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Molecular crosstalk between cancer stem cells and the tumor microenvironment: Therapeutic implications
Abstract
The dynamic interaction between cancer stem cells (CSCs) and the tumor microenvironment (TME) is increasingly recognized as a key driver of tumor progression, metastasis, and therapeutic resistance. Disrupting this molecular crosstalk offers a promising strategy to improve cancer treatment outcomes. Recent advances highlight the potential of targeting the supportive CSC niche, modulating immune responses, and inhibiting exosome-mediated signaling to eradicate CSCs and overcome resistance. Innovative approaches including precision stem cell therapies, personalized treatment strategies based on TME characteristics, and the use of 3D tumor models and organoids are paving the way for more effective and individualized therapies. Integrating immunotherapy with CSC-targeted interventions may further enhance clinical efficacy. Continued research into CSC- TME interactions is vital for translating these insights into transformative cancer treatments.
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Introduction 
The tumor microenvironment (TME) comprises a dynamic and multifaceted network of non-cancerous cells and extracellular elements that closely interact with and influence tumor cells. The TME is composed of various cellular and non-cellular elements, including immune cells, fibroblasts, endothelial cells, mesenchymal stem cells (MSCs), extracellular matrix (ECM) components, and soluble factors such as cytokines, chemokines, and growth factors1. The TME plays a crucial role in tumor initiation, progression, metastasis, and resistance to therapies by supporting angiogenesis, suppressing anti-tumor immune responses, and facilitating invasion and dissemination2. Importantly, tumor cells and their microenvironment co-evolve; tumors actively modify their surrounding milieu to create a pro-tumorigenic niche, while the TME, in turn, imposes selective pressures that drive tumor heterogeneity and adaptation3. Recent therapeutic strategies increasingly target components of the TME, such as immune checkpoint inhibitors that reactivate suppressed immune responses, demonstrating the potential of TME-focused interventions in improving cancer treatment outcomes4.
Components of Tumor Micro Environment and Their Roles
Immune cells within the TME contribute to a paradoxical environment where both anti-tumor and pro-tumor activities occur. For instance, Tumor-Associated Macrophages (TAMs) often exhibit an M2-like phenotype in tumors, promoting tissue remodeling, angiogenesis, and immune suppression rather than mounting an effective immune response. TAMs secrete immunosuppressive cytokines like interleukin-10 (IL-10) and tumor necrosis factor- beta (TGF-β), which impair the function of T cells and natural killer (NK) cells. These macrophages, along with Myeloid-Derived Suppressor Cells (MDSCs) and regulatory T cells (Tregs), contribute to immune evasion by suppressing anti-tumor immunity and fostering a tolerogenic microenvironment5. 
Among the most influential stromal cells in the TME are Cancer-Associated Fibroblasts (CAFs). These cells, which may arise from resident fibroblasts, epithelial cells, or even MSCs, play a multifaceted role in cancer. CAFs secrete growth factors and remodeling enzymes such as matrix metalloproteinases (MMPs) that alter the ECM, thus facilitating tumor invasion and metastasis. They also produce pro-angiogenic factors like vascular endothelial growth factor (VEGF), which stimulate the formation of new blood vessels to supply the tumor with oxygen and nutrients6. Additionally, CAFs modulate the immune landscape by attracting immunosuppressive cells and dampening the activity of cytotoxic T cells.
Beyond cellular elements, the TME comprises crucial non-cellular components that also play fundamental roles in tumor biology. The ECM is a complex three-dimensional scaffold composed of proteins such as collagen, fibronectin, laminin, and proteoglycans. The ECM provides structural support and also regulates signaling pathways that influence tumor cell survival, proliferation, and migration7. Altered ECM composition and stiffness can influence tumor cell behaviour, including migration and resistance to therapy. ECM components like collagen, fibronectin, and laminin interact with cell surface receptors such as integrins, initiating signaling cascades that support tumor cell survival, invasion, and metastasis7. Furthermore, the dense and fibrotic ECM acts as a physical barrier that limits the penetration of chemotherapeutic drugs and immune cells into the tumor core, thus contributing to therapeutic resistance.
A wide array of cytokines, chemokines, and growth factors further orchestrate the intricate communication within the TME. Cytokines such as interleukin-6 (IL-6), (IL-10), TGF-β, and tumor necrosis factor- alpha (TNF-α) modulate immune responses, often tipping the balance toward immunosuppression. For instance, TGF-β not only suppresses cytotoxic T cell activity but also promotes epithelial-to-mesenchymal transition (EMT) and metastasis8. Chemokines, small signaling proteins such as C-C motif ligand 2 (CCL2) and C-X-C motif chemokine ligand 12 (CXCL12), regulate the recruitment of immune cells, including the attraction of tumor associated macrophages (TAMs) and Tregs that further enhance immunosuppression and support tumor progression9. Growth factors, including vascular endothelial growth factor (VEGF), epidermal growth factor (EGF), and platelet-derived growth factor (PDGF), drive key processes like angiogenesis, tumor cell proliferation, and fibroblast activation.
