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ABSTRACT: The tumor microenvironment (TME) is the complex ecosystem surrounding a tumor. It is a complex and continuously evolving entity. The TME comprises a variety of complex components, such as cancer cells, immune cells, stromal cells, and extracellular matrix, that precisely regulate the interaction of tumor cells with other components, allowing tumor cells to continue to metastasize, escape immune surveillance, resist apoptosis, and proliferate. Researchers believe that the TME is not just a silent bystander but instead an active promoter of cancer progression. At the onset of tumor growth, a dynamic and reciprocal relationship is developed between cancer cells and components of the tumor microenvironment; this relationship supports cancer cell survival, local invasion, and metastatic dissemination. In this article, we discuss the role of the various components of the TME in the progression and metastasis of cancer, the pathways influenced by the TME, and the drugs that can treat tumors by targeting the components of the TME. 	Comment by A: 
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INTRODUCTION:
The tumor microenvironment (TME) is a complex ecosystem that supports and surrounds the tumor. It comprises immune cells, stromal cells, extracellular matrix (ECM), blood vessels, tumor cells, lymphatic vessels, and cancer stem cells (CSCs). The TME comprises the cancerous and non-cancerous cells, and other components present in the tumor, including molecules produced and released by them. (1) The TME is complex and heterogeneous, which results from the constant changes that occur in the various components of the TME. Multiple processes such as proliferation, angiogenesis, apoptosis, and immune surveillance have been associated with the TME. Several components of the TME promote its viability and stability; an example would be the stromal cells, particularly CAFs, which can promote tumor cell survival by recruiting immune cells into the TME, which in turn help to modulate the immune response. Also, the TME promotes invasion by creating a hypoxic environment. (2, 3) To ensure the survival of tumor cells, the TME stimulates significant molecular, cellular, and physical changes within their host tissues to support tumor growth and progression. An emerging TME is a continuously evolving and complex entity. Although the makeup of the TME differs depending on the kind of tumor, immune cells, stromal cells, blood vessels, and ECM are all common components. (4) The ongoing interactions between tumor cells and the TME significantly influence tumor development, progression, metastasis, and response to treatment. (1) The characteristics of TME are mainly categorized into three: chronic inflammation, hypoxia, and immunosuppression. These characters support each other in forming a complex mechanistic network, which plays a key role in many steps of tumor development, such as immune escape, local drug resistance, and distant metastasis. (5)	Comment by A: reference	Comment by A: reference
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Figure 1: The TME is made up of different cell types, including tumor cells, immune cells, vascular endothelial cells, fibroblasts, and the extracellular matrix (6)

2.0. MAJOR CELLULAR AND NON-CELLULAR COMPONENTS OF THE TUMOR ENVIRONMENT AND THEIR ROLE IN TUMOR PROGRESSION

The TME is a web of several components, such as immune cells, CAFs, ECM, and vasculature. The crosstalk between these components is hypothesized to be pivotal in tumor development. In this section, we explain the components of the TME. (7)

2.1. CELLULAR COMPONENTS OF THE TME
[bookmark: _Hlk196986840]2.1.1. Cancer-associated fibroblasts (CAFs): CAFs are a heterogeneous group of activated fibroblasts within the TME, which are capable of driving the deposition and remodeling of the ECM. (7, 8) CAFs can originate from various cell types, such as stellate cells, smooth muscle cells, cancer cells, endothelial cells, adipocytes, bone marrow mesenchymal stem cells (MSCs), pericytes, epithelial cells, and normal fibroblasts. Several ways have been identified in which CAFs are able to influence the TME for tumor development. One of which is CAFs's ability to reprogram NFs into CAFs-educated fibroblasts (CEFs), resulting in the spread of tumor-promoting fibroblasts. (7, 9) These CEFs then promote the tumor environment by producing reactive oxygen species (ROS) and inducing the expression of NF-κB-mediated inflammatory cytokines and ASPN. (10) CAFs are also able to directly promote tumor progression by secreting CXCL12 and VEGF-A, which promote angiogenesis. (11) CAFs show both tumor-suppressive and tumor-promoting activities due to their high heterogeneity and plasticity. As research for the cure for cancer progresses, CAFs have become targets for cancer treatments, with different approaches offering promising outcomes. One such way is by eradicating them through surface marker-based strategies. For example, fibroblast activation protein (FAP), which is highly expressed on certain CAF subsets, can be targeted using FAP-specific chimeric antigen receptor (CAR) T-cells. These CAR-T cells effectively eliminate FAP+ CAFs, disrupt tumor stroma, enhance chemotherapy drug absorption, and inhibit tumor growth. Similarly, near-infrared photoimmunotherapy (NIR-PIT) is a novel technique that selectively kills FAP+ CAFs using infrared technology, showing preclinical efficacy without adverse effects. Additionally, targeting Endo180, a receptor overexpressed in CAFs, has demonstrated the potential to reduce CAF contractility and tumor progression in experimental models. (12) Reprogramming CAFs into quiescent or normal fibroblasts is another promising strategy. This approach aims to transform tumor-promoting CAFs into a less active state by targeting pathways such as TGF-β or through epigenetic regulators. This method avoids the potential side effects of eradicating CAFs and leverages their ability to support normal tissue homeostasis. (12)	Comment by A: reference
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Figure 2: Image showing the cellular origin of CAFs. CAFs can originate from various cell types, such as stellate cells, smooth muscle cells, endothelial cells, adipocytes, MSCs, pericytes, epithelial cells, and normal fibroblasts. (9)

[bookmark: _Hlk196987601][bookmark: _Hlk196987655][bookmark: _Hlk196987622][bookmark: _Hlk196987640][bookmark: _Hlk196987670]2.1.2. Immune cells: These are cells that recognize antigens and generate specific immune responses to protect the body. (13) In the TME, these cells can accumulate gene mutations, restricting their ability to combat tumor cells effectively. During the early stage of cancer, the immune response produced by immune cells in the TME has antitumoral characteristics. (7) Different types of immune cells exert different functions in the TME. Immune cells, such as natural killer (NK) cells/innate lymphoid cells type 2 and 3 (ILC2/3), CD4+ T cells, CD8+ cytotoxic T cells, M1 macrophages, dendritic cells (DC), T helper-1 cells, and antigen-presenting cells (APCs) act as tumor opponents which are capable of directly killing tumor cells using different mechanisms, whereas other immune cell subtypes, such as regulatory T cells (Tregs), mast cells, M2-type macrophages, and myeloid-derived suppressor cell (MDSCs), inhibit immune responses to tumors, thereby promoting tumor progression and metastasis. (14)
[image: ]
Figure 3: Major players of the immune TME. Cells that exert immunostimulating action include natural killer (NK) cells, CD4+ T cells, CD8+ cytotoxic T cells, M1 macrophages, dendritic cells (DC), T helper-1 cells, and antigen-presenting cells (APCs). While cells that exert immunosuppressive actions, i.e., inhibit immune responses to tumors, include regulatory T cells (Tregs), mast cells, M2-type macrophages, and myeloid-derived suppressor cells (MDSCs). (15)


2.1.3. Endothelial cells: Endothelial cells constitute the lining of the vascular system and are crucial in modulating tumor initiation, progression, and metastasis. (16) In the TME, endothelial cells (ECs) are primarily responsible for angiogenesis, which promotes the growth and spread of cancerous cells. (17) Cytokine secretion is one of the mechanisms of functioning of tumor endothelial cells (TECs). It stimulates receptors on the tumor cells and/or suppresses the antitumor immune response by reducing the immune cells' cytotoxic reactions. (16) New immunotherapeutic approaches may be developed to improve the effectiveness of existing treatments by focusing on particular biochemical pathways and signaling molecules connected to ECs in the TME. (17) Through the secretion of several substances, including vascular endothelial growth factor (VEGF) and basic fibroblast growth factors (bFGF), mostly through activation of the Akt and NF-κB pathways, tumor cells may encourage endothelial cells to promote tube formation and vascular expansion. (7)

2.1.4. Mesenchymal stem cells: MSCs reside in mesenchymal tissues—bone marrow, cartilage, and adipose—and can differentiate into osteocytes, chondrocytes, and adipocytes. Within tumors, MSCs are recruited from normal sites and “primed” by cancer cells to become tumor-associated MSCs. They help form the pre-metastatic niches that foster cancer cell dormancy and chemoresistance, and they actively migrate into the tumor stroma, where they interact with malignant cells. (7, 18) MSCs influence the TME by secreting cytokines, growth factors, and ECM modifiers, and even differentiating into immune-modulatory or endothelial-like cells to support angiogenesis and suppress antitumor immunity. (7) Because MSCs act as both architects and enablers of malignancy—shaping pre-metastatic niches, driving EMT, and promoting drug resistance—they represent a promising therapeutic target. Blocking MSC recruitment or exosome-mediated crosstalk could disrupt these pro-tumorigenic networks. Moreover, MSC-derived exosomes themselves offer biomarker and drug-delivery potential, opening avenues for precision therapies that reprogram or neutralize MSC support within the TME. (18)
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Figure 4: Image showing the various cells MSCs can differentiate into. Also, through the secretion of cytokines, chemokines, and growth factors, MSCs can support angiogenesis and suppress antitumor immunity. (19)
2.2. N0N-CELLULAR COMPONENTS OF THE TME 
2.2.1. EXTRACELLULAR MATRIX:
The ECM is an important component of tumors and serves several vital functions, such as providing mechanical support, influencing the microenvironment, and supplying signaling chemicals. It is important in promoting metastasis, as it provides tumor cells with a physical scaffold. The classical composition of the ECM includes collagen, fibronectin, elastin, proteoglycans, laminins, and other glycoproteins. The ECM forms an intricate macromolecular network by binding each matrix component to the others via cell adhesion receptors. The ECM's signaling pathways are transduced into cells by cell surface receptors, which support a range of tumor biological characteristics, including migration, metabolism, differentiation, and survival. One of the main factors influencing tissue stiffness is the amount and degree of cross-linking of ECM components. Increased crosslinking carried out by enzymes such as lysyl oxidase (LOX) stiffens the matrix, thereby facilitating mechanotransduction pathways that promote tumor cell proliferation and survival. Growth factors, including VEGF, TGF-\u03b2, and FGF, which are produced during matrix disintegration and aid in angiogenesis and tumor progression, are also stored in the altered extracellular matrix (ECM)  (7, 20, 21)
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Figure 5: Extracellular matrix components present in the TME and their active roles. (22)


2.2.2. EXTRACELLULAR VESICLES (EVs):
The TME is like the soil in which cancer grows, and that is because it provides every resource needed for the growth. One of the resources the TME provides is vesicles, which help in cell-to-cell communication among cells within the TME. These are tiny bubble-like packages, Examples include exosomes (30–200 nm), microvesicles, and apoptotic bodies. They are responsible for floating around in the tissues and bloodstream, carrying all kinds of molecular messages. These little messengers shuttle proteins, lipids, RNA, DNA, and more between tumor cells and their neighbors, shaping everything from inflammation to new blood-vessel growth. Exosomes are especially fascinating because they mirror the cell they came from and can travel far beyond the tumor itself. When a tumor becomes starved of oxygen (a state called hypoxia), it pumps out even more exosomes. Those extra exosomes can “recruit” nearby fibroblasts and turn them into CAFs, which then support the tumor by building new vessels and remodeling surrounding tissue. Meanwhile, immune cells also send their own EVs—sometimes rallying the body’s defenses, other times helping the cancer hide. Because EVs can both help and hinder tumors, researchers are exploring ways to hijack them as targeted delivery vehicles. By tweaking the proteins on their surface or loading them with therapeutic cargo, we might one day send anti-cancer drugs straight to the cells that need them most, sparing healthy tissue. Understanding how these tiny vesicles work in the TME could open the door to smarter, more precise cancer treatments—and that’s something worth getting excited about. (7, 20, 23)
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Figure 6:  Extracellular vesicles derived from tumor cells, such as exosomes, microvesicles and apoptotic bodies, help deliver various cargoes to the TME and influence the immune response, angiogenesis, stromal cells activity, and ECM formation. (24)


