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Colorectal cancer (CRC) remains a formidable clinical challenge due to therapy resistance, metastasis, and relapse. Central to these processes are colorectal cancer stem cells (CCSCs), a dynamic subpopulation endowed with self-renewal capacity, plasticity, and heterogeneity. This review synthesizes recent advancements in understanding how CCSCs orchestrate tumor progression through intricate bidirectional crosstalk with the tumor immune microenvironment (TIME). We begin by elucidating the cellular origins of CCSCs, their profound intratumoral heterogeneity, and their remarkable phenotypic plasticity—driven by genetic, epigenetic, and metabolic reprogramming—which collectively serve as the root cause of therapeutic failure. A significant portion of our discussion is dedicated to deconstructing the immunosuppressive niche co-opted by CCSCs. We detail mechanisms of immune evasion and tolerance, highlighting how CCSCs modulate innate and adaptive immune cells—including NK cells, Tregs, dendritic cells, macrophages, neutrophils, and myeloid-derived suppressor cells—to foster an environment that supports stemness and suppresses cytotoxic attack. This reciprocal interaction forms a vicious cycle that perpetuates tumor survival and progression. Finally, we critically evaluate emerging therapeutic strategies that concurrently target CCSC-specific vulnerabilities and counteract immunosuppression. We explore the limitations of conventional chemotherapy and the promise of targeted therapies (e.g., Wnt inhibitors), immunotherapies (e.g., CAR-T, bispecific antibodies), and combination regimens designed to remodel the TIME and eradicate the CCSC reservoir. By integrating insights from single-cell omics and spatial biology, this review provides a comprehensive framework for overcoming therapy resistance and proposes novel precision medicine approaches for CRC.
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1 Introduction

Colorectal cancer (CRC) ranks as the third most common malignant tumor and the second leading cause of cancer death worldwide (1). In recent years, its incidence has shown a trend toward younger age groups, with the rate among individuals under 50 increasing by 2% annually, becoming a significant public health concern (2). Despite continuous advancements in comprehensive treatment approaches such as surgery, chemoradiation, and immunotherapy, the prognosis for CRC patients remains unfavorable. Approximately 30%–40% of patients experience metastasis within several years after radical resection of the primary tumor (3).

Tumor metastasis, recurrence, and drug resistance are the primary causes of treatment failure (4, 5). Among these, “Intratumoral Heterogeneity (ITH)” is considered one of the key factors driving these malignant processes (6, 7). For example, within the same tumor mass, KRAS-mutated subpopulations exhibit intrinsic resistance to EGFR inhibitors (8), while other clonal subpopulations with cancer stem cell characteristics can enter a reversible G0 quiescent state upon re-exposure to elevated 5-FU concentrations (9). These functionally diverse subpopulations not only synergistically drive tumor evolution but also provide “adaptive reserves” for recurrence and distant metastasis. Consequently, higher levels of ITH in CRC correlate with increased biological malignancy, accelerated disease progression, heightened risk of recurrence and metastasis, and poorer patient prognosis (10).

Current research indicates that Cancer Stem Cells (CSCs) are considered the core driver subpopulation of tumor heterogeneity (10–12). Research on Colorectal Cancer Stem Cells (CCSCs) began in the early 21st century, when scientists successfully isolated and identified a subpopulation of cells with stem cell characteristics from CRC tissues. These cells express specific surface markers such as CD133, CD44, and Lgr5, and exhibit potent tumorigenicity, drug resistance, and metastatic potential compared to conventional cancer cells (13, 14).

Although eliminating CCSCs is considered an ideal strategy for radical tumor eradication and preventing recurrence and metastasis, numerous challenges persist in practical application. On one hand, CCSCs typically exist in a low-proliferative or dormant state, making them difficult to eradicate with traditional chemotherapeutic agents that rely on rapid cell division. On the other hand, CCSCs exhibit significant dynamism and plasticity; non-stem cell subpopulations can revert to CSC-like phenotypes under specific microenvironmental stimuli, leading to continuous renewal and maintenance of the stem cell phenotype. Consequently, therapeutic strategies targeting CSCs often fail to achieve complete efficacy, leading to the designation of CSCs as the “root cause of tumor persistence.”

Therefore, building upon Paget’s “seed and soil” concept, therapeutic strategies that target the “soil”, which refers to the tumor immune microenvironment (TME), have been developed. These approaches, such as combination therapies involving CAR-T and immune checkpoint inhibitors, are designed to enhance T cell-mediated cytotoxicity against tumor cells. However, due to the significant tumor heterogeneity in CRC, the “soil” states vary considerably, with differing degrees of immune cell infiltration. This ultimately results in a “polarized” response to immunotherapy: MSI-H/pMMR-type patients (TMB-high, inflammatory microenvironment) achieve favorable outcomes (15); MSS/pMMR type (TMB-low, immune-rejecting microenvironment) exhibits poor prognosis due to immune tolerance and immune escape. This is attributed to insufficient antigen presentation caused by low TMB, reduced CD8+ T cell infiltration, and increased immune-suppressive cells (16).

Furthermore, studies have revealed that crosstalk between CCSCs and immune cells significantly enhances immunosuppression [17]; conversely, activated immunosuppressive cells can amplify the stemness characteristics of CCSCs [18], forming a self-reinforcing “vicious cycle.” Therefore, unraveling the intricate interplay between CCSCs and the immune microenvironment to sever this vicious cycle and reverse immune suppression is recognized as a critical strategy for overcoming tumor recurrence and metastasis while enhancing therapeutic efficacy.

In recent years, CSCs have garnered significant attention as key drivers of tumorigenesis, metastasis, recurrence, and treatment resistance. However, the majority of current studies predominantly focus on the general properties of CSCs, whereas the mechanisms through which specific cancer stem cell subpopulations, especially CCSCs, contribute to immune regulation remain inadequately elucidated and have not been systematically investigated. This paper aims to comprehensively summarize the latest research advances on CCSCs, exploring their origin, heterogeneity, plasticity, and biomarkers. It will also investigate how interactions between CCSCs and immune cells promote the maintenance of cancer stemness, thereby driving disease progression and reinforcing the immunosuppressive microenvironment. Finally, we will outline future research directions and potential intervention strategies, seeking to provide new insights for achieving precision treatment in CRC.




2 Stem cell origin and characteristics of colorectal cancer



2.1 Origin

CCSCs are considered core drivers of tumorigenesis, recurrence, and drug resistance. In recent years, with the advancement of cutting-edge technologies such as single-cell sequencing, organoid culture, and lineage tracing, the origin mechanisms of CCSCs have gradually been elucidated. The initially identified CRC cells originated from stem cells in the basal layer of intestinal crypts (expressing markers such as LGR5, BMI, or CD133). These cells transformed into tumor-initiating cells under the sustained activation of the Wnt/β-catenin signaling pathway mediated by APC gene mutations (17).

Subsequent studies demonstrated that CRC can originate from differentiated cells, primarily driven by NF-κB structural activation. Additionally, research indicates that under the combined effects of APC gene loss and inflammatory stimulation (such as chemically induced colitis), CRC may also arise from a quiescent DCLK1-positive crypt cell subpopulation in a differentiated state (18–20).In MSS/pMMR-type CRC, Chen, B et al. (2021) employed single-cell transcriptomics (scRNA-seq) analysis to demonstrate that this subtype primarily arises from malignant transformation of stem cells at the crypt base (21). Subsequently, Mzoughi S et al. (2025) discovered that differentiated cancer cells can reacquire a human progenitor-like state through cancer-embryo reprogramming (22); MSI-H/dMMR CRC may arise from differentiated cells in the crypt epithelium undergoing dedifferentiation to acquire stem-like molecular characteristics before becoming malignant (23). These studies indicate that crypt basal stem cells are not the sole origin of CRC; differentiated cells can also reacquire stemness to promote cancer initiation and progression. Consequently, attention has shifted to the critical role of the microenvironment in cell fate determination, prompting exploration of crosstalk between CCSCs and their microenvironment.

