherapies, including efficacy 
prediction and the development of new targets, which we 
will discuss in detail later in this review.

Several recent studies on Tregs in tumors demon-
strated that Tregs are a hot spot in TME studies due to 
their highly immunosuppressive effects and the complex-
ity of the effector mechanism. Targeted studies of certain 
cancers using single-cell sequencing have provided novel 
insights into the impact of Tregs on TME. The study on 
the interaction of Tregs with other tumor-associated 
immune cells as well as their impact on treatment and 
prognosis holds great potential value for clinical immu-
notherapy of tumors [76, 89].

Naive CD4+ T cells
Tn cells grow and mature in the thymus before migrating 
into the peripheral lymphoid organs and lymphoid tis-
sues [90, 91]. They belong to a class of T cells that grow 
in the thymus and express surface-differentiated anti-
gens such as CD4, TCR/CD3, CD28, CD62L, and CCR7 
before being exposed to antigenic stimuli [92]. Previous 
studies on CD4+ T cells have largely focused on central 
memory T cells (TCM), effector memory T cells (TEM), 
resident memory T cells (TRM), and Tregs. According to 
these studies, CD4+ Tn cells constitute a static cell popu-
lation; single-cell sequencing technology can provide us 
with more detailed molecular characteristics of cell sub-
populations, thereby helping us to understand the func-
tion of CD4 subpopulations in tumors [93, 94].

Tn is initially maintained in a quiescent state, with 
a relatively low transcriptional activity. Two single-
cell studies on melanomas demonstrated that Tn only 
expressed its characteristic genes (CCR7, TCF7, LEF1, 
SELL, and IL7R), these signature genes are not involved 
in tumor development, and the same result was reported 
in another breast cancer study [95]. The effect of related 
expressed genes on the TME was found from additional 
research; Tn displayed high levels of markers (CCR7, 
LEF1, and TCF7) and co-stimulatory genes ICOS, CD226, 
and SLAMF1, suggesting an immunosuppressive envi-
ronment [96]. However, a pan-cancer analysis in which 
a group of melanoma patients were exposed to immune 
checkpoint inhibitors, followed by conducting scRNA-
seq after biopsies were obtained before and after treat-
ment found that Tn expressed the same PD-1 as CD8+ T 
cells. Therefore, Tn cells serve as targets for immunother-
apy as well [97]. Another research reported that Tn can 
influence tumor development by interacting with TAMs 
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and tumor-associated fibroblasts in the immune micro-
environment. The study showed that Tn populations 
exerted similar TCR sequences to Tregs using a database 
obtained by scRNA-seq, with little overlap with circu-
lating Tregs, suggesting that Tregs developed primarily 
from Tn cells in situ in the tumor [77]. Further studies 
demonstrated that the chemokine CCL18 produced by 
TAMs recruited Tn in circulation to the tumor site by 
binding to the PITPNM3 receptor. Finally, in vitro exper-
iments in mice demonstrated that blocking CCL18 could 
be a promising strategy for cancer immunotherapy [76]. 
Similar results were obtained in HCC sample [75]. Stud-
ies on pancreatic ductal adenocarcinoma demonstrated 
that Tn progress to immunosuppressive Tregs by inter-
acting with antigen-presenting cancer-associated fibro-
blasts (apCAF), indicating that apCAF could be a unique 
immunomodulatory CAF population that can induce 
the formation and expansion of Tregs through antigen-
dependent TCR ligations [28, 98]. Interestingly, Tn not 
only take their effects through tumor antigen stimulation 
and neurometabolic regulation but also partially reverse 
their immunosuppressive trait with radioimmunotherapy 
and radiochemotherapy [99]. Our team demonstrated 
that patients undergoing radioimmunotherapy and radio-
chemotherapy displayed an increased proportion of Tn 
in the TME and showed extremely higher anti-immuno-
suppressive activity, improving the immunosuppressive 
microenvironment [77, 100].

Although the majority of the previous studies implied 
that Tn is mostly in a static state, newly emerging out-
comes demonstrated that Tn are involved in steps 
after cloning expansion and differentiation. Single-cell 
sequencing provides us with unique insights, suggest-
ing that Tn populations can reshape the TME to affect 
tumor progression and treatment. However, the existing 
research is still considerably limited.