3.0. PATHWAYS INFLUENCED BY THE TME FOR CANCER PROGRESSION.

3.1. HYPOXIA in TUMOR MICROENVIRONMENT
Hypoxia is a state of a lack of sufficient oxygen supply to tissues and organs. This condition has detrimental effects on cells, as oxygen is a key requirement for their function. The body’s physiological response to hypoxia is to induce cell death, either through apoptosis or necrosis. In the context of cancer, overconsumption of oxygen by cancerous cells leads to low oxygen levels, which results in the death of cancer cells. However, tumor cells find mechanisms to adapt to these harsh conditions, enabling tumor cell survival. Tumor cells overcome this condition by activating a protein called hypoxia-inducible factor (HIF), which triggers a cascade of cellular changes, including increased blood vessel growth (angiogenesis) to deliver more oxygen, switching to anaerobic metabolism for energy production, and promoting cell survival mechanisms to adapt to low oxygen conditions. (25) Hypoxia modulates tumor growth, invasion, and resistance to therapy, induced by rapid tumor cell proliferation, abnormal tumor vasculature, high interstitial pressure, or low oxygen delivery. These combined features can enhance the ability of a tumor to metastasize. (26) The rapid proliferation of tumor cells exerts stress on the oxygen supply by the blood vessels, leading to the formation of hypoxic regions within the TME. (27) In the TME, when metabolic oxygen demands exceed supply, the oxygen-deficient areas of cancer cells are exacerbated, and they change their metabolism to adjust to the oxygen-deficient situation being experienced. Chen et al.(28) confirmed that abnormal vascular structures and patterns due to dysregulated angiogenesis contribute highly to hypoxia. (28) Hypoxia, in turn, further promotes angiogenesis, EMT, and tumor metastasis, forming a vicious circle in the TME. (29) Hypoxia is an associated feature of the TME and was found to help boost the immunogenicity of the TME. (30) Extreme hypoxia is associated with reduced DC, NK cells, and T cell levels. The cellular response to hypoxia is primarily driven by the HIF family of transcription factors, namely HIF-1, HIF-2, and HIF-3. (31)

3.2. ANGIOGENESIS PATHWAY 
[bookmark: _Hlk196996539]Blood vessels are responsible for the transport of metabolites, nutrients, oxygen, and other essential substances between cells. This process helps maintain immune system homeostasis, regulate body temperature, and stabilize pH levels, ensuring proper bodily functions. Blood vessels are formed in a process known as neovascularization, and this process not only plays an important role in embryonic development, organ growth, and wound healing but also is the basis for tumor growth and spread. (32) Angiogenesis, which is a type of neovascularization, is the growth of new blood vessels from existing blood vessels. (33, 34). It could also be termed the formation of a tumor-associated vascular network. A hypoxic and acidic TME is produced by abnormal tumor vasculature, which frequently obstructs drug penetration in tumor regions. (29) Angiogenesis is considered a hallmark pathophysiological process in tumor development. (35) Angiogenesis is important for cancer progression and metastasis because the new blood vessels produced provide the principal route by which tumor cells exit the primary tumor site and enter blood circulation from the TME. Angiogenesis influences the TME and promotes cancer progression and metastasis to ensure the survival of the tumor cells. (36) The TME, in turn, helps recruit some molecules that aid in the blood vessel formation process; these molecules are called angiogenic growth factors. (37) Some proteins have been identified as angiogenic activators, i.e., they can influence the TME in favor of the tumor. Examples include VEGF (38-40) bFGF (41), angiogenin, transforming growth factor (TGF)-α (42), TGF-β (42) tumor necrosis factor (TNF)-α (43) platelet-derived endothelial growth factor (PDGF) (44), granulocyte colony-stimulating factor (G-CSF) (45), placental growth factor, interleukin-8 (46), hepatocyte growth factor (HGF) (46), and epidermal growth factor (EGF) . The TME, being a complex environment, would need constant communication between different components to ensure proper functioning. Various cell types within the TME are able to communicate with each other through crosstalk, and this plays a crucial role in promoting cancer angiogenesis. This crosstalk occurs through various mechanisms, including paracrine signaling, cell-cell contact, and the secretion of soluble factors. Macrophages, for example, can secrete VEGF-A and other pro-angiogenic factors and promote angiogenesis by physically interacting with endothelial cells. (47) In a study by (29) It was confirmed that high expression of VEGFA is indicative of hypoxia and abnormal angiogenesis. Another example would be the FGFs. It has been confirmed that FGF1, FGF2, and FGF4 have prominently defined angiogenic properties. These FGFs have the ability to upregulate urokinase-type plasminogen activator (uPA) and metalloproteinases (MMPs) in endothelial cells, consequently resulting in the proliferation of endothelial cells and the organization of endothelial cells into tube-like structures, which in turn aids angiogenesis and cancer progression. (48)

Table 1: ANGIOGENIC GROWTH FACTORS
	Growth Factor
	Function
	Receptor(s)
	Cellular Origin
	Therapeutic Relevance

	Vascular Endothelial Growth Factor (VEGF)
	Stimulates endothelial cell proliferation, migration, and survival. VEGF regulates angiogenesis, vascularization, and permeability. (49)
	VEGFR-1, VEGFR-2, VEGFR-3 (50)
	Endothelial cells, macrophages, and tumor cells
	Targeted in cancer therapies to inhibit tumor angiogenesis.
(38)

	Fibroblast Growth Factor (FGF)
	 cell proliferation, tissue repair, and male sex determination, including testis formation (51)
	FGFR1-4 (52)
	Fibroblasts (53), macrophages (54), endothelial cells
	Implicated in kidney development and disease. (55)

	Platelet-Derived Growth Factor (PDGF)
	Regulates cell growth and division of mesenchymal cells such as fibroblasts and smooth muscle cells. (56)
	PDGFRα, PDGFRβ
	Platelets, endothelial cells
	Involved in tumor growth(57) and tissue repair.

	Angiopoietins (Ang1, Ang2)
	Regulates blood vessel maturation and stability, and supports vascular remodeling. (58)
	Tie-1, Tie-2
	Endothelial cells, smooth muscle cells
	Prognostic biomarkers for cancer. (58)

	Transforming Growth Factor Beta (TGF-β)
	 It is involved in cell growth, differentiation, apoptosis, vascular remodeling, and immune regulation. (59)
	TGFβ receptors
	Platelets, immune cells, epithelial cells
	It is targeted at cancer, fibrosis, and immune regulation treatments. (59)

	[bookmark: _Hlk196996716]Epidermal Growth Factor (EGF)
	Function for wound healing, tissue homeostasis. (60)Stimulates cell growth, proliferation, and differentiation, indirectly promoting angiogenesis.
	EGFR
	Platelets, macrophages, epithelial cells
	It is targeted in cancer therapies, especially in solid tumors. (61)

	Hepatocyte Growth Factor (HGF)
	Promotes cell migration, growth, and angiogenesis, particularly in response to tissue injury.
	c-Met
	Liver cells, mesenchymal stromal cells. (62)
	It is targeted in cancer therapy, especially for tumor invasiveness. (63)





3.3. IMMUNE CHECKPOINT PATHWAYS
The PD-1/PD-L1 pathway is an immune checkpoint that plays a vital role in human immune response regulation. While PD-L1 is expressed in a variety of tumor cell types, the PD-1 receptor is found on immune cells such as T and B cells. (64) This checkpoint pathway is a critical component of the TME, facilitating immune evasion and cancer progression. (65) When tumor-infiltrating lymphocytes (TILs) recognize tumor antigens, they release cytokines like Interferon-gamma (IFN-γ), which upregulate PD-L1 expression in the TME. The binding of PD-L1 to PD-1 on T cells transmits an inhibitory signal, leading to T-cell dysfunction and immune suppression, while simultaneously providing tumor cells with an anti-apoptotic advantage. (65, 66) PD-L1 (PD-1 ligand), which is widely expressed in various cells such as lymphocytes, lung cells, vascular endothelium, reticular fibroblasts, non-parenchymal liver cells, MSCs, islet cells, astrocytes, neuronal cells, and keratinocytes, is notably overexpressed in tumor cells, playing a key role in promoting immune escape. (65, 67)
Another example of the TME's role in cancer progression is the function of APCs. During an effective antitumor immune response, APCs take up and present tumor antigens to T cells to activate cytotoxic responses against tumor cells. (65, 68) In an established TME, many infiltrating T cells lose functionality due to immune suppression. (65, 69) DC, which are critical APCs, play a central role in initiating and sustaining anti-tumor immune responses. (70, 71). These cells capture tumor-associated antigens (TAAs), process them, and then activate naïve T lymphocytes by presenting them to major histocompatibility complex (MHC) molecules. However, in the suppressive TME, tumor-derived factors, including VEGF, TGF-β, and Interleukin 10 (IL-10), frequently induce DC dysfunction, impairing their maturation and antigen presentation. (65) The tolerogenic phenotype of suppressed DCs is characterized by elevated expression of inhibitory molecules such as PD-L1, which promotes immune evasion and T-cell anergy. (65, 72). A study by (55) showed that PD-L1 on DCs protects them from destruction by cytotoxic T lymphocytes, but it also weakens anti-tumor immunity. In addition, PD-L1 upregulation on cDC1s is mediated by IFN-γ produced by activated T cells. Such signaling forms a negative feedback loop to limit excessive T-cell activation. (65) Consistently, the absence of cDC1s greatly reduces the number of TILs. Furthermore, this reduction in TILs leads to a diminished immune response, enabling tumor cells to sustain their growth and proliferation. (65) Therefore, PD-L1 on cDC1s is likely to prevent excessive TIL expansion while shielding major APCs from immune-mediated destruction. (65)
DCs exemplify the dual nature of APCs in cancer progression: while they can initiate potent anti-tumor responses, their suppression or modulation in the TME significantly contributes to immune evasion. Therapeutic approaches such as immune checkpoint inhibitors, DC-based vaccines, and combination therapies that specifically target DC subsets like CD103+ cDC1s aim to restore their function and enhance the effectiveness of cancer immunotherapy. (65, 73) PD-1/PD-L1 inhibitors are recognized as ineffective in the absence of effector T cells within the TME. The hypoxic, hyperangiogenic, and immunosuppressive TME caused by VEGFA overexpression does not support PD-1/PD-L1 blockade. (29) This highlights the necessity of combining immune checkpoint inhibitors with therapies aimed at normalizing tumor vasculature or alleviating hypoxia, such as anti-angiogenic treatments or VEGFA-targeting therapies. Such combinatorial strategies could enhance the efficacy of PD-1/PD-L1 inhibitors in overcoming immunosuppressive TME. (65, 74)
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Figure 7: Adaptive resistance to tumor immunity mediated by PD-1/PD-L1(66)