Although conventional perspectives have long regarded CCSCs as a static cell population with well-defined phenotypic and molecular profiles, research conducted over the past two decades has increasingly demonstrated that CCSCs actually represent a dynamically evolving cellular entity, which can be more accurately described as a transient stemness state, whose plasticity is modulated by factors such as the tumor immune microenvironment (24).




2.2 Heterogeneity

ITH manifests as significant differences in genetic, epigenetic, and functional characteristics among cell subpopulations within the same tumor. This heterogeneity poses a barrier to effective treatment: higher levels of ITH increase susceptibility to drug resistance, accelerate tumor progression, and ultimately lead to poorer patient outcomes (10).

Tumor heterogeneity can primarily be categorized into three types: genetic heterogeneity, epigenetic heterogeneity, and functional heterogeneity.

Genetic heterogeneity arises from differential mutations in driver genes. For instance, CSCs may accumulate mutations during division due to DNA repair defects or epigenetic dysregulation, giving rise to subclones with distinct genetic backgrounds. For example, APC-mutated CSCs may further acquire KRAS or TP53 mutations, activating different signaling pathways and leading to the formation of ITH (25). Epigenetic heterogeneity modulates gene expression through DNA methylation or histone modifications, further exacerbating cellular phenotype differentiation. This generates mesenchymal phenotype subpopulations with enhanced migration and invasiveness (activated epithelial–mesenchymal transition(EMT), high expression of Vimentin and ZEB1), making them more likely to detach from the primary tumor site, metastasize to the liver or lungs, and form metastatic lesions (26). Functional heterogeneity manifests as the coexistence of stem-like subpopulations and differentiated cells. KRAS-mutant subpopulations exhibit intrinsic resistance to EGFR inhibitors (e.g., cetuximab) (8) while CD133+ cells evade apoptosis and retain stem-like properties (27).

Therefore, understanding the cellular composition of ITH and its underlying regulatory mechanisms is crucial. With the rapid advancement of bioinformatics technologies such as single-cell sequencing, researchers have employed scRNA-seq and functional analysis to progressively elucidate how ITH is established during early cancer development and how intratumoral cell subtypes dynamically evolve during progression. Based on 10× single-cell transcriptomics, seven subpopulations—including the CCSCs themselves—were identified within xenografts derived from CCSCs: The T1 cluster, associated with cell migration (highly expressing KRT19, MMP7, and TSPAN8); the T2 cluster, linked to endoplasmic reticulum stress (highly expressing HSPA1B, HSPA1A, and DUSP1); the T3 cluster, related to proliferative potential (highly expressing Ki67, CCNB1/2, and TOP2A); T4 cluster, associated with ciliary assembly and response to stimulation (high expression of AGR2, AGR3, and SNTN); T5 cluster, associated with response to hormones (high expression of ODC1, SELK, and CREM); T6 cluster, associated with apoptosis regulation (high expression of ANXA1, HEPACAM2, and ANXA4). These subpopulations exhibit distinct functional characteristics and dynamically emerge during xenograft tumor progression. Notably, T1, T3, and T4 subpopulations appeared as early as day 2, while the remaining subpopulations emerged by day 4. The proportion of each subpopulation gradually increased from day 2 to day 10. By day 12, the T3 and T5 subpopulations continued to increase, while the T2, T4, and T6 subpopulations decreased. These data indicate that different subpopulations generated by CCSCs undergo dynamic changes during xenograft progression: proliferative and invasive subpopulations emerge early in xenograft tumors. Tracking progeny cells generated via asymmetric division of CCSCs using Smart-seq2 revealed five subpopulations (C0–C4). Among these, C1/C2 constituted highly proliferative subpopulations, C3 represented a chemotherapy-resistant subpopulation (highly expressing CFAP54 and SEMA3E), and C4 constituted an invasive subpopulation (marked as PLAUR+). C0–C4 corresponded to certain T-series subpopulations (e.g., C0 to T4, C4 to T1) and emerged early in CRC development. T2, T5, and T6 were not detected in asymmetric division progeny, suggesting their generation likely originates from other mechanisms, such as genetic and epigenetic alterations, and they are crucial for late-stage ITH formation (10).

Li et al. demonstrated through scRNA-seq and spatial transcriptomics analysis distinct metastatic-prone cancer stem cell subpopulations in CRC. Among these, P1 cells highly express delta-like ligand 4 (DLL4) and MAF bZIP transcription factor A (MAFA), enriched in both primary CRC and ovarian metastatic colorectal cancer (oCRC). They may drive ovarian metastasis by activating the NOTCH signaling pathway. In contrast, P3 cells display a gene expression profile resembling that of cholangiocytes, characterized by elevated levels of TOMM6, CXCL14, ATP6V0C, PSMA6, CALML4, DBNDD2, RNASE4, and DEFB1. This subpopulation is predominantly found in primary CRC and liver metastatic colorectal cancer (lCRC), indicating a specific tropism for liver metastasis (28) (Figure 1).
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Figure 1 | Distinct subpopulations of CCSCs drive organ-specific metastasis and functional intratumoral heterogeneity. (A) CCSCs pre-programmed for organ-specific metastasis. The P1 subpopulation is associated with ovarian metastasis, while the P3 subpopulation is linked to liver metastasis. (B) CCSCs give rise to progeny with diverse functional roles through processes such as asymmetric division. These include the highly proliferative C1 and C2 subpopulations, the chemotherapy-tolerant C3 subpopulations, and the invasion-prone C4 subpopulation. Together, these specialized CCSC subpopulations contribute to the multifaceted malignancy of colorectal cancer, including metastatic spread, therapy resistance, and tumor progression. (Created with BioRender.com).

Research by Takeru Oka et al. using a syngeneic transplantation model of CRC organoids revealed that, based on scRNA-seq analysis, Lgr5+ cancer stem cells are divided into actively proliferating and quiescent populations, with the latter found to specifically express p57. In CRC, quiescent Lgr5+ CCSCs contribute minimally to tumor growth under stable conditions. However, they become activated by chemotherapy and significantly drive tumor regrowth. Knocking out p57+Lgr5+ cancer stem cells substantially reduces CRC recurrence after treatment (29, 30). In summary, these novel findings highlight the inherent heterogeneity of Lgr5+ cancer stem cells and underscore the necessity for novel therapeutic strategies targeting quiescent CCSCs to eradicate CRC (31).

In summary, CCSCs represent the root cause of intratumoral heterogeneity in CRC. Dynamic evolutionary studies reveal that CCSCs generate intrinsic heterogeneity early in tumorigenesis, further driving the establishment of ITH in CRC, ultimately leading to significantly reduced treatment efficacy. However, the formation mechanisms of distinct CCSCs subpopulations remain unclear: some may arise from asymmetric division (e.g., T1/T3 subpopulations), while others develop metastatic propensity through preprogramming and microenvironmental selection (e.g., P1/P3 organ-specific subpopulations). Future research urgently requires in-depth elucidation of these mechanisms to provide novel strategies for targeting the root causes of ITH (32–34).




2.3 Plasticity

Cell plasticity refers to the ability of cells to reprogram and alter their fate and characteristics (35). Recent studies indicate that CCSCs exhibit remarkable plasticity—they are not a stable, fixed population but exist in a state of dynamic cellular transition (31, 36, 37). This characteristic enables CCSCs to maintain stemness and adapt to microenvironmental changes. Through dynamic switching of phenotype and function, they drive therapeutic resistance, migration, invasion, and metastatic recurrence, serving as a key factor in the malignant progression of colorectal cancer.

The potent plasticity of CSCs enables them to switch between different cellular states. The plasticity of CCSCs primarily manifests in two directions: forward plasticity and reverse plasticity. In “forward” plasticity, CCSCs can differentiate from a stem cell state into various phenotypes such as mesenchymal, dormant, or drug-resistant states, fostering high intratumoral heterogeneity and conferring formidable invasiveness and adaptability to the tumor (12, 38). “Reverse” plasticity, or the process by which differentiated tumor cells regain stemness through “dedifferentiation,” ensures the persistent existence of stem cell populations (36). This reverse regenerative capacity allows stem cell populations to recover even after partial elimination, serving as a core mechanism for tumor persistence and recurrence and posing a significant clinical challenge.

