
R E V I E W Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​:​​​/​​/​c​r​e​a​t​i​​v​e​c​​o​m​m​​o​n​​s​​.​o​​r​​g​/​l​i​c​e​n​s​​e​s​/​​b​​y​/​4​.​0​/.

Lin et al. Journal of Translational Medicine          (2025) 23:341 
https://doi.org/10.1186/s12967-025-06291-y

Activated T cells infiltrating into the tumor detect spe-
cific antigens on cancer cells and eventually kill them. 
During this process, several factors in the tumor micro-
environment (TME) differentially regulate the activity 
and functional effects of tumor-infiltrating T cells.

Cytotoxic T cells, or CD8+ T cells detect tumor or 
infected cells by binding their T cell receptor (TCR), 
specifically to the MHC class I peptide complex. Effec-
tor CD8+ T cells develop into memory cells that halt re-
exposure to the antigen after clearing. Effector CD8+ T 
lymphocytes become depleted in circumstances when 
the antigen is not eliminated, i.e., during cancer or per-
sistent infections, conditions that reduce proliferation 
and cytotoxicity. Inhibitory molecules like PD-1 are 
expressed by depleted CD8+ T cells, which increase the 
depletion phenotype [1]. Immune checkpoint blockade 
(ICB) medications reduce inhibitory signaling in depleted 
CD8+ T lymphocytes to restore their proliferative and 

Introduction
The process of tumor immunity has been extensively 
investigated. Specific antigens are expressed by tumor 
cells with oncogenic mutations to distinguish between 
malignant and healthy cells as well as help immune cells, 
e.g., antigen-presenting cells (APCs), in identifying suit-
able tumor antigens. APCs then present tumor anti-
gens to T cells in the lymph nodes and activate them. 
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Abstract
Recent breakthroughs in tumor immunotherapy have confirmed the capacity of the immune system to fight 
several cancers. The effective means of treating cancer involves accelerating the death of tumor cells and 
improving patient immunity. Dynamic changes in the tumor immune microenvironment alter the actual effects of 
anti-tumor drug production and may trigger favorable or unfavorable immune responses by modulating tumor-
infiltrating lymphocytes. Notably, CD8+ T cells are one of the primary tumor-infiltrating immune cells that provide 
anti-tumor response. Tumor cells and tumor stem cells will resist or evade destruction through various mechanisms 
as CD8+ T cells exert their anti-tumor function. This paper reviews the research on the regulation of tumor 
development and prognosis by cancer stem cells that directly or indirectly alter the role of tumor-infiltrating CD8+ 
T cells. We also discuss related immunotherapy strategies.
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cytotoxic activities by targeting PD-1 and other inhibi-
tory pathways [2].

Cancer stem cells (CSCs) were first identified in leu-
kemia and then isolated in the 1990s via expression of 
CD34+ and CD38− surface markers [3, 4]. CSCs can 
self-renew and differentiate into various cell subtypes. 
Besides, the activity of tumor-producing CSCs is modu-
lated by several intracellular and extracellular factors 
acting as drug targets to treat cancer. In TME, CSCs pro-
mote tumor cell invasion and metastasis through several 
mechanisms, including enhanced angiogenesis and cyto-
kine production [5]. Furthermore, the cytolysis activ-
ity of CD8+ T cells is suppressed by immunosuppressive 
cells infiltrating TME, including tumor-associated 
macrophages (TAMs), regulatory T cells (Tregs), and 
myeloid-derived suppressor cells (MDSCs); they secrete 
transforming growth factor-β (TGF-β), IL-6, and other 
cytokines [6].

This paper discusses the mechanism by which CSCs 
regulate anti-tumor immunity of tumor-infiltrating CD8+ 
T cells and the effect of CSCs on tumor progression and 
prognosis by regulating the role of CD8+ T cells. More-
over, we will investigate the role of immune microenvi-
ronment in these processes as well as their implications 
for immunotherapy.

Basic mechanisms of CD8+ T cells
Activation and infiltration
Common lymphoid progenitor cells develop in the red 
bone marrow and progress into immature precursor T 
lymphocytes. Thymic factor synthesis guides immature 
progenitor T cells (TCR- and CD-negative [double-neg-
ative]) into the thymus. The same chemicals stimulate 
the thymus’ production of TCR and CD proteins. Thy-
mocytes detect and present CD- and TCR-positive T 
lymphocytes expressing MHC-1 and MHC-2 molecules. 
T cells with a high affinity for the body peptides suffer 
apoptosis via various ways to reduce the danger of an 
immunological response to peripheral self-proteins. T 
cells with TCR affinity for MHC-1 become CD8+ T cells, 
whereas T cells with TCR affinity for MHC-2 become 
CD4 + T cells.

Upon the first encounter of antigen-presenting cells 
(APCs) in secondary lymphoid organs (e.g., lymph nodes) 
that detect and bind tumor-specific antigens, naïve CD8+ 
T cells bind to the MHC-I of the APCs via their TCR/
CD3 complexes [7]. Several signaling factors secreted by 
the APCs including (IL-12 and IL-2) [8] or IFN improve 
this stimulation and activate CD8+ T cells, thereby initi-
ating rapid as well as extensive expansion and differen-
tiation. The T cells then infiltrate into the tumor tissue, 
detect tumor antigens on the tumor cells, and bind to 
tumor cells (Fig. 1).

Dendritic cells (DC) are the strongest antigen-present-
ing cells first discovered by Steinman in 1973 [9]. Tumors 
can hinder the antitumor properties of DCs by disrupting 
their transport, preventing their maturation, and induc-
ing differentiation of resistant subtypes [10]. Although 
the specific role of CSC in these processes is poorly 
understood, recent experimental results support the idea 
that CSC disrupts CD8+ T-cell activation, thereby sup-
pressing anti-tumor immunity through similar mecha-
nisms. GSCs inhibit DC maturation by downregulating 
miR-106a/20b levels and thereby upregulating STAT3 
expression [11]. Furthermore, high FGL2 expression in 
GSCs inhibits CD103 + DC differentiation by suppressing 
NF-κB, STAT1/5, and p38 activation [12].

Cytotoxicity
The persistent migration of CD8+ T cells on the tar-
get cells is a feature of T cell-target cell interactions. By 
secreting lethal particles with granzyme, perforin, his-
tone C, and granulin that fuse with the target cell mem-
brane or by absorbing the complex of granzyme, perforin, 
and granzyme via endocytosis of the cytotoxic T cell 
membrane, these mechanical forces increase pore forma-
tion in the target cell membrane ultimately killing the tar-
get cell. A few granzymes are released into the cytoplasm 
when the endosomal membrane becomes perforated. 
Additionally, Fas ligand (FASL) is expressed on CD8+ T 
cells and activates structural domains of death (Fas-asso-
ciated protein with death domains [FADD]) by attaching 
Fas receptor on the target cell, which in turn activates 
cysteo asparaginase and endonuclease, resulting in tar-
get cell DNA breaks [13]. Ji et al. discovered that CSC 
suppressed CD8+ T cell cytotoxicity in triple-negative 
breast cancer, hence causing immunosuppression via the 
CHI3L1/MAF/CTLA4 axis [14].

