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A B S T R A C T   

This comprehensive review delves into the pivotal role of the tumor microenvironment (TME) in cancer metastasis and therapeutic response, offering fresh insights 
into the intricate interplay between cancer cells and their surrounding milieu. The TME, a dynamic ecosystem comprising diverse cellular and acellular elements, not 
only fosters tumor progression but also profoundly affects the efficacy of conventional and emerging cancer therapies. Through nuanced exploration, this review 
illuminates the multifaceted nature of the TME, elucidating its capacity to engender drug resistance via mechanisms such as hypoxia, immune evasion, and the 
establishment of physical barriers to drug delivery. Moreover, it investigates innovative therapeutic approaches aimed at targeting the TME, including stromal 
reprogramming, immune microenvironment modulation, extracellular matrix (ECM)-targeting agents, and personalized medicine strategies, highlighting their po
tential to augment treatment outcomes. 

Furthermore, this review critically evaluates the challenges posed by the complexity and heterogeneity of the TME, which contribute to variable therapeutic 
responses and potentially unintended consequences. This underscores the need to identify robust biomarkers and advance predictive models to anticipate treatment 
outcomes, as well as advocate for combination therapies that address multiple facets of the TME. Finally, the review emphasizes the necessity of an interdisciplinary 
approach and the integration of cutting-edge technologies to unravel the intricacies of the TME, thereby facilitating the development of more effective, adaptable, 
and personalized cancer treatments. By providing critical insights into the current state of TME research and its implications for the future of oncology, this review 
highlights the dynamic and evolving landscape of this field.   

1. Introduction 

Metastasis is a critical stage in the advancement of cancer, signifying 
a shift from a confined, potentially treatable illness to a widespread, 
frequently incurable state [1]. The process of cancer metastasis, in 
which malignant cells detach from their original location, migrate across 
the body via the bloodstream or lymphatic system, and establish new, 
more aggressive tumors in distant organs, is the principal factor 
contributing to global cancer-related death [2]. The capacity of cancer 

cells to undergo metastasis not only adds complexity to treatment ap
proaches, but also greatly exacerbates patient prognoses, emphasizing 
the pressing necessity for a more profound understanding of the 
fundamental processes propelling this phenomenon [3]. 

The TME is a dynamic and complex environment that surrounds and 
interacts with tumor cells and plays a crucial role in cancer spread [4]. 
The TME consists of a diverse range of cellular and noncellular elements, 
including cancer cells, stromal cells (such as fibroblasts and mesen
chymal stem cells), immune cells (such as T cells, B cells, macrophages, 
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and dendritic cells), the ECM, and numerous signaling molecules [5]. 
These components are not independent but instead interact in a 
continuous and complex manner that greatly affects tumor behavior, 
such as its development, survival, and ability to spread to other parts of 
the body [4]. 

ECM, which consists of a complex network of fibrous proteins and 
polysaccharides, offers both structural and biochemical assistance to 
cells located inside the TME [6]. It plays a pivotal role in controlling cell 
behavior and affecting processes such as cell adhesion, migration, and 
differentiation [7]. Changes in the content and rigidity of the ECM, 
which are frequently observed in tumors, might facilitate the develop
ment of cancerous growth and the spread of cancer cells to other parts of 
the body by influencing cellular signaling pathways and mechanical 
forces acting on cancer cells [8]. 

The stromal cells present in the TME facilitate tumor development 
and metastasis by releasing growth factors, cytokines, and chemokines, 
thereby creating a favorable environment for the tumor [9]. These 
chemicals contribute to the advancement of tumors by stimulating 
angiogenesis (creation of new blood vessels), regulating immunological 
responses, and increasing the survival and invasiveness of cancer cells 
[10]. 

Immune cells in the TME have dual functions. Tumors can manipu
late the immune system to avoid detection and use certain immune cells 
to promote the growth and spread of cancer [11]. For instance, 
tumor-associated macrophages and myeloid-derived suppressor cells 
can inhibit anti-tumor immune responses and facilitate tumor angio
genesis and invasion [12]. 

A comprehensive understanding of the complex relationship be
tween TME and the spread of cancer to other parts of the body 
(metastasis) is crucial for the advancement of novel treatment ap
proaches [13]. By deciphering the mechanisms by which tumor cells 
engage with and control their immediate surroundings to promote the 
spread of cancer, scientists can identify novel areas for therapeutic 
intervention [14]. By focusing on the constituents of the TME or their 
interactions with tumor cells, it is possible to disrupt the supporting 
network on which tumors depend for their development and dissemi
nation [15]. Possible techniques may involve suppressing the signaling 
pathways that facilitate communication between tumor and stromal 
cells, manipulating the immune response to strengthen the body’s 
ability to fight tumors, or modifying the extracellular matrix to hinder 
the spread and invasion of tumors [16]. 