It is now clear that the stemness of CSCs is coordinated by both genetic mutations and epigenetic mechanisms. In microsatellite-stable colorectal cancer driven by APC mutations, the APC mutation causes sustained nuclear translocation of β-catenin, activating stemness genes. Concurrently, cancer cells undergo Oncogenic Fetal (OnF) reprogramming driven by YAP and AP-1, achieving dedifferentiation through epigenetic regulation and reacquiring a state resembling human embryonic progenitor cells. This state is closely associated with tumor invasiveness and poor prognosis (22). Another team collected normal colon, primary tumor, and metastatic tissue samples from 31 CRC patients to establish organoid models. Through single-cell RNA sequencing and immunofluorescence staining analysis, they demonstrated that metastatic cancer cells also undergo OnF (39).

Compared to genetic mutations, epigenetic regulation serves as a more critical driving mechanism enabling CCSCs to achieve plasticity and adapt to environmental changes. Its core advantage lies in its ability to undergo targeted reprogramming in response to microenvironmental signals, thereby efficiently mediating dynamic transitions in cellular states.

TME signaling serves as a core dynamic switch regulating CCSC plasticity. Diverse signaling molecules within the TME induce the expression of cancer cell-associated signaling pathway transcription factors, thereby enabling CCSC plasticity. For instance, TAMs activate stemness pathways via IL-1β, IL-6, and TNF-α, with downstream activated transcription factors regulating stemness gene expression through epigenetic mechanisms, restoring quiescent Dclk1+ cells to an actively dividing stem cell state (40). Cancer-Associated Fibroblasts (CAFs) secrete miR-21 into tumor cells, activating the Wnt pathway to promote stemness, invasiveness, and drug resistance (41).

Metabolic reprogramming serves as the core driver of plasticity in CCSCs, dynamically adjusting energy and material metabolism to adapt to microenvironmental changes, thereby supporting their state transitions. Colorectal cancer cells adapt to fluctuating energy demands through glycolytic reprogramming to support biosynthesis and dedifferentiation (42). When intra-tumoral glutamine depletion causes a sharp drop in α-KG, TET/JmjC enzymes are inactivated, and stemness gene promoters undergo rapid hypermethylation, forcing colorectal cancer cells to exit the stem state toward differentiation or transition into dormant drug resistance (43). Concurrently, oncogenic APC mutations drive excessive accumulation of free cholesterol in the plasma membrane, significantly increasing membrane rigidity. This physical remodeling promotes the aggregation of Wnt receptors into signaling hubs within lipid rafts, sustaining and amplifying Wnt signaling. This further drives the maintenance of stemness and malignant progression in tumor cells (44).

It can be said that the plasticity of CCSCs endows tumor evolution with infinite possibilities and is one of the root causes of CCSCs’ heterogeneity. Research on plasticity has shattered the traditional notion that “targeting a fixed stem cell subpopulation achieves a cure,” yet it represents the core hope for breaking through current therapeutic bottlenecks. Targeting plasticity regulatory nodes holds promise for simultaneously dismantling the foundations of stem cell reservoir renewal and heterogeneity construction, offering a new paradigm for curative therapies.





3 Colorectal cancer stem cells markers

Identifying specific markers that distinguish CCSCs from most cancer cells holds significant scientific and clinical implications for colorectal cancer treatment. To date, researchers have identified a series of molecules closely associated with stemness maintenance across multiple levels, ranging from membrane receptors and transcription factors to long non-coding RNAs (45). Table 1 summarizes currently widely recognized core markers and their primary functions in CCSCs. Among these, LGR5 acts as an amplifier of Wnt/β-catenin signaling, sustaining cellular self-renewal through continuous activation of the canonical Wnt pathway; CD133 regulates membrane microdomains while directly activating the PI3K/Akt axis and indirectly amplifying Wnt signaling to consolidate stemness; the “adhesion-migration” duo CD44 and CD24 mediates cell-matrix interactions and enhances tumor invasiveness by regulating immune evasion; Beyond sustaining stemness and self-renewal, EpCAM drives EMT to promote metastasis. At the nuclear transcription level, KLF5 serves as the master stemness regulator, BMI1 acts as a differentiation suppressor, and pluripotency TFs like SOX2, Nanog, and c-Myc collectively form the core regulatory network of CCSCs.


Table 1 | Markers of CCSCs.
	Name of marker
	Functional role
	Function
	references



	LGR5
	GPCR
	Amplifies Wnt/β-catenin signaling to maintain stemness.
	(46, 47)


	CD133
	Membrane microdomain regulatory protein
	Directly activates PI3K/Akt and indirectly amplifies Wnt/β-catenin signaling.
	(48, 49)


	CD24
	Membrane surface signaling protein
	Indirectly promotes cell adhesion, migration, and immune evasion
	(48, 50)


	CD44
	Cell surface adhesion molecule
	Directly mediates cell adhesion, migration, and stemness maintenance
	(48, 49, 51)


	EpCAM
	Cell surface adhesion molecule + Signaling protein
	Maintains stemness and self-renewal; promotes EMT
	(52–54)


	KLF5
	Transcription factor
	Maintains stemness and self-renewal
	(55)


	SOX2
	(56, 57)


	Nanog
	(56, 58)


	c-Myc
	(56, 59)


	BMI1
	Transcriptional repressor
	Inhibits differentiation; maintains stem cell self-renewal
	(60, 61)





LGR5 Leucine-rich repeat-containing G-protein coupled receptor 5, CD133 Prominin 1, CD24 CD24 molecule, CD44 CD44 molecule, EpCAM Epithelial cell adhesion molecule, KLF5 Krüppel-like factor 5, SOX2 SRY-box transcription factor 2, Nanog Nanog homeobox, c-Myc MYC proto-oncogene, BMI1 BMI1 proto-oncogene



A retrospective analysis of transcriptomic and clinical data from the public database (TCGA) demonstrated that CD133, CD24, and CD44 are all associated with stemness signaling pathways. Furthermore, the high CD44/low CD24 combination was significantly correlated with poorer disease-specific survival and higher recurrence risk [53]. Leng et al. identified Lgr5+CD44+EpCAM+ cells as exhibiting the strongest stem cell characteristics both in vitro and in vivo by flow-sorting distinct subpopulations from DLD-1 cells (a human colorectal adenocarcinoma cell line) (52).

Beyond these established markers, several other key molecules have emerged as critical regulators of CCSC properties.EPHB2 suppresses invasion by limiting excessive stem cell proliferation; OCT4-high cells possess self-renewal capability, overexpress CD44/CD133, and correlate with poor clinical prognosis; knockdown of TRIB3 significantly reduces tumor burden in mouse colons; REC8 enhances stemness and accelerates metastasis via the BTK/Akt/β-catenin axis; ZNF217 directly activates Notch1 signaling, amplifying Notch pathway output to maintain the CCSC population. Additionally, PrPc induces EMT via the MAPK1 pathway, while POLR1A promotes rapid CCSC proliferation by driving ribosomal biogenesis. The emergence of single-cell sequencing and spatial transcriptomics technologies holds great promise for uncovering novel molecules associated with CCSCs, providing a powerful platform to validate and explore candidates like those listed in Table 2 (Table 2).