Memory CD4+ T cells
Single-cell sequencing divided the CD4+ T cell subset 
into TCM, TEM, and TRM cells [90, 101, 102]. In addi-
tion, Tn cells are activated by several cytokines when 
they differentiate into these populations [103]. Therefore, 
we will discuss the unique perspectives provided by the 
above-mentioned cell populations through single-cell 
techniques in the TME.

CD4+ TEM are a subtype of CD4+ T cells with memory 
functions. They play a crucial role in the TME. Firstly, 
TEM can recognize and identify antigens on the surface 
of tumor cells, following which they trigger an immune 
response by binding to their T-cell receptors (TCRs) with 
tumor-specific antigens on the surface of tumor cells. A 
single-cell sequencing study in patients with melanoma 
undergoing immune checkpoint therapy observed a 
strong correlation between the abundance of activated 

CD4+ TEM cells and clonally diverse TCR repertoire 
in the peripheral blood and the therapeutic efficacy of 
patients [104]. Second, CD4+ TEM cells can produce sev-
eral cytokines, such as interferon-gamma (IFN-γ), and 
interleukin (IL)-2, IL-4, and IL-17. These cytokines can 
activate and regulate the activity of other immune cells, 
such as cytotoxic T lymphocytes (CTLs), NK cells, and 
macrophages, thereby enhancing their ability to attack 
tumor cells [80]. The transcriptome data obtained from 
NSCLC tissues demonstrated a significant proportion 
advantage of the TEM cell population compared to nor-
mal tissues [71, 105]. For example, Anna et al. reported 
that CD103+CD4+ TEM were the most effective produc-
ers of tumor necrosis factor (TNF)-α and IFN-γ, whereas 
other subsets of CD4+ T cells lacked the production of 
these cytokines. In addition, IFN-γ induced the pro-
duction of chemokines by the tissue and enhanced the 
expression of adhesion molecules in the vascular system, 
causing increased T cell infiltration [106], perhaps such 
cell populations could become targets for future targeted 
therapies. Moreover, a high level of CD4+CD161+ TEM 
is correlated with improved survival rates in squamous 
cell carcinoma of the oral pharynx. This particular popu-
lation of cells enhances the TCR signal transduction by 
expressing SOX4; therapeutic vaccination can induce the 
generation of cytokine-producing CD4+CD161+ effec-
tor cells. However, inhibiting TGF-β could be a potential 
immune therapy strategy due to TGF-β downregulating 
KLRB1/CD161 and SOX4 [107]. The same study reported 
similar discoveries in other types of cancers, such as a 
high expression of NKG7, PRF1, granulysin (GNLY), and 
human recombinant protein (GZMH) in the CD4+ TEM 
population in colorectal cancer [63, 80]. Moreover, simi-
lar findings were observed in renal clear cell carcinoma 
[89]. Multiple studies mentioned above conclude that the 
CD4+ TEM population exhibits similar gene expression 
to the well-known CD8+ T cell population in exerting 
anti-tumor effects. However, differences could be present 
in their internal regulatory mechanisms.

TCM is a specific type of immune cell, belonging to a 
subset within the CD4+ helper T cell (Th) population. 
They possess memory functions, capable of long-term 
preservation of antigen recognition and response infor-
mation. In addition, they can be rapidly activated for 
immune responses [108–110]. Compared with CD4+ 
TCM, CD4+ TRM largely exist in non-lymphoid tis-
sues such as skin, intestines, and mucous membranes, 
and exhibit tissue specificity [111]. They possess highly 
specific antigen recognition on tumor cell surfaces and 
can generate immune responses within tumor tissues. 
This local surveillance allows identifying and eliminat-
ing tumor cells, and restricting tumor growth and spread 
[112]. These interactions between cell populations are 
complex and dynamic, involving the collective regulation 
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of tumor immune response intensity and effectiveness. 
Factors such as cytokine production and signaling, cell-
cell contact, and expression of co-stimulatory molecules 
have been reported to be involved in this process [113]. 
The balance and regulation of these intercellular inter-
actions are crucial for an effective anti-tumor immune 
response.