3.4. CHRONIC INFLAMMATORY PATHWAY 
Prolonged inflammation plays a different role in all stages of cancer development, including initiation, promotion, progression, and metastasis. Throughout a tumor’s developmental stage, inflammation performs several critical functions. Research has shown that long-term exposure to substances known to induce tumors, such as infectious viruses and gut bacteria, can trigger inflammatory signaling that results in chronic inflammation, fueling tumor development. (75) Inflammatory cells that are proliferating release various mediators, including growth factors, ROS, and cytokines such as IL-1, IL-6, and TNF. These inflammatory mediators may promote tumor growth either directly (by increasing proliferation and resistance to cell death and stress) (76) Or indirectly (through the production of cytokines that activate TAMs and, in turn, activate oncogenic transcription factors in remaining cancer cells, ensuring cancer progression). (77)  Tumor cells themselves further intensify this inflammatory cycle by increasing the production of chemokines and cytokines through cancer-associated gene deregulation, which draws and activates large numbers of immune cells.
[bookmark: _Hlk196998253]Tumor initiation requires the accumulation of genetic mutations, epigenetic changes, or both in normal cells, and the presence of an inflammatory microenvironment drives this process. Inflammatory cells like neutrophils and macrophages, which proliferate during inflammation, are the main source of ROS and reactive nitrogen intermediates (RNIs).  These molecules, under normal physiological and pathological conditions, act as second messengers; they help maintain homeostasis at the cellular level, but in a TME, they cause genomic instability and DNA damage. (78) Epithelial cells have their genomes altered by ROS produced by myeloid cells, and this promotes their malignant transformation. Further promoting mutagenesis, cytokines released by inflammatory cells increase intracellular ROS and RNI levels in premalignant cells. This type of inflammation-induced mutagenesis has been linked to significant cancer-related genes, including tumor suppressor TP53 and mismatch repair response genes. Chromosome instability can result from inflammation's effects on the epigenetic machinery, which includes microRNA, long non-coding RNA, and DNA/histone-modifying enzymes. In turn, these pathways contribute to tumor development. A point to note - inflammation may also arise from damage to genomic DNA. For example, carcinogen-induced genotoxic stress can activate innate immune DNA sensing systems, resulting in inflammation-induced skin carcinogenesis. Gut bacterial genotoxins like colibactin can alkylate DNA in vivo, potentially contributing to colorectal cancer.
Chronic inflammation creates a favorable environment for tumor-initiating cells to survive and multiply, aside from just initiating the growth of the tumor. It gives premalignant cells characteristics similar to those of stem cells and provides more sites for mutagenesis. As malignant tumor cells develop the capacity to multiply unchecked, inflammation plays a role in the development and dissemination of these cells. During chronic inflammation, inflammatory mediators such as TNF, IL-1β, IL-6, IL-11, and IL-8 influence the EMT, which supports cancer progression. The remodeling of the tumor stroma, which is an important process for the invasion and migration of cancer cells, is another function of inflammation. Matrix metalloproteinases (MMPs) produced by tumor-associated macrophages (TAMs) aid tumor growth; they also help break down cell-cell adhesions and ECM. (79)
In the TME, inflammatory mediators facilitate tumor progression and metastasis. Pro-inflammatory cytokines, such as TNF and IL-1β, stimulate the production of chemokines (including CXCL1, CXCL5, CXCL8, CCL2, and CCL5) that direct tumor cell migration. Inflammatory signals allow circulating tumor cells to survive in the bloodstream while promoting primary tumor formation by providing essential cytokines and growth factors. (80)
Inflammatory mediators in the TME establish a network of signals that drive chronic inflammation and tumor progression. Key cytokines such as IL1β, IL6, and TNFα initiate and propagate this inflammatory cascade. IL1β, produced by activated macrophages and neutrophils via inflammasome processing, binds to its receptor and activates NFκB, which further stimulates the production of other pro-inflammatory mediators. IL6, secreted by both stromal cells and tumor cells, engages its receptor, coupled with gp130, to activate the JAK/STAT3 pathway. This signaling promotes cancer cell survival, proliferation, and angiogenesis while establishing a positive feedback loop that maintains high levels of IL-6 and other cytokines. TNFα, generated in a membrane-bound precursor form and cleaved to an active soluble trimer, activates its receptors to signal either cell survival through NFκB or cell death when shifted to a different signaling complex.
In addition, chemokines such as IL-8 attract immune cells to the tumor site and stimulate intracellular pathways, like PI3K/Akt and MAPK, further supporting proliferation and migration. Lipid mediators, notably prostaglandin E₂, synthesized by COX2, enhance tumor growth and immunosuppression. Together, these mediators and their signal cascades create a self-reinforcing pro-tumorigenic microenvironment that promotes angiogenesis, ECM remodeling, and ultimately, metastasis. (80-82)


3.5. EPITHELIAL TO MESENCHYMAL TRANSITION (EMT):
Epithelial-to-mesenchymal transition of cancer cells is one of the hallmarks of cancer, and the TME takes advantage of this process to further promote its development. EMT is an embryonic gene program that is abnormally activated during cancer progression. Its function is to facilitate tumor cell detachment from epithelial tissue and ensure the spread of these free cancer cells, thereby promoting metastasis. (83) Some important events have been associated with EMT, including adherent junction loss, downregulation of cytokeratins and E-cadherin, epithelial-specific markers, an increase in mesenchymal markers like fibronectin, N-cadherin, and vimentin, the development of a fibroblastoid invasive phenotype, and resistance to anoikisis and apoptosis. (84) For EMT to occur, a core group of EMT-TFs is involved, which includes the SNAIL family SNAIL1 and SNAIL2, the ZEB family ZEB1 and ZEB2, and the TWIST family TWIST1/2. By attaching to E-boxes at the promoter region of E-cadherin, the transcription factors belonging to the SNAIL and ZEB families directly suppress its expression, which results in EMT. To aid in tumor invasion and metastasis, TWIST1 triggers matrix breakdown mediated by invadopodia. To control the expression of their target genes, EMT-TFs recruit epigenetic regulators. For example, SNAIL1 inhibits the expression of E-cadherin by enlisting HDAC1 and EZH2. ZEB1 suppresses target gene expression via enlisting HDAC1 or DNMT1. It is important to know that the EMT-TFs coordinate to plan the progression of EMT and control each other's transcription. For example, TWIST1 binds to the promoter of SNAIL2 and triggers transcription of that gene. (84-86) EMT occurs in the great majority of cancers as they grow. Following EMT activation, tumor epithelial cells become mesenchymal cells by losing their cell polarity and cell-cell adhesion and acquiring migratory and invasive characteristics. (84)


3.6. FIBROBLAST ACTIVATION AND EXTRACELLULAR MATRIX REMODELLING: 
In this section, we discuss the role of the TME in the activation of normal fibroblasts into CAFs and how these CAFs help remodel the ECM and the TME. CAFs are a group of activated fibroblasts with significant heterogeneity and plasticity in the TME. (87) CAFs primarily originate from epithelial cells, endothelial cells, adipocytes, pericytes, smooth muscle cells, and resident fibroblasts in the TME. (88) They could also stem from mesenchymal cells recruited to the tumor mass and activated by cancer cells. Fibroblasts are activated into CAFs through several pathways, including the Notch signaling pathway (Martin-Vicente et al. confirmed that the blockage of the Notch pathway inhibits fibroblast activation) (89), TGF family ligands, and inflammatory signals such as interleukin-1 and interleukin-6. A diverse set of factors secreted from cancer or immune cells, including growth factors PDGF, HGF, and FGF, along with matrix metalloproteinases (e.g., MMP 14, MMP 2) and ROS, synergize to induce the fibroblast activation. Transcriptional factors such as NF-κB and HSF-1 play an important role, as do the gene family of metalloproteinase inhibitors, Timp, and the NF-κB subunit, p62. (90, 91)
[bookmark: _Hlk196988329][bookmark: _Hlk196996572]The interactions of CAFs with immune cells result in chemoresistance in cancer cells, which influences the TME. The immune cells involved include T cells, tumor-associated neutrophils (TANs), tumor-associated macrophages (TAMs), NK cells, and DCs. In the interaction between CAFs and T cells, CAFs inhibit T cells' function by expressing programmed death ligands-1 and 2 (PD-L1 and PD-L2), secreting IL-1α and IL-1β to upregulate their surface PD-L1 levels, secreting CXCL5 to increase PD-L1 expression on the surface of tumor cells, increasing the expression of immune checkpoint inhibitors (LAG-3, CTLA-4, PD-1, and TIM-3) on the T-cell surface by secreting PGE2, and releasing TGF-β to limit the expression of cytolytic genes, such as interferon-γ, Fas ligand, granzyme A, granzyme B, and perforin of T cells. (92) The expression of PD-L1 on the surface of TANs is upregulated by CAFs through the IL-6/STAT3/PDL1 pathway, resulting in neutrophil activation and suppression of T-cell immunity. In the CAFs and TAMs interaction, by secreting several cytokines, such as IL-6, IL-8, IL-10, CXCL12, HIF-2, and macrophage colony-stimulating factor (M-CSF), CAFs may recruit TAMs and promote their development into M2 macrophages. Higher lymphatic vessel density and lymph node metastases are closely linked to M2 macrophages. They can create an immunosuppressive environment and prevent CD4+ and CD8+ T cells from proliferating and activating. CAFs suppress NK cell activity by downregulating the poliomyelitis virus receptor (PVR/CD155), an NK cell ligand on the surface of cancer cells, and by secreting IL-6, MMPs, PGE2, indoleamine 2,3-dioxygenase (IDO), and adenosine. In a study by Chen et al. (93) It was confirmed that the MMPs produced by CAFs were responsible for promoting tumor aggressiveness and progression.  DCs' ability to present antigens can be limited by TGF-β and IL-6 produced from CAFs, which can downregulate the expression of MHC class II molecules, CD40, CD80, CD86, CD1α, and human leukocyte antigen DR (HLA-DR) on their surface. (91, 92)
[bookmark: _Hlk197064609][bookmark: _Hlk197064622]Through similar pathways to those impacting immunity, CAFs also encourage tumor growth via growth factors and cytokine production. For example, VEGF causes microvascular permeability, which causes plasma proteins like fibrin to extravasate. This, in turn, causes fibroblasts, inflammatory cells, and endothelial cells to swarm in. These cells support tumor angiogenesis by helping to produce an extracellular matrix (ECM) that is high in fibronectin and type I collagen. Additionally, CAFs generate stromal cell-derived factor 1 (SDF-1 or CXCL12), which has a role in the development of cancer cells as well as the recruitment of endothelial progenitors to the tumor. (91)

3.7. EXOSOME AND MICROVESICLE-MEDIATED SIGNALLING:
Exosomes are extracellular vesicles produced by cells, which perform the function of intracellular communication through the transmission of genetic information. This communication could be either proximal or remote. (94) To induce immunological escape of tumor cells, tumor cells within the TME use exosome signals to suppress the activity of cytotoxic immune cells and encourage the growth and differentiation of cells with tumor-promoting activity. (95) Exosomes present in the TME transport materials like proteins, nucleic acids, and other substances from the cell of origin to the target cell by encasing them. Being “messengers” between cells, exosomes contain cytokines, signaling receptors, and MHC molecules that can effectively and precisely trigger immunological responses, activate downstream signals, and facilitate intercellular communication. For these messages to be passed on successfully, exosomes use selective signal delivery. (96) To achieve selective signal delivery, the exosomes align with the recipient cells' surface molecules. Compared to normal tissues, the increased concentration of exosomes in tumor tissues supports intercellular communication more frequently. This creates favorable conditions for the development of cancer and encourages malignant invasion, metastasis, immunosuppression, etc. (94)