Table 2 | Potential markers of CCSCs.
	Name of marker
	Function
	references



	EPHB2
	Regulates stem cell proliferation and differentiation; associated with invasiveness in CRC.
	(62)


	OCT4
	Upregulated in CRC; associated with self-renewal, differentiation, metastasis, and drug resistance of CSCs
	(63–65)


	TRIB3
	Knockdown of TRIB3 reduces colon tumorigenesis in mice, the migration of CRC cells, and the growth of xenograft tumors.
	(66)


	REC8
	Promotes metastasis in CRC by enhancing stemness via the BTK/Akt/β-catenin pathway
	(67)


	ZNF217
	Directly targets and activates Notch1, enhancing Notch signaling to promote self-renewal and stemness marker expression in CRC stem cells
	(68)


	PrPc
	Promotes EMT via the MAPK1 pathway
	(69)


	POLR1A
	Drives ribosome biogenesis and promotes cell proliferation
	(70)





EPHB2 Ephrin type-B receptor 2, OCT4 Octamer-binding transcription factor 4, TRIB3 Tribbles homolog 3, REC8 Meiotic recombination protein REC8 homolog, ZNF217 Zinc finger protein 217, PrPc Cellular prion protein, POLR1A RNA polymerase I subunit A






4 CCSC–immune system interactions

In CRC, the role of the immune system has evolved from a mere “defender” to an “actor” engaged in complex interactions with tumor stem cells, with CCSCs at the core of this transformation. A “bidirectional dynamic interaction” exists between CCSCs and the immune system: early tumors activate innate immunity but evade it by downregulating immune recognition molecules or secreting inhibitory cytokines (71); Subsequently, the tumor microenvironment recruits and polarizes suppressive immune cells, further suppressing effector T cell function. Additionally, certain immune cells release molecules that maintain CCSCs’ stemness (72, 73); Concurrently, both tumor cells and immune cells highly express immune checkpoint molecules, triggering inhibitory signaling that leads to T cell exhaustion. This ultimately establishes an immunosuppressive microenvironment that facilitates tumor escape.

Notably, the CRC immune microenvironment exhibits high heterogeneity, with significant differences in immune cell composition, CCSCs’ stemness characteristics, and metabolic states across distinct tumor regions. This heterogeneity contributes to the complexity of CCSCs’ role in shaping the immune microenvironment. In-depth analysis of this interaction network not only helps reveal novel immune escape mechanisms underlying CRC recurrence and metastasis but also provides new insights for precision therapies targeting the CCSC-immune axis.

Future research should focus on elucidating the differential signaling pathways of CCSCs across distinct immune microenvironment subpopulations. By integrating single-cell sequencing and spatial transcriptomics technologies, we aim to dissect the intricate mechanisms governing interactions between colorectal cancer stem cells and immune cells. This will accelerate the translation of immune-regulatory targeted therapies for colorectal cancer stem cells from fundamental research to clinical implementation.



4.1 Immune escape and immune tolerance

In fact, the reason malignant tumors can proliferate unchecked within the body lies not only in the cancer cells’ vigorous ability to divide, but also in their capacity to employ sophisticated strategies to evade surveillance and attack by the immune system —they either disguise themselves as normal cells, tricking the body’s immune system into recognizing them as “legitimate” or release signals that interfere with immune cell function. This renders the immune cells responsible for eliminating abnormal cells functionally paralyzed, preventing them from fulfilling their defensive duties.

Mechanisms of tumor immune evasion share intriguing similarities with maternal-fetal immune tolerance during pregnancy, as both involve active modulation of the immune system to avoid attacking “non-self” entities. A recent study published in Cell revealed that the immune checkpoint molecule B7-H4 is highly expressed in both the tumor microenvironment and placental extravillous trophoblasts. By interacting with maternal CD8+ T cells, B7-H4 induces functional exhaustion, thereby protecting the fetus from immune attack (74). Maternal-fetal immune tolerance demonstrates greater stability compared to tumor immune evasion, and comparative analysis of these processes may provide novel insights into how tumor cells evade immune surveillance.

The immune tolerance mechanism during pregnancy exhibits enhanced stability. Comparative analysis of the mechanisms underlying tumor immune escape and pregnancy-induced immune tolerance may offer new insights into how tumor cells evade immune surveillance. This research lays a crucial foundation for intervening in the tumor-suppressive immune microenvironment and disrupting its immune escape state.

Compared to conventional colorectal cancer cells, MHC Class I molecule expression is significantly downregulated in CRC cells. This downregulation is directly associated with defects in Antigen Processing Machinery (APM) molecules—APM-related molecules in CRC cells (such as HLA heavy chains, β2 -myosin, etc.) are generally downregulated or absent in CCSCs, leading to reduced antigen processing and presentation efficiency, which in turn affects the cell surface expression of MHC Class I molecules. By downregulating MHC Class I, CCSCs reduce the presentation of tumor antigens to T cells, thereby evading recognition and attack by CD8+ T cells. This represents one of their key strategies for immune escape.

Concurrently, CCSC cells highly express interleukin-4 (IL-4) on their surfaces. When T cells approach, IL-4 directly inhibits T cell proliferation and activity through direct contact, effectively “applying the brakes” to T cells (75).

For example, compared to LGR5+, LGR5− cells exhibit lower MHC-I expression, thereby evading immune surveillance. Multi-omics analysis of intestinal organoids demonstrated that following mutation acquisition, tumor-initiating LGR5+ stem cells begin expressing the transcription factor SOX17 (76), initiating a developmental regulatory program associated with fetal intestinal development. Driving cells to differentiate away from LGR5+ tumor cells and form a population of LGR5++− tumor cells with immune evasion properties (LGR5++− represents the transition from immune-sensitive LGR5+ to immune-evading LGR5− states within the tumor cell population). This enables tumor stem cells to achieve immune evasion through heterogeneous differentiation (77, 78).

Beyond the intrinsic alterations occurring within CCSCs themselves, the direct interactions between CCSCs and immune cells make a significant contribution to the sustained growth and metastatic recurrence of CRC. Concurrently, the interactions among immune cells themselves exert important indirect effects, constituting a crucial component of the tumor-suppressive immune microenvironment (Figure 2).

[image: A complex network diagram depicting bidirectional crosstalk between CCSCs and immune cells within the TIME. CCSCs evade immune attack via MHC-I downregulation and IL-4 secretion. They recruit immunosuppressive cells (Tregs, M2-TAMs, MDSCs) via exosomes and chemokines. In return, these immune cells enhance CCSC stemness by secreting IL-6, IL-1β, TGF-β, and S100A9. Arrows and T-bar lines denote promoting/inhibitory signals, forming a self-reinforcing vicious cycle that drives immune evasion and tumor progression.]
Figure 2 | The self-reinforcing, bidirectional crosstalk between CCSCs and immune cells in the TIME. CCSCs evade immune surveillance through mechanisms such as MHC-I downregulation and immunosuppressive cytokine secretion (e.g., IL-4). They further remodel the microenvironment by recruiting and educating immunosuppressive cells via exosomes and chemokines. In return, these immune cells enhance CCSC stemness: TAMs secrete factors like IL-1β and IL-6, while MDSCs promote stemness through exosome S100A9. Critically, these immune cells form an interconnected network where Tregs suppress DCs function, MDSCs drive M2 macrophage polarization, and tolerogenic DCs promote Treg differentiation. This multicellular crosstalk establishes a vicious cycle that drives immune evasion and tumor progression. (Created with BioRender.com).




4.2 NK cell

NK cells, a subset of cytotoxic lymphocytes, play a vital role in the innate immune system. These cells are highly proficient at detecting and eliminating tumor cells, making them key players in the body’s defense against malignancy.

It has been demonstrated that activated NK cells are capable of preferentially killing the CSC populations in breast cancer (CD24−/CD44+), pancreatic cancer (CD24+/CD44+), and glioblastoma (CD133+) (79–81). This selective cytotoxicity in NK cells against CSCs stems from two key factors: CSCs’ reduced MHC-I expression and increased NK-activating ligand levels. Notably, CSCs overexpress MICA/MICB, ligands for the NKG2D receptor on NK cells [The NKG2D pathway plays a central role in NK cell killing of tumor cells (81)].

As previously discussed, LGR5+ colorectal cancer stem cells upregulate the transcription factor SOX17, which suppresses expression of the stemness marker LGR5. This activates fetal intestinal development-related programs, leading to significant downregulation of interferon-γ receptor 1 (IFNγR1) and MHC-I at the transcriptional level. Interestingly, unlike the aforementioned cancer types, in colorectal cancer, despite exhibiting a low MHC-I expression phenotype, these SOX17+ tumor stem cells do not trigger enhanced NK cell infiltration and activation. J et al. analyzed that this occurs because mutated stem cells lack essential NK cell activation ligands while maintaining low-level rather than complete absence of MHC-I expression. This creates a “Goldilocks effect” similar to hair follicle stem cells—where MHC-I expression is just sufficient to evade NK cell recognition while avoiding CD8+ T cell immune surveillance, forming a dual escape strategy from adaptive and innate immunity (78).




