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Introduction
Cancer remains the leading cause of death worldwide 
and is a major impediment to increasing human lifespan 
across all nations globally [1]. A recent statistics indicate 
approximately 20  million new cancer cases and about 
9.7  million deaths attributed to the disease in 2020 [2]. 
At present, there are several therapeutic options available 
for cancer, such as surgery, radiotherapy, chemotherapy, 
targeted therapy, and immunotherapy. However, issues 
like tumor recurrence, metastasis, and resistance to drugs 
continue to pose significant challenges in effective cancer 
management [3]. A key reason for these challenges is that 
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Abstract
Cancer stem cells (CSCs) represent a small yet pivotal subset of tumor cells endowed with self-renewal capabilities. 
These cells are intricately linked to tumor progression and are central to drug resistance, metastasis, and recurrence. 
The tumor microenvironment (TME) encompasses the cancer cells and their surrounding milieu, including immune 
and inflammatory cells, cancer-associated fibroblasts, adjacent stromal tissues, tumor vasculature, and a variety 
of cytokines and chemokines. Within the TME, cells such as immune and inflammatory cells, endothelial cells, 
adipocytes, and fibroblasts release growth factors, cytokines, chemokines, and exosomes, which can either sustain 
or disrupt CSCs, thereby influencing tumor progression. Conversely, CSCs can also secrete cytokines, chemokines, 
and exosomes, affecting various components of the TME. Exosomes, a subset of extracellular vesicles (EVs), carry 
a complex cargo of nucleic acids, proteins, and lipids, playing a crucial role in the communication between CSCs 
and the TME. This review primarily focuses on the impact of exosomes secreted by CSCs (CSC-exo) on tumor 
progression, including their roles in maintaining stemness, promoting angiogenesis, facilitating metastasis, inducing 
immune suppression, and contributing to drug resistance. Additionally, we discuss how exosomes secreted by 
different cells within the TME affect CSCs. Finally, we explore the potential of utilizing exosomes to mitigate the 
detrimental effects of CSCs or to target and eliminate them. A thorough understanding of the exosome-mediated 
crosstalk between CSCs and the TME could provide valuable insights for developing targeted therapies against 
CSCs.
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most treatments predominantly target bulk tumor cells 
and do not effectively address cancer stem cells (CSCs) 
[4]. CSCs were first discovered and isolated in leukemia 
in 1994 [5]. These cells share many characteristics with 
stem cells, including self-renewal and the ability to prolif-
erate indefinitely. CSCs are distinguished by unique stem 
cell-like properties and express specific markers that dif-
fer from those of other tumor cells. These markers vary 
across different types of cancer, allowing for the relatively 
specific isolation of CSCs. Since their discovery in leuke-
mia, CSCs have been identified and isolated from various 
other tumors, including those affecting the esophagus, 
pancreas, ovaries, colon, liver, breast, prostate, and skin, 
among others. Many scientists widely recognize the 
pivotal role of CSCs in tumor progression due to their 
capacity for self-renewal and unlimited proliferation. 
CSCs also possess robust migratory and invasive capa-
bilities, enabling them to travel to distant sites through 
the bloodstream or lymphatic system and establish 
metastases. Furthermore, their resistance to conventional 
therapies means that any surviving CSCs can regenerate 
the tumor, leading to treatment failures and recurrence. 
CSCs also demonstrate “plasticity,” which allows them to 
differentiate into various cell states and adapt to environ-
mental changes, thereby enhancing tumor progression 
and contributing to increased drug resistance [6, 7]. Cur-
rently, there are two models explaining tumor cell hetero-
geneity. The first is the hierarchical organization theory, 
which suggests that a structured hierarchy exists within 
tumors, with cancer stem cells at the apex. These cells 
are characterized by their unique ability to self-renew 
and differentiate into various cell types found within the 
tumor. The CSC model posits that certain cancer cell 
populations possess self-renewal capabilities that can 
initiate tumor growth, and these cells generally exhibit 
lower levels of differentiation compared to most cancer 
cells [8]. The second model related to CSCs is the concept 
of clonal evolution. This model proposes that tumors 
evolve within the host’s biological environment through 
mutations and natural selection. Within this framework, 
CSCs are considered clonal populations with specific 
mutations that confer stem-like properties, such as the 
ability to self-renew and resist treatments. This concept 
emphasizes the genetic heterogeneity and adaptability of 
tumors, highlighting the complexities of targeting CSCs 
for cancer therapy [7, 9]. As a result, CSCs are often seen 
as the primary drivers behind tumor growth and pose 
significant obstacles in cancer therapy.

The tumor microenvironment (TME) encompasses not 
only the cancer cells but also the surrounding environ-
ment, which is made up of a variety of elements such as 
immune and inflammatory cells, carcinoma-associated 
fibroblasts, nearby stromal tissue, tumor blood vessels, 
and a range of cytokines and chemokines [10, 11]. CSCs 

are intricately connected to their environment, engag-
ing in continuous interactions. They can alter the TME 
by releasing signaling molecules, enhancing angiogen-
esis, promoting immune tolerance, and aiding metasta-
sis. Conversely, cells within the TME, along with their 
secreted factors, can bolster the self-renewal and stem-
ness of CSCs, stimulate angiogenesis, attract immune and 
stromal cells, and facilitate tumor invasion and metasta-
sis. Extracellular vesicles (EVs) play a pivotal role in facili-
tating communication between CSCs and TME cells.

EVs are lipid bilayer-enclosed particles released by 
all cell types. They contain cargo from their donor cells 
but lack functional nuclei and cannot replicate. Found 
in various biological fluids such as blood, urine, semen, 
saliva, breast milk, cerebrospinal fluid, and bile. EVs are 
considered a mechanism for cells to eliminate harmful 
or redundant intracellular components. They transport a 
variety of substances, including DNA, RNA, lipids, and 
proteins, enabling them to transmit signals and effect 
physiological changes in recipient cells, thereby serv-
ing as crucial conduits for intercellular communication. 
The powerful cargo-carrying capacity of EVs makes them 
crucial in the interaction between CSCs and cells within 
TME. Exosomes, a type of EVs, are produced through a 
two-step invagination process of the cytoplasmic mem-
brane, resulting in the formation of multivesicular bod-
ies (MVBs) containing intraluminal vesicles (ILVs). 
These ILVs are eventually released as exosomes, which 
are approximately 40 to 160 nm in diameter. MVBs fuse 
with the cytoplasmic membrane and release exosomes 
into the extracellular space via exocytosis [12, 13](Fig. 1). 
These exosomes carry host cell-specific cargo from their 
host cell and are internalized by recipient cells via endo-
cytosis, releasing their contents and promoting inter-
cellular communication. This mechanism is crucial for 
interactions between CSCs and TME cells. Exosomes 
transport bioactive molecules like proteins, lipids, and 
RNAs, which regulate the behavior of both CSCs and 
the surrounding stromal cells. This bidirectional com-
munication not only supports tumor growth, angiogen-
esis, and immune evasion but also plays a role in tumor 
progression. For instance, exosomes secreted by CSCs 
(CSC-exo) can transform normal stromal cells into a 
state conducive to tumorigenesis, thereby supporting the 
survival and proliferation of CSCs. Moreover, exosomes 
within the TME can affect the plasticity and resistance to 
therapy of CSCs. Given the focus of current research on 
EV-mediated communication in the TME mainly focuses 
on exosomes, this review will specifically highlight the 
role of exosomes.
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The role of CSC-exo in the TME
CSC-exo promotes stemness in Non-CSCs
Currently, substantial evidence suggests that CSCs can 
impart stemness traits from parental cells to non-CSCs 
via exosomes, thus increasing tumor stemness and accel-
erating tumor progression. Researches are finding that 
CSC-exo contain proteins that trigger stemness signal-
ing pathways in non-CSCs, like Wnt, Notch, and Hedge-
hog, to regulate tumor stemness. For instance, exosomes 
produced by glioblastoma stem cells (GSCs) function as 
carriers, transporting Notch1 protein to non-CSCs. This 
transfer activates the Notch1 signaling pathway, induc-
ing the differentiation of glioma cells into GSCs and thus 
enhancing tumor stemness and tumorigenic potential. 
When Notch1 RNA interference is applied, it decreases 
Notch1 protein levels in GSCs and their exosomes, 
subsequently reducing the levels of stemness-related 
proteins in the targeted non-GSCs [14]. Huang et al. dis-
covered that the release of liver CSC-exo was Rab27A 
dependent, while Rab27A expression was closely related 
to Nanog in hepatocellular carcinoma (HCC) tissues. 
CSC-exo can elevate Nanog expression in non-CSCs, 

indicating that Rab27A contributes to the enhancement 
of non-CSC stemness in HCC by regulating the release of 
CSC-exo [15].