Stem cells are a unique class of undifferentiated cells capable of both self-renewal and differentiation into specialized cell types, playing a crucial role in tissue homeostasis and repair. In the context of cancer, the concept of stem cells has expanded to include a specific subpopulation known as cancer stem cells (CSCs), which are thought to be responsible for tumor initiation, progression, therapy resistance, and disease relapse10. CSCs possess similar properties of stem cells like self-renewal, differentiation potential, and quiescent, thereby evading therapies that target rapidly dividing cells11. These cells are often resistant to conventional treatments such as chemotherapy and radiotherapy, which largely target bulk tumor cells but may spare CSCs, enabling the tumor to regrow even after an initial response to therapy. The identification of CSCs across multiple cancer types, including leukemia, breast, brain, and colon cancers, has fundamentally changed the understanding of cancer biology 12. CSCs are thought to reside in specialized niches within the tumor microenvironment that provide the necessary signals to maintain their stemness and protect them from therapeutic interventions13. 
The presence of CSCs and MSCs in the TME adds another layer of complexity. CSCs are a small subpopulation of tumor cells capable of self-renewal, differentiation, and tumor initiation. They are believed to be responsible for metastasis, recurrence, and resistance to conventional therapies. The TME provides a supportive niche for CSC maintenance through signaling pathways such as Notch, Wnt, and Hedgehog. MSCs, on the other hand, can be recruited into the TME from the bone marrow or surrounding tissues. Once there, they can differentiate into CAFs or secrete immunosuppressive and pro-tumorigenic factors that aid in tumor progression14. The interaction or crosstalk between MSCs and CSCs within the TME has been shown to promote EMT, enhance metastatic potential, and contribute to therapy resistance.
The dynamic interplay between these cellular and non-cellular elements generates a highly adaptive ecosystem that not only supports tumor survival but also fosters heterogeneity and therapy resistance. For example, hypoxic regions within the TME can induce hypoxia-inducible factors (HIFs) that promote angiogenesis and a stem-like phenotype in tumor cells, contributing to aggressive behaviour and resistance to conventional treatments15. Moreover, the immunosuppressive milieu dominated by Tregs, TAMs, and inhibitory cytokines enables tumors to evade immune destruction, a phenomenon recognized as one of the hallmarks of cancer2.
The Tumor Microenvironment as a Therapeutic Target
It is crucial to understand the components and interactions within the TME to develop novel therapeutic strategies. Therapies targeting the TME, such as immune checkpoint inhibitors (anti-PD-1/PD-L1 therapies), anti-angiogenic agents (such as bevacizumab), and TME-modulating agents that normalize the ECM, are being explored with promising results. These strategies aim not only to attack the tumor cells directly but also to disrupt the supportive environment that sustains them.
The formation of new blood vessels from pre-existing ones is a hallmark of cancer facilitated by the TME. Tumor-induced angiogenesis is often abnormal, resulting in leaky and dysfunctional blood vessels that cause heterogeneous blood flow and hypoxic regions within the tumor. Hypoxia, in turn, activates hypoxia-inducible factors (HIFs) that drive further expression of pro-angiogenic genes and contribute to an aggressive tumor phenotype. Moreover, hypoxia fosters immune suppression and selects for more treatment-resistant CSCs15.
The crosstalk between tumor cells and stromal components is largely mediated by a network of cytokines, chemokines, and growth factors. These molecules establish autocrine and paracrine loops that support tumor cell proliferation, survival, and invasion. For example, CAFs and MSCs secrete IL-6 and CXCL12, which activate Signal Transducer and Activator of Transcription 3 (STAT3) signaling in tumor cells, enhancing their stemness and metastatic potential. Similarly, TAM-derived CCL2 and VEGF can promote both angiogenesis and recruitment of additional suppressive immune cells, exacerbating the immunosuppressive environment6,7.
Importantly, the TME plays a central role in therapeutic resistance. The abnormal vasculature and dense ECM hinder effective drug delivery, while stromal cells can metabolize or sequester drugs, reducing their efficacy. Hypoxia can reduce the sensitivity of cancer cells to radiotherapy and certain chemotherapies, while the presence of immunosuppressive cells and immune checkpoint molecules such as Programmed Death Ligand 1 (PD-L1) can limit the effectiveness of immunotherapy. These challenges underscore the need to develop therapeutic strategies that target not only cancer cells but also the supportive microenvironment16.
In recent years, therapeutic targeting of the TME has gained traction as a strategy to improve cancer treatment outcomes. Approaches include normalizing the tumor vasculature to improve drug delivery, depleting or reprogramming CAFs, inhibiting ECM remodelling enzymes like MMPs, and targeting immunosuppressive cells or cytokines. Immunotherapies such as immune checkpoint inhibitors have shown remarkable success in certain cancers by reactivating T cells within the TME. Combinatorial strategies that simultaneously target tumor cells and TME components are being actively explored in clinical trials17.