Ultimately, the tumor microenvironment is pivotal in governing the 
process of cancer metastasis, serving as a crucial intermediary in tumor 
advancement, and a viable candidate for therapeutic intervention [17]. 
A thorough understanding of the interactions between tumor cells and 
TME is crucial for the advancement of efficacious therapies targeted at 
suppressing metastasis and enhancing patient outcomes [18]. As 
research progresses in this area, it has the potential to reveal new 
therapeutic targets and tactics that might revolutionize cancer treatment 
and provide hope for people confronting this tremendous obstacle. 

2. Components of the tumor microenvironment 

TME is a complex and dynamic entity that plays a crucial role in 
cancer progression and metastasis. It comprises various components, 
including cancer cells, stromal cells, immune cells, and the ECM, each 
contributing uniquely to the tumor’s behavior and interaction with the 
host organism [5,6]. Understanding these components and their inter
play is critical for the development of more effective cancer therapies 
(Fig. 1). This review delves into the components of the TME by exam
ining the latest research findings, conflicting results, and gaps in our 
current understanding. 

2.1. Cancer cells 

Cancer cells are characterized by genetic and epigenetic alterations 

that not only drive tumorigenesis but also enable these cells to manip
ulate their surrounding environment [19]. Genetic changes, such as 
mutations in oncogenes and tumor suppressor genes, are 
well-documented drivers of cancer [20]. These alterations can confer a 
proliferative advantage, resistance to cell death, and the ability to 
induce angiogenesis [21]. Epigenetic modifications, including DNA 
methylation and histone modification, contribute to the oncogenic 
phenotype by regulating gene expression without altering the DNA 
sequence [22]. 

Recent studies have highlighted the ways in which cancer cells can 
modify the TME to their advantage. For instance, cancer cells can secrete 
factors that influence stromal and immune cells, thereby promoting a 
tumorigenic environment [23]. However, heterogeneity exists in the 
genetic and epigenetic profiles of cancer cells within a tumor, leading to 
variable interactions with the TME [24]. This heterogeneity often 
complicates treatment strategies and contributes to drug resistance [25]. 

Critical analysis of current research points to the need for a deeper 
understanding of the specific genetic and epigenetic changes that most 
significantly impact the TME. Although numerous studies have identi
fied key alterations, the functional outcomes of many of these changes 
remain poorly understood. Additionally, most research has been con
ducted in vitro or in animal models, which may not fully replicate the 
complexity of human tumors [26,27]. 

2.2. Stromal cells 

Stromal cells, including fibroblasts, endothelial cells, and mesen
chymal stem cells, create a supportive environment for tumor growth 
and metastasis [10]. For example, cancer-associated fibroblasts (CAFs) 
are activated by cancer cells and contribute to tumor progression by 
secreting growth factors, modifying the ECM, and promoting angio
genesis. Endothelial cells are critical for tumor vascularization, 
providing the necessary nutrients and oxygen for tumor growth and 
offering a pathway for metastatic dissemination [28]. 

The role of stromal cells in the TME is complex, as they can both 
support [29] and restrain tumor growth [30], depending on the context. 
This duality presents a challenge in therapeutic targeting. Recent ad
vancements have shed light on the signaling pathways mediating the 
interaction between stromal and cancer cells; however, the precise 
mechanisms remain elusive. 

A critical analysis revealed that while the contributions of stromal 

Fig. 1. Main components of tumor microenvironment (TME). The component 
consists of cancer cells, immune cells, stromal cells, and extracellular matrix 
(ECM). Cancer cells secrete factors that influence stromal and immune cells, 
induce pro-tumorigenic environment to target extracellular matrix ECM 
remodeling facilitating epithelial-to-mesenchymal transition (EMT) and 
tumor metastasis. 
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cells to tumor progression are well recognized, the regulatory networks 
governing their behavior in the TME are not fully understood. Studies 
often rely on simplified models that do not capture the full complexity of 
stromal cell interactions in vivo [31,32]. There is also a need to better 
understand the plasticity of stromal cells and their potential to revert to 
a nontumorigenic state. 

2.3. Immune cells 

Immune cells in the TME, such as T cells, B cells, macrophages, and 
dendritic cells, play dual roles. They can attack and destroy cancer cells, 
but can also be co-opted by the tumor to promote growth and metastasis 
[33]. For example, tumor-associated macrophages (TAMs) can be 
polarized by TME to a phenotype that supports tumor growth by sup
pressing immune responses and promoting angiogenesis and tissue 
remodeling [34]. 