Additionally, numerous studies have found that RNA 
molecules encapsulated in CSC-exo can activate stem-
ness-related pathways, conferring stemness to non-CSCs. 
Li and colleagues demonstrated that FMR1-AS1, a long 
non-coding RNA (lncRNA) found in exosomes from 
esophageal CSCs, binds to the endosomal toll-like recep-
tor 7 (TLR7) and activates NFκB signaling. This activa-
tion promotes the expression of the stemness-related 
gene c-Myc in recipient non-CSCs, enhancing their 
malignant potential [16]. Similarly, colorectal CSC-exo 
and thyroid CSC-exo can carry miRNAs and lncRNAs 
that target cancer cells to activate the stemness-related 
Wnt-β-catenin signaling pathway, thereby conferring 
stemness to non-CSCs [17, 18]. Han et al. discovered that 
that circular RNAs (circRNAs), specifically circ-ZEB1 
and circ-AFAP1, in liver CSC-exo significantly elevate the 
expression of the stemness marker CD133, while simul-
taneously decreasing levels of E-cadherin and epithelial 
cell adhesion molecule (EpCAM), markers associated 

Fig. 1  Exosomes biogenesis and release. Exosome formation and release encompass several steps, starting with endocytosis, followed by the formation 
of multivesicular bodies (MVBs), and culminating in the release of exosomes into the extracellular space via fusion with the plasma membrane
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with the epithelial-mesenchymal transition (EMT) pro-
cess. This activity not only boosts the stemness and EMT 
process in cancer cells but also advances the progression 
of HCC. Additionally, the levels of circ-ZEB1 and circ-
AFAP1 are markedly elevated in HCC tissues compared 
to peritumoral tissue, and Their expression shows a posi-
tive correlation with the stemness marker CD133. There-
fore, these two indicators can also serve as prognostic 
markers for HCC [19].

CSC-exo promotes tumor angiogenesis
Tumor angiogenesis is a critical mechanism in tumor 
development, as it supplies the necessary oxygen and 
nutrients to tumor cells through blood vessels [20]. CSCs 
primarily promote angiogenesis by secreting pro-angio-
genic factors and exosomes [21]. Some evidence suggests 
that CSC-exo contains numerous pro-angiogenic com-
ponents and facilitates tumor angiogenesis by interact-
ing with endothelial and stromal cells within the TME, 
activating key signaling pathways. For example, some 
researches have shown that CSCs can influence the differ-
entiation of endothelial progenitor cells through the exo-
somal delivery of miRNAs [22]. Additionally, exosomal 
miR-26a secreted by GSCs enhances the angiogenic 
capability of human brain microvascular endothelial cells 
(ECs) by triggering the PI3K/Akt signaling pathway and 
reducing PTEN expression [23]. Interestingly, other study 
found that exosomes derived from GSCs (GSC-exo) are 
also rich in miR-21 and VEGF, which enhance the angio-
genic capability of ECs by activating the VEGF/VEGFR2 
signaling pathway [24, 25]. Moreover, Lindoso and his 
colleagues discovered that renal CSC-exo can modify 
the secretion profiles of mesenchymal stem cells (MSCs), 
inducing them to release interleukin-8 (IL-8), osteopon-
tin (OPN), and myeloperoxidase (MPO). This alteration 
enhances tumor vascularization and growth, significantly 
increasing tumor migration and stroma remodeling 
[26]. IL-8 can induce ECs to produce VEGF-A and raise 
VEGFR2 expression, as well as enhancing MMP secre-
tion which breaks down the extracellular matrix, facili-
tating the proliferation of ECs to form new blood vessels 
[27]. Additionally, OPN is abundantly expressed in the 
tumor stroma and participates in the regulatory signaling 
processes associated with angiogenesis, metastasis and 
tumor growth across various cancers [28]. MPO plays a 
role in ECs activities linked to angiogenesis, promoting 
the expression of angiogenic signaling pathways and their 
associated genes [29].

CSC-exo promotes tumor invasion, migration, and 
metastasis
CSCs are one of the root causes of metastatic spread 
[30], which may be mainly dependent on CSC-exo, and 
transfer CSC characteristics to non-CSCs. EMT plays 

a vital role in this process, marking a key transition in 
tumor invasion and metastasis. During EMT, epithelial 
cells lose their characteristic features and gain mesenchy-
mal traits, including enhanced mobility and invasiveness 
[31]. This transformation involves the loss of intercellular 
adhesion and epithelial markers such as cytokeratins and 
E-cadherin, coupled with an increase in mesenchymal 
markers like N-cadherin, vimentin, and fibronectin [32]. 
Numerous factors termed EMT-inducing transcription 
factors (EMT-TFs), including ZEB1/2, SNAIL, SLUG, 
and TWIST, can stimulate EMT in cancer cells, thereby 
promoting tumor invasion [33]. CSC-exo can act as a 
signal carrier, transferring EMT signals to tumor cells, 
hence promoting tumor migration, invasion, and metas-
tasis. In thyroid cancer, CSC-exo significantly upregu-
lates lncRNAs MALAT1 and linc-ROR, along with the 
EMT marker SLUG and the stem cell transcription fac-
tor SOX2. These molecules are transferred to non-CSCs, 
triggering EMT and thus enhancing tumor metastasis 
[34]. Multiple studies indicate that CSC-exo cannot only 
directly transfer EMT-TFs but also convey EMT sig-
nals via non-coding ncRNAs to promote EMT. Alzah-
rani et al. found significant levels of miR21, lncTuc339, 
lncHEIH, and HCC lncHOTAIR in liver cancer CSC-exo. 
These non-coding RNAs affect the mRNA levels of Bcl2, 
TGFβ1, NFκB, VEGF, and matrix metalloproteinase 9 
(MMP9), thereby activating corresponding signaling 
pathways that significantly increase cancer cell metasta-
sis and induce EMT [35]. Furthermore, Wu et al. discov-
ered that lncRNA CDKN2B-AS1 in CSC-exo can enhance 
tumor cell viability, invasion, and EMT was achieved by 
decreasing the levels of E-cadherin and increasing the 
levels of P4HA1, which is an enzyme responsible for col-
lagen production and deposition, as well as N-cadherin 
and vimentin expression [36]. Wang and colleagues dis-
covered that miR-210-3p in lung CSC-exo elevates the 
expression of N-cadherin, vimentin, MMP-9, and matrix 
metalloproteinase 1 (MMP-1) in lung cancer cells, while 
simultaneously decreasing E-cadherin expression to 
promote cell migration and invasion [37]. Additionally, 
miR-19b-3p in clear cell renal cell carcinoma CSC-exo 
augments the expression of EMT-related genes by tar-
geting the PTEN signaling pathway. Research has also 
shown that integrin CD103, carried by CSC-exo, enables 
organ-specific metastasis to the lungs, highlighting the 
role of CSC-exo in directing tumor metastasis [38].

The non-coding RNAs transported by CSC-exo can 
directly trigger gene expression related to the EMT in 
cancer cells to promote EMT, and they also indirectly 
influence tumor metastasis through alternative path-
ways. Some studies have found that the suppression of 
the autophagy pathway by CSC-exo can promote the 
metastasis and colonization of tumors. For instance, miR-
4535 and miR-1268a in melanoma CSC-exo have been 
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found to enhance the metastatic colonization of mela-
noma cells by inhibiting the autophagy pathway [39, 40]. 
Zhu et al. identified that the SOX2-β-catenin/Beclin1/
autophagy signaling axis in colorectal CSCs plays a role 
in regulating chemoresistance, CSC traits, and EMT in 
colorectal cancer (CRC) [41]. SOX2, which is typically 
a marker of CSCs, is commonly released via exosomes 
[42]. Additional studies indicate that CSC-exo can indi-
rectly boost tumor metastasis by increasing glycolysis. In 
lung CSC-exo, the highly expressed lncRNA Mir100hg 
targets miR-15a-5p and miR-31-5p in tumor cells, elevat-
ing glycolytic activity and thereby enhancing metastatic 
potential [43]. Ji et al. demonstrated that in liver cancer, 
exosomal ZFPM2-AS1 modulates glycolysis in HCC via a 
pyruvate pathway dependent on HIF-1α, affecting tumor 
metastasis and growth, while also promoting macro-
phage recruitment and M2 polarization [44]. Addition-
ally, CSC-exo can influence EMT by regulating immune 
cells. Hwang et al. found that colorectal CSC-exo 
enhances the activity of the neutrophils from bone mar-
row and promotes their pro-tumor characteristics. More-
over, patients with CRC displaying active CSC signaling 
(characterized by Snail + and IL8 + markers) showed ele-
vated levels of MPO + tumor-infiltrating neutrophils, sug-
gesting neutrophils are involved in mediating EMT and 
maintaining the CSC niche [45].