CSCs contribute significantly to therapeutic resistance through various mechanisms. They often overexpress drug efflux pumps such as ATP-binding cassette (ABC) transporters, which actively remove chemotherapeutic agents from the cell18. Furthermore, CSCs possess enhanced DNA repair capabilities, allowing them to survive genotoxic stress induced by radiation or chemotherapy19. The quiescent or slow-cycling nature of CSCs also allows them to evade treatments that target proliferative cells. In addition, CSCs can modulate the immune microenvironment by secreting immunosuppressive cytokines, expressing immune checkpoint molecules, and recruiting regulatory immune cells, thus further promoting an environment conducive to tumor survival and resistance20. This complexity has posed significant challenges for developing effective cancer therapies, necessitating a dual-targeting approach that aims to eradicate both bulk tumor cells and CSCs.
On the therapeutic front, MSCs have emerged as a double-edged sword in cancer therapy. MSCs are multipotent stromal cells capable of differentiating into a variety of mesenchymal lineages, including osteoblasts, adipocytes, and chondrocytes21. Their ability to home to sites of injury and inflammation, including tumors, makes them attractive candidates for cell-based therapies, including the delivery of anti-cancer agents directly to the tumor site. Engineered MSCs have been used to deliver cytokines, pro-apoptotic proteins, and oncolytic viruses in experimental models, showing promise in preclinical studies22. MSCs are also being investigated as vehicles for gene therapy, as they can be genetically modified to express therapeutic proteins that selectively target cancer cells while sparing normal tissues.
However, the use of MSCs in cancer therapy is not without controversy. There is accumulating evidence that MSCs may inadvertently support tumor growth and metastasis under certain conditions. MSCs can be co-opted by tumor cells to promote angiogenesis, suppress immune responses, and enhance tumor invasiveness through the secretion of various growth factors, cytokines, and extracellular matrix remodelling enzymes23. This dual role of MSCs highlights the complexity of stem cell interactions within the tumor microenvironment and underscores the need for cautious optimization and thorough understanding before clinical applications. Other types of stem cells, such as induced pluripotent stem cells (iPSCs) and neural stem cells, are also being explored for their potential therapeutic uses in oncology, including modelling tumorigenesis, drug screening, and targeted therapy delivery24. Nevertheless, the risk of tumorigenicity associated with stem cell therapies remains a major hurdle, necessitating rigorous safety evaluations in preclinical and clinical settings.
CAFs are activated fibroblasts within the tumor stroma that promote tumorigenesis by secreting growth factors, remodelling the ECM, and modulating immune responses6. They facilitate EMT, enhance cancer cell invasiveness, and contribute to the creation of an immunosuppressive environment. CAFs also produce matrix metalloproteinases (MMPs) that degrade the ECM, thereby promoting tumor invasion and metastasis25.
Another key cellular player is the population of tumor-associated macrophages (TAMs). TAMs typically exhibit an M2-like phenotype, associated with tissue remodelling and immunosuppression, rather than the M1 pro-inflammatory phenotype 26. M2-like TAMs secrete anti-inflammatory cytokines such as IL-10 and TGF-β, promote angiogenesis through vascular endothelial growth factor (VEGF) production, and facilitate tumor immune evasion by inhibiting T cell responses. High TAM infiltration often correlates with poor prognosis in various cancers, reflecting their critical role in supporting tumor progression and metastasis5.
T cells, natural killer (NK) cells, and dendritic cells (DCs) also populate the TME and are central to the immune surveillance and anti-tumor response. Cytotoxic CD8+ T cells can directly kill tumor cells, while CD4+ helper T cells coordinate broader immune responses. However, within the TME, T cells often become dysfunctional or exhausted, characterized by the up regulation of inhibitory receptors such as PD-1 and CTLA-427. 
Regulatory T cells (Tregs) are frequently recruited to tumors where they suppress effective anti-tumor immunity. NK cells, critical for innate immune responses, can recognize and eliminate tumor cells lacking MHC class I molecules. Nonetheless, their activity is often impaired in the TME through the action of immunosuppressive cytokines or direct inhibition by tumor cells28. DCs, particularly conventional type 1 DCs (cDC1s), are essential for antigen presentation and the priming of T cells against tumor antigens. However, tumors can inhibit DC maturation and function, thereby blunting the initiation of robust adaptive immune responses29.
Endothelial cells are another vital component, especially regarding angiogenesis. Tumors require a blood supply to sustain growth beyond a certain size, and they achieve this by hijacking the body's angiogenic processes. Tumor endothelial cells, stimulated by factors such as VEGF, form abnormal, leaky, and disorganized blood vessels that facilitate tumor growth and metastasis while also creating regions of hypoxia that further drive malignant behaviour30. Tumor-induced angiogenesis is often aberrant, leading not only to oxygen and nutrient supply but also to increased opportunities for tumor cells to intravasate into the bloodstream and spread to distant sites.