4.3 TREG cells

Treg cells are a type of CD4+ T cell with immunosuppressive functions, primarily responsible for maintaining immune tolerance and tissue homeostasis while preventing autoimmune reactions. However, during cancer development, these normal physiological mechanisms of Treg cells can be exploited by tumor cells, thereby aiding tumor escape from immune system attacks and promoting tumor growth and progression (82). Treg cells produce large amounts of TGF-β and IL-10 to suppress both adaptive and innate immunity (83). A research team demonstrated in murine models that IL-10 acts on Tregs in an autocrine manner, creating a positive feedback loop to amplify IL-10 signaling. This autocrine activation subsequently induces PD-L1 upregulation in monocytes within the tumor microenvironment. Ultimately, the PD-L1/PD-1 axis dampens CD8+ T cell-mediated cytotoxicity against metastatic lesions, particularly in the liver, thereby facilitating hepatic metastasis formation (84). Additionally, high levels of cytotoxic T lymphocyte-associated protein 4 (CTLA-4) on Treg cell surfaces downregulate co-stimulatory molecules on antigen-presenting cells and induce tolerogenic dendritic cells, thereby suppressing immune responses (85).

Most current research focuses on the indirect relationship between CCSCs and Tregs within the tumor microenvironment. For instance, Tregs influence the function and maturation of dendritic cells (DCs) through interaction, thereby indirectly regulating the immune microenvironment of CCSCs. Studies on the direct interaction between these two cell types remain relatively scarce. Kono et al. demonstrated that hypoxia induces IL-17 expression in FOXP3+ Tregs. This IL-17 then drives Akt and MAPK signaling in CRC, subsequently facilitating the expansion of CSCs, which is characterized by increased expression of CD133, CD44, and EpCAM (86). This finding suggests that further in-depth research is needed to elucidate the mechanisms underlying the direct interaction between CCSC and Treg, offering new perspectives and strategies for colorectal cancer treatment.




4.4 Dendritic cells

Dendritic cells (DCs) are considered the most potent antigen-presenting cells, capable of recognizing, engulfing, processing antigenic peptides, and presenting them to helper T cells and cytotoxic T cells to stimulate their activation and proliferation, playing a crucial role in antitumor immune responses (87). Tumor-associated dendritic cells (TADCs) constitute 2.1% of immune cells in the CRC microenvironment, migrating between tumor and lymphoid tissues while recognizing and processing Tumor-Associated Antigens (TAAs) (88). In CRC, CD133+ CSCs impair the function of DCs by reducing the quantity of activated DCs (89).

Current research in other cancer types has revealed that the identity of some DCs shifts from promoting “immune killing” to facilitating “immune suppression.” DCs can secrete TGF-β to activate the Smad signaling pathway, thereby promoting the expression of the transcription factor FoxP3 and driving the functional differentiation of Tregs (90). Simultaneously, high IL-10 expression suppresses DCs’ own antigen presentation capacity (e.g., by downregulating MHC class II molecules and co-stimulatory molecules CD80/CD86). This synergizes preferentially with TGF-β to induce FoxP3+ Treg generation while inhibiting effector T cell (Th1/Th17) differentiation, rather than activating effector T cells (91, 92). Beyond autocrine TGF-β and IL-10, tumor cells in the microenvironment also downregulate DC surface MHC-II and CCR7 expression by secreting IL-10, IL-6, and others, thereby disrupting antigen presentation (93). Tregs also significantly suppress antigen presentation by cDC-2 and block their ability to induce CD4+ T cell differentiation (94). Consistent with this, a recent study demonstrated that cDC-1 recruits Tregs via the CXCL9-CXCR3 axis and promotes their activated phenotype to locally suppress CD8+ T cells in tumors (95).

Additionally, a research team utilized the ApcMin/+ mouse model to reveal that Mreg DCs, characterized by high expression of MHC class II molecules and co-stimulatory molecules, promote Treg activation through MHC II-TCR signaling. Activated Tregs suppress Mreg DCs via CTLA-4 and migrate to draining lymph nodes, thereby limiting tumor antigen presentation and impeding the initiation of anti-tumor adaptive immune responses. This mechanism was validated in human colorectal cancer samples, where Treg-Mreg DCs interactions were found to correlate with poorer patient prognosis (96).

CCSCs impair conventional DCs’ function not only by reducing DC abundance but also by skewing them toward a tolerogenic phenotype that favors Treg cells induction over effector T-cell priming (89, 90, 95, 97). Tregs, in turn, suppress DC antigen presentation through various mechanisms, forming a “positive feedback” pathway that generates immunosuppression. This protects cancer stem cells from immune-mediated killing. Overall, CCSCs and immune cells jointly promote the formation of an immunosuppressive microenvironment.




4.5 Macrophages

Macrophages are key components of the innate immune system, differentiating from monocytes in the bloodstream and helping the host combat inflammation and tumors (98, 99).In response to external environmental stimuli, macrophages recruit monocytes from the bloodstream to migrate to tumor sites and prompt their polarization into tumor-associated macrophages (TAMs) (100). Macrophages are typically categorized into two major subtypes: M1 macrophages with pro-inflammatory properties and M2 macrophages with anti-inflammatory functions (101).TAMs are the most abundant immune cells in the TME (13).TAMs typically exhibit an M2 phenotype, while under induction by IL-4/IL-10/IL-13 or glucocorticoids, they secrete anti-inflammatory cytokines like IL-10/IL-1β and promote angiogenesis/tissue remodeling/injury repair/tumorigenesis (102–104).

Growing evidence suggests a bidirectional interaction between TAMs and CCSCs (19, 105, 106, 107). On one hand, TAMs play a critical role in the generation, maintenance, and immunosuppression of CCSCs. A team has demonstrated that the presence of M2-type TAMs promotes the generation of cancer stem cell-like phenotypes in both HCT116 and DLD-1 colon cancer cells. Further research indicates that interleukin-6 (IL-6) derived from TAM or exogenous sources promotes the generation of CSCs (105). Macrophage-secreted IL-1β, IL-6, and TNF-α can reprogram quiescent Dclk1+ cells back to an actively dividing stem cell state (40). TAMs maintain CSC self-renewal via cross-talk between STAT3 and NF-κB signaling axes (106). Constitutive NF-kB activation was reported to enhance Wnt activation and stem cell marker expression in mouse crypt cells (19). Additionally, the depletion of suppressive macrophages can significantly enhance the killing efficacy of CSCs mediated by T cells. This finding strongly corroborates the critical role of TAMs in the immunosuppression of CSCs (107).

On the other hand, CCSCs shape TME, establishing a reciprocal interaction with TAMs. When TAMs are exposed to IL-4 secreted by CD133+ CCSCs (108), the expression of phosphoglycerate dehydrogenase (PHGDH) is upregulated, thereby promoting the polarization of TAMs toward an M2 phenotype. It is worth noting that in addition to CCSCs, Th2 cells are also a significant source of IL-4 (109). Upon binding to its receptor, IL-4 promotes the phosphorylation of STAT6, subsequently inducing M2-like macrophage polarization via the JAK/STAT6 signaling pathway (110). However, systematic research on the direct regulatory effects of CCSCs on TAMs remains limited. Wang et al. demonstrated that in CRC cells, CXCR4 upregulation mediates the transfer of specific miRNAs (miR-25-3p, miR-130b-3p, miR-425-5p) to macrophages via extracellular vesicles (EVs), thereby promoting M2 polarization through the PTEN/PI3K/Akt pathway (111). However, it remains to be confirmed whether CCSCs similarly utilize this EV-mediated mechanism to drive M2 polarization.

Neutrophils are phagocytes that constitute a vital component of the innate immune system and represent the earliest immune cells to appear during the acute phase of inflammation. These highly plastic cells undergo remodeling within the tumor microenvironment to become “Tumor-associated neutrophils (TANs).” TANs are polarized into cells exhibiting either N1 or N2 phenotypes. N1 cells suppress tumor cell proliferation and metastasis, while N2 cells assist tumor cells in evading immune surveillance, promote angiogenesis, and enhance tumor cell invasiveness (112, 113).