CSC-exo promotes immunosuppression
The immune system performs three fundamental func-
tions: immune defense, which combats pathogenic 
microorganisms and eradicates invading pathogens and 
harmful biomolecules; immune surveillance, which mon-
itors and swiftly eliminates mutated cells; and immune 
stability, which ensures self-regulation by recognizing 
self, distinguishing between “foreign” or “harmful” enti-
ties, and maintaining overall homeostasis. Typically, 
immune cells actively execute these functions by recog-
nizing, monitoring, and clearing malignant cells. How-
ever, these malignant cells often deploy sophisticated 
strategies to escape immune detection and destruc-
tion, with CSCs playing a pivotal role in this process. 
The mechanisms by which CSCs influence infiltrating 
immune cells are currently understood to be highly com-
plex. Research indicates that CSC-exo can specifically 
target certain subsets of immune cells, such as tumor-
associated macrophages (TAMs) and T cells [46].

CSC-exo can polarize TAMs into a pro-tumor MHC-
II phenotype, thereby impacting tumor immunity [46]. In 
recent years, some research found MHC-II-macrophages 
play multiple roles in the TME, including immune sup-
pression [47], angiogenesis [48], ECM deposition [49], 
and promoting metastasis [50, 51]. Gabrusiewicz and col-
leagues found that GSC-exo drives the differentiation of 
monocytes into M2 macrophages via the EIF2, mTOR, 

ephrinB signaling pathways, and STAT3 phosphorylation. 
This process enhances the expression of programmed 
death-ligand 1 (PD-L1), a key immune checkpoint exten-
sively studied in clinical trials. PD-L1 binds to the PD-1 
receptor on T cells, creating an immunosuppressive 
environment that facilitates tumor immune evasion [52, 
53]. Furthermore, research has revealed that small EVs 
secreted by oral squamous cell carcinoma (OSCC) CSCs 
promote M2 macrophage polarization through the trans-
fer of lncRNA UCA1. This lncRNA targets the LAMC2-
mediated PI3K/AKT signaling axis and also inhibits the 
proliferation of CD4+ T cells and the production of inter-
feron-gamma (IFN-γ) [54].

Additionally, some research has found that exosomes 
can influence tumor immunity by modulating the cyto-
toxic function of natural killer (NK) cells and T cells 
through TAMs [55]. Apart from these indirect effects 
through TAMs, CSC-exo directly influences T cells 
as well. For example, esophageal cancer CSC-exo can 
deliver O-GlcNAc transferase (OGT) to adjacent CD8+ 
T cells, increasing their PD-1 expression. This activa-
tion adversely affects the proliferation and functional-
ity of CD8+ T cells, facilitating cancer immune evasion 
[56]. In CRC, CSC-exo increases TNF-α expression in 
neutrophils, and this upregulation, stimulated by IL-1β, 
may lead to activation-induced cell death of T cells, thus 
intensifying tumor immune suppression [45]. Another 
study found that colorectal CSC-exo containing miRNA-
146a-5p promotes the stem-like properties and tumor-
forming ability of CRC cells by targeting Numb [57]. 
Patients with elevated serum levels of exosomal miRNA-
146a-5p show increased CSC characteristics, fewer 
tumor-infiltrating CD8+ T cells, and more tumor-infil-
trating CD66b+ neutrophils, leading to tumor immune 
suppression. Further research indicates that brain CSC-
exo contains the extracellular matrix protein tenascin-C 
(TNC), which interacts with integrin receptors α5β1 and 
αvβ6. This interaction suppresses T cell mTOR pathway 
signaling, reducing T cell activity in co-culture and allow-
ing tumor cells to evade destruction by immune cells [58]. 
Moreover, Naseri et al. found that CSC-exo can increase 
the ratio of IL-12 to IL-10 in dendritic cells (DCs). They 
also discovered that CSC-exo contains immunogenic 
antigens that promote anti-tumor responses. DCs loaded 
with these CSC-exo can observably promote the growth 
of autologous T cells and activate cytotoxic T cells tar-
geted at spheroids, enhancing in vivo anti-tumor effects 
[59]. While the focus has largely been on these specific 
immune cells, further studies may gradually uncover 
the direct effects of CSC-exo on other immune cells like 
mast cells and NK cells, which play significant roles in the 
body’s defense against tumors. Future studies may gradu-
ally uncover the connections between CSC-exo and these 
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cells, potentially revealing more mechanisms of tumor 
immune suppression.

CSC-exo promotes tumor drug resistance
Since cancer is often diagnosed at advanced stages, tar-
geted therapies and chemotherapy are typically the most 
viable treatment options [60]. However, tumors fre-
quently develop resistance to these treatments, posing a 
significant hurdle in cancer therapy. Thus, understanding 
the mechanisms underlying tumor drug resistance is cru-
cial for improving treatment outcomes.

Drug resistance is also a notable trait of CSCs. Studies 
have shown that CSC-exo can transport RNAs to adjacent 
non-CSCs, activating specific signaling pathways and 
imparting drug resistance to tumor cells. For instance, 
Yang and colleagues found that pancreatic CSC-exo 
resistant to gemcitabine can transfer miR-210 to tumor 
cells, enhancing their drug resistance by upregulating 
resistance-associated proteins such as MDR1, YB-1, and 
BCRP. They noted that miR-210 predominantly facilitates 
the horizontal transfer of resistance traits via the mTOR 
signaling pathway [61]. Santos and colleagues discovered 

that CSCs secrete exosomal miRNA-155, which can lead 
to the downregulation of C/EBP-β, thereby inhibiting 
the expression of TGF-β, C/EBP-β, and FOXO3a, result-
ing in the development of EMT and chemoresistance in 
cancer cells [62]. Yang and colleagues have found that 
GSC-derived EVs contain the lncRNA MALAT1, which 
influences immune effector cells in the central nervous 
system. This occurs through the miR-129-5p/HMGB1 
axis, modulating lipopolysaccharide (LPS) response and 
promoting microglial polarization to an M2 phenotype. 
This polarization results in increased secretion of IL-6, 
IL-8, and TNF-α, impacting tumor resistance, growth, 
angiogenesis, and other facets of tumor progression [63]. 
Exosomes from breast CSCs also contribute to regulat-
ing tumor resistance by modulating autophagy. These 
exosomes deliver annexin-A6 (ANXA6), which influ-
ences the YAP1/Hippo pathway, enhancing autophagy 
and stemness in BC cells, thereby augmenting their resis-
tance to paclitaxel (PTX) [64]. Similarly, Lu and Yao et al. 
confirmed that the YAP1 pathway influences autophagy, 
enhancing stemness and drug resistance in tumor cells 
[65, 66](Fig. 2) Table 1.

Fig. 2  Cancer stem cell-derived exosomes are released into the cells within the tumor microenvironment, where they play a role in influencing tumor 
progression
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Table 1  Examples of exosomes derived from cancer stem cells discussed in this review
Exosomal
cargo

Source of 
exosomes

Target cells Effect of tumor progression Mechanisms affecting tumors Refer-
ence

Notch1 protein Glioblastoma 
CSC

Glioma cell Promoting tumor stemness Activating the Notch1 signaling [14]

lncRNA FMR1-AS1 Esophageal 
CSC

esophageal 
cancer cell

Promoting tumor stemness Activating TLR7-NFκB pathway [16]

miR-146a-5p Colorectal CSC Colorectal can-
cer cell

Promoting tumor stemness Targeting Numb to regulate the Wnt-β-catenin 
pathway

[17]

lncRNA DOCK9-AS2 Thyroid CSC Thyroid carci-
noma cells

Promoting tumor stemness Activating Wnt/β-catenin pathway [18]

circ-ZEB1 Liver CSC Liver cancer cell Promoting tumor stemness and 
metastasis

Increasing the expression of stemness marker 
CD133 and downregulating E-cadherin and 
EpCAM

[19]

circ-AFAP1 Liver CSC Liver cancer cell Promoting tumor stemness and 
metastasis

Increasing the expression of stemness marker 
CD133 and downregulating E-cadherin and 
EpCAM

[19]

miR-26a Glioblastoma 
CSC

Microvessel 
endothelial cell

Promoting tumor angiogenesis Targeting PTEN and activating the PI3K/Akt 
signaling pathway

[23]

miR-21 Glioblastoma 
CSC

Endothelial cell Promoting tumor angiogenesis Upregulating VEGF expression [24]

VEGF-A Glioblastoma 
CSC

Endothelial cell Promoting tumor angiogenesis Promoting angiogenesis of endothelial cells [25]

lncRNA MALAT1 Thyroid CSC Thyroid cell Promoting tumor invasion Inducing EMT [34]
linc-ROR Thyroid CSC Thyroid cell Promoting tumor invasion Inducing EMT [34]
SLUG Thyroid CSC Thyroid cell Promoting tumor invasion Inducing EMT [34]
lncRNA CDKN2B-AS1 Thyroid CSC Thyroid cancer 

cell
Affected tumor growth and 
metastasis

Decreasing the expression of E-cadherin and 
increasing the expression of P4HA1

[36]

miR-210-3p Lung CSC Lung cancer cell Promoting migration and 
invasion

Upregulating the expression of N-cadherin, vi-
mentin, MMP-9, and MMP-1 in lung cancer cells, 
and downregulating E-cadherin expression

[37]

miR-197 Breast CSC Breast cancer 
cell

Promoting tumor growth and 
metastasis

Facilitating EMT and inhibiting PPARG expression [127]

miR-19b-3p CSC of clear 
cell renal cell 
carcinoma

Clear cell renal 
cell carcinoma 
cell

Promoting tumor proliferation 
and metastasis

Inducing EMT via repressing the expression of 
PTEN.