TME consists of variety of cell types such as immune cells, cancer-associated fibroblasts (CAFs), endothelial cells, as well as ECM components. These elements interact with CSCs through a complex network of signaling pathways, cytokines, and extracellular vesicles (EVs), creating a niche that supports CSC maintenance and tumor progression. For instance, CSCs can secrete EVs containing oncogenic proteins, microRNAs, and other molecules that modulate the behaviour of surrounding stromal and immune cells, promoting an immunosuppressive environment conducive to tumor growth31. Conversely, components of the TME can release factors that enhance CSC stemness and survival, illustrating the bidirectional nature of this interaction.​
CSCs interact with the TME primarily through the release of EVs, particularly exosomes. These vesicles act as conduits for bioactive molecules, enabling communication between cells. Exosomes derived from CSCs (CSC-exo) have been shown to influence various aspects of tumor biology, including angiogenesis, immune evasion, and metastasis. For example, CSC-exo can induce the transformation of normal stromal cells into cancer-associated fibroblasts, which in turn secrete factors that support CSC maintenance and tumor progression31. Moreover, CSC-exo can modulate immune responses by impairing dendritic cell maturation and promoting the expansion of regulatory T cells (Tregs), thereby facilitating immune escape32.​ 
The intricate crosstalk between CSCs and the TME contributes significantly to therapeutic resistance. CSCs exhibit several mechanisms that confer resistance to conventional therapies, including enhanced DNA repair capabilities, expression of drug efflux transporters, and activation of anti-apoptotic pathways. The supportive role of the TME exacerbates this resistance by providing survival signals and shielding CSCs from immune surveillance. For instance, the interaction between CSCs and TAMs can lead to the secretion of immunosuppressive cytokines, further dampening the efficacy of immunotherapies32. Moreover, the plasticity of CSCs allows them to transition between different phenotypic states, enabling them to adapt to therapeutic pressures and repopulate tumors after treatment.
Characteristics and Challenges in Targeting Cancer Stem Cells 
CSCs represent a small subset of cells within a tumor that are capable of self-renewal and have the potential to drive tumorigenesis, metastasis, and relapse. These cells have garnered increasing attention due to their critical role in cancer initiation, progression, and resistance to conventional therapies. These cells share several characteristics with normal stem cells, including the capacity for asymmetric division, which enables them to produce both CSCs and differentiated progeny33. Additionally, CSCs are often resistant to conventional cancer treatments due to their slow proliferation rates, enhanced DNA repair mechanisms, and activation of survival pathways that protect them from cell death. This resistance contributes to their role in tumor relapse and metastasis. CSCs are also able to create a specialized microenvironment, or niche, that supports their survival and fosters tumor progression. This ability to evade treatment and contribute to tumor heterogeneity is one of the primary reasons why cancer treatments have limited success in achieving long-term remission34.
Targeting CSCs poses a significant challenge due to the similarity between CSCs and normal stem cells. Both types of cells share many molecular and phenotypic characteristics, making it difficult to differentiate between them. Moreover, the dynamic and plastic nature of CSCs further complicates therapeutic strategies. CSCs can adapt to their environment and acquire resistance to therapies, leading to the persistence of tumorigenic cells that are difficult to eradicate. Therefore, precision therapies that specifically target CSCs while sparing normal stem cells are necessary to overcome these challenges and improve cancer treatment outcomes35.
Recent research has focused on identifying unique markers and signaling pathways associated with CSCs to develop targeted therapies. These markers are typically involved in maintaining the self-renewal and differentiation properties of CSCs. Several cell surface markers, such as cluster of differentiation 44 (CD44), cluster of differentiation 133 (CD133), and aldehyde dehydrogenase (ALDH), have been identified as potential targets for CSC therapy. These markers are commonly expressed on the surface of CSCs and are associated with their stem-like properties, including their ability to initiate tumors and resist conventional therapies. By targeting these markers, researchers aim to selectively eradicate CSCs while leaving normal stem cells unharmed36.
In addition to surface markers, signaling pathways that regulate CSCs, such as the Wnt/β-catenin, Notch, Hedgehog, and PI3K/Akt/mTOR pathways, have also been identified as key players in CSC maintenance and drug resistance. These pathways are frequently upregulated in CSCs and contribute to their self-renewal, survival, and metastasis. By targeting these pathways with specific inhibitors, it may be possible to disrupt the maintenance of CSCs and enhance the effectiveness of conventional treatments, such as chemotherapy and radiation therapy. Several small molecules and monoclonal antibodies targeting these pathways are currently being tested in preclinical and clinical trials, with promising results in certain cancer types37.
Immunotherapies Targeting Cancer Stem Cells
Immunotherapy has emerged as one of the most promising approaches for targeting CSCs. Recent advancements in immunotherapy, including dendritic cell vaccines, chimeric antigen receptor (CAR) T-cell therapies, and monoclonal antibodies, have shown potential in selectively targeting CSCs. These therapies aim to stimulate the immune system to recognize and attack CSCs, thereby reducing the likelihood of tumor recurrence and improving patient outcomes.