In CRC, stimulated by TNF-α, Granulocyte-macrophage colony-stimulating factor (GM-CSF), Platelet-activating factor (PAF), and CXCL8, neutrophils release CXCL8, CXCL1, and VEGF, inducing tumor angiogenesis (114). Purified Neutrophil extracellular traps (NETs) induce filopodia formation in colorectal cancer cells, thereby contributing to tumor metastasis. This correlates with increased expression of mesenchymal markers mRNA (vimentin, fibronectin) and pro-EMT transcription factors (ZEB1, Slug), alongside downregulation of epithelial cell adhesion molecule (EpCAM) and epithelial marker E-cadherin (CDH1) (115).

Recent studies have revealed that exosomes released by CCSCs carry 5′-triphosphate RNA, which acts as a transportable molecular pattern to activate the PRR–NF-κB signaling axis in neutrophils. This activation induces IL-1β expression, prolonging neutrophil survival and expanding the pro-tumor neutrophil pool. Furthermore, CCSCs secrete CXCL1/2 chemokines to recruit neutrophils into the TME, where IL-1β promotes tumorigenesis (116).

Activating the antitumor potential of neutrophils and utilizing them as antitumor effector cells represents a novel cancer treatment approach that has demonstrated promising efficacy in colorectal cancer (117). Suppressing pro-tumor neutrophils constitutes a new research direction in neutrophil-based cancer therapy. Within the TME, tumor-derived TGFβ can polarize TANs populations toward a pro-tumor phenotype. (118). Research has found that in co-cultures of neutrophils and SW480 cells (colon adenocarcinoma cells), neutralizing TGFβ with monoclonal antibodies inhibits cancer cell migration and enhances cytotoxicity of neutrophils targeting cancer cells (119–121). Moreover, NETs have been implicated as playing a crucial role in the advancement of cancer (122). Current research on anti-cancer drugs targeting NETs focuses on three main approaches: inhibition of NET formation, disruption of pre-formed NETs, and inhibition of interactions between cancer cells and NETs. In models of metastatic human breast cancer and colon cancer, Liang et al. used cationic materials derived from polyaspartic acid to competitively bind to NET-DNA with CCDC25, subsequently reducing the chemotactic potential of NET-DNA in cancer metastasis (123).




4.6 Myeloid-derived suppressor cells

Myeloid-derived suppressor cells (MDSCs) represent a population of pathologically activated neutrophils and monocytes, which exhibit powerful immunosuppressive activity. Under normal physiological conditions, the body contains low levels of MDSCs. When stimulated by inflammation, infection, tumors, or tissue damage, they proliferate extensively (124). In cancer, MDSCs promote tumor metastasis and assist tumor cells in immune evasion by suppressing immune cell function through multiple mechanisms. Additionally, during pregnancy, MDSCs participate in maintaining maternal-fetal immune tolerance (125). MDSCs are conventionally classified into two major subpopulations: polymorphonuclear (PMN-MDSCs, historically referred to as G-MDSCs) and monocytic (M-MDSCs) (126), which are phenotypically and morphologically analogous to neutrophils and monocytes, respectively (127).

Hypoxia can induce increased secretion from G-MDSC, which leads to enhanced stemness of CRC cells. G-MDSCs increase STAT3 phosphorylation, CD133 and CD44 expression, and sphere formation of CCSCs in vitro by secreting exosomes containing S100 Calcium-Binding Protein A9 (S100A9) under hypoxic stress (128). MDSCs secrete inhibitory molecules such as cathepsin, Inducible nitric oxide synthase (iNOS), and TGF-β, thereby suppressing effector T cell function (129, 130). During chronic intestinal inflammation, elevated IL-6 upregulates STAT3 activity in G-MDSCs via the IL-6R/JAK/STAT3 pathway, thereby increasing miR-93-5p transcription and subsequent enrichment in G-MDSC exosomes. G-MDSCs suppress STAT3 activity in M-MDSCs via exosomal miR-93-5p, thereby promoting M-MDSC differentiation into M2 macrophages. These mechanisms collectively create an immune-evasive environment for CCSCs, facilitating the transition from colitis to cancer (131).

A comprehensive analysis of existing literature indicates that immune cells within the TME exhibit plasticity rather than fixed immune characteristics. Under the influence of the microenvironment, they can differentiate into either antitumor or pro-tumor phenotypes. This phenomenon suggests that targeting a specific type of immune cell may be too broad an approach. Research on the interactions between immune cells and CCSCs remains relatively limited, and the specific interaction networks between them have not yet been fully elucidated. Therefore, focusing on studying these interactions is crucial for laying the foundation for future immunotherapies.





5 Therapeutic strategies targeting CCSCs and the tumor microenvironment



5.1 Chemotherapy

5-Fluorouracil (5-FU), an antimetabolite chemotherapy agent structurally similar to uracil, inhibits tumor cell proliferation by interfering with DNA and RNA synthesis, occupying a central role in CRC treatment. Despite the emergence of novel chemotherapeutic agents (e.g., irinotecan, oxaliplatin) and targeted therapies, 5-FU remains the cornerstone of CRC chemotherapy. Similarly, oxaliplatin, a third-generation platinum-based drug, serves as a first-line chemotherapy option for CRC. It primarily inhibits DNA replication and transcription by forming adducts upon binding to DNA.

Although traditional chemotherapeutic agents (such as 5-FU and oxaliplatin) demonstrate significant short-term efficacy in CRC treatment, their ability to eliminate CCSCs is limited. Drug resistance has become a critical bottleneck constraining therapeutic outcomes, ultimately potentially leading to tumor metastasis and recurrence. Research indicates that 5-FU chemotherapy activates the wild-type p53-mediated WNT3/β-catenin signaling pathway, enriching and activating LGR5+ CCSCs (132); simultaneously, 5-FU activates YAP signaling (rather than the conventional β-catenin pathway), driving the transformation of proliferative colonic stem cells (proCSCs) into dormant, reactivable stem colonic cells (revCSCs), enabling them to evade killing by entering dormancy. Although chemotherapy initially effectively eliminates highly proliferative proCSCs, revCSCs resist treatment and persist as residual disease. Upon cessation of treatment, these revCSCs can differentiate into proCSCs, rapidly proliferate, and cause tumor recurrence (37). Oxaliplatin has also been implicated in tumor resistance associated with EMT and CSCs (133).

As a key bottleneck in conventional therapies and the root cause of tumor recurrence and metastasis, research on CCSCs has made significant strides in recent years, driven by rapid advancements in technologies such as single-cell sequencing and organoid culture. Scientists have gained deeper insights into their molecular characteristics, regulatory mechanisms, and interactions with the tumor immune microenvironment (TIME), leading to the development of multiple novel targeted and immunotherapy strategies (134).




5.2 Targeted therapy

Constitutive activation of the Wnt/β-catenin pathway is a core driver of stemness maintenance and survival in CCSCs. Its molecular mechanism begins with Wnt ligands (such as Wnt3a) binding to cell membrane receptors (Frizzled/LRP5/6), triggering downstream signaling cascades. Upon pathway activation, the β-catenin degradation complex (comprising APC, Axin, and GSK3β) is inhibited. Mutations in the APC gene, present in over 80% of colorectal cancers, permanently disrupt this complex’s function, preventing cytoplasmic β-catenin from being phosphorylated and degraded. Accumulated β-catenin then translocates to the nucleus, binds to TCF/LEF transcription factors, and activates stemness genes such as LGR5, ASCL2, and c-MYC, driving CCSC self-renewal and drug resistance. Porcupine inhibitors block Wnt palmitoylation, causing unmodified Wnt proteins to accumulate in the endoplasmic reticulum and undergo degradation. This upstream inhibition of Wnt signaling significantly reduces β-catenin nuclear translocation, decreases stemness gene expression, and eliminates LGR5+ CCSC-enriched subpopulations (135).