The complexity of the immune landscape in the TME is a significant 
area of research, with studies showing both the tumor-suppressing and 
tumor-promoting roles of various immune cells [35]. The concept of 
immune checkpoint blockade has emerged from this research, offering 
promising therapeutic avenues [36]. However, the effectiveness of such 
therapies is variable, and, in some cases, immune cells can contribute to 
therapy resistance. 

Critical insights from current research highlight the need for a more 
nuanced understanding of immune cell function within the TME. The 
interplay between different types of immune cells and their interactions 
with other TME components is not yet fully understood. Moreover, there 
is significant variability in the immune landscapes of different tumor 
types, and even within tumors of the same type, complicating the 
development of universal therapeutic strategies [32]. 

2.4. Extracellular matrix (ECM) 

The ECM is a key component of the TME, providing structural sup
port and regulating cell behavior through biochemical and mechanical 
cues. Cancer cells can remodel the ECM to promote tumor progression 
and enhance their migration and invasion capabilities [37]. Changes in 
ECM composition and stiffness have been shown to influence cancer cell 
phenotypes, including induction of EMT, a process critical for metastasis 
[38]. Recent studies have illuminated the complex role of ECM in can
cer, showing how ECM remodeling can create pathways for cancer cell 
migration and protect tumor cells [37,38]. 

3. Mechanisms of tumor metastasis 

The metastatic cascade is a multi-step process that enables cancer 
cells to spread from the primary tumor site to distant organs, is a key 
factor in the progression of cancer, and is a major cause of cancer-related 
mortality [1]. This complex process involves the local invasion and 
migration of cancer cells, intravasation into the bloodstream or 
lymphatic system, survival during circulation, extravasation into new 
tissues, and colonization and growth at secondary sites [39]. Each step is 
influenced by the TME and involves intricate mechanisms that cancer 
cells exploit to metastasize [40]. Fig. 2 provides an overview of the 
different steps of tumor metastasis. This review critically examines the 
mechanisms of tumor metastasis, highlights the role of the TME, and 
discusses emerging models and technologies that enhance our under
standing of these processes. 

3.1. Invasion and migration 

The initial steps in the metastatic cascade involve local invasion and 
migration of cancer cells away from the primary tumor [41]. A key 
feature of this process is ECM degradation, which is facilitated by en
zymes secreted by cancer cells, such as matrix metalloproteinases 
(MMPs). The breakdown of the ECM not only allows cancer cells to 

invade surrounding tissues but also releases bioactive molecules that can 
promote tumor progression [38]. 

Another critical aspect of invasion and migration is EMT, a process 
by which epithelial cancer cells acquire mesenchymal properties, 
enhancing their motility and invasiveness [42]. EMT is regulated by 
various factors within the TME including cytokines, growth factors, and 
ECM components. While the role of EMT in metastasis is supported by 
substantial evidence, recent studies have also highlighted the plasticity 
of cancer cells, which are capable of undergoing a reversible EMT pro
cess, adding complexity to targeting this mechanism therapeutically 
[43]. 

Invasion and migration are pivotal steps in the metastatic cascade of 
cancer cells [44]. These steps are orchestrated by a complex network of 
signaling pathways that regulate the breakdown of the ECM and the 
acquisition of a motile and invasive phenotype through EMT [42]. 

Matrix metalloproteinases (MMPs), a family of zinc-dependent en
dopeptidases, play a crucial role in degrading various components of the 
ECM, facilitating cancer cell invasion into adjacent tissues. The activa
tion of MMPs is regulated by signaling pathways, such as the Mitogen- 
Activated Protein Kinase/Extracellular Signal-Regulated Kinase 
(MAPK/ERK) pathway, which can be stimulated by growth factors such 
as Epidermal Growth Factor (EGF) and Transforming Growth Factor 
beta (TGF-β) present in the TME [45]. 

The EMT process is governed by a set of core transcription factors, 
including zinc-finger transcription factor (SNAIL), Snail Family Tran
scriptional Repressor 2 (SLUG), basic helix-loop-helix (TWIST), and Zinc 
Finger E-Box Binding Homeobox 1 (ZEB1/2), which repress epithelial 
markers (e.g., E-cadherin) and induces the expression of mesenchymal 
markers (e.g., N-cadherin and vimentin) [46]. Activation of these tran
scription factors can be triggered by various signaling pathways, notably 
the TGF-β, Wnt/β-catenin, and Notch pathways. For instance, TGF-β 
binds to its receptor on cancer cells, activating SMAD signaling, which 
then upregulates SNAIL and SLUG, promoting EMT [47]. 

Additionally, the interaction between cancer cells and ECM compo
nents can activate integrin signaling, further enhancing cell motility and 
invasion. Integrins, through focal adhesion kinase (FAK) and Src, acti
vate downstream pathways, such as PI3K/Akt and Rho GTPases, leading 
to cytoskeletal reorganization essential for cell migration [48]. 