Dendritic cell (DC) vaccines are designed to activate the immune system by presenting tumor-associated antigens (TAAs) to T cells. By loading dendritic cells with CSC-specific antigens, researchers aim to generate an immune response that selectively targets and destroys CSCs. Dendritic cell vaccines have shown promise in preclinical models, and clinical trials are ongoing to evaluate their efficacy in various cancers. For example, studies have demonstrated that dendritic cell vaccines can induce an immune response against CSCs in breast cancer and glioblastoma, suggesting that this approach may be effective in targeting CSCs in other tumor types as well38.
Chimeric Antigen Receptor (CAR) T-cell therapy involves modifying a patient's T cells to express a chimeric antigen receptor that recognizes specific antigens on the surface of target cells, including CSCs. By manipulating T cells to target CSC-specific markers, CAR T-cell therapy can improve the ability of immune system's selectively attack and eliminate CSCs. CAR T-cell therapies have been successfully used to treat hematologic malignancies, such as leukemia and lymphoma, but their application to solid tumors, including CSCs, is still in the early stages of development. Several clinical trials are exploring the use of CAR T-cell therapies to target CSCs in breast cancer, glioblastoma, and other solid tumors. Early results indicate that CAR T-cell therapy can effectively target and eliminate CSCs, offering a potential treatment option for patients with resistant or relapsed cancers 39.
Monoclonal antibodies are developed in such a way that they can target specific antigens on the surface of CSCs, marking CSCs for destruction by the immune system. These antibodies can be used alone or in combination with other therapies, such as chemotherapy or radiation, to enhance the immune response against CSCs. Several monoclonal antibodies targeting CSC markers, such as CD44 and CD133, are currently under investigation in preclinical and clinical studies. For example, monoclonal antibodies targeting the CD44 surface marker have shown promise in preclinical models of breast cancer and pancreatic cancer by selectively targeting and depleting CSCs, thereby reducing tumor growth and metastasis 40.
While the targeting of CSCs through immunotherapies and precision therapies holds great promise, several challenges remain. One of the major hurdles is the identification of reliable and specific markers that can be used to distinguish CSCs from normal stem cells41. Many CSC markers overlap with those of normal stem cells, making it difficult to develop therapies that target CSCs without affecting normal tissues. Additionally, the plasticity of CSCs poses a challenge, as these cells can adapt to changes in the tumor microenvironment and acquire resistance to targeted therapies. This highlights the need for combination therapies that target multiple aspects of CSC biology, including their self-renewal, survival, and drug resistance pathways42.
Furthermore, while some of the therapies targeting CSCs have shown promise in preclinical models, their translation to clinical practice has been slow. Clinical trials evaluating the efficacy of CSC-targeting therapies have produced mixed results, with some therapies showing promising activity while others have failed to demonstrate significant clinical benefit. More research is needed to identify the most effective strategies for targeting CSCs in different cancer types and to optimize the delivery of these therapies to improve patient outcomes43.
The targeting of CSCs represents a promising approach to overcoming the limitations of conventional cancer therapies. By developing precision stem cell-based therapies that specifically target CSCs, researchers aim to reduce tumor relapse, improve patient outcomes, and achieve long-term remission44. Immunotherapies, such as dendritic cell vaccines, CAR T-cell therapies, and monoclonal antibodies, offer exciting possibilities for selectively targeting and eradicating CSCs. Continued research and clinical trials are essential to advancing these therapies and improving cancer treatment outcomes45.
The Role of TME in Tumor Progression and Therapy Resistance
The heterogeneity of the TME affects a wide range of tumor-related processes. Cancer cells interact with the various cellular and extracellular components of the TME, which can promote tumor growth, support metastasis, and provide resistance to conventional therapies such as chemotherapy, radiation, and targeted treatments. For example, stromal cells such as cancer-associated fibroblasts (CAFs) and tumor-associated macrophages (TAMs) contribute to an immunosuppressive microenvironment that helps the tumor evade immune detection46. CAFs produce growth factors, cytokines, and extracellular matrix components that support tumor cell survival and metastasis. Meanwhile, TAMs, particularly those with an M2-like phenotype, secrete anti-inflammatory cytokines that inhibit T-cell responses, further allowing tumors to escape immune surveillance47.
In addition to immune cells, blood vessels within the TME often exhibit abnormal growth patterns. Tumors can form dysfunctional blood vessels that create areas of hypoxia (low oxygen), which further promote aggressive tumor behaviors such as invasion and metastasis 48.  Hypoxic conditions also contribute to the resistance of tumor cells to conventional therapies by activating adaptive signaling pathways, such as the hypoxia-inducible factor (HIF) pathway, which enhances the survival of tumor cells in low-oxygen environments49.