[38]

miR-4535 Melanoma CSC Melanoma cell Promoting tumor metastasis Inhibiting autophagy pathway [39]
miR-1268a Melanoma CSC Melanoma cell Promoting tumor metastasis Inhibiting autophagy pathway [40]
lncRNA Mir100hg Lung CSC Lung cancer cell Promoting tumor metastasis Targeting miR-15a-5p and miR-31-5p and increas-

ing the glycolytic activity
[43]

lncRNA UCA1 Oral CSC Oral squamous 
cell carcinoma 
and Macrophage

Facilitating tumor progression 
and immunosuppression

Promoting M2 macrophage polarization and 
Suppressing CD4+T cell activity by Targeting 
LAMC2+

[54]

O-GlcNAc 
transferase

Esophageal 
CSC

CD8+T cell Promoting cancer 
immunosuppression

Protecting esophageal carcinoma stem cells 
from CD8+T cells through up-regulation of PD-1

[56]

miRNA-146a-5p Colorectal CSC Colorectal can-
cer cell

Promoting tumor stemness and 
immunosuppression

Targeting Numb [57]

tenascin-C Brain CSC T cell Promoting tumor 
immunosuppression

Targeting the integrin receptors α5β1 and αvβ6 
and attenuating T cell mTOR pathway signaling

[58]

miR-210 Pancreatic CSC Pancreatic 
cancer cell

Promoting tumor drug 
resistance

Activating mTOR signaling pathway [61]

miR-155 Breast CSC Breast cancer 
cell

Promoting tumor drug 
resistance

Downregulating of C/EBP-β and inhibiting the 
expression of TGF-β, C/EBP-β, and FOXO3a

[62]

MALAT1 Glioma CSC Microglia Promoting tumor immunosup-
pression, resistance, growth, 
and angiogenesis

Regulating the miR-129-5p/HMGB1 axis and 
modulating LPS and polarizing microglia to an 
M2 phenotype and influencing the secretion of 
IL-6, IL-8, and TNF-α.

[63]

ANXA6 Breast CSC Breast cancer 
cell

Promoting tumor drug 
resistance

Regulating the YAP1/Hippo pathway [64]
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Effects of exosomes derived from various sources 
within the TME on CSCs
Effects of exosomes derived from cancer cells on CSCs
Non-CSC-derived EVs commonly transport specific 
cargo molecules that elevate the expression of stemness 
markers and activate various stemness-related signaling 
pathways in recipient CSCs. These pathways help main-
tain CSC characteristics, thereby driving tumor pro-
gression. Common stemness signaling pathways cover 
WNT/β-catenin [67], Notch [68], Hedgehog [69], and 
STAT pathways [70]. Studies have demonstrated that 
chemotherapy triggers cancer cells to release exosomes 
enriched with miRNAs associated with drug resistance. 
These miRNAs operate through stem cell pathways to 
augment CSC stemness and drug resistance. For exam-
ple, chemotherapy triggers the EZH2/STAT3 pathway, 
leading to the secretion of exosomes from BC cells that 
harbor miR-378a-3p and miR-378d. These miRNAs tar-
get NUMB and DKK3, modulating the WNT/β-catenin 
and Notch pathways, improving CSC traits and drug 
resistance [71]. Additionally, exosomes released by endo-
metrial cancer cells, containing Exosome component 5 
(EXOSC5), can target netrin4 (NTN4) and bind to inte-
grin β1, activating the FAK/SRC/β-catenin signaling axis 
and enhancing c-MYC activity, which in turn strength-
ens CSC properties and promotes tumor progression 
[72]. Additional studies suggest that non-CSC-derived 
EVs in bladder cancer carry ribosome-rich cargo that 
CSCs can absorb and use to rapidly initiate protein syn-
thesis, boosting the expression of stemness factors such 
as ALDH1α1, OCT-4, TWIST, and CD44. Intriguingly, 
these studies have observed that while chemotherapy 
eliminates most cancer cells, these cells, prior to their 
demise, release EVs that support CSC survival in a che-
motherapeutic environment, leading to drug resistance 
and disease progression [73]. In summary, exosomes 
derived from cancer cells play a pivotal role in the TME, 
profoundly affecting CSC behavior. They bolster CSC 
stemness, foster drug resistance, facilitate metastasis, and 
aid immune evasion, all of which highlight their signifi-
cance in cancer progression and treatment challenges. A 
deeper understanding of these mechanisms could reveal 
new therapeutic targets.

Effect of EVs released by cancer-associated fibroblasts on 
CSCs
Cancer-associated fibroblasts (CAFs) are key compo-
nents of the TME in solid tumors, displaying significant 
heterogeneity in their phenotype, origin, and function. 
CAFs can originate from various sources including native 
fibroblasts reprogrammed by tumor-derived factors, 
mesenchymal cells recruited from the bone marrow, or 
cells derived from adipocyte precursors, endothelial cells, 
mesothelial cells, or pericytes [74]. As primary producers 

of the extracellular matrix in the TME, CAFs play criti-
cal roles that extend to promoting cancer cell prolifera-
tion, angiogenesis, and remodeling of the extracellular 
matrix (ECM). Furthermore, CAFs orchestrate tumor-
promoting inflammation and manipulate the immune 
microenvironment to foster immune suppression. These 
functions are executed through the release of factors, 
exosomes, and metabolites that participate in complex 
signaling interactions with cancer cells, stromal compo-
nents, and infiltrating immune cells [75].

For instance, exosomes from CAFs secreting netrin-1 
can indirectly induce the secretion of cytokines like IL6 
and IL8, which in turn promote cancer stemness. It has 
been observed that CAFs can directly secrete IL-6, and 
IL-8 stimulates STAT3/Notch signaling pathways to sus-
tain the stemness of tumor cells [75]. In addition, miR-
146a-5p exosomes secreted by CAF in urothelial bladder 
cancer can also enhance CSC characteristics and drug 
resistance by activating STAT3 and mTOR signaling 
pathways [76]. CAF-derived exosomes (CAF-exo) can 
also enhance the characteristics of CSCs through the 
regulation of the TGF-β signaling pathway [77, 78], and 
the Wnt/β-catenin pathway [79], leading to cancer pro-
gression and increased chemotherapy resistance. Factors 
within the TME, like hepatocyte growth factor (HGF), 
which binds to the c-MET tyrosine kinase receptor acti-
vating β-catenin-dependent transcription, support CSC 
phenotypes and contribute to tumor heterogeneity by 
providing suitable niches for CSCs [80]. Hu and col-
leagues discovered that miR-92a-3p in CAF-secreted 
exosomes targets FBXW7 and MOAP1 in tumor cells, 
enhancing β-catenin expression, tumor stemness, and 
EMT, while inhibiting apoptosis and leading to metas-
tasis and chemoresistance in CRC [81]. Additionally, 
studies have shown that upregulation of PD-L1 in che-
motherapy-treated CAFs leads to increased HGF secre-
tion, stimulating cancer progression, enhancing cell 
invasion and stem cell properties, and inhibiting apopto-
sis [82]. Moreover, Li et al. found that CAF-secreted HGF 
could also promote CSC properties through phosphory-
lation of STAT3 [83]. Moreover, CAF-derived exosomes 
can also deliver non-coding RNAs to target HIF-1α to 
regulate stem cell properties and glycolysis, thereby regu-
lating tumor progression [84, 85].