5.0. DRUGS THAT TARGET THE TUMOR MICROENVIRONMENT.
The TME has been proven to play a key role in the process of tumor occurrence, development, metastasis, and drug resistance. Therefore, tumor therapy should also focus on remodeling of the TME and not only on tumor cells. In this section, we discuss the drugs that can remodel the TME and target components of the TME according to the characteristics of the TME. The physical, mechanical, metabolic, inflammatory, and immune microenvironment, which constitutes the TME and significantly affects the occurrence and development of tumors, has been confirmed by various researchers. (97)

5.1. Physical microenvironment 
The physical microenvironment of the TME possesses features such as hypoxia, high acidity, and High interstitial pressure (HIFP). Hypoxia, being the state of low oxygen, mainly caused by the imbalance of oxygen supply and consumption in the tumor, supports the TME by inducing the formation of disordered and leaky nonfunctional blood vessels. A highly acidic microenvironment is also expressed by the physical microenvironment, and it promotes the survival, proliferation, invasion, and anti-apoptosis of tumor cells. Drugs such as digoxin, evofosfamide, Tirapazamine, Metformin, Acetazolamide, and SLC-0111 are able to combat this process by targeting specific molecules, specific signaling pathways, and the hypoxic regions. Table 2 shows the target strategy and mechanism of action of these drugs. (97)
TABLE 2: PHYSICAL MICROENVIRONMENT OF THE TME
	Classification 
	Drugs
	Target
	Target strategy
	Mechanism of action 
	Cancer type
	Reference

	Hypoxia modulators
	Digoxin
	[bookmark: _Hlk197064921][bookmark: _Hlk197064913]Na+/K+-ATPase (NKA)
	Apoptosis, cell cycle arrest
	Inhibition of NKA would result in a higher intracellular Na+/K+ ratio, followed by a resultant higher concentration of cytoplasmic Ca2+, which would lead to the death of cancer cells.
	[bookmark: _Hlk197064934][bookmark: _Hlk197064927]non-small cell lung cancer (NSCLC)
	(98, 99)

	
	evofosfamide (TH-302)
	Hypoxic region
	Cell death
	By releasing DNA-damaging agent bromo-isophosphoramide mustard (Br-IPM) in an oxygen-deprived TME
	NSCLC
	(100)

	
	Tirapazamine (TPZ)
	Hypoxic cells
	Cell death
	DNA damage, leading to cytotoxicity
	Cervix and ovarian cancer, head and neck cancer (HNSC)
	(101)

	
	Metformin 
	mTOR pathway
	Cell death
	inhibit mTORC1 pathway; blockage of G0/G1 phase in cell cycle
	Pancreas, breast, colon, and hepatocellular carcinoma
	(102)

	Acidosis modulators
	Acetazolamide
	carbonic anhydrases IX (CAIX)
	Antitumor metastatic effect, inducing apoptosis
	by inhibiting CAIX
	 laryngeal cancer
	(103)

	
	SLC-0111
	carbonic anhydrases IX (CAIX)
	reduction of proliferation, migration, and invasiveness
	by inhibiting CAIX
	Melanoma, breast cancer, and HNSC
	(104, 105)



5.2. Mechanical microenvironment 
The mechanical microenvironment is characterized by CAFs, ECM, and vascular structure. The mechanism of the mechanical microenvironment is regulated by a variety of factors, including enzymes and signaling pathways such as VEGF-A, FGF, PDGF, angiogenin, and other pro-angiogenic factors, which can promote angiogenesis and other processes. By selectively inhibiting these factors and their signaling pathways, these drugs block downstream signals that drive TME expansion. (97)

TABLE 3: MECHANICAL MICROENVIRONMENT OF THE TME
	Classification
	Drugs 
	Target 
	Target strategy 
	Mechanism of action 
	Cancer type 
	reference

	MP Inhibitors
	Incyclinide (CMT-3)
	MMP
	Inhibits angiogenesis, tumor growth, invasion, and metastasis
	CMT-3 (Col-3) inhibits MMPs by preventing oxidative activation
	prostate cancer, colon adenocarcinoma, and melanoma
	(106, 107)

	ECM Degraders
	PEGPH20
	hyaluronan
	Lowering tumor pressure
	enzymatically depletes hyaluronan
	Pancreatic cancer 
	(108)

	
	Cyclopamine
	Hedgehog (Hh) signaling pathway
	Reduction in solid stress inhibits tumor proliferation and improves nanomedicine delivery. 
	By targeting the smoothened protein, cyclopamine inhibits the Hedgehog signaling pathway.
	Breast cancer
	(109)

	LOXL2 Inhibitors
	PXS-5505
	lysyl oxidases (LOX), enzymes 


	Disruption of the formation of the dense, fibrotic tissue
	By inhibiting lysyl oxidases (LOX), enzymes that cross-link collagen and elastin in the ECM
	pancreatic ductal adenocarcinoma
	(110)

	Angiogenesis mAbs
	Bevacizumab

	VEGF-A
	Inhibiting angiogenesis
	By binding to soluble VEGF, preventing receptor binding, and inhibiting endothelial cell proliferation and vessel formation
	[bookmark: _Hlk197065364]Metastatic colorectal cancer (mCRC)
	(111)

	
	Ramucirumab (Cyramza)
	VEGFR2
	Inhibiting angiogenesis pathways
	binds to the extracellular binding domain of VEGFR-2 and prevents the binding of VEGFR ligands: VEGF-A, VEGF-C, and VEGF-D
	Advanced Gastric Cancer and Metastatic NSCLC
	(112, 113)

	
	Apatinib
	VEGFR-2
	Inhibit tumor cell proliferation and angiogenesis; induce apoptosis
	By inhibiting VEGFR-2, this inhibition blocks VEGFR-2 phosphorylation and downstream signaling pathways
	advanced gastric adenocarcinoma
	(114, 115)

	Anti-EGFR mABs
	Panitumumab (Vectibix)
	EGFR
	Inhibiting cell growth
	Binding of panitumumab to the EGFR inhibits phosphorylation and activation of EGFR-associated kinases.
	Metastatic colorectal cancer
	(116)

	
	Cetuximab (Erbitux)
	EGFR
	Inhibiting signaling
	by binding to EGFR competitively with ligands
	Metastatic colorectal cancer 
	(117)

	Angiogenic TKIs
	Sunitinib
	VEGFR tyrosine kinase
	Inhibition of tumor growth and metastasis
	Inhibits the phosphorylation of VEGFR tyrosine kinase
	Metastatic renal cell carcinoma 
	(118)

	
	Sorafenib
	VEGFR tyrosine kinase
	Promotes apoptosis, reduces tumor proliferation, and angiogenesis 
	Inhibits VEGFR tyrosine kinase
	Metastatic liver cancer 
	(119)

	
	Pazopanib
	VEGFR; PDGFR
	Inhibits angiogenesis
	Inhibition of the intracellular tyrosine kinase of VEGF receptor (VEGFR) and PDGF receptor (PDGFR)
	[bookmark: _Hlk197065323]Metastatic renal cell carcinoma (mRCC)
	(120, 121)

	
	Lenvatinib
	 (VEGFR1–3); (FGFR-1–4); (PDGFRα)
	Inhibits angiogenesis and tumor growth
	By blocking the kinase activities of 
(VEGFR1–3); (FGFR-1–4); (PDGFRα)
	thyroid cancer
	(122)

	mTOR Inhibitors
	Everolimus
	Mammalian target of rapamycin (mTOR)
	Reduced tumor growth, angiogenesis, and immunosuppression 
	By inhibiting mTOR
	Renal cell carcinoma, breast cancer, and pancreatic neuroendocrine tumor
	(123)



5.3. METABOLIC MICROENVIRONMENT
The metabolic microenvironment consumes glucose as a fuel using the process of anaerobic glycolysis. This process gives off lactic acid as a byproduct, which aids in the formation of an acidic environment. For a long time, lactic acid was simply considered a waste product of tumor metabolism, however, evidence now suggests that it can reprogram tumor cells and stromal cells in TME. Several processes are implicated in the uptake of glucose by the components of the TME. Another preferred substrate of the TME is glutamine. In the absence of glucose, glutamine is metabolized and it provides carbon, energy, and nitrogen for stromal and tumor cells. (97)


TABLE 4: METABOLIC MICROENVIRONMENT OF THE TME
	Classification 
	Drugs 
	Target 
	Target strategy 
	Mechanism of action 
	Cancer type 
	Reference 

	mTORC1 inhibitors
	rapamycin

	mTOR
	impedes progression through the G1/S transition of the proliferation cycle, resulting in a mid-to-late G1 arrest
	By the inhibition of the enzymatic activity of the cyclin-dependent kinase cdk2-cyclin E complex, which functions as a crucial regulator of the G1/S transition
	Renal Cell Carcinoma (RCC)
	(124)

	
	CB-839
	Glutaminase
	reduction in the availability of energy and building blocks for tumor cells
	It inhibits the enzyme glutaminase, which is involved in the conversion of glutamine to glutamate
	Solid tumors
	(125)





5.4. INFLAMMATORY MICROENVIRONMENT
Chronic inflammation is now recognized as a critical driver of tumor initiation and progression. In the TME, stromal and immune cells secrete cytokines, chemokines, and other mediators that fuel tumor growth, survival, and metastasis. By blocking these pro-inflammatory signals and downregulating inflammatory gene expression, therapeutic agents disrupt the pro-tumorigenic remodeling of the microenvironment. (97)

TABLE 5: INFLAMMATORY MICROENVIRONMENT OF THE TME
	Classification 
	Drugs 
	Target 
	Target strategy 
	Mechanism of action 
	Cancer type 
	Reference 

	Inflammatory microenvironment modulators
	Aspirin
	Glu 225 region of heparinase; cyclooxygenase (COX) enzyme
	Immune regulation, DNA repair, and regulation of cell metabolism
	Inhibit the activity of heparinase; Inhibit the activity of the COX enzyme
	Colorectal cancer
	(126, 127)

	Cytokine-targeting mAbs
	Tocilizumab (TCZ) 
	Interleukin 6 (IL-6)
	Prevent inflammation; Suppress tumor growth
	By preventing IL-6 from binding to its receptor (IL-6R), tocilizumab inhibits the downstream signaling pathways that IL-6 activates.
	Breast cancer 
	(128)

	PI3K-γ inhibitors
	Eganelisib (IPI-549) in combination with nab-paclitaxel + atezolizumab (anti–PD-L1)
	PI3Kγ
	myeloid cell reprogramming, T cell activation, and ECM reorganization
	PI3Kγ inhibition
	[bookmark: _Hlk197065425]triple-negative breast cancer (TNBC)
	(129)

	TGF-β pathway inhibitors
	vactosertib (TEW-7197)
	TGFBR1
	Suppress tumor growth, induce immune restoration, and enhance anti-tumor responses
	inhibits the activity of TGFBR1 and prevents TGF-beta/TGFBR1-mediated signaling
	metastatic colorectal cancer (mCRC)
	(130)