The dynamic nature of these processes is underscored by the plas
ticity of cancer cells, which can reversibly transition between the 

Fig. 2. Overview of the steps of tumor metastasis: steps including (A) intra
vasation and margination; of tumor cells preceded by breakdown of the ECM, e. 
g. metalloproteinases (MMPs). (B) Intravasation and circulation; of tumor cells 
and tumor progression molecules, this process controlled by transcription fac
tors (SNAIL, SLUG, TWIST, and ZEB1/2) altering E-cadherin and vimentin gene 
expression. (C) Extravasation and colonization; of the tumor create a niche with 
favorable microenvironment and growth factors for colonization. 
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epithelial and mesenchymal states, complicating therapeutic targeting. 
Advanced technologies such as organ-on-a-chip systems and in vivo 
imaging have shed light on these intricate processes by mimicking the 
TME and providing real-time insights into cancer cell behavior during 
invasion and migration. These insights are crucial for developing tar
geted therapies that can effectively disrupt metastatic spread of cancer 
cells. 

3.2. Intravasation and circulation 

For cancer cells to metastasize, they must enter the bloodstream or 
lymphatic system in a process known as intravasation. This requires 
cancer cells to breach the vascular or lymphatic endothelium, facilitated 
by interactions with endothelial cells and alterations in vascular 
permeability, which are often induced by tumor-secreted factors [49]. 

Once in circulation, cancer cells face a hostile environment, 
including shear stress and immune surveillance, in which most cannot 
survive. The few that do are believed to adopt various strategies to evade 
detection, such as co-opting platelets to form protective cloaks around 
them [50]. The role of the TME in preparing cancer cells for this journey, 
through processes such as EMT and induction of a stem-like state, is a 
critical area of ongoing research. 

Recent studies have used circulating tumor cell (CTC) assays and in 
vivo imaging to study cancer cells in the bloodstream, providing valuable 
insights into their survival strategies and interactions with blood com
ponents [51]. However, the exact mechanisms by which cancer cells 
survive and thrive in the circulatory system remain an active area of 
research. 

3.3. Extravasation and colonization 

The final steps in the metastatic cascade involve the exit of cancer 
cells from the bloodstream (extravasation) and establishment of new 
tumors in distant organs (colonization). Extravasation is mediated by 
interactions between cancer cells and the endothelium of distant tissues, 
involving adhesion molecules and secretion of factors that increase 
vascular permeability [52]. 

Colonization is arguably the most challenging step for metastasizing 
cancer cells, as they must adapt to a new microenvironment, evade 
immune surveillance, and acquire the resources necessary for growth 
[53]. The pre-metastatic niche concept, wherein primary tumor-derived 
factors precondition distant sites for metastasis, highlights the proactive 
role of TME in this process [54]. 

Critical evaluation of the current evidence reveals that, while the 
fundamental steps of the metastatic process are well characterized, 
many details, particularly regarding the molecular and cellular in
teractions involved, remain unclear. The contribution of the TME to 
each step of metastasis is a focus of intense research, with studies 
employing advanced models, such as patient-derived xenografts, organ- 
on-a-chip, and sophisticated imaging techniques, to unravel these 
complex interactions [55,56]. 

In conclusion, the metastatic cascade is a highly coordinated, multi- 
step process that involves intricate interactions between cancer cells and 
TME. Although significant advances have been made in understanding 
these mechanisms, many aspects remain to be elucidated. Emerging 
models and technologies promise to shed further light on this critical 
aspect of cancer biology, offering hope for the development of more 
effective therapies that target metastasis. 

4. Influence of the TME on therapeutic response 

TME plays a pivotal role not only in cancer progression and metas
tasis but also significantly influences the response to various therapeutic 
interventions [14]. The complexity and heterogeneity of the TME can 
impact the effectiveness of treatments, such as chemotherapy, radio
therapy, targeted therapy, and immunotherapy, often leading to 

therapeutic resistance [57,58]. This review critically examines how TME 
influences therapeutic outcomes, explores the mechanisms of 
TME-mediated resistance, and assesses current strategies to overcome 
these challenges. 

4.1. Influence of the TME on cancer therapies 

4.1.1. Chemotherapy 
The efficacy of chemotherapeutic agents can be significantly reduced 

by TME through various mechanisms. For instance, abnormal tumor 
vasculature often results in poor drug perfusion, which limits the de
livery of chemotherapeutic agents to cancer cells. Additionally, acidic 
and hypoxic conditions within the TME can alter drug metabolism, 
leading to reduced drug efficacy and increased drug resistance [59]. 