In summary, CAF-exo serve an essential function in 
sustaining CSC traits and their resistance to drugs. How-
ever, there are not many studies on CAF-exo for the man-
agement of tumors, possibly due to the complex origins 
of CAFs and the challenges in identifying the specific 
cells they target.
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Effects of exosomes released by mesenchymal stem cells 
on CSCs
MSCs are versatile cells capable of self-renewal and dif-
ferentiation into various lineages. Numerous studies 
have shown that MSCs can migrate to tumor sites and 
influence tumor matrix formation. Moreover, within 
the TME, interactions between MSCs and CSCs can 
promote tumor growth and metastasis through various 
mechanisms [86]. MSCs, known for their high plastic-
ity, can modify their behavior and role depending on the 
cytokines produced by nearby immune cells, displaying 
either tumor-promoting or tumor-inhibiting character-
istics depending on the tumor environment [87]. The 
most typical is bone marrow-derived mesenchymal stem 
cells (BM-MSCs), which can have an impact on stem cell 
traits in many tumors, such as acute myeloid leukemia 
[88], triple-negative breast cancer (TNBC) [89], HCC 
[90], myeloma [91], CRC [92], and pancreatic cancer [93]. 
BM-MSC-derived exosomes can modulate CSC traits 
by carrying RNAs or cytokines that impact downstream 
pathways. For example, BM-MSC-derived exosomal 
miR-142-3p promotes CSC traits by repressing Numb 
expression and promoting Notch target gene expression 
[92]. Additionally, BM-MSCs secrete AlkB homolog 5, an 
exosomal m6A regulator that increases TNBC stem cell 
traits by upregulating m6A modification of UBE2C and 
downregulating p53, thereby fostering TNBC growth 
and metastasis [89]. MSC-derived exosomes (MSC-exo) 
can both promote and inhibit malignant behaviors in 
CSCs. For example, exosomes from BM-MSCs contain-
ing circ0030167 suppress CSC traits in pancreatic cancer 
by targeting the miR-338-5p/Wif1/Wnt8/β-catenin axis 
[93]. In HCC, MSC-derived exosomal lncRNAs C5orf66-
AS1 inhibit malignant behaviors like self-renewal, 
stemness, invasion, and migration by targeting the 
miR-127-3p/DUSP1/ERK axis [90]. Another study also 
showed that MSC-derived EV, prostaglandin D2 synthase 
(L-PGDS) reduced the levels of stem cell markers (such 
as Oct4, Nanog, and Sox2) and suppressed the phosphor-
ylation of STAT3, thereby affecting CSC properties and 
tumor progression [94]. Thus, MSC-exo not only regu-
lates CSCs but also regulates tumor immunity and drug 
resistance. MSC-exo has been extensively studied for its 
roles in regulating tumor immunity, resistance, and stem-
ness, making it a focal point in cancer treatment research 
due to its significant potential and advantages [95].

Effects of exosomes released by other cells within the TME 
on CSCs
In the TME, not only tumor cells, CAFs and MSCs can 
act on CSCs, but exosomes secreted by other cells like 
TAMs, myeloid-derived suppressor cells (MDSCs), 
and adipose-derived stem cells can also regulate CSCs. 
Among them, M2 macrophages in TAMs primarily 

facilitate immune evasion, angiogenesis, tissue remodel-
ing, and resistance to chemoradiotherapy, which in turn 
support tumor proliferation, growth, and metastasis. For 
example, exosomal miR-27a-3p secreted by M2 macro-
phages boosts liver CSC traits by reducing the expres-
sion of thioredoxin-interacting protein (TXNIP) in liver 
cancer [96]. Chang et al. found that miR-21-5p levels in 
exosomes derived from TAMs were down-regulated in 
pancreatic cancer, inhibiting Nanog/Oct4 expression, 
and targeting Krüppel-like factor 3 (KLF3) decreased, 
thereby inhibiting CSC activity in pancreatic cancer [97].

MDSCs are heterogeneous populations of immature 
myeloid cells that mainly shape immune responses to 
support tumor niches, with their mechanisms being 
complex and encompassing both immunosuppressive 
and non-immune roles, such as enhancing stemness and 
promoting angiogenesis [98]. MDSC-derived exosomes 
can stimulate and maintain CSC properties through IL-6/
STAT3 and NO/NOTCH signaling pathways [99, 100]. 
Furthermore, bone marrow-derived telocytes and their 
mitochondria have been shown to influence CSC traits 
via miR-146a-5p, which mainly affects the expression of 
EMT markers (N-cadherin, vimentin, E-cadherin) and 
tumorigenic markers (BRCA1, P53, SOX2) in CSCs [101]. 
Numerous studies have demonstrated that miR-146a-5p 
communicates information through exosomes, such as 
CAF [76] and melanoma cells [102], potentially includ-
ing communication between telocytes and CSCs in this 
context.

Exosomes secreted by NK cells (NK-exo) are enriched 
with various bioactive molecules, including cytotoxic 
proteins like perforin and Fas/FasL, which can stimu-
late apoptosis in cancer cells. Additionally, the microR-
NAs contained within these exosomes can suppress gene 
expression, leading to reduced cell proliferation and 
enhanced apoptosis in cancer cells [103]. At present, the 
majority of research on NK-exo focuses on their impact 
on tumor and immune cells, with limited studies explor-
ing their effects on the relatively small population of 
CSCs within tumors. Future investigations are expected 
to further elucidate their interactions. Recent findings 
have demonstrated that canine NK-exo can inhibit tumor 
growth by downregulating CSC-associated markers and 
augmenting the tumor suppressor activity of p53 [104]. 
Therefore, under existing targeted immunotherapy with 
NK-exo against tumor cells, NK-exo immunotherapy 
with more precise targeting of CSC may be just around 
the corner (Fig. 3) Table 2.

Significance of CSCs and exosomes for clinical 
treatment
Targeting CSC-exo for tumor therapy
The interaction between CSC-exo and other elements 
in the TME is pivotal for tumor progression, making 
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their integration into precision therapy a crucial clinical 
objective. By targeting CSCs and disrupting the com-
munication between CSC-exo and the TME, we could 
potentially impede tumor progression, including the 
acquisition of stemness, invasiveness, and drug resistance 
by cancer cells, thus enhancing therapeutic outcomes. 
Research focused on the direct effects of modulating 
exosome development is expanding and shows prom-
ise as a treatment modality. Studies have indicated that 
IFN-α can decrease EV secretion in subsets of malignant 
melanoma CSCs, significantly reducing their tumori-
genicity and stemness, as well as downregulating the 
expression of several oncogenic miRNAs in exosomes, 
including miR98-5p, miR-191, miR-744-3p, and let-
7e-3p [105]. Pharmacological interventions targeting 
specific pathways to reduce CSC-exo secretion are also 
being explored. For instance, aspirin has been shown 
to inhibit exosome release under hypoxic conditions 
via the HIF-1α/COX-2 pathway, consequently reduc-
ing CSC traits and tumor proliferation, migration, and 
angiogenesis [106]. Furthermore, Chen et al. discovered 
that targeting CSC-EVs with Ovatodiolide treatment 
sensitized CSCs to cisplatin, primarily by inhibiting oral 

squamous cell carcinoma tumorigenesis through a reduc-
tion of CSC-EV cargo, including mTOR, PI3K, STAT3, 
β-catenin, and miR-21-5p [107]. While numerous studies 
are directed towards reducing CSC-exo release to miti-
gate CSC-related harm, currently, there appears to be no 
research employing CSC-exo as a treatment modality for 
tumors Table 3.

The biology of exosome biogenesis and release is inher-
ently intricate, involving numerous pathways such as 
the endosomal sorting complexes required for transport 
(ESCRT) machinery, tetraspanins, and lipid raft-associ-
ated mechanisms. Specifically targeting these pathways 
in CSCs without impacting normal cells presents sig-
nificant challenges due to the commonality and overlap 
of exosome production mechanisms across various cell 
types. Systemic inhibition of these pathways could unin-
tentionally disrupt normal physiological processes that 
rely on exosome communication. Additionally, many of 
the pathways integral to exosome release are also vital for 
the function of normal stem cells and other healthy tis-
sues. Non-specific suppression of exosome release might 
lead to off-target effects and toxicity, potentially impair-
ing normal cellular communication, immune functions, 

Fig. 3  Other cells in the tumor microenvironment also secrete exosomes that impact cancer stem cells
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and tissue homeostasis. This raises substantial safety 
concerns, complicating the translation of these strate-
gies into clinical settings. Furthermore, developing treat-
ments that can specifically target exosome release from 
CSCs without affecting other cells remains a consider-
able technical hurdle. Current methods lack the preci-
sion necessary to selectively inhibit exosome release 

from CSCs, which is crucial to prevent damage to nor-
mal cells. Advances in targeting technologies are needed 
to achieve the specificity required for effective and safe 
clinical use. Additionally, CSCs display significant hetero-
geneity within and between different tumor types. This 
diversity complicates the task of identifying universal 
targets for inhibiting exosome release, as different CSC 

Table 2  Examples of exosomes from different sources within the tumor microenvironment that target cancer stem cells discussed in 
this review
Exosomal 
cargo

Source of exosomes Mechanisms affecting tumors Effect of tumor progression Refer-
ence

miR-378a-3p /
miR-378d

Breast cancer cell Targeting of DKK3 and NUMB and activating the 
WNT and NOTCH stem cell pathways

Promoting tumor drug resistance [71]

EXOSC5 Endometrial carcinoma cell Increasing NTN4 expression and activating c-MYC 
via the integrin β1/FAK/SRC pathway

Promoting tumor stemness [72]

ribosomal 
protein

Non-stem bladder cancer cell Promoting the expression of stemness factors Promoting tumor stemness [73]

netrin-1 Colon and lung CAF trigger the secretion of IL6 Promoting tumor stemness [75]
miR-146a-5p Cancer-associated fibroblast of 

urothelial bladder cancer
Activating STAT3 and mTOR signaling pathways Promoting tumor stemness and 

drug resistance
[76]

lncRNA H19 CAF of colorectal cancer Activating the β-catenin pathway Promoting tumor stemness and 
drug resistance

[79]

miR-92a-3p CAF of colorectal cancer Targeting FBXW7 and MOAP1, and promoting the 
β-catenin expression

Promoting tumor metastasis and 
chemoresistance

[81]

miR-7641 CAF of breast cancer Targeting the HIF-1α pathway suppressing glycolysis Inhibiting tumor stemness [84]
circHIF1A CAF of breast cancer Sponging miR-580-5p and targeting CD44 

expression
Promoting tumor stemness [85]

miR-142-3p BM-MSC /stromal cell Promoting the Notch signaling pathway by down-
regulating Numb.