Differentiation and exhaustion
Due to chemokine production, aberrant tumor angio-
genesis, and activation of the inhibitory checkpoint sys-
tem, TME of solid tumors blocks CD8+ T cell transport 
and function. Upon tumor infiltration, naïve CD8+ T 
cells differentiate into effector CD8+ T cells. These cells 
then undergo further differentiation and activation to 
cytotoxic and memory CD8+ T cells, which exert spe-
cific activities at the tumor site. When cytotoxic CD8+ T 
cells first come into contact with foreign material, they 
typically generate cytotoxic cytokines and mediate tumor 
destruction tasks. After an initial encounter with the 
antigen, memory CD8+ T cells stay in a different region 
to perform their specific function. The development of 
the antigenic peptide-major histocompatibility complex 
(MHC) is important for CD8+ T cell differentiation. In 
addition, cytokine synthesis and co-stimulatory sig-
nals from antigen-presenting cells (APCs), extracellular 
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cytokine secretion, and transcription, metabolism, and 
epigenetic factors influence differentiation.

Differentiation of CD8+ T cells is tightly controlled. T 
cell activation and differentiation processes are signifi-
cantly disrupted by variations in the type, context, and 
length of antigen interactions. This may result in mal-
functioning, unresponsiveness, and even death of T cells. 
Due to altered activation and differentiation processes, 
multiple phases of T cell dysfunction have been identi-
fied. Terms including fatigue, tolerance, anergy, igno-
rance, and senescence have been used to describe varying 
degrees of CD8+ T cell failure [15].

The dysfunctional condition called T cell exhaustion, 
in which simple antigen removal fails to restore CD8+ T 
cells, is defined and may be driven by the ongoing expres-
sion of immunological checkpoint molecules produced 
by CD8+ T cells exposed to tumor neoantigens. Within 
weeks of antigen exposure, CD8+ T cells continuously 
release more cytotoxic T lymphocyte-associated protein 
(CTLA-4), causing cell depletion and apoptosis. Depleted 
CD8+ T cells also continue to exert mitogenic activ-
ity, which promotes the establishment or preservation 
of a suppressive environment. Depleted T cells express 
inhibitory receptors, such as PD-1, LAG-3, Tim-3, 2B4/

Fig. 1  The process of CD8+ T cell infiltration into tumor tissue
Tumor cells release tumor antigens (Tas) into the tumor microenvironment (TME), which include tumor-associated antigens (TAAs) and tumor-specific 
antigens (TSAs). In lymph nodes, antigen-presenting cells (APCs), such as dendritic cells (DCs), identify and bind to TAs. Tumor-infiltrating APCs carrying 
TAs then migrate to the lymph node, process and present TAs to CD8+ T cells, activating them and producing TA-specific CD8+ T cells. CD49a and CD103 
are expressed on the surface of TA-specific CD8+ T cells and can bind to E-cadherin on tumor cells. TA-specific CD8+ T lymphocytes infiltrate tumor tissue, 
recognize TAs on tumor cells, and induce tumor cell death
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CD244, CD160, and TIGIT, which play a major role 
in regulating T cell function. In vivo blockade of PD-1 
inhibitory receptors activates depleted T cell responses 
and enhances viral control, an important improvement in 
the field [2] (Fig. 2).

Tolerance
Self-tolerance refers to the low response state of auto-
antigen-reactive T cells, which is necessary to prevent 
autoimmunity. Tolerance is mediated through two major 
ways, i.e., cerebral and peripheral. When naive, self-
reactive T cells come into contact with self-antigens on 
non-activated or non-specialized antigen-presenting 
cells (APCs) in normal tissues; they cannot fully acquire 
initiation and activation signals in a non-stimulating 
environment. This can induce either apoptosis or the 
development of cellular intrinsic self-tolerance programs 
[16, 17]. Tumor cells can decrease antigen presentation 
and escape immune identification by inhibiting DC activ-
ity, disrupting antigen processing, and down-regulating 
production of HLA-1 by tumor cells [18]. The inability 
of CD8+ T lymphocytes to eradicate malignancies can 
be attributed to several factors including T cell-extrinsic 
mechanisms, cancer cell-mediated processes (such as loss 

of MHC expression, antigen loss, loss or abnormalities in 
antigen presentation, or expression of inhibitory recep-
tor ligands) and TME-mediated mechanisms (including 
TGF-β, IL-10, nitrogen metabolites, regulatory T cells, or 
MDSCs) [19].

CTLs release cytotoxic molecules that cause substan-
tial damage within tumor cells; however, tumors also 
develop various defense mechanisms to counter CTL 
attacks [20]. Generally, defensive mechanisms may be 
separated into two groups, i.e., constitutive and induced 
defenses. Two categories exist within the induced 
defense, i.e., rapid and slow mechanisms. The major 
functions of the fast defense system include counteract-
ing cytotoxic chemicals in immunological synapses, ini-
tiating membrane repair pathways to close perforations 
in the membrane, and restricting the amount of gran-
zyme entering the cell. Tumor-derived lysosomal cathep-
sin released into immune synapses degrades soluble 
perforin, restricting the inflow of cytotoxic molecules. 
This mechanism, which CTLs use to protect them-
selves from cytotoxic molecular damage, is mimicked by 
tumor cells. Besides the quick synaptic defense systems, 
delayed defense mechanisms also start within minutes 
to hours, trying to restore homeostasis, remove injured 

Fig. 2  Activation and deactivation of CD8+ T cells
Dendritic cells (DCs), natural killer (NK) cells, and CD4+ T cells play significant roles in the activation of CD8+ T cells. DCs interact with CD8+ T lymphocytes 
via receptor ligands. CD4+ T cells facilitates the activation of CD8+ T cells by stimulating them. DCs promote the development of CD4+ T cells into antigen-
specific effector T cells. CD4+ T cells stimulate CD8+ T cell start via cytokines. CD4+ T cells can also contribute to DC activation and licensing by inducing 
DC maturation, co-stimulatory molecule expression, and cytokine secretion, all of which activate CD8+ T cells. NK cells also perform similar functions. 
In the effector stage, CTLs are activated to kill target cells by granule cytotoxicity and Fas ligand (FasL)-mediated apoptosis. CTLs emit IFN-γ and TNF-α, 
causing cytotoxicity in cancer cells. NK cells play similar functions. In the immunosuppressive phase, activated CTLs are activated and licensed to express 
co-stimulatory molecules and secrete cytokines. In the immunosuppressive stage, activated T cells begin to express co-inhibitory receptors, such as the 
programmed death-1 receptor (PD-1), within hours or days of activation. This occurs through IFN-γ induction of programmed death- 1 ligand (PD-L1) 
expression in anti-tumor M1 macrophages and cancer cells. Expression of CTL-associated antigen 4 (CTLA-4) by regulatory T cells (Tregs) can also inhibit 
the suppressive activity of CD8+ T cells, thereby triggering immunosuppressive activity within the TME
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organelles, and accelerate recovery from non-fatal CTL 
assaults. For instance, autophagy induction (degradation 
of damaged organelles) promotes the survival of tumor 
cells in response to CTL attack, mediating resistance of 
melanoma cells to CTL attack; inhibition of autophagy 
(genetic or drug) can also render tumor cells more sen-
sitive to CTLs attack. Constitutive defense mechanisms 
include regulated cell death (RCD) mutation and inca-
pacitation, membrane component modification, as well 
as abnormal autophagy.

CD8+ T cells and cancer stem cells in tumor 
development and prognosis
According to a recent study on immune cell subsets 
that infiltrate tumors, CD8+ T cells were found to boost 
patient survival. The positive predictive significance of 
CD8+ T cells was confirmed in 18,700 patients with 17 
distinct forms of solid cancer [21]. This review examined 
the involvement of CD8+ T cells in tumors such as neu-
rologic tumors [22–24], melanomas [25–28], squamous 
cell carcinoma [29–31], hepatocellular carcinoma [32, 
33], colorectal carcinoma [34–36], lung carcinoma [37, 
38], breast carcinoma [39, 40]. We also delved into other 
recent reports on the progression of various tumors [41]. 
Additionally, we discussed the role of CSC in regulat-
ing CD8+T cell anti-tumor immunity by interacting with 
these cells.