Beyond this, Storm et al.’s study in Nature focused on colorectal tumors lacking APC mutations but harboring PTPRK-RSPO3 fusion genes: RSPO3 fusions sustain high expression of intestinal stem cell marker genes (such as LGR5 and ASCL2) by continuously activating the Wnt signaling pathway, thereby driving tumor stem cell function and tumor growth. Blocking RSPO3-mediated Wnt signaling using anti-RSPO3 antibodies disrupts the self-renewal capacity of tumor stem cells, leading to loss of tumor stem cell function. Moreover, its impact on normal intestinal tissue is limited due to functional redundancy between RSPO2 and RSPO3. This study provides experimental support for therapeutic strategies targeting CCSC-dependent pathways and offers a potential direction for personalized treatment of RSPO3 fusion-positive patients (136).

The significant overlap in molecular characteristics and signaling pathways between CCSCs and normal intestinal stem cells has resulted in limited efficacy of current targeted therapies specifically designed for CCSCs. Future research should prioritize identifying vulnerability targets unique to CCSCs that are absent in normal stem cells, thereby advancing the development of next-generation targeted therapies (71, 137).




5.3 Immunotherapy

Novel immunotherapy strategies targeting CSCs show great promise in enhancing anti-CSC effects. Representative approaches include: - Vaccines based on DCs and nanodisks (NDs) that present CSC antigens—such as CSC lysates, CSC marker proteins, or CSC-derived peptides—to induce anti-CSC immune responses; development of CSC-targeting bispecific antibodies (BiAbs) and antibody-drug conjugates (ADCs); and CSC-targeting chimeric antigen receptor (CAR)-T cell therapies and NK cell-based therapies, which have demonstrated progress in both solid tumors and hematologic malignancies (16, 138).

Based on the spatial distribution of CD8+ T cells within the TIME, the characteristics of immune cell infiltration, and the activation status of related signaling pathways, tumors are classified into three categories: immune-inflamed, immune-excluded, and immune-desert (139, 140). Immune-inflamed tumors are characterized by substantial CD8+ T cell infiltration into the tumor parenchyma with active function, typically responding well to immunotherapy. The latter two categories are considered “cold” tumors, manifesting as either ineffective CD8+ T cell infiltration into the tumor core (immune-excluded) or near-total absence of T cells within the tumor (immune-desert), rendering them largely unresponsive to immunotherapy (139, 141). In the context of CRC, this classification is particularly critical: CRC with high microsatellite instability/defective mismatch repair (MSI-H/dMMR) is definitively categorized as a “hot” tumor due to its unique, immune-cell-rich microenvironment. Conversely, microsatellite stable/probe mismatch repair normal (MSS/pMMR) CRC is primarily defined as a “cold” tumor (142).

Additionally, studies have found that metastatic colorectal cancer cell populations may contain a higher proportion of cells exhibiting cancer stem cell-like properties. Compared to primary colorectal cancer cells, these cells demonstrate greater sensitivity to NK cell-mediated lysis (143). Due to the widespread heterogeneity both between tumors and within tumors—meaning even primary and metastatic sites of the same cancer type exhibit significant differences in immune cell infiltration within their tumor microenvironments—this TIME heterogeneity directly leads to substantial variations in immune therapy responses across different tumor locations and even distinct regions of the same tumor. It is a key factor influencing the efficacy of immune therapy. Therefore, delving into TIME heterogeneity—particularly how it influences the recognition and killing efficacy of immune cells (such as NK cells and T cells) against tumor cells (especially CSC subpopulations), and how to overcome the immunosuppressive barriers of “cold” tumor microenvironments—is crucial for developing more precise and effective immunotherapy strategies.

Understanding the dynamic equilibrium of TIME is crucial. It can be viewed as a battlefield where two forces—the “offensive” and the “defensive”—engage in continuous struggle: the “offensive” aims to eliminate tumors through strategies such as enhancing effector T cell and NK cell function (e.g., CAR-T (144) and CAR-NK therapies (145)) or releasing T cell suppression (e.g., using immune checkpoint inhibitors like anti-PD-1/PD-L1) (146); while the “defense” promotes tumor survival. Tumor cells and cells like CCSCs suppress immune cell function by secreting immunosuppressive factors. For instance, TGFβ signaling plays a crucial role in enhancing immune resistance in colon cancer. This signaling promotes Treg differentiation and suppresses Th1 immune responses, thereby constructing a robust immune resistance barrier. Treatment with the TGFβ receptor inhibitor galunisertib significantly restores CD8+ T cell infiltration and activates Th1 immune responses, thereby inhibiting primary tumor growth and liver metastasis formation (71). Crucially, when galunisertib is combined with PD-L1 antibodies, synergistic effects are achieved through synchronous mechanisms: galunisertib weakens “defensive” immune suppression (releasing T cell blockade/inhibiting Treg activation), while the PD-L1 antibody enhances “offensive” cytotoxicity (reactivating T cell killing function). This strategy significantly extended survival in mouse models with established metastases, offering a breakthrough approach for immunotherapy resistance in MSS colorectal cancer patients. It fully validates the core value of “coordinated offensive-defensive intervention” in reshaping the immunosuppressive TIME (71). A 2023 clinical study reported that some patients intolerant to chemotherapy regimens achieved significant suppression of tumor recurrence after CAR-NK cell therapy, with no notable immune-related adverse events (145).

Current immunotherapy strategies primarily focus on enhancing the “offensive” approach, with their core limitation being the failure to effectively weaken the “defensive” forces—specifically, the inability to sufficiently eliminate or suppress immunosuppressive cells (such as Tregs and MDSCs) and soluble immunosuppressive molecules within the tumor microenvironment. Achieving effective remodeling of the immunosuppressive TIME, promoting the transformation of “cold tumors” into “hot tumors,” and making effective immunotherapy a viable option for a broader range of cancer types represent key current directions in immunotherapy (139).




5.4 Traditional Chinese medicine treatment

Traditional Chinese medicine, as the traditional medicine of the Chinese nation, demonstrates significant clinical application value in various diseases through its numerous active components. Research has revealed that multiple herbal constituents can target specific signaling pathways to inhibit CCSCs. For instance: caffeic acid and silibinin target the PI3K/Akt/mTOR signaling pathway; while honokiol and quercetin target the NOTCH signaling pathway. Furthermore, clinical practice demonstrates that traditional Chinese medicine can not only complement Western medical treatments to enhance efficacy and mitigate side effects but also be applied independently to achieve tumor growth control and prolong patient survival (147).




5.5 Integrative therapeutic model and rationale

Given the heterogeneity and plasticity of CCSCs and the vicious cycle they form with the TIME, monotherapies often yield limited efficacy in eradicating CCSCs. This has driven researchers to develop an integrated therapeutic paradigm centered on simultaneously targeting the intrinsic resistance mechanisms of CCSCs and the extrinsic immune escape barriers provided by TIME. A prospective therapeutic model aims to achieve deep remission through synergistic multi-mechanism action (Figure 3): First, chemotherapy or targeted drugs reduce overall tumor burden while directly undermining the stemness foundation of CCSCs. Concurrently, immune modulators are combined to reshape the TIME, reversing immunosuppression and transforming “cold tumors” into immune cell-rich “hot tumors.” Research confirms that EM127, an inhibitor targeting the methyltransferase SMYD3, combined with 5-FU chemotherapy, significantly reduces the proliferative capacity of colorectal cancer stem cells and induces their apoptosis. This combination achieved complete tumor regression in some tumor-bearing mice without observable significant side effects, demonstrating the superiority of the targeted therapy and chemotherapy combination regimen (148). As previously mentioned, the combination regimen of TGF-β inhibitors and PD-1 inhibitors in immunotherapy has demonstrated preliminary efficacy in MSS colorectal cancer (71). Of particular note, traditional Chinese medicine demonstrates unique value within this integrated model. Its diverse active components—such as caffeic acid and silibin targeting the PI3K/Akt/mTOR pathway, and magnolol and quercetin targeting the NOTCH pathway—can inhibit CCSC characteristics through multi-targeted action. Complementing Western medical treatments, these compounds enhance efficacy while mitigating toxic side effects, This approach holds promise for achieving deep remission in colorectal cancer and prolonging patients’ progression-free survival.