Promoting tumor stemness [92]

ALKBH5 BM-MSC in triple-negative 
breast cancer

Upregulating UBE2C and downregulating p53 Promoting tumor stemness, growth, 
and metastasis

[89]

circ_0030167 BM-MSC in pancreatic cancer Sponging miR-338-5p and targeting the Wif1/
Wnt8/β-catenin axis

Inhibiting tumor invasion, migration, 
proliferation, and stemness

[93]

lncRNAs 
C5orf66-AS1

MSC in hepatocellular 
carcinoma

Targeting C5orf66-AS1/miR-127-3p/DUSP1/ERK axis Inhibiting tumor prolif-
eration, migration, invasion, 
angiogenesis-stimulating

[90]

L-PGDS MSC in gastric cancer reducing the levels of stem cell markers and sup-
pressing the phosphorylation of STAT3

Inhibiting tumor stemness [94]

miR-27a-3p M2 macrophage in hepatocel-
lular carcinoma

downregulating TXNIP Promoting tumor stemness, prolif-
eration, drug resistance, migration, 
invasion

[96]

miR-21-5p M2 macrophage in pancreatic 
cancer

Mediating KLF3 Promoting tumor stemness [97]

S100A9 Myeloid-derived suppressor 
cell in colorectal cancer

Enhancing the phosphorylation of STAT3 and NF-κB Promoting tumor stemness [99]

Table 3  Therapeutic modalities affecting exosomes secreted by the cancer stem cells discussed in this review
Substances 
related to 
exosomes

Targeting cell Effects on exosomes Effects on tumor progression Function model Ref-
er-
ence

IFN-α Malignant mela-
noma CSC

Affecting exosome 
production and cargo

Reducing CSC formation and stem-
ness properties

Down-regulating the expression of 
miR98-5p, miR-191, miR-744-3p, and 
let-7e-3p

[105]

Aspirin non-small cell 
lung cancer cell 
or CSC

Affecting exosome 
production and cargo

Suppressing of stemness through 
inhibiting of exosome secretion by 
CSC

Targeting HIF-1α/COX-2 pathway [106]

Ovatodiolide OSCC CSC Affecting exosome 
cargo

Suppressing CSC self-renewal, 
reducing drug resistance

Inhibiting the expressions of miR-21-
5p, STAT3, and mTOR in CSC-exo.

[107]
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subpopulations may depend on distinct exosomal path-
ways. Personalized approaches would be essential, neces-
sitating comprehensive characterization of CSCs in each 
patient, which is resource-intensive and currently not 
feasible for broad clinical application. Present therapeu-
tic strategies that focus on CSCs typically aim at direct 
targeting and elimination of these cells through cyto-
toxic agents, immunotherapy, or differentiation therapy. 
These approaches have demonstrated more immediate 
and observable benefits in preclinical and clinical tri-
als. Therefore, the development and refinement of these 
strategies are prioritized over the emerging field of tar-
geting CSC-exo release. Hence, overcoming these chal-
lenges will require significant advancements in our 
understanding of exosome biology, improved targeting 
techniques, and thorough evaluation of the efficacy and 
safety of these methods to make the modulation of CSC-
exo release viable for widespread clinical application.

Targeting exosomes secreted by other cells in the TME for 
tumor therapy
In tumor therapy, targeting cell-secreted exosomes within 
the TME presents a promising avenue, particularly the 
application of MSC-exo in combating CSCs. MSC-exo 
possess unique properties that allow them to effectively 
target CSCs, potentially enhancing cancer treatment 
outcomes. These exosomes can be engineered to carry 
therapeutic agents directly to CSCs, including chemo-
therapeutic drugs, small interfering RNAs (siRNAs), or 
miRNAs that target critical pathways for CSC survival 
and proliferation. This targeted strategy helps minimize 
the systemic toxicity typically associated with traditional 
chemotherapy, thus reducing adverse side effects. For 
instance, exosomes derived from GRP7-siRNA modified 
BMSCs can enhance the responsiveness of HCC cells to 
sorafenib. The combination of exosomes from GRP78-
siRNA modified MSCs and sorafenib effectively inhibits 
the proliferation and invasion of HCC cells in vitro [108]. 
MSC-exo loaded with miRNAs that downregulate drug 
resistance genes can restore the sensitivity of CSCs to 
existing treatments, improving their efficacy. For exam-
ple, MSC-derived exosomes overexpressing miR-199a 
can suppress glioma growth, invasion, and migration 
while boosting sensitivity to temozolomide both in vitro 
and in vivo [109]. Another example involves MSC-exo 
recombinant miR-193a, which can inhibit tumor colony 
formation, invasion, migration, and proliferation, and 
induce apoptosis in resistant cells by downregulating 
LRRC1 [110]. Additionally, modifying MSCs can change 
the signaling properties of their exosomes, reducing their 
pro-tumorigenic signals. For example, reducing TGF-β1 
expression in MSCs can diminish their exosomes’ abil-
ity to mediate EMT while enhancing their capability to 
inhibit cell proliferation and promote apoptosis [111]. 

Interestingly, past studies have shown that MSC-exo can 
actively modulate immune responses within the TME. 
These exosomes contain immunomodulatory molecules 
that bolster anti-tumor immunity, which can be lever-
aged to modulate the tumor immune microenvironment 
for more effective immunotherapy. For instance, BMSC-
exo loaded with galectin-9 siRNA and the oxaliplatin 
(OXA) prodrug can modulate macrophage polarization, 
attract cytotoxic T lymphocytes, and decrease Treg lev-
els, thereby triggering a robust anti-tumor immune 
response and improving immunotherapy outcomes in 
vitro and in vivo [112].

Therapeutic approaches utilizing CAF-derived exo-
somes predominantly aim to convert CAFs from pro-
moting tumors to inhibiting them. This transformation 
can be achieved through drugs, cytokines, or genetic 
modifications that modify CAF behavior. For instance, in 
pancreatic ductal adenocarcinoma, using the vitamin D 
receptor agonist calcipotriol to reprogram stromal cells 
has shown to curtail tumor growth and improve the effi-
cacy of pancreatic cancer treatments [113]. Such repro-
grammed CAFs might release exosomes that possess 
anti-tumor characteristics. CAFs have the capability to 
directly influence immune cell activity and indirectly lead 
to immune effector cell dysfunction by elevating immune 
checkpoint molecules on their surfaces and restructuring 
the ECM within the TME. Additionally, CAFs can sup-
press immune cell-driven anti-tumor responses through 
the release of various chemokines, cytokines, and other 
effector molecules [114]. As with other exosomes, modi-
fying the contents of CAF-derived exosomes to include 
anti-tumor molecules is another promising approach.

Exosomes from DCs, T cells, NK cells, and other 
immune cells are packed with proteins, lipids, and nucleic 
acids that can activate and modulate the immune sys-
tem. These immune cells can target CSCs or tumor cells 
directly and indirectly affect them by altering the immune 
microenvironment, thereby playing a role in tumor ther-
apy. Exosomes from DCs are particularly effective as they 
are powerful antigen-presenting vesicles that can induce 
robust anti-tumor immune responses. They transport 
tumor antigens, MHC molecules, and co-stimulatory 
signals, efficiently priming T cells to initiate strong cyto-
toxic attacks on tumor cells. Clinical trials have shown 
that vaccines based on DC-derived exosomes can trigger 
tumor-specific immune responses, marking an innova-
tive and promising direction in cancer immunotherapy. 
These exosomes’ ability to present antigens and activate 
T cells positions them as excellent candidates for creating 
personalized cancer vaccines [115]. Li et al. developed a 
nanovaccine platform utilizing DC-derived exosomes 
loaded with neoantigens, which considerably curbed 
tumor growth, extended survival, delayed tumor onset, 
and fostered long-term memory, thus preventing tumor 



Page 13 of 19Li et al. Stem Cell Research & Therapy          (2024) 15:449 

recurrence and metastasis while enhancing survival rates 
[116].