Chemotherapy remains a cornerstone in the treatment of various 
cancers, offering the potential to rapidly divide cancer cells and reduce 
the tumor burden. However, the efficacy of chemotherapeutic agents is 
frequently compromised by the complex interplay with the TME, which 
can significantly influence drug delivery, metabolism, and the devel
opment of resistance [60]. 

One of the critical factors limiting the effectiveness of chemotherapy 
is the abnormal tumor vasculature. Tumors often stimulate the forma
tion of new blood vessels in a process called angiogenesis. However, 
these newly formed vessels are typically disorganized, tortuous, and 
leaky. This aberrant vasculature leads to heterogeneous blood flow 
within the tumor, creating areas with poor perfusion. As a result, the 
delivery of chemotherapeutic agents to certain regions of the tumor is 
significantly reduced, diminishing the overall therapeutic effect and 
allowing pockets of cancer cells to survive, potentially giving rise to 
drug-resistant clones [61]. 

Moreover, the TME is characterized by regions of low pH and hyp
oxia, which arise due to the rapid proliferation of cancer cells, out
stripping the supply of oxygen and nutrients. These acidic and oxygen- 
deprived conditions can further complicate chemotherapy by altering 
the drug metabolism and efficacy [62]. For instance, hypoxia can induce 
the expression of drug resistance genes and activate survival pathways 
in cancer cells, making them less susceptible to the cytotoxic effects of 
chemotherapy [63]. Similarly, an acidic TME can affect the ionization 
state of chemotherapeutic agents, influencing their absorption, distri
bution, and excretion and ultimately reducing their effectiveness [64]. 

Understanding TME-mediated mechanisms of resistance is crucial for 
improving the efficacy of chemotherapy. Efforts to normalize tumor 
vasculature, modulate the TME to reverse hypoxic conditions, or 
develop chemotherapeutic agents that retain their efficacy under such 
conditions are ongoing areas of research aimed at overcoming these 
challenges. 

4.1.2. Radiotherapy 
Radiotherapy relies on oxygen to generate reactive oxygen species 

(ROS), which damage the DNA in cancer cells. However, hypoxic re
gions within the TME can render cancer cells more resistant to radiation 
[65]. Moreover, radiotherapy can induce changes in the TME, such as 
increased fibrosis and changes in the immune cell population, which can 
further influence the therapeutic outcomes. 

Radiotherapy is the cornerstone of the treatment of various cancers, 
exploiting the principle of using ionizing radiation to induce DNA 
damage in cancer cells, leading to cell death [66]. However, a critical 
factor in its efficacy is the presence of oxygen, which is required to 
generate reactive oxygen species (ROS) that can cause lethal DNA 
damage. TME, characterized by regions of hypoxia due to inadequate 
blood supply and rapid proliferation of tumor cells, can significantly 
impact the effectiveness of radiotherapy. Under hypoxic conditions, 
cancer cells become more resistant to the effects of radiation because the 
lack of oxygen reduces ROS formation, diminishes DNA damage, and 
allows cancer cells to survive and proliferate [67]. 

Furthermore, radiotherapy can induce profound changes in the TME, 
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which may influence therapeutic outcomes. For example, radiation can 
lead to increased fibrosis, characterized by the accumulation of fibrous 
connective tissue, which can create physical barriers for the delivery of 
therapeutic agents and immune cells. Additionally, radiotherapy can 
alter the composition and function of immune cells within the TME, 
potentially leading to both beneficial anti-tumorigenic and detrimental 
pro-tumorigenic effects, depending on the balance of elicited immune 
responses [68]. These changes in the TME highlight the complex inter
play between radiotherapy and the tumor milieu, underscoring the need 
for strategies that consider and target the TME to enhance the efficacy of 
radiotherapy and improve cancer treatment outcomes. 

4.1.3. Targeted therapy 
Targeted cancer therapy is a form of personalized medicine that 

specifically targets cancer cells while minimizing the damage to healthy 
cells. Cancer cells exhibit specific molecular or genetic changes that 
distinguish them from healthy cells. Targeted therapies can selectively 
kill cancer cells or prevent their growth and spreading [69]. Unlike 
traditional chemotherapy, which can have widespread effects on the 
body and often cause side effects, targeted therapeutic drugs are 
designed to work more selectively and precisely, targeting specific 
molecules or pathways involved in cancer growth and progression [70] 
(Table 1). 

In conclusion, although targeted therapies epitomize a more refined 
methodology for cancer treatment, their efficacy may be substantially 
undermined by TME [71]. The heterogeneity induced by the TME, along 
with its ability to activate alternative signaling pathways and modulate 

cancer cell responses through complex cell-cell and cell-matrix in
teractions, presents significant challenges to targeted therapy [57]. 
Understanding these interactions and formulating strategies to over
come TME-induced resistance are imperative to augment the effective
ness of targeted therapies in the treatment of cancer. 