Neurological tumors
Investigations on the immune microenvironment of 
intracranial tumors indicate that CD8+ TILs play a key 
role in TME of brain tumors [22]. Gliomas are the most 
prevalent primary malignant tumors of the central ner-
vous system (CNS), with a high mortality and aggres-
siveness. In gliomas, low numbers of CD8+ TILs are 
associated with a poor prognosis [23, 24]. Our previous 
findings revealed upregulated levels of CD4 + TILs and 
downregulated levels of CD8+ TILs in high-grade glio-
mas compared to low-grade gliomas, which are indepen-
dently associated with shorter progression-free survival 
(PFS) and overall survival (OS) in GBM [24]. Regula-
tion of the CD8+ /CD4+ TIL ratio may have treatment 
implications for gliomas. However, additional studies 
are necessary to clarify these issues. CD8+ TILs play an 
equally critical role in some benign tumors of the ner-
vous system. Meningiomas are among the most com-
mon primary cerebral tumors, most of which are benign. 
Our previous study reported peritumoral brain edema 
(PTBE) as an independent predictor of CD8+ TIL levels 
in meningiomas. Besides, CD8+ TIL levels were associ-
ated with meningioma recurrence [42]. Monitoring the 
level of CD8+ T-cell infiltration will help in assessing the 
prognosis of patients with meningiomas. Pituitary ade-
nomas (PAs) are tumors of adeno-pituitary origin and 

the 3rd most common intracranial tumor. Additionally, 
CD8+ TIL levels are an independent predictive predictor 
for the recurrence of pediatric and adolescent pituitary 
adenomas (PAPAs) [43]. This highlights the significance 
of CD8+ TIL levels in TME and their effect on the evolu-
tion of PAPAs. Nevertheless, additional investigations are 
required to identify the exact molecular processes.

A recent comprehensive investigation of human tumor 
samples found that high CD133 expression in glioblas-
tomas is responsible for recurrence [44]. xperimental 
findings by Ji, et al., further confirmed the suitability of 
CD133 as a CTL target for GSC immunotherapy. These 
results have prompted a phase I study of a dendritic cell 
vaccination using these CTL epitopes in recurrent glio-
blastoma [45]. The endothelial differentiation function 
of CSCs in glioblastoma promotes tumor vascularization 
and angiogenesis [46]. Additionally, differences exist in 
the degree of influence of different subtypes of CSCs on 
the infiltration of immune cells including CD8+ T cells 
in GBM. Beier et al. found that CSC subtypes modu-
late the level of immunological infiltration and local 
immune paralysis through variable degrees of TGF-β-
mediated inhibition of invading immune cells [47]. G9a 
promotes activation of Notch signaling by suppressing 
Fbxw7 expression in GSCs, upregulates PD-L1 expres-
sion, and inhibits cytotoxicity in CD8+ T cells [48]. G9a 
may be a potential target for anti-tumor immunotherapy 
targeting GSCs. Xuan et al. showed that inhibition of the 
CLOCK-OLFML3-HIF1a-LGMN-CD162 axis reduces 
immunosuppressive microglia and increases CD8+ T 
cell infiltration, activation, and cytotoxicity within GBM, 
as well as creates a synergy with anti-PD-1 therapy [49]. 
Additionally, GSCs cause intracellular accumulation of 
crotonyl-CoA and histone H4 lysine crotonylation by 
reprogramming lysine catabolism. Type I interferon sig-
naling is improved when histone lysine crotonylation is 
reduced via genetic modification or lysine restriction. 
This causes decreased GSC tumorigenic potential and 
increased CD8+ T cell infiltration [50].

Melanoma
Previous studies have shown that CD8+ T-cell den-
sity, PD-L1, and expression of immune-related genes 
are biomarkers of melanoma prognosis [27, 28]. ZEB1, 
an epithelial-mesenchymal transition (EMT)-induc-
ing transcription factor, has recently been discovered 
to be expressed in melanoma cells in association with 
a decrease in CD8+ T-cell infiltration independent of 
β-catenin pathway activation [51]. Targeting ZEB1 
may be a promising strategy that promotes CD8+ T 
cell recruitment within tumors and increases immu-
notherapeutic responses in melanoma. Unlike healthy 
controls, patients with liver metastases from uveal mela-
noma exhibited higher percentages of inflammatory and 
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immunosuppressive immune cells, and their DCs and 
CD8+ T cells displayed impaired activation. Nonetheless, 
following isolated hepatic perfusion (IHP), patients with 
adequate non-M2 macrophages and tumor-infiltrating 
CD8+ T cells had a better prognosis [52]. This suggests 
that the immune system may have a role in the efficacy 
of IHP with melphalan, and additional investigations on 
IHP in conjunction with immunotherapy is essential. 
Research on the role of CD8+ TILs in melanoma may 
improve knowledge of the immunological mechanisms 
underlying melanoma regression, which may promote 
the discovery of novel prognostic indicators to support 
clinical decision.

In melanoma, a vaccine for CSCs developed by Yin et 
al. et al. promotes DC maturation, activates CD8+ T cells, 
inhibits the expression of CTLA-4, PD-1, and Tim-3, as 
well as upregulates the expression of IFN-γ and GzmB 
in CD8+ T lymphocytes. The specific targeted killing 
effect of this vaccine inhibited melanoma growth and 
metastasis, leading to a better prognosis [53]. Aikins et 
al. developed a high-density lipoprotein (sHDL) nanodisc 
vaccination that included CpG (toll-like receptor 9 ago-
nist), Sox2, Nanog, and ALDH antigenic peptides. This 
vaccination increases CD8+ T cell intratumoral infiltra-
tion at the same time lowering the frequency of CSCs 
and CD4+ regulatory T cells in melanoma [54]. This study 
provides a novel approach for targeting and eliminating 
CSCs in melanoma. Park et al. suggested a strategy to 
control paracrine proteins and signaling pathways in adi-
pose-derived stem cells (ADSCs) to attract CD8+ CTLs to 
melanoma, allowing for effective tumor immunotherapy 
[55]. This work provides insights into the control of stem 
cell paracrine factors via external stimulation, which may 
influence the design of stem cell-based cell treatments for 
cancer.

Liver Cancer
In hepatocellular carcinoma (HCC), CD8+ T cells consti-
tute a majority of TILs [56].

Previous studies have demonstrated that CD8+ TIL 
levels in hepatocellular carcinoma tumor tissue are sig-
nificantly associated with low recurrence rates and 
prolonged recurrence-free survival [32, 33]. Tumor endo-
thelial cells (TECs) induce CD8+ TIL exhaustion via gly-
coprotein nonmetastatic melanoma protein B (GPNMB) 
expression. This suggests that GPNMB in the tumor vas-
culature may be a novel target for HCC treatment [57]. 
A recent meta-analysis of 21 observational studies with 
data from 3509 HCC patients demonstrated that in Asian 
patients, a high density of CD8+ TIL in the tumor causes 
better overall and disease-free survival (DFS). The lower 
the level of CD8+ TIL infiltration, the larger the tumor 
size and the later the TNM stage. These results suggest 
that the CD8+ TIL infiltration level can be a reliable 

indicator for assessing the prognosis of HCC patients 
[58]. However, there is a need for both comprehen-
sive mechanistic studies and more non-Asian studies to 
reduce heterogeneity.