T cell-derived exosomes (T-exo) contain proteins and 
RNA, reflecting the activation state and cytotoxic poten-
tial of T cells. These exosomes can transfer functional 
molecules such as granzyme, perforin, and cytokines to 
target cells, inducing tumor cell apoptosis. Additionally, 
they can regulate the TME by promoting immune cell 
infiltration and enhancing the antitumor activity of other 
immune cells. Leveraging T-exo can amplify the antitu-
mor immune response, thereby increasing the efficacy of 
T cell therapies and checkpoint inhibitors [117] Zhu et 
al. developed hybrid nanovesicles by merging exosomes 
from bispecific CAR-T cells, which target mesothelin and 
PD-L1, with liposomes to administer paclitaxel (PTX) 
for treating metastatic lung cancer. These nanovesicles 
blocked PD-L1 on tumors, reducing T cell exhaustion 
and enhancing the anticancer effects by facilitating PTX-
induced immunogenic cell death [118].

The potential of NK-exo in cancer therapy is notable 
due to their capacity to specifically target and eradicate 
cancer cells, including CSCs. NK-exo possess inherent 
cytotoxic properties attributed to the inclusion of per-
forin and granzyme B, which can trigger apoptosis in 
cancer cells. This capability enables them to target CSCs, 
which are frequently resistant to standard treatments, 
thus overcoming a significant hurdle in cancer therapy. 
Additionally, NK-exo can boost the effectiveness of exist-
ing treatments by making tumor cells more susceptible to 
chemotherapy and radiotherapy. They also play a role in 
altering the TME, creating conditions that are unfavor-
able for CSCs and cancer cells. Moreover, NK-exo can 
activate other immune cells such as T cells and macro-
phages by transferring proteins and RNA, which helps to 
initiate an immune response. This immunomodulatory 
function can amplify the overall anti-tumor response and 
complement other immunotherapeutic strategies. The 
typically immunosuppressive TME can impair the suc-
cess of immunotherapies, but remodeling the TME with 
NK-exo can significantly improve immunotherapy out-
comes. NK-exo can also be integrated with other thera-
peutic approaches to enhance their impact, for example, 
they can be combined with checkpoint inhibitors to 
counteract tumor immune evasion tactics. Their inher-
ent ability to target and destroy cancer cells positions 
them as promising agents for developing exosome-based 
immunotherapies. Additionally, these exosomes can be 
engineered to transport chemotherapeutic drugs, RNA 
interference molecules, or CRISPR/Cas9 components, 
targeting specific genetic mutations in cancer cells. This 
multifaceted approach could lead to more thorough and 
effective cancer treatment strategies [119].

A therapeutic strategy involving TAM-derived exo-
somes in cancer treatment focuses on converting TAMs 

from a tumor-promoting M2 phenotype to an anti-tumor 
M1 phenotype. This transformation can be accomplished 
using drugs, cytokines, or genetic interventions that 
influence macrophage polarization. For example, Chen 
et al. developed engineered exosomes containing siPDL, 
specifically targeting PDL1 on M2 TAMs, which repro-
grammed them into anti-tumor M1 macrophages and 
reversed the immunosuppressive TME [120]. Exosomes 
from these reprogrammed M1 macrophages convey 
anti-tumor signals within the TME and to CSCs, thereby 
inhibiting tumor growth and improving the effective-
ness of existing cancer treatments. Additionally, Kim et 
al. utilized exosomes derived from M1 macrophages to 
trigger a phenotypic switch in M2-like TAMs, shifting 
them from an anti-inflammatory to a pro-inflammatory 
M1 macrophage state. These reprogrammed M1 mac-
rophages exhibited protein expression profiles charac-
teristic of classical M1 macrophages, enhanced their 
phagocytic function and cross-presentation capabilities, 
and significantly bolstered anti-tumor immunity near the 
tumor site [121].

In certain instances, exosomes released by neutro-
phils (N-exo) can promote tumor growth by facilitating 
angiogenesis and dampening immune responses. Thera-
peutic approaches could involve blocking the release or 
uptake of these pro-tumorigenic exosomes. By targeting 
pathways critical to N-exo mediated communication, it 
may be feasible to interrupt the supportive interactions 
between neutrophils and tumor cells, thus impeding 
tumor progression. Additionally, N-exo can be utilized 
to bolster anti-tumor immune responses. By transmitting 
pro-inflammatory signals and activating other immune 
cells, these exosomes can contribute to creating a more 
inhospitable environment for tumor cells. This strat-
egy could complement other immunotherapies, such as 
checkpoint inhibitors, to amplify the overall immune 
response against tumors. Another therapeutic avenue 
involves using N-exo to directly target CSCs by incor-
porating miRNAs or other molecules that suppress CSC 
characteristics into N-exo. This method targets the fun-
damental factors behind tumor recurrence and metas-
tasis, aiming to enhance long-term cancer treatment 
outcomes. For instance, Zhang et al. harvested N-exo 
with enhanced tumor-targeting capabilities and com-
bined them with DOX to significantly enhancing the effi-
cacy of tumor treatment [122].

In conclusion, the rationale behind utilizing exosomes 
to target non-CSCs and non-CSCs-derived exosomes for 
tumor therapy lies in the complex and dynamic nature 
of TME, where interactions between CSCs and non-
CSCs play a vital role in sustaining the CSC niche and 
enhancing tumor diversity. Non-CSCs, while not initiat-
ing tumors themselves, support CSC activities through 
mechanisms like paracrine signaling, extracellular matrix 



Page 14 of 19Li et al. Stem Cell Research & Therapy          (2024) 15:449 

modification, and immunomodulation. Disrupting these 
supportive interactions via exosome-mediated delivery of 
therapeutic agents or siRNAs that target specific signal-
ing pathways in non-CSCs can destabilize the CSC niche, 
potentially leading to CSC depletion or re-differentiation. 
By focusing on non-CSCs, which make up the majority 
of the tumor, exosome-based treatments could decrease 
the overall tumor mass and indirectly hinder CSC func-
tionality. This approach may result in more sustained and 
effective cancer treatment outcomes, possibly preventing 
tumor recurrence and metastasis, often driven by CSC 
persistence. Moreover, this method could be integrated 
with other CSC-specific therapies to improve therapeutic 
efficacy. Ultimately, targeting non-CSCs with exosomes 
presents a novel and supplementary approach in CSC-
centric cancer therapy, aiming to undermine the sup-
portive role of non-CSCs within the TME, reduce tumor 
diversity, and enhance the effectiveness of cancer treat-
ments Table 4.

Targeting CSCs with exosomal drug delivery
As our research on exosomes and EVs has become more 
and more intensive, exosomes have now emerged as 
carriers and engineered EVs to explore cancer therapy. 
Exosomes offer numerous advantages over traditional 
delivery systems like liposomes, viral vectors, and poly-
mers, including high biocompatibility, stability, specific 
homing capabilities, low toxicity, and the ability to cross 
the blood-brain barrier [123]. These properties enable 
more precise drug delivery to target cells and substan-
tially boost the effectiveness of cancer treatment. At 

present, more and more studies on engineered EVs are 
becoming more and more mature, and many studies have 
explored engineered EVs to target CSC for cancer ther-
apy. For example, some researchers have engineered EVs 
to perform a dual knockdown of IQGAP1 and FOXM1, 
coupled with sorafenib treatment. This combination has 
shown to disrupt key signaling pathways such as PI3K/
Akt and MAPK/ERK, improving sorafenib’s efficacy in 
tumor treatment by preventing β-catenin’s nuclear trans-
location, essential for CSC maintenance. These engi-
neered EVs demonstrate enhanced targeting and homing 
capabilities compared to sorafenib alone, reducing CSC 
populations and reversing tumor resistance, thereby 
enhancing the efficacy of cancer therapy [124]. More-
over, Ishiguro et al. have developed engineered EVs tar-
geting liver CSCs expressing EpCAM, facilitating the 
delivery of siRNA to β-catenin. This approach depletes 
β-catenin expression, curtails CSC proliferation, and 
achieves therapeutic effects. EpCAM is not only a CSC 
marker in the liver and other epithelial tissues but also 
a transcriptional target of the canonical Wnt/β-catenin 
signaling pathway that regulates liver CSC proliferation 
[125]. In recent years, nanomaterials with tumor thera-
peutic potential have emerged as effective therapeu-
tic tools, with exosomes providing more precise tumor 
targeting than other carriers. Yong and colleagues have 
developed biocompatible tumor-cell-exocytosed exo-
some-biomimetic porous silicon nanoparticles (PSiNPs) 
for encapsulating doxorubicin (DOX). These PSiNPs, 
first loaded with DOX through endocytosis by tumor 
cells (termed DOX@-PSiNPs), are then exocytosed, 

Table 4  Therapeutic modalities using exosomes discussed in this review
Therapeutic exosome Parental cell Function 

material
Targeting cell Effect Refer-

ence
GRP7-siRNA load exosome Mesenchymal 

stem cell
GRP7-siRNA HCC cell Inhibiting the growth and invasion of the cancer 

cells in vitro and inhibiting the growth and metas-
tasis of the cancer cells in vivo.