4.1.4. Immunotherapy 
The efficacy of immunotherapy, which utilizes the immune system to 

combat cancer, can be greatly impacted by the immunosuppressive 
characteristics of the TME. Immunosuppressive factors, including the 
presence of cells that suppress the immune system (such as regulatory T 
cells and myeloid-derived suppressor cells), the release of cytokines that 
inhibit the immune system, and the presence of chemicals that regulate 
immune responses, can weaken the immune response to cancer cells 
[72]. 

Immunotherapy has been developed as an innovative strategy for 
cancer treatment, using the body’s immune system to recognize and 
eliminate cancer cells. Despite its considerable potential, immuno
therapy is frequently impeded by the immunosuppressive attributes of 
the TME [73]. TME can establish a protective barrier around cancer 
cells, shielding them from immune-mediated eradication in many ways. 

The immunosuppressive TME is characterized by the presence of 
regulatory T cells (Tregs) and myeloid-derived suppressor cells 
(MDSCs). Tregs play a role in preserving immunological tolerance and 
have the ability to suppress the function of effector T cells, which are 
essential for targeting cancer cells [74]. However, MDSCs exert immu
nosuppressive effects by generating immunosuppressive substances and 
impeding the function of cytotoxic T cells and natural killer (NK) cells 
[75]. The aggregation of these cells in the tumor microenvironment 
(TME) might greatly impair the immune system’s capacity to combat 
tumors [76]. 

TME is distinguished by the release of different immunosuppressive 
cytokines, including transforming growth factor-beta (TGF-β) and 
interleukin-10 (IL-10). The presence of these cytokines can impede the 
growth and stimulation of immune cells, thereby diminishing the effi
cacy of immunotherapeutic approaches [77]. In addition, they can 
facilitate the transformation of inexperienced T-cells into Tregs, thereby 
enhancing the immunosuppressive milieu. 

One significant obstacle to successful immunotherapy is the presence 
of immune checkpoint molecules, such as programmed death-ligand 1 
(PD-L1) on tumor cells and programmed death 1 (PD-1) on T cells [78]. 
The interaction between programmed death PD-L1 and programmed 
cell PD-1 can result in T-cell fatigue, causing a loss of their ability to 
effectively target and eliminate cancer cells [79]. Immunotherapy con
centrates on inhibiting these checkpoint molecules; however, the intri
cate interaction of signals in the TME may impede the efficacy of these 
therapies [80]. 

In summary, the immunosuppressive characteristics of TME present 
substantial obstacles to the effectiveness of immunotherapy. Immuno
suppressive cells, inhibitory cytokines, and immunological checkpoint 
molecules work together to weaken immune response. This requires the 
development of new techniques to overcome these obstacles and to 
improve the effectiveness of immunotherapy in cancer treatment. 

4.2. Mechanisms of TME-mediated resistance 

Hypoxia-Induced Drug Resistance: Hypoxia, a common feature of 
TME, can induce the expression of genes associated with drug resistance, 
angiogenesis, and survival pathways, making cancer cells more resilient 
to therapy [81]. 

4.2.1. Immune evasion 
TME can facilitate immune evasion through many methods, 

including the creation of an immunosuppressive environment, produc
tion of checkpoint molecules that hinder T-cell function, and modifica
tion of antigen presentation, resulting in decreased identification of 

Table 1 
Influence and mechanisms of the tumor microenvironment on the effectiveness 
of targeted therapies in cancer treatment.  

Essential 
Components of 
Targeted Therapy 
Mechanism 

TME Impact on 
Targeted Therapy: 
Pathways and 
Cellular 
Interactions 

Impact of the TME 
on the efficacy of 
targeted therapies 
in cancer 
treatment 

Targeted drugs 
and the genes 
they target 

Interference with 
specific 
molecular 
targets in cancer 
progression 

TME-induced 
heterogeneity leads 
to variations in the 
expression levels 
and activity of the 
target proteins 
across different 
tumor regions. 
Corresponding 
authors 

TME-induced 
heterogeneity 
results in 
incomplete tumor 
regression and 
potential disease 
recurrence, as 
some cancer cells 
may be highly 
susceptible, while 
others with lower 
target expression 
are less affected. 

EGFR 
Inhibitors: 
Erlotinib, 
Gefitinib, 
Afatinib - 
Target gene: 
EGFR 

Inhibition of 
specific 
molecular 
targets in the 
growth, 
progression, and 
spread of cancer 
cells 

Activation of 
alternative 
signaling pathways 
within the TME 
compensates for the 
inhibited pathway, 
providing escape 
routes for cancer 
cells from targeted 
inhibition. 