5.5. IMMUNE MICROENVIRONMENT
The tumor immune microenvironment is maintained by multiple inhibitory signals and suppressive cell types. Immune checkpoints—PD-1 on T cells binding PD-L1 on tumor or stromal cells, and CTLA-4 on T cells engaging CD80/86—directly blunt T-cell activation. Tumor‐expressed CD-47 delivers a “don’t eat me” signal to macrophages, while chemokine receptor CXCR4 and its ligand CXCL12 establish physical exclusion zones. Colony-stimulating factor-1 receptor (CSF-1R) and tropomyosin receptor kinase (TRK) family signaling sustain M2-polarized macrophages that secrete TGF-β and IL-10, further repressing effector T cells and DC. Therapeutic antibodies against HER-2 or CD20 also remodel immunity: by engaging ADCC and complement, they recruit NK cells and macrophages into the TME. Agents blocking PD-1/PD-L1, CTLA-4, CD-47, CXCR4, CSF-1R, TRK, or TGF-β receptor can relieve these brakes and reinvigorate antitumor T-cell and innate response. (97)
TABLE 6: IMMUNE MICROENVIRONMENT OF THE TME
	Classification 
	Drugs 
	Target 
	Target strategy 
	Mechanism of action 
	Cancer type 
	Reference 

	Immune checkpoint inhibitor
	Nivolumab (Opdivo)
	PD-1
	Prevent immune suppression, promote antitumor immunity 
	By binding to PD-1, thereby inhibiting its function
	NSCLC, melanoma, RCC, and other cancers
	(131)

	
	Pembrolizumab (Keytruda)
	PD-1
	Removing the inhibition of the immune response and inducing an immune-mediated adverse reaction
	By binding to PD-1 or PD-L1, thereby blocking the PD-1/PD-L1 pathway. 
	Cervical cancer
	(132)

	
	Atezolizumab (Tecentriq)
	PD-L1
	Restoring anticancer immunity
	directly binds to programmed cell death ligand 1 (PD-L1), promoting double blockade of B7 and programmed cell death protein 1 (PD-1) receptors
	NSCLC
	(133)

	
	Durvalumab
	PD-L1
	Increase in immunological reactivity
	By blocking PD-L1
	NSCLC 
	(134, 135)

	
	Ipilimumab (Yervoy)
	CTLA-4
	Promote T cell activation and immune response
	blocks the CTLA-4 immune checkpoint and thereby augments antitumor T-cell responses
	Metastatic melanoma, advanced renal cell carcinoma
	(136, 137)

	
	Tremelimumab
	CTLA-4
	decrease tumor growth, and an increase in the proliferation of T cells in tumors
	blocking CTLA-4 activity
	hepatocellular carcinoma (HCC)
	(138)

	
	Magrolimab (Hu5F9-G4)
	CD-47
	Enhance the phagocytosis of cancer cells, leading to their death
	Blocks CD47 to promote macrophage-mediated phagocytosis of tumor cells
	leukemia, lymphoma, and myeloma
	(139)

	
	Letaplimab (IBI188)
	CD-47
	Enhance the phagocytosis of cancer cells, leading to their death
	Blocks CD47 to promote macrophage-mediated phagocytosis of tumor cells
	leukemia, lymphoma, and myeloma
	(139)

	Chemokine Axis Blockade
	AMD3100 (Plerixafor)
	CXCR4
	Inhibits metastasis
	blocking the CXCR4 receptor
	Lung cancer, colorectal cancer, and triple-negative breast cancer
	(140)

	TAM Reprogramming
	Pexidartinib (Turalio)
	colony-stimulating factor 1 receptor (CSF-1R)
	inhibits tumor cell proliferation, down-modulates macrophages
	inhibiting the CSF-1R signaling pathway,
	[bookmark: _Hlk197065582]tenosynovial giant cell tumor (TGCT)
	(141, 142)

	
	PLX7486
	CSF-1R and tropomyosin receptor kinase (TRK) family
	Halt tumor cell proliferation
	binds to and inhibits the activity of CSF-1R
	Pancreatic cancer 
	(143)

	
	JNJ-40346527 (Edicotinib)
	CSF-1R 
	Inhibits tumor cell proliferation
	Inhibits the CSF-1R tyrosine kinase
	[bookmark: _Hlk197065606]classical Hodgkin lymphoma (cHL)
	(144)

	CAF Reprogramming
	Galunisertib (LY2157299)
	TGFβ  receptor
	Induce immune restoration and improve anti-tumor responses
	By inhibiting the type I TGFβ receptor (TGFβ-RI) that specifically downregulates SMAD2 phosphorylation, abrogating activation of the TGFβ canonical pathway
	Metastatic pancreatic cancer
	(142)

	Anti-HER2 mABs
	Trastuzumab (Herceptin)
	HER-2
	Inhibiting cell growth, survival, and proliferation
	By inhibition of the PI3K/AKT signaling pathway, which is mediated by either the inhibition of HER3 phosphorylation or the activation of PTEN
	HER2-positive breast cancer
	(145, 146)

	
	Pertuzumab (Perjeta)
	HER-2
	 reduced cell proliferation, cell cycle arrest, and cell death (apoptosis)
	sterically blocking a binding pocket necessary for receptor dimerization, thus blocking HER2 dimerization
	HER2-positive breast cancer
	(147)

	Immune effector modulators
	Rituximab (Rituxan)
	CD20
	induce cytotoxicity, promote apoptosis of B cells
	Binding to the cell surface CD20 located on the B lymphocytes 
	lymphoma
	(148, 149)

	
	Obinutuzumab (Gazyva)
	CD20
	Cell death
	[bookmark: _Hlk197065650]Acts by enhancing direct cell death and antibody-dependent Cellular Cytotoxicity (ADCC)
	CD20-positive non-Hodgkin lymphoma (NHL) and chronic lymphocytic leukemia
	(150, 151)




[bookmark: _Hlk196986809]CONCLUSION AND FUTURE PERSPECTIVE: 
In conclusion, this review highlights the characteristics of TME in solid tumors and its influence on tumor occurrence, development, and metastasis. It summarizes the current drugs used to target the TME, their classification, molecular target, target strategies, mechanism of action, and the specific type of cancer they are used to treat. The TME comprises various complex components, whose individual characteristics and complex interactions are yet to be completely understood. Although some techniques have been developed to characterize the TME, they still show deficiencies. While many TME-targeting therapies have shown promise in preclinical and clinical studies, they still face several obstacles.  The ability of these therapies to develop models that better mimic human tumors, design devices that can detect TME characteristics accurately, discover highly specific or multi-target drugs, and integrate these therapies with treatments aimed directly at tumor cells may be the missing piece in the eradication of cancer through targeting the TME. Together, these approaches hold the potential for progress in the therapeutic outcomes of cancer treatment.


ABBREVIATION: 
ADCC: antibody-dependent Cellular Cytotoxicity 
APCs: antigen-presenting cells 
bFGF: Basic fibroblast growth factor 
CAFs: Cancer-associated fibroblasts
cHL: classical Hodgkin lymphoma  
CSF-1R: Colony-stimulating factor-1 receptor
DC: dendritic cells 
ECM: Extracellular matrix
EGF: Epidermal Growth Factor
EMT: epithelial-to-mesenchymal transition 
EMT-TFs: EMT-inducing transcription factors  
FGF: Fibroblast growth factor
G-CSF: granulocyte colony-stimulating factor
HCC: hepatocellular carcinoma 
HIF: hypoxia-inducible factor 
HNSC: head and neck squamous carcinoma 
IFN-γ: Interferon-gamma 
IL: Interleukin
LOX: lysyl oxidases 
mABs: monoclonal antibodies
mCRC: Metastatic colorectal cancer 
M-CSF: macrophage colony-stimulating factor 
M-CSF: macrophage colony-stimulating factor 
MDSCs: myeloid-derived suppressor cells 
MHC: major histocompatibility complex
MMP: Matrix metalloproteinases
mRCC: Metastatic renal cell carcinoma 
MSCs: Mesenchymal stem cells
NK: natural killer 
NKA: Na+/K+-ATPase 
NSCLC: non-small cell lung cancer 
PDGF: Platelet-derived growth factor
PD-L1: Programmed cell death ligand 1
RNI: reactive nitrogen intermediates  
ROS: reactive oxygen species
SDF-1: stromal cell-derived factor 1
TAA: tumor-associated antigens 
TAM: Tumor-associated macrophages
TECs: tumor endothelial cells 
TGCT: tenosynovial giant cell tumor 
TGF: transforming growth factor
TILs: tumor-infiltrating lymphocytes 
TME: Tumor microenvironment
TNBC: triple-negative breast cancer 
TNF: Tumor necrosis factor
Tregs: regulatory T cells 
VEGF: vascular endothelial growth factor