Furthermore, the ECM, which consists of proteins like collagen, fibronectin, and laminins, is often dysregulated in tumors. The ECM not only provides structural support to the tumor but also interacts with tumor cells through integrins and other receptors, influencing cell signaling pathways involved in survival, migration, and invasion. Changes in ECM composition and stiffness have been shown to contribute to tumor cell motility and metastasis50.

Personalized Medicine: Tailoring Treatment to TME Characteristics
Given the critical role of the TME in tumor behavior, personalized medicine approaches that consider the specific TME composition of each patient offer a promising strategy for improving cancer treatment outcomes. Personalized medicine aims to tailor therapies based on individual patient characteristics, including the molecular profile of the tumor and its microenvironment. The integration of genomic, transcriptomic, proteomic, and metabolomic analyses provides a comprehensive understanding of the tumor and its TME, facilitating the identification of key molecular drivers and potential therapeutic targets.
Genomic profiling enables the identification of genetic mutations and alterations in tumor cells that drive cancer development. For example, mutations in tumor suppressor genes, oncogenes, and genes involved in DNA repair can provide important insights into the biology of the tumor and the TME51. Transcriptomic profiling, on the other hand, allows researchers to examine the expression of genes involved in the TME, such as those encoding immune checkpoint proteins, cytokines, and growth factors. By understanding the specific gene expression patterns within the TME, clinicians can identify potential biomarkers for targeted therapies and immunotherapies52.
For example, cancers with high expression of immune checkpoint proteins like PD-L1 may benefit from immune checkpoint inhibitors, which block the interaction between PD-1 on T cells and PD-L1 on tumor cells, thereby enhancing anti-tumor immune responses. Additionally, identifying mutations in genes involved in the DNA damage repair pathway may suggest the use of targeted therapies such as PARP inhibitors in tumors that are more likely to respond to these drugs53.
Proteomics and metabolomics further enrich our understanding of the TME by providing insights into the proteins and metabolites present in both tumor cells and the surrounding microenvironment. Proteomic analysis can identify proteins involved in tumor cell survival, angiogenesis, immune evasion, and ECM remodeling. For instance, high levels of matrix metalloproteinases (MMPs) may indicate a tumor's potential for invasion and metastasis. These insights can guide the development of therapies that target specific proteins or protein complexes within the TME54.
Immunotherapy, which utilizes the body’s immune system to target and destroy tumor cells, has shown significant promise in recent years. However, its effectiveness is often limited by the TME, which can inhibit immune cell infiltration and function. A personalized treatment approach that takes into account the TME’s immune landscape is crucial for enhancing the efficacy of immunotherapies. For example, tumors with high levels of immunosuppressive cells such as TAMs or regulatory T cells (Tregs) may require combination therapies that target these cells in addition to conventional immune checkpoint inhibitors. In tumors with poor immune infiltration, therapies that enhance T cell migration into the TME, such as immune checkpoint blockade or cytokine therapies, may be effective55.
Additionally, understanding the interactions between CSCs and the TME is crucial for designing strategies that target both components. CSCs are thought to reside in a specialized niche within the TME that supports their self-renewal and resistance to therapy. By disrupting the interactions between CSCs and their niche, it may be possible to sensitize tumors to conventional treatments and prevent relapse. For example, targeting the signaling pathways involved in CSC maintenance, such as Notch or Wnt/β-catenin, may reduce CSC-driven tumorigenesis and enhance the effectiveness of chemotherapy or radiation56.

Utilization of 3D Tumor Models and Organoids
Traditional two-dimensional (2D) cell cultures have long been used in cancer research to study tumor biology and test potential therapeutic agents. However, these models fail to accurately replicate the complexity and heterogeneity of tumors in vivo57. 2D cultures, which involve growing cells on a flat surface, do not simulate the three-dimensional (3D) architecture and microenvironmental conditions that tumors naturally develop. As a result, they often provide misleading or incomplete data regarding tumor behavior, drug resistance, and therapeutic efficacy. In contrast, 3D tumor models and organoids have emerged as more physiologically relevant and sophisticated systems for studying cancer biology, providing more accurate insights into tumor dynamics and therapy responses58.
Three-dimensional tumor models offer a significant advantage over 2D cultures by better mimicking the architecture and complexity of actual tumors. In a 3D environment, cancer cells grow in a manner that more closely resembles the way they would in a living organism, forming spheroids or multicellular structures that exhibit the same cellular heterogeneity and microenvironmental conditions found in tumors. These models can be derived from patient-derived tumor samples or engineered cell lines and provide a more accurate representation of how tumors interact with surrounding stromal cells, blood vessels, and the ECM59.
3D tumor models are particularly useful for studying CSCs, which are thought to be responsible for tumor initiation, progression, and relapse. Their behavior in response to therapy is difficult to study in traditional 2D cultures, but 3D models provide a more relevant platform to observe CSC dynamics. For example, in 3D models, CSCs exhibit enhanced resistance to chemotherapy and radiation, similar to what is observed in vivo. This resistance is thought to be driven by factors such as the hypoxic conditions in the centre of the tumor, the presence of protective stromal cells, and the increased expression of drug efflux pumps60.