Helper T cells
Several Th subpopulations have been identified in the 
TME, including Th1, Th2, Th17, and Th9 [5] due to dis-
tinct transcriptional factors and functions. Recent stud-
ies have suggested T-bet as an important transcription 
factor for Th1, whereas STAT, IL-12, and IFN-γ promote 
the differentiation to Th1 [114, 115]. After activation, Th1 
secretes TNF and IFN-γ to mediate macrophage acti-
vation and induce suppression and apoptosis of tumor 
cells [116]. Th1 cells exert potent anti-tumor immune 
effects against different types of cancers [5, 114]. The dif-
ferentiation of Th2 depends on IL-4 and IL-25, whereas 
cytokines secreted by Th2 include IL-4, IL-5, IL-10, and 
IL-13 [117]. Th2 secretes different kinds of cytokines, so 
its effect on tumor cells is complex. Th17 cells are widely 
present in tumors. Although Th17 cells secret IL-17 to 
promote tumor progression, they can kill tumors by 
secreting IL-2, stimulating the production of pro-inflam-
matory cytokines and chemokines by other immune 
cells, and transdifferentiating into a Th1-like phenotype 
[63, 114]. Recently, Th9 cells have been found to pos-
sess anti-tumor properties. Th9 cells are generated from 
reprogrammed Th2 cells stimulated by TGF-β, and Th9 
secretes IL-9, and IL-21, which triggers the activation of 
DCs, mast cells, NK cells, and anti-tumor CD8+ T cells 
[118, 119]. The application of Th9 to tumor immunother-
apy is highly promising due to its excellent anti-tumor 
effects.

A study revealed the interaction among different types 
of Th cells by analyzing single-cell sequencing data from 
patients with breast cancer [120]. Researchers reported 
that Th1-secreted IFN-γ induces the expression of STAT1 
and STAT4 in CD4+ Tn cells, promoting Th1 differen-
tiation and inhibiting Th2 and Th17 differentiation. Th2-
secreted IL-4 inhibits Th1 differentiation and promotes 
Th2 differentiation. A correlation analysis revealed that 
Th2 was positively correlated with Tregs, whereas Th1 
was negatively correlated with Th2 and Tregs. Zhang et 
al. used Smart-seq2 single-cell sequencing to identify 
Th1 and Th17 in colorectal cancer and investigated their 
immune profiles [63]. They found that Th1-like CD4+ T 
cells were enriched in patients with microsatellite-insta-
ble tumors and absent in patients with microsatellite-
stable tumors. These CXCL13+BHLHE40+ Th1-like cells 
highly express IFNG and granzyme B (GZMB) and share 
TCRs with CD4+GZMK+ Th. The regulatory and effector 

functions of CXCL13+BHLHE40+ Th1-like cells result in 
a favorable response to immunotherapy. A study reported 
that Th17 cells were enriched in patients with MSS. Th17 
share TCRs with Tregs and therefore display negative 
effects in immunotherapy in patients with MSS. The bal-
ance between Th1 and Th17 and the conversion with 
Th17 and Tregs are crucial for maintaining TME homeo-
stasis and determining the efficacy of immunotherapy.

Differentiation and functional regulation of CD4 + T 
cell subsets
Activated CD4 + T cells initially undergo clonal expan-
sion and differentiation, accompanied by epigenetic 
changes that lead to the formation of various Th cell 
subgroups. These subgroups are defined by the expres-
sion of specific transcription factors driving distinct 
effector functions, primarily determined by the produc-
tion of different cytokines. For example, Th1 cells release 
IFN-γ and TNF; Th2 cells release IL-4, IL-5, and IL-13; 
Th9 cells produce IL-9; Tregs secrete IL-10 (a cytokine 
with immune suppressive function, which maintains the 
expression of FOXP3 required for the inhibitory function 
of Tregs on other cells) and TGF-β; Th17 cells produce 
IL-17 (a cytokine involved in anti-bacterial and anti-fun-
gal host defenses) [5, 101].