Cancer cells 
exploit 
redundancy in 
cellular signaling 
networks under 
targeted therapy, 
developing 
resistance over 
time and limiting 
long-term efficacy. 

Anti-claudin 
18.2 antibody - 
Target gene: 
Claudin 

Promise of high 
specificity and 
reduced side 
effects 
compared to 
traditional 
chemotherapy 

Interactions 
between cancer 
cells and TME 
components 
(stromal cells, 
immune cells, 
extracellular 
matrix) modulate 
the response to 
targeted therapy. 

TME interactions 
lead to the 
secretion of 
growth factors, 
cytokines, and 
signaling 
molecules, 
activating bypass 
pathways that 
provide escape 
routes for cancer 
cells from targeted 
therapy effects. 

Hsp90 
inhibitors - 
Target gene: 
Hsp90  
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cancer cells by the immune system [82]. 
The TME is crucial in promoting immune evasion, a key element that 

allows cancer cells to flourish and multiply despite the body’s immune 
surveillance capabilities. Immune evasion in the TME involves a com
plex strategy that weakens the capacity of the immune system to effi
ciently recognize and eliminate cancer cells [83]. 

TME utilizes the establishment of an immunosuppressive environ
ment as a crucial strategy to facilitate immune evasion. This is accom
plished by recruiting regulatory T cells (Tregs) and MDSCs, which 
inhibit the functional activities of cytotoxic T cells and NK cells [74,75]. 
In addition, the TME releases many immunosuppressive cytokines, 
including TGF-β and IL-10, which further inhibit the immune response 
and promote tumor advancement [77]. 

Immune checkpoint molecules, such as PD-L1 on tumor cells and PD- 
1 on T cells, are expressed in the TME to facilitate immune evasion [84]. 
The interplay between these chemicals induces the suppression of T-cell 
function, leading to T-cell fatigue and compromised immunological re
actions against tumors. 

Moreover, TME can modify the pathways of antigen presentation, 
thereby diminishing the detectability of cancer cells by the immune 
system. This process may entail the suppression of major histocompat
ibility complex (MHC) molecules in cancer cells, which hinders the 
display of tumor antigens and reduces detection by T cells [85]. 

Collectively, these pathways facilitate the TME to establish a 
defensive barrier around cancer cells, thereby enabling them to avoid 
immune recognition and elimination. Consequently, this presents 
considerable obstacles to cancer immunotherapy approaches that seek 
to revive the immune response against tumors. 

4.2.2. Physical barriers 
The ECM and cellular components of TME can act as physical barriers 

to drug delivery. A dense ECM can impede the penetration of therapeutic 
agents, whereas cellular components can absorb or metabolize drugs 
before they reach their intended targets [86]. 

The ECM and cellular constituents of the TME constitute significant 
physical barriers that can hinder the delivery and efficacy of chemo
therapeutic agents [87]. The ECM, a complex network of fibrous pro
teins and polysaccharides, provides structural support to cells within the 

TME, but can also impede the diffusion of therapeutic molecules, espe
cially those of larger sizes. This dense and often cross-linked matrix not 
only restricts drug penetration, but can also create a high interstitial 
fluid pressure that further limits drug distribution within the tumor 
[88]. 

Moreover, cellular components of the TME, including cancer- 
associated fibroblasts (CAFs), tumor-associated macrophages (TAMs), 
and other stromal cells, contribute to this barrier effect. These cells can 
absorb or metabolize chemotherapeutic drugs, effectively reducing the 
concentration of the agents that reach cancer cells. Additionally, these 
stromal cells can secrete various ECM components and modulate the 
ECM structure, complicating drug delivery [89]. Fig. 3 presents an 
overview of the different pathways that facilitate immune evasion and 
physical barriers to drug delivery in the TME. 

The challenge posed by these physical barriers necessitates innova
tive approaches to enhance drug delivery, such as the development of 
nanoparticles and other drug carrier systems designed to penetrate the 
ECM or the use of agents that can modulate the ECM’s structure to 
improve drug access. Overcoming these barriers is critical for improving 
the efficacy of chemotherapy and other therapeutic agents in treating 
solid tumors. 

4.3. Overcoming TME-mediated resistance 

Current strategies to counteract TME-mediated resistance include 
the development of combination therapies that target both cancer cells 
and components of the TME as well as the design of novel agents that 
specifically target the TME. 

4.3.1. Combination therapies 
Combining conventional therapies with agents that target the TME, 

such as angiogenesis inhibitors or ECM-modulating enzymes, can 
enhance drug delivery and reduce drug resistance. Additionally, 
combining immunotherapy with treatments that modulate the immu
nosuppressive TME can enhance the immune response against cancer 
cells [90]. 