Moreover, 3D tumor models are valuable tools for investigating the molecular pathways that regulate CSC self-renewal and survival. By providing a more accurate representation of the tumor microenvironment, these models enable researchers to test the effects of novel drugs and therapies on CSCs, identify potential drug resistance mechanisms, and evaluate the efficacy of targeted treatments before moving to clinical trials. In this way, 3D models serve as a bridge between basic research and clinical applications, allowing for the identification of new therapeutic strategies that could improve patient outcomes.
Organoids are 3D culture systems derived from patient tissue or stem cells that closely resemble the architecture and functionality of actual organs. These miniaturized organs retain many of the key features of the original tissue, including cellular heterogeneity, tissue organization, and functional properties. Tumor organoids, specifically, are 3D models of cancerous tissues that can be cultured in vitro, providing a platform for studying tumor biology in a more realistic context than traditional cell lines61.
In addition to their ability to mimic the TME, organoids offer a more efficient and reproducible platform for drug screening. Traditional animal models are time-consuming, expensive, and often fail to predict the efficacy of therapies in humans. Organoids, on the other hand, can be rapidly cultured and exposed to a wide range of drugs to assess their effects on tumor growth and survival. This approach has been used to identify novel therapeutic agents, including targeted therapies and immunotherapies that show promise in preclinical studies. Moreover, organoid-based drug screening allows for the testing of personalized treatment regimens tailored to the individual patient’s tumor profile62.
One of the major limitations of traditional tumor models is their inability to accurately replicate the complex interactions between tumor cells and immune cells. The immune system plays a critical role in controlling tumor growth and metastasis, and understanding the interactions between tumor cells and immune cells is crucial for developing effective immunotherapies. In the past, tumor models have typically been devoid of immune components, making it difficult to study the immune landscape of tumors and the effectiveness of immune-based treatments63.
Co-culture systems that incorporate immune cells into 3D tumor models or organoids provide a more accurate representation of tumor-immune interactions. These systems allow researchers to investigate how tumors interact with various immune cell types, such as T cells, natural killer (NK) cells, macrophages, and dendritic cells, within the context of the TME 64. For example, tumor organoids can be co-cultured with immune cells to study how the immune system recognizes and responds to tumor antigens, as well as how tumors evade immune detection through mechanisms such as immune checkpoint activation and immunosuppressive cytokine release65.
Co-culture systems are particularly useful for testing the efficacy of immunotherapies, such as immune checkpoint inhibitors, CAR T-cell therapies, and cancer vaccines. By integrating immune cells into the model, researchers can evaluate how well these therapies activate the immune system and eliminate tumor cells in a more physiologically relevant environment. For example, co-culturing tumor organoids with T cells can reveal whether immune checkpoint blockade enhances T cell-mediated killing of tumor cells. Similarly, co-cultures with macrophages or NK cells can provide insights into the tumor’s ability to evade immune surveillance and identify strategies to overcome these defences66.
Advancements in 3D Tumor Models and Organoids for Drug Discovery
The use of 3D tumor models and organoids has revolutionized the field of drug discovery by providing a more reliable platform for testing potential therapeutics. These models are particularly valuable for investigating drug resistance mechanisms, which are a major obstacle in cancer treatment67. Many tumors initially respond to therapy but eventually develop resistance, often due to the presence of CSCs or the adaptive changes that occur in the TME. By using 3D models, researchers can more accurately study how tumors evolve in response to treatment, identify biomarkers of resistance, and test new drugs designed to overcome these barriers.
Furthermore, organoid-based drug screening allows for the identification of personalized treatment regimens tailored to the molecular profile of the individual patient’s tumor. This approach has the potential to greatly enhance the precision of cancer therapies, enabling clinicians to select the most effective drugs based on the specific characteristics of the tumor and its microenvironment. Personalized drug screening using tumor organoids is already being used in clinical trials to determine the best course of treatment for patients with advanced cancers, and it is expected to play a key role in the future of precision oncology68.
Combining Immunotherapy with Stem Cell Approaches
The integration of immunotherapy with stem cell-based strategies represents a promising avenue in the development of more effective and targeted cancer treatments. The rationale behind this approach lies in the ability of stem cells, particularly MSCs, to be harnessed for therapeutic purposes. MSCs are multipotent cells with a high degree of plasticity and are capable of differentiating into various cell types. 