We found that Tn differentiates into different subsets in 
different types of cancer. However, they share the overall 
and continuous differentiation of the entire CD4+ T cell 
population, achieved through the expression of different 
chemokines and cytokines, as well as sharing TCR clones 
[103]. In HCC, the Tn population differentiates into an 
exhausted cell population, leading to the expression of 
CXCL13, PDCD1, CTLA-4, and TIGHT. In contrast, 
another population expresses NKG7, GNLY, and GZMB, 
indicating their cytotoxic status [72]. Similar findings 
have been discovered in NSCLC, and these differentiated 
cell populations affect the antitumor functions of CD8+ T 
cells [80]. The TCM cell population is enriched in ascites 
in female ovarian cancer, whereas the Th1 cell population 
is relatively higher in tumor tissues(Fig.  1). The single-
cell sequencing data demonstrated that they share TCR 
clones between them, and this sharing was not detected 
in other T cells. This suggests that the ascites-derived 
TCM population could be a direct source of the Th1 cell 
population [121]. In breast tumors, Tregs differentiate to 
suppress the function of Th1 and Th17, causing immune 
suppression [95]. These studies can be used to construct 
the differentiation spectrum of CD4+ T cells in the TME 
through scRNA-seq data to explore the key transcription 
regulatory factors and marker genes. This will allow bet-
ter understanding of the differentiation and functional 
shaping of CD4+ T cells, further investigate the regula-
tory relationship between key transcription factors and 
target genes, and validate their functionality. However, 
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the current study focuses on the supportive function of 
CD4+ T cells for CD8+ T cells. Therefore, more research 
is required to understand the role of the CD4+ T cell pop-
ulation in tumor progression. We summarize the molec-
ular markers and functions of currently known CD4+ T 
cells in Table 2.

Single-cell sequencing promotes the research 
and application of CD4 + T cells in tumor 
immunotherapy
Tumor immunotherapy strategies include immune 
checkpoint blockade (ICB), adoptive cell transfer therapy 
(ACT), and tumor vaccines, which target cancer cells by 
activating or enhancing the immune system’s response. 
Although tumor immunotherapy has demonstrated con-
siderable efficacy in several cancer types, certain patients 

Fig. 1  CD4+T cell differentiation identified by single-cell sequencing in TME. Naive CD4+ T cells differentiate into different T cell subsets by interacting 
with APCs. In breast cancer, Tn cell populations in peripheral blood promote Treg differentiation by interacting with TAM. In hepatocellular carcinoma, 
Tn differentiates into CD4+ CTLs, characterized by cytotoxicity, and exhausted T cell populations characterized by depletion. Tumor tissue shares TCRs 
with ascites tumor cells and promotes the differentiation of Tn cells in OC. APC, antigen-presenting cells; Tn, naïve T cell; Treg, regulatory T cell; Th, helper 
T cell; TAM, tumor-associated macrophages; TCM, central memory T cell; CD4+ CTL, CD4+ cytotoxic T lymphocyte; TCR, T-cell receptor; IL, interleukin; IFN, 
interferon; TGF, transforming growth factor; Tex, exhausted T cell; HCC, hepatocellular carcinoma; OC, ovarian cancer
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could become resistant to it, resulting in reduced or inef-
fective therapeutic efficacy. Thus, not all patients can 
obtain a sustained therapeutic effect from immunother-
apy. CD4+ T cells in the TME affect tumor progression 
directly and indirectly in different ways and therefore are 
crucial to developing immunotherapies [53, 122, 123]. 
Single-cell sequencing has been applied to immunother-
apy-related studies in lung cancer [124, 125], bladder 
cancer [126], colon cancer [127], melanoma [128] and 
renal cell carcinoma [129], contributing to the research 
and application of CD4+ T cells in tumor immunotherapy 
(Fig. 2).

Single-cell studies of CD4+ T cells in ICB
ICB has emerged as a revolutionary advance in the field 
of oncology treatment, however, its effectiveness is lim-
ited to a subset of patients. Certain biomarkers can be 
used for prognostic prediction to substantially improve 
the effectiveness and accuracy of ICB. Currently, the 
major ICB-related studies focused on the blockade of 
PD-1/PD-L1 and CTLA-4. Several studies using single-
cell sequencing to discover novel CD4+ T cell subsets 
associated with ICB have recently emerged. A recent 
single-cell sequencing research identified novel CD4+ T 
cell clusters consisting of CXCR3+CCR4−CCR6+CD4+ 
T cells and CXCR3−CCR4−CCR6+CD4+ T cells from 
patients treated with anti-PD-1 therapy. These cell clus-
ters are characterized by high expression of the IL-7R and 
TCF7 [124]. The frequency of these cells in peripheral 
blood was correlated with survival. Thus, it is feasible to 
use patient peripheral blood samples to predict immu-
notherapeutic response by this novel CD4+ T cell cluster. 
For instance, Zheng et al. analyzed two scRNA-seq data-
sets from ICB-treated renal cell carcinoma patients and 

identified two CD4+ T cell subtypes related to prognosis 
[129]. The two subpopulations were a proliferative CD4+ 
T cell subtype (MKI67+CD4+ T) and a regulatory T cell 
subtype (MKI67+ Treg), contributing to ICB resistance. 
The marker genes of these clusters can be integrated 
to construct a predictive model and guide clinical ICB 
therapy.