A growing body of evidence suggests that CSCs are 
associated with the origin, growth, metastasis, recur-
rence, and medication resistance of HCC [59]. High 
expression of Metadherin (MTDH) increases the inva-
sive and migratory capacity of HCC cells, promoting the 
growth and self-renewal of CSCs. MTDH also upregu-
lates the expression of PD-L1 via the β-catenin/ lev − 1 
signaling pathway and upregulates the transcriptional 
activity of PD-L1, which in turn inhibits the infiltration 
of CD8+ T cells [60]. MTDH may be a potential molecu-
lar marker for HCC. Zhu et al. discovered that HNRNPM 
knockdown prevents tumorigenesis and reduces cancer 
stem cell properties of HCC in vitro and in vivo. Further-
more, HNRNPM inhibition substantially improves CD8+ 
T cell activation, whereas HNRNPM-antisense oligonu-
cleotide successfully suppresses WNT/b-catenin, thereby 
improving anti-programmed cell death protein-1 immu-
notherapy by promoting CD8+ T cell infiltration [61]. 
Removal of CSCs in HCC and activation of the intrinsic 
immune response of tumor cells by targeting HNRNPM 
may be a novel treatment tool of significance.

Squamous cell carcinoma
Previous studies have extensively demonstrated the prog-
nostic value of CD8+ TIL in initial HNSCC [29–31]. A 
recent study found a significant difference in the level of 
CD8+ TIL infiltration between post-treatment recurrence 
and initial tumors in HNSCC. The CD8+ TIL recurrence 
to an initial ratio (R/I) can be a good predictor of overall 
survival (OS) [62]. Recent experimental findings by Mario 
et al. similarly support that high CD8+ TIL infiltration 
correlates with a better survival outcome [63]. Increased 
CD8+ cell infiltration in invasive oral squamous cell carci-
noma is linked to improved patient survival. Additionally, 
decreased levels of CD8+ T cells have been significantly 
associated with prolonged morbidity, lymph node metas-
tasis, and shorter survival time [64, 65]. Previous studies 
have reported higher levels of CD8+ T-cell infiltration in 
oral precancerous lesions than that in normal epithelium 
[66, 67]. Pre-cancerous lesions that progressed to cancer 
had higher levels of CD8+ cells than that of precancer-
ous lesions that did not develop into cancer [68]. Chaves 
et al. revealed that the evolution of oral precancerous 
lesions to cancer is linked to a decrease in the infiltration 
of immune cells, including CD8+ T cells, and an upreg-
ulation in PD-1 expression in tumor cells [69]. CD8+ T 
lymphocytes are an independent prognostic predictor 
for oropharyngeal squamous cell carcinoma, and larger 
levels of infiltrating CD8+ T cells are responsible for a 
better prognosis [70]. PES1 prevents IL-15 expression in 
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esophageal squamous cell carcinoma (ESCC) by interfer-
ing with the relationship between ILF3 and IL-15 mRNA, 
which in turn promotes the breakdown of mRNA. Down-
regulated IL-15 expression suppresses the infiltration of 
CD8+ CTLs, which in turn promotes ESCC evasion of 
immune surveillance [71]. Most primary tracheal can-
cers, such as SCC, possess membrane PD-L1 expression 
and a high CD8+ immune cell infiltration rate. PD-L1 
expression is a biomarker for patients with primary tra-
cheal squamous cell carcinomas [72].

Previous findings suggest that CSCs play an impor-
tant role in chemoresistance, relapse, and metastasis of 
HNSCC. A recent study identified a long-stranded non-
coding RNA (lncRNA) called PVT1, which is highly 
expressed in CSCs and closely associated with lymph 
node metastasis in HNSCC. PVT1 inhibits the stimu-
lation of the DNA damage response and induces the 
recruitment of chemokines by CD8+ T cells, as well as 
prevents CSCs and metastasis by modulating the miR-
375/YAP1 axis [73]. By immune checkpoint inhibition, 
targeting PVT1 may enhance the removal of CSCs, halt 
metastasis, and impede the progression of HNSCC. In 
a mouse model of HNSCC, anti-CD276 antibody sup-
pressed tumor development and lymph node metastasis 
at the same time eliminating CSCs dependent on CD8+ 
T cells. Single-cell RNA sequencing revealed that CD276 
blockade alters SCC heterogeneity and lowers epithelial-
mesenchymal transition [74]. These results imply that 
CSCs use CD276 for immunological escape and that tar-
geting CD276 may reduce CSCs in NHSCC. Overcom-
ing cisplatin resistance currently remains one of the key 
goals of anticancer therapy for many tumors including 
squamous carcinoma. Targeting MYC using the small 
molecule inhibitor MYCi975 in cisplatin-treated HNSCC 
could help eliminate CSCs, prevent metastasis, and over-
come cisplatin resistance. Additionally, this tool pro-
motes the infiltration of CD8+ T cells within the tumor, 
further improving the therapeutic efficacy by enhancing 
anti-tumor immunity [75]. In OSCC, Lequerica-Fernán-
dez et al. showed that CD4+ and CD8+ TILs inhibit 
NANOG and SOX2 expression, and FOXP3+ TILs signif-
icantly correlate with Nestin and PDPN expression. For 
the survival of OSCC patients, the CD8+/FOXP3+ TILs 
ratio is an independent prognostic factor [76]. CD8+ T 
cells may act as biomarkers and promising treatment tar-
gets for OSCC.

Breast cancer
Breast cancer is the most frequent type of cancer among 
women and a heterogeneous entity with numerous bio-
logical features associated with prognosis and response 
to treatment. Previous studies have shown that CD8+ 
TILs possess anti-tumor immune responses in breast 
cancer [39]. SOX2 has been reported to promote p65 and 

CCL1 expression in BCSC to recruit Treg in the tumor 
microenvironment, which in turn may prevent CTL 
from exerting its effects [77]. Extensive tumor infiltra-
tion by CD8+ T cells is strongly associated with survival 
and response to therapy in breast cancer patients [40]. In 
breast cancer, neurofilament medium (NEFM) transcript 
expression is downregulated and negatively correlates 
with its DNA methylation. NEFM transcript expression 
correlates with an increase in CD8+ T cells. NEFM meth-
ylation contributes to the poor prognosis of breast cancer 
by attenuating the infiltration of immune cells, including 
CD8+ T cells [78]. In patients with HER2-negative breast 
cancer who express HLA class 1 on their tumors, base-
line tumor infiltration by CD8+ T lymphocytes is asso-
ciated with improved DFS and greater pCR rates after 
neoadjuvant treatment [79]. Furthermore, in triple-nega-
tive breast cancer (TNBC), high mesenchymal CD8+ TIL 
levels are favorable prognostic factors for RFS and overall 
survival (OS) [80].