[image: A schematic of an integrative therapeutic model to eradicate CCSCs and overcome therapy resistance. The center features tumor cells, including CCSCs. Surrounding segments show synergistic treatments: 'Chemotherapy & Targeted Therapy' (e.g., 5-FU + SMYD3 inhibitor EM127); 'Immunotherapy' (e.g., TGF-β inhibitor Galunisertib + anti-PD-1/PD-L1) to convert 'cold' to 'hot' tumors; and 'Traditional Chinese Medicine' with multi-targeting agents (e.g., caffeic acid, quercetin). This model demonstrates a coordinated strategy for deep remission.]
Figure 3 | An integrative therapeutic model to eradicate CCSCs and overcome therapy resistance. This schematic illustrates a multi-modal strategy designed to disrupt the vicious cycle between CCSCs and the immunosuppressive TIME. The model synergizes several core approaches: Chemotherapy & Targeted Therapy (e.g., 5-FU combined with the SMYD3 inhibitor EM127) to reduce tumor burden and directly undermine CCSCs; Immunotherapy (e.g., combining TGF-β inhibitors with PD-1 inhibitors) to reverse immunosuppression and convert “cold” tumors into “hot” tumors; and Traditional Chinese Medicine, utilizing multi-targeting components (e.g., caffeic acid, silibinin, honokiol, quercetin) to suppress CCSC stemness pathways and mitigate treatment side effects. This combinatorial approach aims to achieve deep remission by simultaneously attacking intrinsic CCSC resistance mechanisms and extrinsic immune evasion barriers. (Created with BioRender.com).





6 Discussion

With advances in colorectal cancer treatment, the primary challenge has shifted from “overcoming initial treatment failure” to “controlling recurrence risk.” CCSCs have been demonstrated to play a pivotal role in recurrence, metastasis, and treatment resistance (148). Recent studies progressively reveal that CCSCs are not static entities but rather plastic cellular states dynamically regulated by the TIME. Are CCSCs truly the “culprits”? Signaling molecules within the tumor immune microenvironment may be the “root cause.”

This review systematically elucidates: (1) CCSCs exhibit “bidirectional plasticity,” achieving reversible transitions between stemness and differentiation states through epigenetic reprogramming (e.g., OnF embryonic-like state, EMT conversion). CCSCs serve as the root cause of ITH, and their intrinsic subpopulation heterogeneity drives organ-specific metastasis and recurrence (10). (2) In the TIME, crosstalk between immune cells and CCSCs forms a “vicious cycle”: where TAMs, Tregs, and others secrete factors like TGF-β/IL-6 to enhance CCSCs stemness, while CCSCs remodel the immunosuppressive microenvironment via exosomes and other pathways (105, 149). (3) Given CCSCs’ plasticity, heterogeneity, and malignant interactions with TIME, single therapeutic strategies prove ineffective. A core strategy to overcome colorectal cancer treatment bottlenecks involves synergistically remodeling TIME through multi-mechanism therapies (150, 151).

Current research on CCSCs has opened new perspectives for colorectal cancer treatment, revealing that these stem cells possess remarkable plasticity and engage in bidirectional malignant interactions with the tumor immune microenvironment. This discovery provides a key breakthrough in elucidating the molecular mechanisms underlying tumor recurrence and metastasis (37). Furthermore, the identification of distinct metastatic tendencies among different CCSCs subtypes offers a basis for developing personalized treatment strategies (10, 152).

Traditional chemotherapy and targeted therapies have significant limitations, while emerging immunotherapies, though promising, remain ineffective against immune “cold tumors.” (153).We conducted an in-depth analysis of the composition of the TIME and its regulatory role in CCSCs. An integrative therapeutic model holds promise to dismantle the survival foundation of CCSCs at their root, offering novel solutions for overcoming treatment resistance and tumor recurrence (154).

However, despite these promising strategic directions, several formidable challenges must be navigated to achieve a breakthrough in controlling CRC recurrence and metastasis. Future research should strategically focus on the following pillars:

First, Decoding Cellular Hierarchies and Identifying CCSC-Specific Markers (155). Leveraging single-cell multi-omics and spatial transcriptomics across treatment timepoints and metastatic sites is essential to determine whether a “master” CCSC subpopulation exists that orchestrates overall heterogeneity, or if this function is distributed among different stem cell clusters. This will identify the most relevant cellular targets and the optimal windows for therapeutic intervention.

Second, Conquering Plasticity through Epigenetic Intervention (156, 157). The regulatory circuitry that drives the “dedifferentiation” of non-stem cells into CCSCs under therapy or immune pressure remains a black box (22). Future work must prioritize elucidating these mechanisms, with a particular emphasis on epigenetic drivers. Identifying key master switches could enable the use of epigenetic modulators to “freeze” CCSCs in a susceptible state or block the regeneration of the stem cell pool, effectively dismantling this critical barrier to treatment (158, 159).

Third, Translating Integrated Therapies into Clinical Practice. The path from laboratory to clinical efficacy for complex combination regimens is fraught with challenges. Future efforts must bridge this gap by developing robust biomarkers to select patients most likely to benefit from specific “offensive-defensive” combinations. A priority is to explore the mechanisms and synergy of an Integrative Therapeutic Model—which combines targeted therapy and chemotherapy to target stemness, immunotherapy to reprogram the TIME (71), and Traditional Chinese Medicine as a multi-targeting adjunct—through robust in vitro and in vivo studies.

In conclusion, the paradigm for overcoming CRC is decisively shifting from a simplistic “search-and-destroy” mission against CCSCs towards a sophisticated campaign to dismantle the vicious co-evolutionary cycle between the “seed”(CCSCs) and the “soil” (the immunosuppressive TIME). While the challenges are significant, the Integrative Therapeutic Model holds the definitive promise of transforming CRC from a lethal adversary into a manageable chronic condition, and ultimately, achieving the goal of lasting disease control.
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Glossary

5-FU 5-Fluorouracil

ADCs Antibody-Drug Conjugates

APC Adenomatous Polyposis Coli

APM Antigen Processing Machinery

BiAbs Bispecific Antibodies

CAFs Cancer-Associated Fibroblasts

CAR-NK Chimeric Antigen Receptor Natural Killer cells

CAR-T Chimeric Antigen Receptor T-cell

CCSCs Colorectal Cancer Stem Cells

CRC Colorectal Cancer

CTLA-4 Cytotoxic T-Lymphocyte-Associated Protein 4

DCs Dendritic Cells

DLL4 Delta-Like Ligand 4

dMMR Deficient Mismatch Repair

EMT Epithelial–Mesenchymal Transition

EpCAM Epithelial Cell Adhesion Molecule

EVs Extracellular Vesicles

GM-CSF Granulocyte-Macrophage Colony-Stimulating Factor

G-MDSCs Granulocyte-derived Myeloid-Derived Suppressor Cells

iNOS Inducible Nitric Oxide Synthase

ITH Intratumoral Heterogeneity

MAFA MAF BZIP Transcription Factor A

MDSCs Myeloid-Derived Suppressor Cells

MHC Major Histocompatibility Complex

M-MDSCs Monocyte-derived Myeloid-Derived Suppressor Cells

MSI-H Microsatellite Instability-High

MSS Microsatellite Stable

NETs Neutrophil Extracellular Traps

NK cells Natural Killer cells

OnF Oncogenic Fetal Reprogramming

PAF Platelet-Activating Factor

PD-1 Programmed Cell Death Protein 1

PD-L1 Programmed Death-Ligand 1

PHGDH Phosphoglycerate Dehydrogenase

pMMR Proficient Mismatch Repair

scRNA-seq Single-cell RNA sequencing

STAT3 Signal Transducer and Activator of Transcription 3

TAA Tumor-Associated Antigen

TAMs Tumor-Associated Macrophages

TANs Tumor-Associated Neutrophils

TCR T-cell Receptor

TGF-β Transforming Growth Factor Beta

TIME Tumor Immune Microenvironment

TMB Tumor Mutational Burden

TME Tumor Microenvironment

Tregs Regulatory T cells

Wnt Wingless/Integrated.
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