In addition to discovering novel CD4+ T cell subpop-
ulations, single-cell sequencing has been used to iden-
tify certain novel ICB targets or regulators. Avery et al. 
used single-cell sequencing and reported that ICB treat-
ments upregulated the transcription factor BHLHE40 
in anti-tumor CD4+ T cells, whereas intratumoral CD4+ 
T cells from BHLHE40-knockout mice exhibited higher 
expression of the inhibitory receptor gene Tigit [130]. 
This suggests that BHLHE40 exerts a critical and posi-
tive function in ICB and is a potential prognostic marker 
for ICB. Using single-cell sequencing, another team 
reported that CD226 was differentially expressed in dif-
ferent tumor types and that its elevated expression cor-
related with better clinical outcomes. The expression of 
CD226 on effector CD4+ T cells was higher than that on 
Tn, and GSEA analysis revealed that CD226 was intri-
cately associated with T cell activation and T cell recep-
tor signaling pathways [128]. A recent single-cell study 
demonstrated that the MHC-II signature of CD4+ T cells 
significantly correlated with the levels of immune-related 
gene expression and immune cell infiltration. Further 
transcriptome analyses revealed immune activation in 
high MHC-II signature subgroups, whereas fatty acid 
metabolism and glucuronidation were present in the low 
MHC-II signature subgroups. This difference could be 
attributed to the tumor protein p53 and fibroblast growth 
factor receptor 3. This study suggested MHC-II signature 

Table 2  Summary of molecular markers and functions of CD4+T cells
Cell type Molecular markers Function
Treg CD3, CD4, IL-2RA, CD39, FOXP3, GARP, GITR, CTLA-4, LAP Immune suppression and immune tolerance effect. [1, 45]
Tn CCR7, LEF1, TCF7, CD4, CD3, CD28, CD62L, SEEL Tn differentiates into different cells after exposure to antigen. [72–74]
Tem CD45RO, CD95 Immune-protective role, produce cytokines activate other 

immune cells.
[55, 61, 
88]

Tcm CD45RO, CD62L, CD95 Long-term preservation of antigen recognition and response. [1, 114]
Trm CXCR6, CD49A Prevention of infections and control of tumor progression. [1, 114]
Tfh CXCR5, CD40L, ICOS, CD3, CD4, CD126, SLAM, CXCL13 Tfh activates B cell proliferation and differentiation. [93–95, 

115]
Tph PD-1, ICOS, CXCL13, CCR2, CCR5 Tph collaborates with Tfh to activate B cells. [101, 104]
Th1 CD3, CD4, CD119, CCR5, STAT, IFN-γ, TNF-α, PDCD1, IFNG, 

CXCL13
Th1 mediates macrophage activation and has anti-tumor 
effects.

[105–107]

Th2 CD3, CD4, CD119, CCR3, CCR4, CD365 Th2 promotes the production of antibodies by B cells. [108]
Th17 CD3, CD4, CD161, CCR4, CCR6, IL-23R Th17 participates in inflammatory response. [55, 105]
Th9 CD3, CD4, IL-9, IL-10, TCR-α/β Activation of other immune cells and anti-tumor effects. [109, 110]
CD4+CTL EOMES, CRTAM, IFN-γ, CD3, IL-2R, GZMA, GZMB, GZMK, 