Previous studies revealed that BCSCs can influence the 
tumor microenvironment and the outcomes of immuno-
therapy by interacting with immune cells that infiltrate 
tumors, including CD8+ T cells [81]. CHI3L1, which is 
generated from triple-negative breast cancer stem cells 
(TN-BCSCs), causes immunosuppression by improving 
CTLA4 expression in T cells via MAF and decreasing 
CD8+ T cell cytotoxicity. Furthermore, CTLA4+ T cells 
may produce S100A4, promoting the stemness of TNBC 
cells [14] Targeting CHI3L1 to restore the tumor-killing 
activity of CD8+ T cells might be a viable approach for 
treating TNBC. A dendritic cell vaccine transfected with 
CD133 mRNA was shown to attenuate the stemness 
of CSCs by upregulating the expression of CD8+ TILs 
in TNBC in mice, in turn inhibiting tumor growth and 
causing longer survival time [82]. This study may add to 
the therapeutic options for TNBC. Interleukin 20 recep-
tor subunit alpha (IL20RA) increases the ratio of SP to 
ALDHbr in breast cancer cells, improves sphere-forming 
capacity, stimulates the production of key stem cell genes 
such as Sox2 and Oct4, and boosts chemoresistance. 
Additionally, IL20RA caused the signaling pathway of 
Janus kinase 1 (JAK1)-STAT3-SOX2, upregulating PD-L1 
expression and decreasing the recruitment of immune 
cells, including CD8+ T cells [83]. Targeting IL20RA 
to improve breast cancer treatment may be a potential 
novel strategy. An evolutionarily conserved RNA-binding 
protein called Lin28B, which is extensively expressed in 
embryonic stem cells, increases the stemness, migration, 
and invasion of breast cancerous tumors [84]. Recent 
findings suggest that Lin28B can suppress the prolif-
eration, infiltration, and activation of CD8+ T cells by 
causing neutrophil infiltration and N2 transformation, 
thereby creating an immunosuppressive microenviron-
ment [85]. This result adds to the evidence supporting the 
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role of Lin28B in the initiation of breast cancer metasta-
sis. DCLK1 upregulates IL-6 expression and STAT3 acti-
vation in TNBC cells, which promotes CSC stemness 
and inhibits CD8+ T cell activity. Inhibition of the IL-6/
STAT3 pathway by IL-6R antagonists, Tocilizumab, or 
STAT3 inhibitors, S31-201 abrogates the DCLK1-pro-
moted malignant phenotype of TNBC cells [86].

Lung cancer
As one of the most common malignant tumors, lung can-
cer frequently affects the alveolar and bronchial mucosal 
epithelium. Previous studies have shown a positive corre-
lation between increased levels of CD8+ T-cell infiltration 
and a better prognosis for lung cancer [37]. Abnormal 
expression of β-catenin protein is significantly increased 
in NSCLC is linked to a poor prognosis. The presence of 
β-catenin protein in non-small cell lung cancer (NSCLC) 
also prevents CD8+ T cell and neutrophil invasion, con-
tributing to the tumor immune microenvironment [87]. 
Ye et al. discovered that high infiltrating levels of CD8+ T 
lymphocytes signify a favorable outcome for individuals 
with lung adenocarcinoma (LUAD) [38]. CELSR3 is an 
important signaling molecule in the WNT/PCP pathway 
hypothesized to participate in tumorigenesis and metas-
tasis. In previous research, DC-derived CCL17 was found 
to increase the contact between DCs and CD8+ T cells, 
therefore activating CD8+ T cells [88, 89]. Li et al. found 
that down-regulation of CELSR3 significantly inhibits the 
proliferation, migration, and invasive capacity of LUAD 
cells. On the other hand, its down-regulation might 
improve LUAD cell proliferation, metastasis, and inva-
sion by up-regulating the CCL17 /CCR4 axis to increase 
the level of CD8+ T cell infiltration in LUAD [90]. More 
experiments are necessary to validate the diagnostic and 
immunotherapeutic value of CELSR3 in LUAD.

According to Corgnac et al., NSCLC reduces the cell 
surface of the CD103 integrin ligand E-cadherin, starting 
an epithelial-to-mesenchymal transition program that 
enabled CSC to withstand particular CD8+ CD103+ TRM 
cell-mediated cytotoxicity and maybe also resistance to 
cancer immunotherapy [91]. Targeting CSC EMT com-
bined with immune checkpoint blockade is anticipated 
to be a future immunotherapy for NSCLC. In small-cell 
lung cancer (SCLC), chemotherapy-resistant CSCs are 
also a major cause of drug resistance and aggressive-
ness [92]. Mesenchymal CSC-like SCLC cells stimulate 
CTLs immunologically, which causes an increase of co-
inhibitory receptors on CTLs and T-cell fatigue. CSC-like 
SCLC cells upregulate PD-L1 and PD-L2 expression, lim-
iting CTL responses, in response to CTL activation and 
IFN-γ production [93]. A deeper understanding of the 
immunoregulatory mechanism regulated by CSC-like 
cells may result in new cancer immunotherapy methods 
for SCLC patients.

Colorectal Cancer
Colorectal cancer (CRC) is one of the most prevalent 
malignancies of the digestive tract. For colorectal can-
cer, an immunoscore developed by integrating T-cell data 
from the center of the tumor with the margins of infiltra-
tion has confirmed a potent biomarker for assessing sur-
vival risk [94]. In CRC, the presence of CD8+ T cells as 
an independent prognostic factor is linked to improved 
overall and cancer-specific survival and may be adopted 
in the treatment of CRC [34–36, 95]. CCL5 deficiency 
inhibits colorectal cancer growth and metastasis by pro-
moting the infiltration of CD8+ T cells into the central 
region of the tumor [96]. CCL5 knockdown could help 
in anti-colorectal cancer treatments. Through immuno-
histochemistry, and investigation of 155 colorectal can-
cer tissues, Xue et al. found that CD8+ T-cell infiltration 
is considerably decreased in tumors with high expression 
of β-catenin [97]. This implies that β-catenin signaling 
may mediate resistance to immunotherapy in colorec-
tal cancer and that targeting β-catenin combined with 
PD -1 immunotherapy for colorectal cancer is a promis-
ing direction. Noh et al. found that in colorectal adeno-
carcinomas, high levels of CD8+ TILs similarly imply 
a better prognosis [98]. Generally, the total infiltration 
level of CD8+ TILs and differences in infiltration at vari-
ous tumor sites may predict prognosis for patients with 
colorectal cancer. Nevertheless, additional prospective 
studies are necessary.

In TAMs, an inhibitor of differentiation 1 (ID1) pre-
vents CD8+ T cell infiltration and STAT1-mediated 
transcription of SerpinB2 and CCL4, hence preserving 
tumor stemness [99]. Reducing ID1 expression improves 
colorectal cancer progression and improves tumor sensi-
tivity to immunotherapy and chemotherapy. Mennonna 
et al. discovered that the SMAD4V370A somatic muta-
tion in colorectal cancer produces a naturally processed 
novel epitope that can be detected by differentiated and 
CSC-cultured autologous CD8+ T cells [100]. This study 
provides a new approach for quantitatively identifying 
novel epitopes for CRC mutations. On the other hand, 
Miyamoto et al., identified the ASB4 antigen, a gene for 
which is expressed in colorectal cancer CSCs but not in 
cells that differentiate into non-CSCs. The peptide epit-
ope of ASB4, which is not expressed in healthy tissues, 
causes a CTL response that destroys colorectal cancer 
CSCs while preserving non-CSCs [101]. Immunotherapy 
based on CTLs may help in preventing colorectal cancer 
recurrence.

In summary, tumor-infiltrating CD8+ T cells play a role 
in the development of various cancers and may act as a 
prognostic indicator. Comprehensive research on the 
mechanisms of CD8+ T cells in these cancers and the 
development of novel CD8+ T cell-based immunothera-
pies may improve the understanding of these cancers and 
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their treatments. The involvement of CSC in these pro-
cesses is equally important and worth exploring.

Molecular mechanisms by which tumor stem cell 
(CSC) labeling regulates CD8+ T cell activity
Tumor stem cell (CSC) markers are not only used to 
identify CSCs, but also shape the immunosuppressive 
tumor microenvironment (TME) by directly or indirectly 
modulating the function of CD8+ T cells through multi-
ple mechanisms. The following is a detailed description 
of its mechanism of action (Table 1).