[108]

Exosomes overexpressing 
miR-199a

Mesenchymal 
stem cell

miR-199a Glioma cell Suppressing the proliferation, invasion and migra-
tion of glioma cell

[109]

miR-193a load exosome Mesenchymal 
stem cell

miR-193a Non-small cell 
lung cancer cell

Suppressing the colony formation, invasion, migra-
tion, and proliferation and promoting apoptosis of 
resistant cell

[110]

Electroporation-loaded galec-
tin-9 siRNA with oxaliplatin

Mesenchymal 
stem cell

galectin-9 siRNA, 
oxaliplatin

Macrophage 
and cytotoxic T 
lymphocyte

Eliciting anti-tumor immunity [112]

Neoantigens load exosome Dendritic cell Neoantigens Melanoma cell Inhibiting tumor growth, prolonging survival, de-
laying tumor onset, inducing long-term memory, 
and preventing recurrence and metastasis

[116]

Chimeric antigen receptor-T 
(CAR-T) cell-derived exo-
somes with paclitaxel

T cell Mesothelin and 
PD-L1

Lung cancer cell Promoting immunogenic cell death [118]

Exosomes erived from M1-
type macrophage

M1-type 
macrophage

- M2-type 
macrophage

Leading to the transformation of human patient-
derived macrophage into M1-like macrophages

[121]

Doxorubicin load exosome Neutrophil Doxorubicin Gastric cancer 
cell

Restraining tumor growth [122]
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resulting in exosome-sheathed doxorubicin-loaded 
PSiNPs (DOX@E-PSiNPs). Treatment with DOX@E-
PSiNPs shows superior intracellular abundance and more 
effectively inhibits CSC spheroid number and size com-
pared to other forms. Moreover, DOX@E-PSiNPs exhibit 
strong cytotoxicity targeted specifically at tumor cells 
and CSCs, with minimal toxicity to normal cells, and do 
not trigger immune responses in various mouse models, 
further confirming the high biocompatibility and safety 
of exosomes [126].

Targeted drug delivery to CSCs via exosomes marks 
a groundbreaking advancement in contemporary can-
cer treatment, tackling many limitations of conven-
tional therapies. This method holds considerable clinical 
promise, notably in boosting the effectiveness of cancer 
therapies while lessening side effects, thereby improv-
ing patient outcomes. A primary benefit of this exo-
some-mediated approach is its ability to circumvent 
therapeutic resistance. CSCs notoriously resist standard 
chemotherapies and radiation due to their dormant 
nature, proficient DNA repair capabilities, and drug 
efflux transporter expression. These traits allow CSCs 
to withstand usual treatments, leading to tumor resur-
gence and spread. Exosome-based delivery systems, how-
ever, can be tailored to encapsulate potent anticancer 
drugs and specifically target CSCs, directly tackling the 
fundamental causes of treatment resistance. Success-
fully eliminating CSCs greatly diminishes the likelihood 
of tumor recurrence and metastasis, promoting more 
enduring and long-term therapeutic results. Additionally, 
exosome-mediated drug delivery offers enhanced preci-
sion and specificity compared to conventional treatment 
methods. By bioengineering, exosomes can be custom-
ized to recognize and bind to specific CSC markers like 
CD133, CD44, and ALDH. This targeting ability ensures 
that drugs are delivered directly to CSCs within a diverse 
tumor environment, minimizing unintended impacts 
and reducing toxicity to normal stem cells and surround-
ing healthy tissues. This targeted approach is particularly 
vital for decreasing the harmful side effects commonly 
associated with traditional chemotherapy, which indis-
criminately impacts both cancerous and non-cancerous 
cells. The biocompatibility and low immunogenicity of 
exosomes also make them ideal candidates for clinical 
applications. Unlike synthetic drug delivery systems, exo-
somes are natural vesicles derived from cells, reducing 
the risk of eliciting immune responses. This character-
istic enhances their safety profile, making them suitable 
for repeated administration, which may be necessary for 
effectively eradicating CSCs. Using patient-derived exo-
somes further minimizes the risk of adverse immune 
reactions, promoting a personalized medicine approach 
in cancer treatment. The potential for combination ther-
apies is another crucial feature. Exosomes can carry a 

mix of therapeutic agents, including chemotherapeutics, 
RNA-based treatments, and proteins, facilitating a com-
prehensive assault on CSCs. This multi-drug strategy can 
enhance therapeutic efficacy synergistically, as different 
agents target multiple survival pathways in CSCs, coun-
tering these cells’ adaptability and redundancy. Moreover, 
exosomes can be engineered to alter the TME, making 
it less supportive of CSC survival and proliferation. The 
clinical translation of exosome-mediated targeted drug 
delivery systems to CSCs also represents a step forward 
in personalized medicine. By isolating and engineering 
exosomes from a patient’s own cells, treatment regimens 
can be tailored to the specific biological characteristics 
of the patient’s tumor, enhancing therapeutic effective-
ness and minimizing adverse effects. This personalized 
approach not only betters patient outcomes but also 
shifts the paradigm in the development and application 
of cancer therapies.

In conclusion, utilizing exosomes as drug delivery vehi-
cles targeting CSCs holds significant potential for revo-
lutionizing cancer treatment. These exosome-mediated 
systems tackle challenges like therapeutic resistance, 
improve targeting accuracy, guarantee biocompatibility, 
facilitate combination therapies, and accommodate per-
sonalized treatment approaches. This innovative method 
offers a promising avenue for effectively combating can-
cer and enhancing patient outcomes.

Conclusion and prospects
CSCs are pivotal in driving tumor progression and are 
often resistant to standard treatments, which can lead 
to tumor recurrence and metastasis. Recent advances 
in the study of CSCs and exosomes highlight the critical 
role of CSC-exo in tumor dynamics. Consequently, there 
is a focused effort to counter the detrimental impacts 
of CSCs by targeting CSC-exo. Moreover, the natural 
carrier capabilities of exosomes are being exploited to 
deliver therapeutic agents specifically to CSCs, aiming 
for precise and effective treatment strategies that could 
potentially eliminate CSCs.

Despite these promising theoretical approaches, sev-
eral challenges persist in the research and practical appli-
cation of strategies targeting CSCs and CSC-exo. Current 
methods for identifying and isolating CSCs rely primar-
ily on surface markers, which may lack precision. More-
over, standardization is needed in the extraction methods 
for CSC exosomes to reduce the potential interference 
from exosomes of other origins. Additionally, as CSCs 
and normal stem cells share certain signaling pathways, 
developing therapeutic strategies that specifically target 
CSCs without affecting normal stem cells remains a sig-
nificant scientific challenge.

Non-CSCs, while not directly initiating tumors, are 
crucial in maintaining the CSC niche and facilitating 
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cancer progression. Hence, utilizing exosomes to target 
non-CSCs could indirectly affect CSC dynamics, poten-
tially disrupting the supportive TME and diminishing 
tumor recurrence. By inhibiting critical signaling path-
ways used by non-CSCs to support CSCs, the CSC niche 
may become destabilized, which could decrease CSC sur-
vival, proliferation, and differentiation capabilities. This 
might enhance the effectiveness of therapies aimed at 
CSCs, which typically face challenges due to the intrinsic 
adaptability and resilience of CSCs. However, significant 
hurdles are associated with this approach, particularly 
concerning the role of exosomes secreted by non-CSCs. 
These exosomes can transport various bioactive mol-
ecules that might unintentionally promote CSC survival, 
stemness, and metastatic capabilities. For instance, non-
CSC-derived exosomes might carry growth factors, cyto-
kines, or pro-inflammatory signals that sustain the CSC 
phenotype or protect CSCs from apoptosis. Hence, the 
dual function of exosomes from non-CSCs as both poten-
tial therapeutic vectors and contributors to CSC resil-
ience adds complexity to this therapeutic strategy. The 
risk of exosome-based therapies inadvertently supporting 
CSC survival highlights the need for careful design and 
rigorous testing of these approaches. Potential strategies 
to address these challenges may involve engineering exo-
somes with highly specific targeting ligands, developing 
combination treatments that target both CSCs and non-
CSCs, and utilizing advanced drug delivery systems to 
control the release and localization of therapeutic agents. 
Ultimately, achieving precise targeting, leveraging exo-
somes effectively, and accurately focusing treatments on 
CSCs are believed to be promising directions for improv-
ing clinical cancer treatment.
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