NKG7
Cytotoxic effects, direct and indirect killing of tumor cells. [36, 37, 

40, 41]
Abbreviations: Treg, regulatory T cell; Tn, naïve T cell; Tem, effector memory T cell; Tcm, central memory T cell; Trm, resident memory T cell; Tfh, T follicular helper 
cell; Tph, peripheral helper T cell; Th, helper T cell
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as an independent and favorable predictor of bladder 
cancer treated with ICB [126]. Several previously iden-
tified biomarkers are effective in predicting survival in 
patients treated with ICB; however, it is unclear whether 
these markers can contribute to predicting sequential 
ICB treatment (anti-CTLA4 ICB therapy followed by 
anti-PD1 ICB therapy). To explore the range of validity 
of these biomarkers, several investigators analyzed the 
scRNA-seq data from patients with melanoma [131]. 
They observed that IFN-γ and cytotoxic activity fea-
tures associated with mature CD4+ T cells could not be 
used for prognostic prediction of sequential ICB. How-
ever, features associated with early memory CD4+ T cells 
(integrating TCF1-driven stem cell-like transcriptional 
programs) can be accurately used for the prognostic pre-
diction of sequential ICB therapy. Thus, the predictive 
value of tumor biomarkers is greatly influenced by the 
treatment regimen, tumor type, and stage, and the cell 
type selected for the assay. We believe that it is necessary 
to select suitable biomarkers for each specific situation of 
immunotherapy. In addition, single-cell sequencing must 
be applied to identify more novel tumor biomarkers.

Single-cell studies of CD4+ T cells in ACT
Another mainstream cancer immunotherapy is ACT 
including tumor-infiltrating lymphocyte, TCR-gene engi-
neered T cells (TCR-T), and chimeric antigen receptor T 
cells (CAR-T). An important component of ACT is the 
analysis of T cell clonotypes; single-cell sequencing can 
be used to identify TCRs, thus detecting the heteroge-
neity of T cells [132]. The information obtained from 
single-cell sequencing not only helps explain the causes 
of resistance to ACT therapies but also identifies high-
affinity anti-tumor TCRs to develop new ACT [133]. 
Although most current studies have focused on cytotoxic 
CD8+ T cells, the application of CD4+ T cells in ACT 
has recently attracted extensive interest from oncology 
researchers [134].

The cell surface markers and cytosecretory factors of 
ACT in preclinical models can be used to develop ACT 
engineer cells and prove their tumor-killing effect. How-
ever, these indicators cannot completely reflect the anti-
tumor immune effects of T cells. ScRNA-seq can be used 
to identify subpopulations of cells contributing to the 
overall response by providing an unbiased transcriptome 

Fig. 2  Application of CD4+T cells in tumor immunotherapy by single-cell sequencing. Upper Panel: Single-Cell Sequencing Workflow. This panel outlines 
the process of isolating cells from tumor tissue, followed by single-cell sorting via FACS to enrich for CD4 + T cells. Subsequent single-cell RNA sequencing 
reveals the transcriptional landscape, highlighting the diversity of CD4 + T cell subsets within the TME. Lower Panel: Immunotherapy Approaches. ICB: The 
figure illustrates the blockade of PD-1 and CTLA-4 pathways to enhance T cell activation and tumor cell elimination. It also identifies CD4 + T cell subsets 
that may predict responses to ICB therapy. ACT: Two ACT strategies are depicted: TCR-T cells, which recognize tumor antigens like MART-127-35, and 
CAR-T cells, which target cancer cells via engineered chimeric antigen receptors. Treg: The figure highlights Tregs, marked by genes such as MEOX1 and 
CD39, which modulate immune responses and represent potential therapeutic targets within the TME. ICB, immune checkpoint blockers; TCR-T, T cell 
receptor-gene engineered T cells; CAR-T, chimeric antigen receptor T cells; Treg, regulatory T cell; MHC, major histocompatibility complex
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profile for each cell. Thus single-cell sequencing can be 
applied to completely characterize the interactions of T 
cell subtypes in ACT [135]. Certain researchers obtained 
MHC class I-restricted MART-127-35-specific TCR 
sequences based on single-cell sequencing and con-
structed MART-127-35-specific CD4+ TCR-T cells. 
They reported that CD4+ TCR-T cells adopted the clas-
sical granule-dependent and cytolytic-independent path-
way to kill the tumor cells. Signaling pathway analyses 
revealed that transcription factors Runx3 and Blimp1/
Tbx21 contribute to the development and killing func-
tion of cytotoxic CD4+ T cells. These results suggest that 
MHC class I-restricted CD4+ TCR-T cells could be used 
for potential ACT therapy [136]. The important correla-
tion of Blimp-1 with CD4+ T cytotoxic activity has been 
demonstrated in another single-cell sequencing study of 
TCR-T, and Blimp-1 could be a valuable potential gene 
[55].