CSC directly regulates CD8 + T cell activity
CSC surface markers and immune checkpoint signaling
PD-L1 expressed on the surface of tumor cells interacts 
with PD-1 expressed on the surface of T cells which fur-
ther inhibits multiple signaling pathways [102]. CSC 
upregulates PD-L1 expression by activating signaling 
pathways such as STAT3, NF-κB or HIF-1α. For exam-
ple, CD44 binding to hyaluronic acid activated the PI3K/
AKT/mTOR pathway and induced PD-L1 expression. 
PD-L1 binding to PD-1 on the surface of CD8+ T cells 
activates SHP-2 phosphatase and inhibits TCR signal-
ing pathways (e.g., ZAP70, PI3K/AKT phosphorylation) 
[103], leads to decreased T cell proliferation, decreased 
secretion of cytotoxic molecules (granzyme B, perforin), 
and promotes the expression of T cell depletion markers 
(e.g., TIM-3, LAG-3) [104, 105].

Studies have also demonstrated that some CSC also 
affect CD8+ T cell activity by influencing a number of 
other immune checkpoint molecules and thus: expres-
sion of CD155 (PVR) by CSC, which binds to the TIGIT 
of CD8+ T cells and inhibits their activation and IFN-γ 
secretion [106, 107]. In addition, CSC secrete Galectin-9, 
which binds to the TIM-3 receptor and induces apoptosis 
in CD8+ T cells [104]. 

CSC labeling-mediated Inhibition of co-stimulatory signals
Binding of CD44 on the surface of CSC to hyaluronan 
HA in TME activates the RhoA/ROCK pathway and 
inhibits migration and infiltration of CD8+ T cells [108]. 
Meanwhile, the CD44-HA complex attenuates TCR sig-
naling by down-regulating CD28 (co-stimulatory recep-
tor) expression.CD133 activates STAT3 via Src kinase 
and induces CD8+ T cells to express IL-10 and TGF-β, 
forming an autocrine inhibitory loop that suppresses 
autoactivation and cytotoxicity [109].

CSC secretion of immunosuppressive factors regulates T 
cell function
Cytokine-mediated immunosuppression
CSC secretes TGF-β, which activates the Smad2/3 path-
way in CD8+ T cells via the TGF-β receptor (TβR), inhib-
its the expression of T-bet (a key transcription factor for 

Th1 differentiation), and reduces IFN-γ and granzyme B 
production [110]. TGF-β also induces differentiation of 
CD8 + T cells towards a depleted phenotype (PD-1 + TIM-
3+) [111].

In addition, CSC secrete IL-10 and IL-35, which acti-
vate IL-10R and IL-35R on the surface of CD8+ T cells, 
and inhibit mTOR activity through the STAT1/STAT3 
pathway, leading to metabolic reprogramming (e.g., 
enhanced oxidative phosphorylation, inhibition of gly-
colysis) and weakening effector functions [103].

Exosomes transmit inhibitory signals
Exosomes released by CSC carry PD-L1, non-coding 
RNAs (e.g., miR-21, miR-214) and immunosuppressive 
proteins (e.g., FasL). miR-21 targets PTEN, which acti-
vates the PI3K/AKT pathway, and the increased expres-
sion of PD-L1 on the cell surface leads to decreased T-cell 
proliferation and increased apoptosis, promoting T-cell 
depletion [112]. FasL binds to the Fas receptor of CD8+ T 
cells and induces apoptosis [113].

Metabolic reprogramming inhibits CD8+ T cell function
Nutrient competition and metabolic repression
CSC highly expresses indoleamine 2,3-dioxygenase 
(IDO), which catalyzes the catabolism of tryptophan to 
kynurenine [114]. Tryptophan depletion activates GCN2 
kinase in CD8+ T cells, triggering the integrative stress 
response (ISR), which inhibits mTORC1 activity and 
leads to T cell proliferation arrest [115, 116]. Kynurenine 
induces CD8+ T cell apoptosis and promotes regulatory T 
cell (Treg) differentiation via the aryl hydrocarbon recep-
tor (AhR) [117]. In addition, CSC secretes large amounts 
of lactic acid through the Warburg effect, acidifying the 
TME [118]. Lactate enters CD8+ T cells via MCT1, inhib-
its mTOR signaling and HIF-1α stability, reduces IFN-γ 
secretion, and induces T cell functional exhaustion. In 
the highly glycolytic tumor microenvironment, lactate 
promoted PD-1 expression in regulatory T cells and fur-
ther inhibited CD8+ T cell activity [119].

Disruption of lipid metabolism
CSC release free fatty acids (FFA) and oxidized lipids 
(e.g., prostaglandin E2, PGE2), which inhibit glycolysis 
and mitochondrial respiration and impair energy metab-
olism in CD8+ T cells via the PPARγ pathway [103, 120].

Recruitment and activation of immunosuppressive cells by 
CSC
Growing evidence suggests a role for CSC in the immune 
microenvironment (Fig. 3). Tumor-associated macro-
phages (TAM) and myeloid-derived suppressor cells 
(MDSC) often stimulate cancer growth and evade the 
immune system by suppressing effector cells. CD8+ reg-
ulatory T cells (CD8+ Tregs), which have important 
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immunosuppressive functions, are effective in block-
ing overreactive immune responses and maintaining the 
body’s immune homeostasis [121].

Raising Tregs and MDSCs
CSCs secrete CCL2 and CCL5 and recruit Treg and 
myeloid-derived suppressor cells (MDSCs) via CCR2/
CCR5 receptors.T he presence of CSCs and Tregs posi-
tively correlates with malignancy, indicating that these 
cell types may interact to promote an immunosuppressive 
environment [122, 123]. In glioblastoma, CSCs mediate 
Treg cell infiltration through co-stimulatory molecules 
PD-L1, soluble galactin-3, and TGF-β secretion [124]. 
Furthermore, by modifying the TME-mediated synthesis 
of cytokines such as IL-6, IL-8, and the chemokine CCL5, 
CSCs influence the Th17/Treg balance [125].

CSCs increase G-CSF in a synergistic breast tumor 
model, which is responsible for luring MDSCs to the 
tumor site [126]. In addition, MDSCs prevent T cell 
activation and provide breast cancer cells with stem-like 
characteristics using NO to stimulate the IL-6/STAT3 
and NO/NOTCH signaling pathways [127]. MDSCs 
impede T-cell growth and activation and contribute to 

T-cell dysfunction. By upregulating the expression of 
immunological checkpoint molecules such as PD-L1, 
CTLA-4, VISTA, Gal-9, and CD155, MDSCs impede 
tumor-infiltrating CD8+ T-cell-mediated anti-tumor 
immunity. Xia et al. discovered that in hepatocellular car-
cinoma, ETV4 upregulation promotes PD-L1 and CCL2 
expression, increases infiltration of MDSCs, and inhibits 
CD8+ T cell aggregation [128].

M2-type macrophage polarization
CSCs secrete macrophage chemo-attractants, which are 
important for TAM recruitment and M2 polarization 
[129]. M1-polarized macrophages produce pro-inflam-
matory cytokines, which increase inflammation, whereas 
M2-polarized macrophages promote tumor develop-
ment and metastasis [130]. TAMs are functionally simi-
lar to M2-polarized macrophages. They secrete limiting 
chemokines such as TGF-β, prostaglandins, IL-10, or 
reactive oxygen species (ROS) to suppress CD8+ T cell 
activation and proliferation [131, 132].