REFERENCES

1.	Xiao Y, Yu D. Tumor microenvironment as a therapeutic target in cancer. Pharmacology & therapeutics. 2021;221:107753.
2.	Hu H, Chen Y, Tan S, Wu S, Huang Y, Fu S, et al. The research progress of antiangiogenic therapy, immune therapy and tumor microenvironment. Frontiers in immunology. 2022;13:802846.
3.	Zheng Y, Xu R, Chen X, Lu Y, Zheng J, Lin Y, et al. Metabolic gatekeepers: harnessing tumor-derived metabolites to optimize T cell-based immunotherapy efficacy in the tumor microenvironment. Cell death & disease. 2024;15(10):775.
4.	Anderson NM, Simon MC. The tumor microenvironment. Current Biology. 2020;30(16):R921-R5.
5.	Wang Q, Shao X, Zhang Y, Zhu M, Wang FXC, Mu J, et al. Role of tumor microenvironment in cancer progression and therapeutic strategy. Cancer Medicine. 2023;12(10):11149-65.
6.	Shi Y, Guan Z, Cai G, Nie Y-c, Zhang C, Luo W, et al. Patient-derived organoids: a promising tool for breast cancer research. Frontiers in Oncology. 2024;14:1350935.
7.	Wei R, Liu S, Zhang S, Min L, Zhu S. Cellular and Extracellular Components in Tumor Microenvironment and Their Application in Early Diagnosis of Cancers. Analytical cellular pathology (Amsterdam). 2020;2020:6283796.
8.	Prakash J, Shaked Y. The Interplay between Extracellular Matrix Remodeling and Cancer Therapeutics. Cancer discovery. 2024;14(8):1375-88.
9.	Gunaydin G. CAFs Interacting With TAMs in Tumor Microenvironment to Enhance Tumorigenesis and Immune Evasion. Front Oncol. 2021;11:668349.
10.	Chen M, Chen F, Gao Z, Li X, Hu L, Yang S, et al. CAFs and T cells interplay: The emergence of a new arena in cancer combat. Biomedicine & pharmacotherapy = Biomedecine & pharmacotherapie. 2024;177:117045.
11.	Zhang Y, Lv N, Li M, Liu M, Wu C. Cancer-associated fibroblasts: tumor defenders in radiation therapy. Cell death & disease. 2023;14(8):541.
12.	Zhang H, Yue X, Chen Z, Liu C, Wu W, Zhang N, et al. Define cancer-associated fibroblasts (CAFs) in the tumor microenvironment: new opportunities in cancer immunotherapy and advances in clinical trials. Molecular Cancer. 2023;22(1):159.
13.	Wang T, Wu M, Cao L, Liu B. Organic functional substance engineered living materials for biomedical applications. Biomaterials. 2023;301:122248.
14.	Chen S, Lei J, Mou H, Zhang W, Jin L, Lu S, et al. Multiple influence of immune cells in the bone metastatic cancer microenvironment on tumors. 2024;Volume 15 - 2024.
15.	Salemme V, Centonze G, Cavallo F, Defilippi P, Conti L. The Crosstalk Between Tumor Cells and the Immune Microenvironment in Breast Cancer: Implications for Immunotherapy. Frontiers in Oncology. 2021;11.
16.	Yang D, Guo P, He T, Powell CA. Role of endothelial cells in tumor microenvironment. Clinical and translational medicine. 2021;11(6):e450.
17.	Fang J, Lu Y, Zheng J, Jiang X, Shen H, Shang X, et al. Exploring the crosstalk between endothelial cells, immune cells, and immune checkpoints in the tumor microenvironment: new insights and therapeutic implications. Cell death & disease. 2023;14(9):586.
18.	Li X, Fan Q, Peng X, Yang S, Wei S, Liu J, et al. Mesenchymal/stromal stem cells: necessary factors in tumour progression. Cell Death Discovery. 2022;8(1):333.
19.	Slama Y, Ah-Pine F, Khettab M, Arcambal A, Begue M, Dutheil F, et al. The Dual Role of Mesenchymal Stem Cells in Cancer Pathophysiology: Pro-Tumorigenic Effects versus Therapeutic Potential. 2023;24(17):13511.
20.	Anderson NM, Simon MC. The tumor microenvironment. Current biology : CB. 2020;30(16):R921-r5.
21.	Huang J, Zhang L, Wan D, Zhou L, Zheng S, Lin S, et al. Extracellular matrix and its therapeutic potential for cancer treatment. Signal transduction and targeted therapy. 2021;6(1):153.
22.	Bruni S, Mercogliano M, Mauro F, Russo R, Schillaci R. Cancer immune exclusion: breaking the barricade for a successful immunotherapy. Frontiers in Oncology. 2023;13.
23.	Cavallari C, Camussi G, Brizzi MF. Extracellular Vesicles in the Tumour Microenvironment: Eclectic Supervisors. International journal of molecular sciences. 2020;21(18).
24.	Li Y, Liu F. The extracellular vesicles targeting tumor microenvironment: a promising therapeutic strategy for melanoma. Frontiers in Immunology. 2023;14.
25.	Chen Z, Han F, Du Y, Shi H, Zhou W. Hypoxic microenvironment in cancer: molecular mechanisms and therapeutic interventions. Signal transduction and targeted therapy. 2023;8(1):70.
26.	Bigos KJ, Quiles CG, Lunj S, Smith DJ, Krause M, Troost EG, et al. Tumour response to hypoxia: understanding the hypoxic tumour microenvironment to improve treatment outcome in solid tumours. Frontiers in oncology. 2024;14:1331355.
27.	Xun Z, Zhou H, Shen M, Liu Y, Sun C, Du Y, et al. Identification of Hypoxia‐ALCAMhigh Macrophage‐Exhausted T Cell Axis in Tumor Microenvironment Remodeling for Immunotherapy Resistance. Advanced Science. 2024:2309885.
28.	Chen Z, Han F, Du Y, Shi H, Zhou W. Hypoxic microenvironment in cancer: molecular mechanisms and therapeutic interventions. Signal transduction and targeted therapy. 2023;8(1):70.
29.	Wang Q, Gao J, Di W, Wu X. Anti-angiogenesis therapy overcomes the innate resistance to PD-1/PD-L1 blockade in VEGFA-overexpressed mouse tumor models. Cancer immunology, immunotherapy : CII. 2020;69(9):1781-99.
30.	de la Calle-Fabregat C, Calafell-Segura J, Gardet M, Dunsmore G, Mulder K, Ciudad L, et al. NF-κB and TET2 promote macrophage reprogramming in hypoxia that overrides the immunosuppressive effects of the tumor microenvironment. Science Advances. 2024;10(38):eadq5226.
31.	Sadozai H, Acharjee A, Kayani HZ, Gruber T, Gorczynski RM, Burke B. High hypoxia status in pancreatic cancer is associated with multiple hallmarks of an immunosuppressive tumor microenvironment. Frontiers in immunology. 2024;15:1360629.
32.	Yang M, Mu Y, Yu X, Gao D, Zhang W, Li Y, et al. Survival strategies: How tumor hypoxia microenvironment orchestrates angiogenesis. Biomedicine & Pharmacotherapy. 2024;176:116783.
33.	Huang YJ, Nan GX. Oxidative stress-induced angiogenesis. Journal of clinical neuroscience : official journal of the Neurosurgical Society of Australasia. 2019;63:13-6.
34.	La Mendola D, Trincavelli ML, Martini C. Angiogenesis in Disease. International journal of molecular sciences. 2022;23(18).
35.	Mou J, Li C, Zheng Q, Meng X, Tang H. Research progress in tumor angiogenesis and drug resistance in breast cancer. Cancer biology & medicine. 2024;21(7):571-85.
36.	Jiang X, Wang J, Deng X, Xiong F, Zhang S, Gong Z, et al. The role of microenvironment in tumor angiogenesis. Journal of experimental & clinical cancer research : CR. 2020;39(1):204.
37.	Crivellato E. The role of angiogenic growth factors in organogenesis. The International journal of developmental biology. 2011;55(4-5):365-75.
38.	Shaw P, Dwivedi SKD, Bhattacharya R, Mukherjee P, Rao G. VEGF signaling: Role in angiogenesis and beyond. Biochimica et Biophysica Acta (BBA)-Reviews on Cancer. 2024:189079.
39.	Lorenc P, Sikorska A, Molenda S, Guzniczak N, Dams-Kozlowska H, Florczak A. Physiological and tumor-associated angiogenesis: Key factors and therapy targeting VEGF/VEGFR pathway. Biomedicine & Pharmacotherapy. 2024;180:117585.
40.	Ge Y, Wang Q, Yao Y, Xin Q, Sun J, Chen W, et al. Framework Nucleic Acids‐Based VEGF Signaling Activating System for Angiogenesis: A Dual Stimulation Strategy. Advanced Science. 2024;11(21):2308701.
41.	Xiong Z, Xu X, Zhang Y, Ma C, Hou C, You Z, et al. IFITM3 promotes glioblastoma stem cell-mediated angiogenesis via regulating JAK/STAT3/bFGF signaling pathway. Cell death & disease. 2024;15(1):45.
42.	Li J, Jiang Z, He J, Yang K, Chen J, Deng Q, et al. Effect of CHRDL1 on angiogenesis and metastasis of colorectal cancer cells via TGF‐β/VEGF pathway. Molecular Carcinogenesis. 2024;63(6):1092-105.
43.	Liu B-X, Xie Y, Zhang J, Zeng S, Li J, Tao Q, et al. SERPINB5 promotes colorectal cancer invasion and migration by promoting EMT and angiogenesis via the TNF-α/NF-κB pathway. International Immunopharmacology. 2024;131:111759.
44.	Liu W, Wang Q, Luo H, Luo B, Zhao F, Kang Y, et al. Nanographene Oxide Promotes Angiogenesis by Regulating Osteoclast Differentiation and Platelet-Derived Growth Factor Secretion. ACS nano. 2024;18(33):22390-403.
45.	Liu Q, Zhu X, Yan X, Hu Y. Therapeutic and Mechanistic Effects of Granulocyte Colony Stimulating Factor and Neurotrophin Receptor on Cerebral Ischemia-Reperfusion Injury: An Experimental Pilot Study. Annals of Clinical & Laboratory Science. 2024;54(4):474-82.
46.	Levati L, Tabolacci C, Facchiano A, Facchiano F, Alvino E, Antonini Cappellini GC, et al. Circulating interleukin-8 and osteopontin are promising biomarkers of clinical outcomes in advanced melanoma patients treated with targeted therapy. Journal of Experimental & Clinical Cancer Research. 2024;43(1):226.
47.	Acharya SS, Kundu CN. Havoc in harmony: Unravelling the intricacies of angiogenesis orchestrated by the tumor microenvironment. Cancer Treatment Reviews. 2024;127:102749.
48.	Tiwari N, Tiwari A, Mehra L, Ganguly A, Darji K, Pandit M. Fibroblast growth factors: properties, biosynthesis, biological functions, therapeutic applications and engineering. International Journal of Medical Biochemistry. 2024;7(2).
49.	Zhang M, Zhang Z, Li H, Xia Y, Xing M, Xiao C, et al. Blockage of VEGF function by bevacizumab alleviates early-stage cerebrovascular dysfunction and improves cognitive function in a mouse model of Alzheimer’s disease. Translational Neurodegeneration. 2024;13(1):1.
50.	Sobczuk P, Cholewiński M, Rutkowski P. Recent advances in tyrosine kinase inhibitors VEGFR 1-3 for the treatment of advanced metastatic melanoma. Expert Opinion on Pharmacotherapy. 2024:1-10.
51.	Wu SZ, Lan YY, Chen CY, Chen LC, Huang BM. Cordycepin Activates Autophagy to Suppress FGF9-induced TM3 Mouse Leydig Progenitor Cell Proliferation. Cancer genomics & proteomics. 2024;21(6):630-44.
52.	Huang W-T, Chen X-J, Lin Y-K, Shi J-F, Li H, Wu H-D, et al. FGF17 protects cerebral ischemia reperfusion-induced blood-brain barrier disruption via FGF receptor 3-mediated PI3K/AKT signaling pathway. European Journal of Pharmacology. 2024;971:176521.
53.	Sun Y, Fan X, Zhang Q, Shi X, Xu G, Zou C. Cancer-associated fibroblasts secrete FGF-1 to promote ovarian proliferation, migration, and invasion through the activation of FGF-1/FGFR4 signaling. Tumor Biology. 2017;39(7):1010428317712592.
54.	Huang Z, Ding J, Song Y, Liu W, Dong C, Zhang Y, et al. Macrophage contribution to the survival of transferred expanded skin flap through angiogenesis. Annals of translational medicine. 2023;11(6):248.
55.	Xie Y, Su N, Yang J, Tan Q, Huang S, Jin M, et al. FGF/FGFR signaling in health and disease. Signal transduction and targeted therapy. 2020;5(1):181.
56.	Kardas G, Daszyńska-Kardas A, Marynowski M, Brząkalska O, Kuna P, Panek M. Role of platelet-derived growth factor (PDGF) in asthma as an immunoregulatory factor mediating airway remodeling and possible pharmacological target. Frontiers in pharmacology. 2020;11:47.
57.	Pandey P, Khan F, Upadhyay TK, Seungjoon M, Park MN, Kim B. New insights about the PDGF/PDGFR signaling pathway as a promising target to develop cancer therapeutic strategies. Biomedicine & Pharmacotherapy. 2023;161:114491.
58.	Torshizi Esfahani A, Mohammadpour S, Jalali P, Yaghoobi A, Karimpour R, Torkamani S, et al. Differential expression of angiogenesis-related genes ‘VEGF’and ‘angiopoietin-1’in metastatic and EMAST-positive colorectal cancer patients. Scientific Reports. 2024;14(1):10539.
59.	Ma R, Sun J-H, Wang Y-Y. The role of transforming growth factor-β (TGF-β) in the formation of exhausted CD8+ T cells. Clinical and Experimental Medicine. 2024;24(1):128.
60.	Berlanga-Acosta J, Garcia-Ojalvo A, Fernández-Montequin J, Falcon-Cama V, Acosta-Rivero N, Guillen-Nieto G, et al. Epidermal Growth Factor Intralesional Delivery in Chronic Wounds: The Pioneer and Standalone Technique for Reversing Wound Chronicity and Promoting Sustainable Healing. International journal of molecular sciences. 2024;25(20).
61.	Darmadi D, Aminov Z, Hjazi A, Roopashree R, Kazmi SW, Mustafa YF, et al. Investigation of the regulation of EGF signaling by miRNAs, delving into the underlying mechanism and signaling pathways in cancer. Experimental Cell Research. 2024:114267.
62.	Yao S, Liu X, Feng Y, Li Y, Xiao X, Han Y, et al. Unveiling the Role of HGF/c-Met Signaling in Non-Small Cell Lung Cancer Tumor Microenvironment. International journal of molecular sciences. 2024;25(16):9101.
63.	Chen J, Ning D, Du P, Liu Q, Mo J, Liang H, et al. USP11 potentiates HGF/AKT signaling and drives metastasis in hepatocellular carcinoma. Oncogene. 2024;43(2):123-35.
64.	Chen X, Chen L-J, Peng X-F, Deng L, Wang Y, Li J-J, et al. Anti-PD-1/PD-L1 therapy for colorectal cancer: Clinical implications and future considerations. Translational Oncology. 2024;40:101851.
65.	Han Y, Liu D, Li L. PD-1/PD-L1 pathway: current researches in cancer. American journal of cancer research. 2020;10(3):727-42.
66.	Ghosh C, Luong G, Sun Y. A snapshot of the PD-1/PD-L1 pathway. Journal of Cancer. 2021;12(9):2735-46.
67.	Jiang X, Wang J, Deng X, Xiong F, Ge J, Xiang B, et al. Role of the tumor microenvironment in PD-L1/PD-1-mediated tumor immune escape. Molecular Cancer. 2019;18(1):10.
68.	Ruhland MK, Roberts EW, Cai E, Mujal AM, Marchuk K, Beppler C, et al. Visualizing synaptic transfer of tumor antigens among dendritic cells. Cancer cell. 2020;37(6):786-99. e5.
69.	Crespo J, Sun H, Welling TH, Tian Z, Zou W. T cell anergy, exhaustion, senescence, and stemness in the tumor microenvironment. Current opinion in immunology. 2013;25(2):214-21.
70.	Liu K. Dendritic Cells: Encyclopedia of Cell Biology. 2016:741-9. doi: 10.1016/B978-0-12-394447-4.30111-0. Epub 2015 Aug 20.
71.	Dhodapkar M, Mackall CL, Steinman RM. Dendritic Cells and Adaptive Immunity. In: Kaushansky K, Lichtman MA, Prchal JT, Levi MM, Press OW, Burns LJ, et al., editors. Williams Hematology, 9e. New York, NY: McGraw-Hill Education; 2015.
72.	Fu C, Jiang A. Dendritic Cells and CD8 T Cell Immunity in Tumor Microenvironment. Front Immunol. 2018;9:3059.
73.	Salminen A. The role of the immunosuppressive PD-1/PD-L1 checkpoint pathway in the aging process and age-related diseases. Journal of Molecular Medicine. 2024:1-18.
74.	Shen S, Hong Y, Huang J, Qu X, Sooranna SR, Lu S, et al. Targeting PD-1/PD-L1 in Tumor Immunotherapy: Mechanisms and Interactions with host growth regulatory pathways. Cytokine & Growth Factor Reviews. 2024.
75.	Kouzu K, Tsujimoto H, Kishi Y, Ueno H, Shinomiya N. Role of Microbial Infection-Induced Inflammation in the Development of Gastrointestinal Cancers. Medicines (Basel, Switzerland). 2021;8(8).
76.	Greten FR, Grivennikov SI. Inflammation and Cancer: Triggers, Mechanisms, and Consequences. Immunity. 2019;51(1):27-41.