Following their infusion into patients, CAR-T cells get 
triggered by cancer cells in TME to kill tumors. However, 
it is unknown how changing the TME affects the status 
of CAR-T cells over time. Single-cell sequencing can 
be used to analyze the cellular heterogeneity, trajectory 
analysis, and cell lineage tracking of CAR-T cells during 
treatment or prognostic follow-up to gain insights into 
the correlation between CAR-T cell status and clinical 
outcomes. A study conducted a long-term investigation 
of two children with leukemia who were treated with 
CD4+ CAR-T. The CD4+ CAR-T cells were still detect-
able 10 years after infusion. Single-cell multiomics analy-
ses demonstrated that these long-standing CD4+ CAR-T 
cells exhibited cytotoxic signatures and sustained func-
tional activation and proliferation, leading to sustained 
remission in these two patients [137]. Furthermore, 
single-cell sequencing can contribute to developing per-
sonalized CAR-T regimens by linking the characteristics 
of pre-infusion CAR-T cells to patients. For example, a 
new study proposed personalized TCR-T cell therapies 
involving the modification of T cells using TCR derived 
from tumor antigen-specific T cells (Tas), which natu-
rally exist in the patient’s body [138]. This study used 
scRNA-seq and demonstrated the screening of CD4+ Tas 
cells using CXCL13 and CD200 as markers. CXCL13 has 
been validated as a marker to identify T cells in another 
recent single-cell immunotherapy study as well [73]. Ulti-
mately TCR-T modified from CD4+ Tas displayed signifi-
cant therapeutic effects in tumors [138]. A recent study 
demonstrated the feasibility and tumor-killing mecha-
nisms of the application of CD4+ T cells in ACT using 
single-cell sequencing [53]. Although certain tumor cells 
achieve immune evasion by not expressing MHC, the 
authors demonstrated that adoptively transferred TPR-1 
CD4+ T cells can indirectly kill the tumor cells lacking 
MHC. These specialized CD4+ T cells can localize to the 

tumor periphery, secrete IFN-γ, and interact with anti-
gen-presenting DCs. This results in the reprogramming 
of monocytes in the TME, promoting their recruitment 
to the TME, and ultimately indirectly eliminating the 
tumor. The results provide a significant theoretical basis 
for the development of CD4+ T cell-based ACT thera-
peutic strategies. Another study used single-cell sequenc-
ing and investigated signal transducer and activator of 
transcription 5 (STAT5) of CD4+ T cells used in ACT. 
They found that STAT5 effectively promoted tumor infil-
tration of CD4+ T cells within the tumor and drove the 
development of Tn cells to multifunctional effective T 
cells. Therefore, STAT5 can be utilized to construct CD4+ 
CAR-T cells [139]. In addition to helping develop novel 
CAR-T strategies, single-cell sequencing can be used to 
evaluate and improve the existing CAR-T therapies. For 
instance, Boroughs et al. used scRNA-seq to compare the 
transcriptional status of human T cells with CD3z4-1BB-
CD3z, or CD28-CD3z costimulatory domains [140]. They 
found high Th1-polarized gene expression in the T cells 
with CD3z4-1BB-CD3z and high Th2-polarized gene 
expression in the T cells with CD28-CD3z, which could 
be attributed to the high expression of Th2 differentiation 
suppressor TRAF1 in T cells with CD3z4-1BB-CD3z. 
Due to Th1 cells contribute to the antitumor activity of 
CD8+ T, a shift toward the Th1 phenotype could lead to 
better CAR-T efficacy.

In summary, single-cell sequencing promotes the 
development of ACT in two main aspects. On the one 
hand, ACT has both individual and cellular heterogene-
ity, which is intricately linked to the therapeutic effect, 
whereas single-cell sequencing can efficiently detect 
these heterogeneities. On the other hand, the changes 
in cell population and transcriptional dynamics of ACT 
cells infused in vitro can reflect the therapeutic effect, 
and scRNA-seq can be used to obtain these dynamic fea-
tures. Therefore, scRNA-seq can be applied to develop 
biomarkers for efficacy response and relapse monitoring 
and improve therapeutic regimens to enhance the effec-
tiveness and safety of ACT.