Fig. 3  Interactions between cancer stem cells (CSCs) and immune cells in the tumor immune microenvironment (TIME)
CSCs enhance the activity of type 2 macrophages (M2), type 2 neutrophils (N2), and myeloid-derived suppressor cells (MDSCs) by producing the trans-
forming growth factor-β (TGF-β), thereby promoting the epithelial-mesenchymal transition (EMT) of tumor cells. EMT is positively correlated to the 
expression of programmed death ligand 1 (PD-L1) on M2 macrophages and tumor cells, which damages the function of CD8+ T cells by increasing the 
activity of PD-1 and stimulating the release of vascular endothelial growth factor (VEGF). Moreover, CSCs generate immunosuppressive factors such as 
IL-4, IL-10, and IL-13 to prevent the maturation of dendritic cells (DCs), which weakens the activation of CD8+ TILs
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Epigenetic regulation and T cell depletion
DNA methylation is one of the most characteristic epi-
genetic modifications regulating gene transcription [133]. 
Methylation of many genes is associated with normal 
cell development and differentiation [134]. SC-secreted 
TGF-β induces DNA methyltransferase (DNMT) expres-
sion in CD8+ T cells, leading to hypermethylation of the 
promoters of IFN-γ and TNF-α genes and silencing of 
their expression. HDACs (histone deacetylases) carried 
by CSC exosomes enter CD8+ T cells and reduce chro-
matin accessibility of effector genes (e.g. GZMB, PRF1). 
Pathania R et al. demonstrated in a mouse model of 
breast cancer that the combination of the DNMT inhibi-
tor 5-azacytidine and the HDAC inhibitor butyrate sig-
nificantly reduced CSC abundance and increased overall 
survival in this mouse model [135].

Overall, the above mechanisms provide a theoretical 
basis for the development of immune-combination strat-
egies targeting CSC. Potential future research directions 
may include targeting CSC markers with dual blockade of 
immune checkpoints (e.g., anti-CD44 + anti-PD-1). The 
development of metabolic modulators (e.g., IDO inhibi-
tors, lactate dehydrogenase inhibitors) in combination 
with immunotherapy would be equally helpful. There is 
also value in utilizing single-cell sequencing to resolve 
the dynamic interplay network of CSC and CD8+ T cells.

CD8+ T cells, cancer stem cells and immunotherapy
CD8+ T cells are the primary immune cells that regulate 
immune surveillance and antigens identification in can-
cer cells and malignant tumors. Following TCR antigen 
recognition, CD8+ T cells are activated, rapidly prolif-
erate and differentiate into cytotoxic T lymphocytes 
(CTLs), causing damage to cancer cells via cell-cell con-
tact. CD8+ T cell malfunction is more prevalent in solid 
malignancies. Researchers have focused on identifying 
immunotherapeutic strategies that can both boost or 
restore the immunological activity of CD8+ T cells and 
expand their penetration. Several techniques have been 
proposed, including the use of agonistic antibodies, 
T-cell co-stimulatory chemicals, chimeric antigen recep-
tor (CAR) T cells, TCR-transduced T cells, checkpoint 
inhibitor (CPI) antibodies, and TIL-based cancer thera-
pies (Fig.  4). This section has been discussed in some 
detail in past studies.

CSC is often resistant to conventional therapies and 
can lead to recurrence and metastasis, while CD8 T cells 
are key to the immune system’s ability to attack tumors. 
Therapies combining the two may include directly target-
ing the antigens of CSC to aid CD8 T-cell recognition, or 
unlocking the immunosuppressive environment induced 
by CSC to make CD8 T-cells more effective.

Fig. 4  T cell dependent cancer immunotherapy
Effective strategies to enhance CD8+ T cell infiltration and effector cell function include autologous back-treatment with chimeric antigen receptor (CAR) 
T cells, TCR-transduced T cells, and tumor-infiltrating T cells (TILs). Inhibiting antibodies can also be used to suppress the T cell co-inhibitory axis (e.g., B7/
CTLA-4). Antagonistic antibodies can induce T cell co-stimulatory axis (e.g., 4-1BB/4-1BBL)
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Core strategies for combining CD8+ T cells with CSC 
targeting
Targeting CSC-specific antigens to activate CD8+ T cells
Designing immunotherapy through CSC surface-spe-
cific markers (e.g., CD133, CD44, EpCAM, etc.) allows 
CD8 + T cells to directly recognize and clear CSCs. The 
main component of CAR-T is the chimeric antigen 
receptor (CAR), which endows T cells with the capacity 
to identify tumor antigens in an HLA-independent man-
ner, allowing them to recognize several target antigens 
compared with the native T-cell surface receptor (TCR) 
[136]. In contrast to TCR-T, CAR-T is more commonly 
prescribed in patients with some HLA types and can-
cer types that lack HLA expression, which is a common 
strategy of cancer immune escape. Basic CARs include 
tumor-associated antigen (TAA)-binding domains (usu-
ally scFv fragments derived from the antigen-binding 
region of monoclonal antibodies), extracellular hinge 
domains, transmembrane domains, and intracellular sig-
naling domains [137]. In some cases, CAR-T may cause 
severe adverse effects, such as the cytokine release syn-
drome and neurotoxicity. CAR-T can kill cancer cells 
by recognizing and binding to TAA, implying that it is 
an ideal candidate cell for developing immunotherapy 
targeting CSC. For studies investigating, CAR-T cells 
effectively eliminated CSC, but not normal stem cells 
or showed low cytotoxicity to them [138–141]. Several 
CSC markers for CAR-T cell therapy have been reported 
in preclinical studies including CD133, CD166, CD20, 
CD38, CLL-1, EpCAM, CD123, CD171, ROR1, CD44, 
CD47, CD117 and c-Met [142]. Zhao et al. The STAT3 
inhibitor nikrolamide (Ni) and an experimental iron 
metastatic drug (1  S, 3R)-RSL3 (RSL3) were incorpo-
rated via biomineralization into hyaluronic acid-modified 
amorphous calcium phosphate (ACP) nanocells (CaP-
PEG-HA@Ni/RSL3), which can be over-expressed by 
CD44 CSCs recognized and released in a synchronized 
manner. Nickel inhibited the endogenous STAT3-PD-L1 
axis of CSCs, thereby stimulating adaptive immunity, and 
enhanced the secretion of gamma interferon (IFNγ) by 
CD8+ T-cells, which resulted in the down-regulation of 
SLC7A11 and SLC3A2 and impeded the biosynthesis of 
glutathione. This study provides a cooperative ferropto-
sis-immunotherapy approach for the treatment of refrac-
tory cancers [143].

Release of CSC-mediated immunosuppression
Blocking the inhibitory effects of CSC on CD8+ T cells 
via PD-L1, cytokines (IL-10, TGF-β), or metabolites (e.g., 
lactate) would help promote CD8+ T cell activity. The use 
of immune checkpoint inhibitors (e.g., anti-PD-1/PD-L1 
antibodies) to restore CD8 + T cell activity as well as tar-
geting inhibitory factors secreted by CSC (e.g., TGF-β 
inhibitors) may be helpful in tumor therapy.

Combination therapies to enhance synergies
A combined strategy of CSC-targeted therapy and 
T-cell immune activation simultaneously removes CSCs 
and enhances the immune response.IDO inhibitors 
block tryptophan metabolism inhibition and restore 
T-cell function, while combining with PD-1 antibody 
to enhance T-cell activity.TGF-β inhibitors block CSC-
mediated T-cell depletion, while CSC vaccines are used 
to induce specific immune responses. Lysovirus lyses 
tumor cells to release antigens while CSC vaccine delivers 
CSC-specific antigens that activate DC cells and promote 
CD8+ T cell cross-presentation. This approach induces 
long-lasting immune memory and prevents recurrence.