77.	Ye J-B, Wen J-J, Wu D-L, Hu B-X, Luo M-Q, Lin Y-Q, et al. Elevated DLL3 in stomach cancer by tumor-associated macrophages enhances cancer-cell proliferation and cytokine secretion of macrophages. Gastroenterology Report. 2021;10.
78.	Mandal M, Sarkar M, Khan A, Biswas M, Masi A, Rakwal R, et al. Reactive Oxygen Species (ROS) and Reactive Nitrogen Species (RNS) in plants– maintenance of structural individuality and functional blend. Advances in Redox Research. 2022;5:100039.
79.	Wang Q, Shao X, Zhang Y, Zhu M, Wang FXC, Mu J, et al. Role of tumor microenvironment in cancer progression and therapeutic strategy. Cancer Med. 2023;12(10):11149-65.
80.	Hibino S, Kawazoe T, Kasahara H, Itoh S, Ishimoto T, Sakata-Yanagimoto M, et al. Inflammation-Induced Tumorigenesis and Metastasis. International journal of molecular sciences. 2021;22(11).
81.	Pereira JFS, Jordan P, Matos P. A Signaling View into the Inflammatory Tumor Microenvironment. 2021;1(2):91-118.
82.	Hess JB, Sutherland KD, Best SA. Exploring natural killer cell immunology as a therapeutic strategy in lung cancer. Translational Lung Cancer Research. 2020;10(6):2788-805.
83.	Celià-Terrassa T, Kang Y. How important is EMT for cancer metastasis? PLoS biology. 2024;22(2):e3002487.
84.	Ribatti D, Tamma R, Annese T. Epithelial-Mesenchymal Transition in Cancer: A Historical Overview. Transl Oncol. 2020;13(6):100773.
85.	Zhang J, Hu Z, Horta CA, Yang J. Regulation of epithelial-mesenchymal transition by tumor microenvironmental signals and its implication in cancer therapeutics. Seminars in Cancer Biology. 2023;88:46-66.
86.	Tasinato E. Development of an in vitro 3D model of the proximal tubule interstitial interface as a high throughput renal fibrosis assay platform: Newcastle University; 2024.
87.	Ping Q, Yan R, Cheng X, Wang W, Zhong Y, Hou Z, et al. Cancer-associated fibroblasts: overview, progress, challenges, and directions. Cancer Gene Therapy. 2021;28(9):984-99.
88.	Fotsitzoudis C, Koulouridi A, Messaritakis I, Konstantinidis T, Gouvas N, Tsiaoussis J, et al. Cancer-Associated Fibroblasts: The Origin, Biological Characteristics and Role in Cancer-A Glance on Colorectal Cancer. Cancers (Basel). 2022;14(18).
89.	Martín-Vicente P, López-Martínez C, López-Alonso I, Exojo-Ramírez SM, Duarte-Herrera ID, Amado-Rodríguez L, et al. Mechanical Stretch Induces Senescence of Lung Epithelial Cells and Drives Fibroblast Activation by Paracrine Mechanisms. American Journal of Respiratory Cell and Molecular Biology. 2024;72(2):195-205.
90.	Kuzet SE, Gaggioli C. Fibroblast activation in cancer: when seed fertilizes soil. Cell and tissue research. 2016;365(3):607-19.
91.	Fouillet J, Torchio J, Rubira L, Fersing C. Unveiling the Tumor Microenvironment Through Fibroblast Activation Protein Targeting in Diagnostic Nuclear Medicine: A Didactic Review on Biological Rationales and Key Imaging Agents. Biology (Basel). 2024;13(12).
92.	Zhao Z, Li T, Sun L, Yuan Y, Zhu Y. Potential mechanisms of cancer-associated fibroblasts in therapeutic resistance. Biomedicine & Pharmacotherapy. 2023;166:115425.
93.	Chen C, Li WJ, Weng JJ, Chen ZJ, Wen YY, Deng T, et al. Cancer-associated fibroblasts, matrix metalloproteinase-9 and lymphatic vessel density are associated with progression from adenocarcinoma in situ to invasive adenocarcinoma of the lung. Oncology letters. 2020;20(5):130.
94.	Jin Y, Xing J, Xu K, Liu D, Zhuo Y. Exosomes in the tumor microenvironment: Promoting cancer progression. Front Immunol. 2022;13:1025218.
95.	Wu Y, Han W, Dong H, Liu X, Su X. The rising roles of exosomes in the tumor microenvironment reprogramming and cancer immunotherapy. MedComm. 2024;5(4):e541.
96.	Kim HI, Park J, Zhu Y, Wang X, Han Y, Zhang D. Recent advances in extracellular vesicles for therapeutic cargo delivery. Experimental & Molecular Medicine. 2024;56(4):836-49.
97.	Wang Y, Zhou H, Ju S, Dong X, Zheng C. The solid tumor microenvironment and related targeting strategies: a concise review. Front Immunol. 2025;16:1563858.
98.	Ren Y, Anderson AT, Meyer G, Lauber KM, Gallucci JC, Douglas Kinghorn A. Digoxin and its Na+/K+-ATPase-targeted actions on cardiovascular diseases and cancer. Bioorganic & Medicinal Chemistry. 2024;114:117939.
99.	Wang Y, Ma Q, Zhang S, Liu H, Zhao B, Du B, et al. Digoxin Enhances the Anticancer Effect on Non-Small Cell Lung Cancer While Reducing the Cardiotoxicity of Adriamycin. Front Pharmacol. 2020;11:186.
100.	Sun JD, Liu Q, Ahluwalia D, Ferraro DJ, Wang Y, Jung D, et al. Comparison of hypoxia-activated prodrug evofosfamide (TH-302) and ifosfamide in preclinical non-small cell lung cancer models. Cancer biology & therapy. 2016;17(4):371-80.
101.	Koch CJ, Parliament MB, Brown JM, Urtasun RC. 4 - Chemical Modifiers of Radiation Response. In: Hoppe RT, Phillips TL, Roach M, editors. Leibel and Phillips Textbook of Radiation Oncology (Third Edition). Philadelphia: W.B. Saunders; 2010. p. 55-68.
102.	Kasznicki J, Sliwinska A, Drzewoski J. Metformin in cancer prevention and therapy. Annals of translational medicine. 2014;2(6):57.
103.	Gao H, Dong H, Li G, Jin H. Combined treatment with acetazolamide and cisplatin enhances chemosensitivity in laryngeal carcinoma Hep‑2 cells. Oncology letters. 2018;15(6):9299-306.
104.	McDonald PC, Chia S, Bedard PL, Chu Q, Lyle M, Tang L, et al. A Phase 1 Study of SLC-0111, a Novel Inhibitor of Carbonic Anhydrase IX, in Patients With Advanced Solid Tumors. American journal of clinical oncology. 2020;43(7):484-90.
105.	Sarnella A, Ferrara Y, Auletta L, Albanese S, Cerchia L, Alterio V, et al. Inhibition of carbonic anhydrases IX/XII by SLC-0111 boosts cisplatin effects in hampering head and neck squamous carcinoma cell growth and invasion. Journal of Experimental & Clinical Cancer Research. 2022;41(1):122.
106.	Baidya SK, Amin SA, Jha T. Outline of gelatinase inhibitors as anti-cancer agents: A patent mini-review for 2010-present. European Journal of Medicinal Chemistry. 2021;213:113044.
107.	Chaudhary AK, Pandya S, Ghosh K, Nadkarni A. Matrix metalloproteinase and its drug targets therapy in solid and hematological malignancies: An overview. Mutation Research/Reviews in Mutation Research. 2013;753(1):7-23.
108.	Seki T, Saida Y, Kishimoto S, Lee J, Otowa Y, Yamamoto K, et al. PEGPH20, a PEGylated human hyaluronidase, induces radiosensitization by reoxygenation in pancreatic cancer xenografts. A molecular imaging study. Neoplasia (New York, NY). 2022;30:100793.
109.	Che J, Zhang FZ, Zhao CQ, Hu XD, Fan SJ. Cyclopamine is a novel Hedgehog signaling inhibitor with significant anti-proliferative, anti-invasive and anti-estrogenic potency in human breast cancer cells. Oncology letters. 2013;5(4):1417-21.
110.	Chitty JL, Yam M, Perryman L, Parker AL, Skhinas JN, Setargew YFI, et al. A first-in-class pan-lysyl oxidase inhibitor impairs stromal remodeling and enhances gemcitabine response and survival in pancreatic cancer. Nature Cancer. 2023;4(9):1326-44.
111.	Prager GW, Taieb J, Fakih M, Ciardiello F, Cutsem EV, Elez E, et al. Trifluridine–Tipiracil and Bevacizumab in Refractory Metastatic Colorectal Cancer. 2023;388(18):1657-67.
112.	Fala L. Cyramza (Ramucirumab) Approved for the Treatment of Advanced Gastric Cancer and Metastatic Non-Small-Cell Lung Cancer. American health & drug benefits. 2015;8(Spec Feature):49-53.
113.	Oholendt AL, Zadlo JL. Ramucirumab: A New Therapy for Advanced Gastric Cancer. Journal of the advanced practitioner in oncology. 2015;6(1):71-5.
114.	Scott LJ. Apatinib: A Review in Advanced Gastric Cancer and Other Advanced Cancers. Drugs. 2018;78(7):747-58.
115.	Li H, Huang H, Zhang T, Feng H, Wang S, Zhang Y, et al. Apatinib: A Novel Antiangiogenic Drug in Monotherapy or Combination Immunotherapy for Digestive System Malignancies. Front Immunol. 2022;13:937307.
116.	Somasundaram A, Moore D, Turk A, Imanirad I, Cohen S, Ciombor K, et al. Phase II Study of Ipilimumab, Nivolumab, and Panitumumab in Patients With KRAS / NRAS / BRAF Wild-Type Microsatellite Stable Metastatic Colorectal Cancer. JCO Oncology Advances. 2025.
117.	Ishiguro M, Watanabe T, Yamaguchi K, Satoh T, Ito H, Seriu T, et al. A Japanese post-marketing surveillance of cetuximab (Erbitux®) in patients with metastatic colorectal cancer. Japanese journal of clinical oncology. 2012;42(4):287-94.
118.	Kassem MG, Motiur Rahman AFM, Korashy HM. Chapter 9 - Sunitinib Malate. In: Brittain HG, editor. Profiles of Drug Substances, Excipients and Related Methodology. 37: Academic Press; 2012. p. 363-88.
119.	Wang Z, Zhou C, Zhang Y, Tian X, Wang H, Wu J, et al. From synergy to resistance: Navigating the complex relationship between sorafenib and ferroptosis in hepatocellular carcinoma. Biomedicine & Pharmacotherapy. 2024;170:116074.
120.	Kasper B, Hohenberger P. Pazopanib: a promising new agent in the treatment of soft tissue sarcomas. Future oncology (London, England). 2011;7(12):1373-83.
121.	Pick AM, Nystrom KK. Pazopanib for the treatment of metastatic renal cell carcinoma. Clinical therapeutics. 2012;34(3):511-20.
122.	Cabanillas ME, Habra MA. Lenvatinib: Role in thyroid cancer and other solid tumors. Cancer Treatment Reviews. 2016;42:47-55.
123.	Sun J-G, Nie P, Herdewijn P, Li X-J. Exploring the synthetic approaches and clinical prowess of established macrocyclic pharmaceuticals. European Journal of Medicinal Chemistry. 2024;264:116051.
124.	Tian J, Xu H, Ma Z, Wang J, Chen W, Chen J, et al. Extracellular vesicles delivered rapamycin to improve the tumor microenvironment and enhance hepatocellular carcinoma immunotherapy. European Journal of Pharmaceutics and Biopharmaceutics. 2025;211:114714.
125.	Sheikh TN, Patwardhan PP, Cremers S, Schwartz GK. Targeted inhibition of glutaminase as a potential new approach for the treatment of NF1 associated soft tissue malignancies. 2017;8(55).
126.	Dai X, Yan J, Fu X, Pan Q, Sun D, Xu Y, et al. Aspirin Inhibits Cancer Metastasis and Angiogenesis via Targeting Heparanase. Clinical Cancer Research. 2017;23(20):6267-78.
127.	Elwood P, Morgan G, Watkins J, Protty M, Mason M, Adams R, et al. Aspirin and cancer treatment: systematic reviews and meta-analyses of evidence: for and against. British Journal of Cancer. 2024;130(1):3-8.
128.	Al-Jomah N, Al-Mohanna FH, Aboussekhra A. Tocilizumab suppresses the pro-carcinogenic effects of breast cancer-associated fibroblasts through inhibition of the STAT3/AUF1 pathway. Carcinogenesis. 2021;42(12):1439-48.
129.	Mognol GP, Ghebremedhin A, Varner JA. Targeting PI3Kγ in cancer. Trends in Cancer. 2025.
130.	Kim TW, Lee KW, Ahn JB, Hong YS, Kim SY, Kim JW, et al. 618P Efficacy and safety of vactosertib and pembrolizumab combination in patients with previously treated microsatellite stable metastatic colorectal cancer. Annals of Oncology. 2023;34:S443.
131.	Guo L, Zhang H, Chen B. Nivolumab as Programmed Death-1 (PD-1) Inhibitor for Targeted Immunotherapy in Tumor. Journal of Cancer. 2017;8(3):410-6.
132.	Dey T, Agrawal S. Immunotherapy in cervical cancer: an innovative approach for better treatment outcomes. Exploration of targeted anti-tumor therapy. 2025;6:1002296.
133.	Liu W, Huo G, Chen P. Efficacy of Atezolizumab for Advanced Non-Small Cell Lung Cancer Based on Clinical and Molecular Features: A Meta-Analysis. Front Immunol. 2022;13:909027.
134.	Monk BJ, Enomoto T, Kast WM, McCormack M, Tan DSP, Wu X, et al. Integration of immunotherapy into treatment of cervical cancer: Recent data and ongoing trials. Cancer Treatment Reviews. 2022;106:102385.
135.	Mahdavi Gorabi A, Sadat Ravari M, Sanaei M-J, Davaran S, Kesharwani P, Sahebkar A. Immune checkpoint blockade in melanoma: Advantages, shortcomings and emerging roles of the nanoparticles. International Immunopharmacology. 2022;113:109300.
136.	Hughes T, Klairmont M, Sharfman WH, Kaufman HL. Interleukin-2, Ipilimumab, and Anti-PD-1: clinical management and the evolving role of immunotherapy for the treatment of patients with metastatic melanoma. Cancer biology & therapy. 2021;22(10-12):513-26.
137.	Ali S, Camarero J, Hennik P, Bolstad B, Sommerfelt Grønvold M, Syvertsen C, et al. European Medicines Agency extension of indication to include the combination immunotherapy cancer drug treatment with nivolumab (Opdivo) and ipilimumab (Yervoy) for adults with intermediate/poor-risk advanced renal cell carcinoma. ESMO open. 2020;5(6):e000798.
138.	France NL, Blair HA. Tremelimumab: A Review in Advanced or Unresectable Hepatocellular Carcinoma. Targeted oncology. 2024;19(1):115-23.
139.	Sun J, Chen Y, Lubben B, Adebayo O, Muz B, Azab AK. CD47-targeting antibodies as a novel therapeutic strategy in hematologic malignancies. Leukemia research reports. 2021;16:100268.
140.	De Clercq E. Mozobil® (Plerixafor, AMD3100), 10 years after its approval by the US Food and Drug Administration. Antiviral chemistry & chemotherapy. 2019;27:2040206619829382.
141.	Lamb YN. Pexidartinib: First Approval. Drugs. 2019;79(16):1805-12.
142.	Yuan S, Yu B, Liu H-M. New drug approvals for 2019: Synthesis and clinical applications. European Journal of Medicinal Chemistry. 2020;205:112667.
143.	Khotskaya YB, Holla VR, Farago AF, Mills Shaw KR, Meric-Bernstam F, Hong DS. Targeting TRK family proteins in cancer. Pharmacol Ther. 2017;173:58-66.
144.	von Tresckow B, Morschhauser F, Ribrag V, Topp MS, Chien C, Seetharam S, et al. An Open-Label, Multicenter, Phase I/II Study of JNJ-40346527, a CSF-1R Inhibitor, in Patients with Relapsed or Refractory Hodgkin Lymphoma. Clinical cancer research : an official journal of the American Association for Cancer Research. 2015;21(8):1843-50.
145.	Vu T, Claret FX. Trastuzumab: updated mechanisms of action and resistance in breast cancer. Front Oncol. 2012;2:62.
146.	Maadi H, Soheilifar MH, Choi WS, Moshtaghian A, Wang Z. Trastuzumab Mechanism of Action; 20 Years of Research to Unravel a Dilemma. Cancers (Basel). 2021;13(14).
147.	Nami B, Maadi H, Wang Z. Mechanisms Underlying the Action and Synergism of Trastuzumab and Pertuzumab in Targeting HER2-Positive Breast Cancer. Cancers (Basel). 2018;10(10).
148.	Gao J, Xu Y, Li Y, Yang H, Liu W. Tumor Immunity and Monoclonal Antibody Therapies.  B Cell Activation in Biology and in Disease: Springer; 2025. p. 85-97.
149.	Selewski D, Shah G, Rajdev P, Mukherji S. Rituximab (Rituxan). AJNR American journal of neuroradiology. 2010;31:1178-80.
150.	Illidge T, Klein C, Sehn LH, Davies A, Salles G, Cartron G. Obinutuzumab in hematologic malignancies: Lessons learned to date. Cancer Treatment Reviews. 2015;41(9):784-92.
151.	Tobinai K, Klein C, Oya N, Fingerle-Rowson G. A Review of Obinutuzumab (GA101), a Novel Type II Anti-CD20 Monoclonal Antibody, for the Treatment of Patients with B-Cell Malignancies. Advances in therapy. 2017;34(2):324-56.