Application and study of Tregs in tumor immunotherapy
In most cases, Tregs in the TME exert complex effects 
are related to tumor immunosuppression [68]. Previous 
studies have observed Treg expansion and driving tumor 
immune rejection in patients after immunotherapy [134, 
141]. Thus, a combination of suppression or elimina-
tion of Tregs with immunotherapeutic strategies such 
as ICB or ACT was once considered a potential option 
to enhance the efficacy of immunotherapy [142, 143]. 
Recently, relevant single-cell studies have identified gene 
loci or transcription factors associated with Treg activa-
tion and proliferation as well as poor prognosis of immu-
notherapy. For example, a few researchers analyzed the 
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transcription factor MEOX1 on Tregs in patients with 
intrahepatic cholangiocarcinoma using single-cell tech-
niques. The results demonstrated that the overexpres-
sion of MEOX1 reprogrammed the circulating Tregs to 
acquire the transcriptional and epigenetic landscapes of 
tumor-infiltrating Tregs. Moreover, a high expression of 
MEOX1 is intricately associated with poor prognosis of 
patients with intrahepatic cholangiocarcinoma, indicat-
ing that MEOX1 could be a potential target [144]. Liao 
et al. used scRNA seq and found that TNFR2 expressed 
by Tregs was associated with poor prognosis in ICB and 
could be used as a biomarker for predicting ICB efficacy 
[145]. Kota et al. used single-cell sequencing to reveal a 
key regulator of Treg, BATF, which regulates Treg cell 
differentiation by epigenetically controlling the activation 
of gene expression [146]. Tumor growth is significantly 
inhibited when BATF is deficient in Tregs, and high 
BATF expression is associated with poor prognosis. The 
expression of BATF in CD4+ T cells has been detected in 
another single-cell study on CAR-T [135]. These findings 
suggest the potential of BATF in Treg-targeted therapies. 
Several investigators reported that blocking the LILRB4 
gene can significantly reduce tumor immunosuppression 
in TME [147]. Blocking LILRB4 increases the ratio of 
effector T cells to Tregs in TME, promoting the polariza-
tion of CD4+ T cells to Th1 cells and suppressing T cell 
exhaustion. Thus LILRB could serve as a potential target 
for tumor immunotherapy. Similarly, LGALS1 was found 
to be highly expressed in Tregs in a single-cell sequencing 
study of nasopharyngeal carcinoma [148]. The propor-
tion of immunosuppressive Tregs was significantly higher 
in patients with high LGALS1 expression, suggesting its 
key role in Treg activation. The gene regulatory networks 
demonstrated that researchers believe that the regula-
tory function of LGALS1 could be dependent on calcium 
channels. Another single-cell study in colorectal cancer 
demonstrated that the infiltration of Tregs was associated 
with GPR15 expression on Tregs, and GPR15 is consid-
ered a promising novel target for reducing the number 
of Tregs [149]. In addition to these Treg activation regu-
latory, Treg inhibitory regulators have been identified. 
For instance, researchers found that CD39 decreased 
the infiltration of Tregs, and CD39 inhibitors improved 
the survival rate of hormonal mice in a single-cell study 
of bladder cancer [150]. In addition, they observed that 
CD39 inhibitors exerted no synergistic effect with anti-
PD-1 therapy. These results suggest that CD39 could be 
a potential new target for bladder cancer immunotherapy 
independent of PD-1. The complexity of Treg interac-
tions with tumor cells in TME could result in the emer-
gence of new studies in the future on introducing Tregs 
into tumor immunotherapy.

Prospects
CD4 + T cells play a role in the TME, and our under-
standing of their various types and functions is continu-
ally evolving. Single-cell sequencing has emerged as a 
powerful tool to comprehensively understand TME, and 
identify distinct CD4+ T cell populations and their func-
tions. It can be used to identify pathways driving the 
behavior of different CD4+ T cell subsets and analyze 
their intracellular and intercellular interactions within 
the TME. These findings will have significant implica-
tions in the current clinical research in tumor immunol-
ogy, offering novel targets and ideas for cancer treatment. 
Future studies should focus on unraveling the complexity, 
plasticity, and spatial organization of CD4+ T cell subsets 
using a combination of multiomics, and translating these 
findings into improved clinical applications for disease 
diagnosis, treatment, and prognosis. However, research 
on the TME is still inadequate. For example, the het-
erogeneity of CD4+ T cells, their spatial distribution in 
tumors, and the classification of their subtypes in differ-
ent cancers are still unclear and warrant further research. 
We believe that single-cell sequencing can be refined in 
the future to better investigate the functions of CD4+ T 
cells and the underlying mechanisms.
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