One of the key advantages of MSCs in cancer therapy is their ability to home to tumor sites following systemic administration. This homing property makes them an ideal vehicle for delivering immunomodulatory agents directly to the tumor, thus improving the local immune response while minimizing the risk of systemic toxicity that is often associated with conventional therapies MSCs can be engineered to produce a variety of bioactive molecules, such as cytokines, chemokines, and immune-stimulatory factors, which can activate and recruit immune cells to the tumor site. For instance, MSCs can be modified to secrete interleukins or TNF-α, molecules known to enhance the immune system’s ability to target and destroy tumor cells. This localized treatment offers a significant advantage over systemic therapies that can lead to immune-related side effects in healthy tissues69.
The combination of MSCs with other immunotherapies, such as immune checkpoint inhibitors, has shown promise in overcoming the immune evasion mechanisms employed by tumors. Tumors often develop strategies to suppress the immune system, including the upregulation of immune checkpoint proteins like PD-L1 and CTLA-4, which inhibit T cell activation70. By using immune checkpoint inhibitors in conjunction with stem cell-based therapies, it is possible to block these inhibitory signals and enhance the immune system’s ability to recognize and attack cancer cells. This combination approach is particularly relevant for targeting CSCs, which are believed to be resistant to conventional therapies and are often responsible for tumor relapse and metastasis. CSCs possess unique properties, including the ability to evade immune surveillance, which makes them particularly challenging to treat. Targeting both the bulk tumor cells and the CSCs through combined immunotherapy and stem cell strategies offers a more comprehensive approach to cancer treatment71.
The rationale behind combining immunotherapy with stem cell-based therapies is also rooted in the concept of synergistic effects. While immune checkpoint inhibitors alone can activate the immune system to attack tumor cells, the addition of stem cells may further enhance this response by creating a more favorable TME. MSCs, for example, can alter the tumor microenvironment by promoting anti-tumor immune responses and reducing the immunosuppressive effects that tumors often induce. This combination of immunotherapy and stem cells can help address the challenges of tumor heterogeneity and resistance, which are common obstacles in cancer treatment. By targeting both the tumor’s immune-evasion mechanisms and the CSCs, this approach holds the potential to reduce the risk of relapse and improve long-term survival rates72.
Studies have demonstrated that MSCs can inhibit tumor growth through the secretion of anti-angiogenic factors, which restrict blood supply to the tumor, and by inducing apoptosis (programmed cell death) in cancer cells. When combined with immune-based strategies, these direct anti-cancer effects can further enhance the overall therapeutic response. For instance, MSCs can be engineered to express factors such as interferons or TNF-related apoptosis-inducing ligands (TRAILs), which have been shown to selectively induce cell death in cancer cells, including CSCs. This direct cytotoxic effect, combined with the immunomodulatory properties of MSCs, creates a multifaceted approach to cancer therapy that targets multiple aspects of tumor biology73.
In clinical settings, the combination of immunotherapy with stem cell approaches has already shown promising results in preclinical models. For example, several studies have demonstrated the potential of MSCs to enhance the efficacy of CAR T-cell therapy, a form of immunotherapy where T cells are engineered to recognize and attack tumor cells. When MSCs were used to support the expansion and function of CAR T cells, the combination therapy resulted in enhanced tumor eradication and improved survival in animal models74. Similarly, clinical trials investigating the use of MSCs in combination with immune checkpoint inhibitors have reported encouraging outcomes, including increased tumor response rates and prolonged survival in patients with certain cancers like melanoma and non-small cell lung cancer.
However, despite the promising preclinical results, several challenges remain in translating these therapies to the clinic. One of the key challenges is the potential for MSCs to differentiate into tumor-promoting cells under certain conditions. Although MSCs are generally considered to have immunosuppressive properties, they can also adopt a pro-tumorigenic phenotype in the presence of certain cytokines or growth factors75. This underscores the importance of carefully controlling the activation and differentiation of MSCs to ensure they do not inadvertently support tumor growth. Additionally, the immune-modulatory effects of MSCs may vary depending on the type of cancer and the specific TME, highlighting the need for personalized approaches to stem cell therapy.
Another challenge lies in the optimal delivery and dosing of stem cell-based therapies. While MSCs can be administered via systemic injection, the precise targeting of the tumor site remains a significant hurdle. To overcome this, researchers are exploring the use of biomaterials, such as hydrogels or nanoparticles, to encapsulate MSCs and improve their retention at the tumor site. These delivery systems can help control the release of immune modulatory agents and enhance the therapeutic efficacy of MSC-based therapies.
Conclusion
In summary, the intricate interplay between CSCs and the TME plays a pivotal role in driving cancer progression, metastasis, and resistance to conventional therapies. Disrupting this crosstalk presents a powerful avenue for therapeutic innovation. Emerging strategies such as targeting CSC niches, modulating immune components, and blocking exosome-mediated communication hold great promise for overcoming resistance and improving patient outcomes. Advances in precision medicine, including CSC-specific therapies, TME-informed personalization, and the use of 3D tumor models, are fostering a new era of individualized cancer treatment. Integrating these approaches with immunotherapies may further enhance their clinical impact. Ongoing research into CSC-TME dynamics remains essential to fully realize the potential of these transformative strategies in oncology.
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