image2.jpeg
Stellate Cell

Normal
Fibroblast

Epithelial
Cell

N

Smooth
Muscle Cell

Pericyte

Endothelial
Cell




image3.jpeg
Breast cancer

Immunosuppressive cells

Moso; Tw

o % -
/nmu:i.

oc

ke

ncars

Immunostimulating cells




image4.png
MSCs

Osteocytes ',,—'
self-renewal
esenchymal stem cells i

M
(MSCs)
Myofibroblasts
"
Chrondrocytes

-

Adipocytes

Endothelial cells

Epithelial cells

Tumor growth,
Metastasis,
Angiogenesis

cancer-associated fibroblasts (CAFs) cytokines,
chemokines,

growth factors




image5.jpeg
Fibrilarprotei

e Cytokines and chamoki
ofmnune cals MOSCs and Trgs
e tfinoss act s Modiato ENT
“Uprogiat MuCH
Induce epresion of FAS
P
“impae T catinvaton

Fiaggr
Bystonn

Tors

Barrior molocules
Coroist wih tck of T cll st
nd o saiues

Sl




image6.jpeg
Extracellular Vesicles (EVs) Tumor microenvironment (TME)





image7.jpeg
Cells release IFN-y by
Tumorinfitraing ___,  sctvaied Teel  ____ Areangementol Dy siuncton of
ymphocytes which increass he PD-UPDLI ey
Ly PD-LI expresion

T T T, T




image1.jpeg
@ en