Progress of clinical trials
Clinical trials provide a quantitative assessment of 
the safety and efficacy of medicines and offer patients 
safer and more effective treatment options. They play 
an important role in the practice of modern medicine. 
Through clinical trials, medical researchers can collect 
data, evaluate the effectiveness of treatments, and pro-
vide better healthcare for patients [144, 145]. This article 
summarizes some of the relevant clinical trials. (Table 2)

CSC-targeted CAR-T cell therapy
CD133 is a classical marker of CSC, which is highly 
expressed in many solid tumors such as glioblastoma, 
hepatocellular carcinoma, and pancreatic cancer, but 
lowly expressed in normal tissues (e.g., hematopoietic 
stem cells, endothelial progenitor cells.) The clinical trial 
(NCT02541370) conducted by Dai H, et al. focuses on 
the treatment of advanced solid tumors (hepatocellu-
lar carcinoma, pancreatic carcinoma, etc.) with CD133 
CAR-T cells. The trial had a good initial safety profile 
and tumor markers decreased in some patients, but effi-
cacy was limited by target heterogeneity [146]. EpCAM 
is highly expressed in CSCs of epithelial origin tumors 
such as gastrointestinal tract cancer and breast cancer, 
but it is widely present in normal epithelial cells and 
requires careful selection of indications. Another related 
clinical trial (NCT03013712) focused on EpCAM CAR-T 
for the treatment of EpCAM-positive solid tumors (gas-
tric cancer, colorectal cancer). Disease stabilization was 
achieved in some patients, but target selection needs to 
be optimized to reduce normal tissue toxicity.HER2 is 
overexpressed in breast cancer, gastric cancer CSC. A 
clinical study (NCT04650451) investigated the safety, 
tolerability, and clinical activity of HER-2-specific dual-
switch CAR-T cells, BPX-603, which were used with 
rimiducid in previously treated patients with locally 
advanced or metastatic solid tumors with HER-2 ampli-
fication/overexpression. Another clinical trial targeting 
HER2 focused on the safety and tolerability of CCT303-
406 CAR-modified autologous T cells (CCT303-406) in 
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subjects with relapsed or refractory stage IV metastatic 
HER2-positive solid tumors.

CSC vaccines combined with immune checkpoint inhibitors
The role of CSC vaccines is mainly to deliver CSC-spe-
cific antigens (e.g., CD133, ALDH1A1, SOX2), to doubt 
dendritic cells (DCs), to promote antigen cross-pre-
sentation to CD8+ T cells, and to induce CSC-specific 
memory T cells, which reduces the risk of recurrence.
The advantage of CSC vaccines in combination with 
immune checkpoint inhibitors is that ICIs deregulate T 
cell suppression (e.g., anti-PD-1/PD-L1 antibodies block 
the PD-1/PD-L1 pathway and reverse vaccine-induced T 
cell depletion). In addition, ICI can amplify the antigenic 
response by enhancing vaccine-induced T-cell clonal 
expansion and tumor infiltration.

Bispecific antibody (BsAb) targeting CSCs and T cells
Bispecific antibody (BsAb) is a special antibody that can 
bind two different antigens at the same time, and has a 
mechanism of action that mediates immune cell kill-
ing, dual-targeted signaling blockade, and promotes 
the formation of functional complexes of proteins, etc. 
BsAb usually contains two antigen-binding domains: the 
antigen-binding domain that targets CSCs: recognizes 
specific markers on the surface of CSCs (e.g., EpCAM, 
CD133, CD44). Antigen-binding domain that activates T 
cells: binds CD3 molecules on the surface of T cells and 
triggers the TCR signaling pathway. EpCAM/CD3 dual 
antibody was used in the trial (NCT03450044) to treat 
EpCAM-positive solid tumors.

Targeting CSC metabolism and the immune 
microenvironment
In the trial (NCT04060342), researchers treated solid 
tumors with GB1275, a CD11b activator, in combina-
tion with anti-PD-1. GB1275 mediates the migration of 
MDSCs to the TME through activation of CD11b, which 
in turn affects resistance to ICI and other anticancer 
therapies [147]. Blocking IDO1 Activity Restores Tryp-
tophan Levels and Reduces Kynurenine, Reversing T Cell 
Suppression. A clinical trial (NCT03348904) focused 
on evaluating the efficacy and safety of the combina-
tion of nivolumab plus epacadostat in combination with 
platinum chemotherapy compared with platinum che-
motherapy alone, in participants with treatment-naïve 
Stage 4 or recurrent non-small cell lung cancer (NSCLC). 
Inhibition of glutaminase (GLS) blocks CSC energy sup-
ply and reduces glutamate secretion. A clinical trial 
(NCT03875313) investigated the recommended phase 
2 dose (RP2D), safety and tolerability, pharmacokinet-
ics (PK), and clinical activity of the glutaminase inhibi-
tor CB839 (Telaglenastat) versus the poly(adenosine 
diphosphate ribose polymerase) (PARP) inhibitor 

talazoparib in participants with advanced/metastatic 
solid tumors. MCT1 inhibitors reverse tumor microenvi-
ronment acidification by blocking lactate efflux. A clini-
cal trial (NCT01791595) using AZD3965 monotherapy in 
advanced solid tumors showed that it was well tolerated, 
with a decrease in serum lactate levels in some patients, 
but that single-agent efficacy was limited, and combina-
tion immunotherapy was needed.

Challenges and future directions
Many challenges remain in developing new therapies for 
tumor treatment by targeting CSC. CSC may express dif-
ferent markers in the same tumor, requiring the devel-
opment of multi-targeted therapies (e.g., dual CAR-T 
or combination vaccines.) CSC can evade immune rec-
ognition through phenotypic switching (e.g., epithelial-
mesenchymal transition) or down-regulation of target 
antigens to achieve immune escape, and CSC markers 
(e.g., CD133, EpCAM) are under-expressed in normal 
stem cells, which requires improved targeting specific-
ity. Possibly effective measures we can do in the future 
are adjusting the timing and dosage such as sequential 
immune checkpoint inhibitors after CAR-T cell therapy, 
exploring CSC-specific neoantigens or metabolic path-
ways (e.g., Wnt/β-catenin). Designing neoantigenic vac-
cines based on the mutational profile of a patient’s CSC 
may also be helpful. Enhancing the efficiency of CD8+ T 
cell initiation by nanoparticle delivery of CSC antigens 
and immune adjuvants to lymph nodes is also a promis-
ing research direction.

Conclusion
Overall, this study demonstrates that tumor-infiltrating 
CD8+ T cells exert tumor-suppressive effects in many 
cancers. CD8+ TILs have been shown to participate in 
the development of several cancers, and high levels of 
CD8+ TILs are associated with better prognosis in most 
tumors. The antitumor activity of CD8+ T cells in the 
TME is driven by processes such as antigen presenta-
tion, effective T cell start, transit, differentiation, and 
function. However, the immunosuppressive environ-
ment established by several TME factors suppresses the 
killing effect of CD8+ TILs on tumor cells, which aggra-
vates tumor progression. Several types of cancer immu-
notherapy have been shown to successfully restore and 
enhance antitumor immunity in CD8+ T cells. Given the 
TME’s immunosuppressive effects, many of these thera-
pies are ineffective or have limited efficacy. CSCs play an 
important role in the immunosuppressive complex seen 
in the tumor microenvironment. The presence of cancer 
stem cells in the TME decreases the antitumor activity 
of the immune system, specifically CD8+ TILs. Although 
several studies have explored the behavior of CSC, spe-
cific CSCs-based treatments have not been effectively 
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investigated. Combination therapies designed to enhance 
effector CD8+ T cell activity while decreasing TME’s 
immunosuppressive effects are increasing being devel-
oped. Meanwhile, additional research is needed to deter-
mine the role of CSCs in immunomodulation of cancer 
patients and create novel treatment methods.
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