Combination therapies that integrate conventional cancer treat
ments with agents targeting the TME represent a cutting-edge approach 

Fig. 3. Overview of pathways facilitates Immune Evasion and drug delivery limitations in TME; the cellular components of the TME immunity suppressors, act as a 
barrier limit diffusion of therapeutic molecules. PD-L1: Programmed death-ligand 1; TGF β: Transforming growth factor; IL: Interleukin; MHC I; Major Histocom
patibility Complex; MDSC: Myeloid-derived suppressor cell; NK: Natural killer; Regulatory T cell. 
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in oncology to overcome the inherent limitations of standalone therapies 
[91]. The strategic pairing of these treatments seeks to dismantle the 
protective barriers of the TME, enhance the efficacy of conventional 
therapies, and mitigate the resistance mechanisms [18]. 

Angiogenesis inhibitors aim to curtail the formation of new blood 
vessels within tumors, exemplifying this approach when combined with 
traditional chemotherapeutics or targeted therapies [92]. By inhibiting 
angiogenesis, these agents can normalize chaotic tumor vasculature and 
improve oxygenation and drug delivery to the tumor site. This 
normalization can alleviate hypoxia, a condition that not only promotes 
resistance to radiotherapy and certain chemotherapeutic agents but also 
fosters a more aggressive tumor phenotype [93]. 

In parallel, the deployment of ECM-modulating enzymes alongside 
standard treatments addresses the physical impediments to drug pene
tration posed by the dense and fibrous extracellular matrix (ECM) 
characteristic of many solid tumors. By breaking down key ECM com
ponents, these enzymes can enhance the permeability of the tumor mass, 
facilitating a deeper and more uniform distribution of therapeutic agents 
[94]. 

The realm of immunotherapy has seen promising advancements in 
combination strategies. By pairing immune checkpoint inhibitors with 
agents that diminish the immunosuppressive elements of the TME, such 
as T-regulatory cells and myeloid-derived suppressor cells, these thera
pies can effectively unleash the immune system against cancer cells 
[95]. Recent clinical trials have explored such combinations, revealing 
synergistic effects that amplify the antitumor immune response and offer 
new hope to patients with cancers previously deemed resistant to 
immunotherapy [96,97]. 

These combination therapies underscore the importance of a multi
faceted attack in cancer treatment that targets both malignant cells and 
their supportive TME. These innovative strategies have the potential to 
significantly improve patient outcomes by disrupting the complex 
interplay between tumor cells and their environment, marking a pivotal 
shift in the paradigm of cancer therapy. 

4.3.2. Novel agents targeting the TME 
Researchers are developing novel therapeutic agents that specifically 

target components of the TME, such as drugs that normalize tumor 
vasculature, inhibitors of ECM remodeling enzymes, and agents that 
deplete immunosuppressive cells within the TME [98]. 

The development of novel therapeutic agents that specifically target 
the TME is a burgeoning area of cancer research. These innovative ap
proaches are designed to disrupt the supportive network within the 
TME, thereby hindering tumor growth and metastasis and enhancing the 
efficacy of conventional cancer treatments [15]. 

One focus has been on agents that normalize tumor vasculature. 
Tumors often stimulate the formation of abnormal, leaky blood vessels, 
which can lead to poor oxygenation and nutrient delivery within the 
tumor as well as hinder drug delivery [61]. Agents that normalize these 
blood vessels can improve perfusion and oxygenation, reduce interstitial 
pressure, and facilitate the delivery of chemotherapeutic agents and 
immunotherapies to the tumor site [99]. 

Inhibitors of ECM remodeling enzymes are also being actively 
developed. The ECM in tumors is often denser and more cross-linked 
than that in normal tissues, creating a physical barrier to drug pene
tration and contributing to the development of resistance. By inhibiting 
enzymes involved in ECM remodeling, such as MMPs, these agents aim 
to reduce ECM density, thereby improving the therapeutic access to 
tumor cells [100]. 

Additionally, there is growing interest in agents that deplete immu
nosuppressive cells within the TME. The presence of Tregs and MDSCs 
significantly dampens the immune response against tumors. Therapeutic 
agents that can selectively deplete these immunosuppressive cell pop
ulations or inhibit their functions have the potential to reactivate the 
immune system’s ability to fight cancer [101]. Fig. 4 shows the thera
peutic agents that target different components of the TME. 

These novel agents targeting the TME are at various stages of 
development, and some are already in clinical trials. Their success could 
revolutionize cancer treatment by offering new ways to enhance the 
effectiveness of existing therapies, overcome drug resistance, and 
improve patient outcomes [102]. The ongoing challenge lies in under
standing the complex dynamics of the TME to identify the most effective 
targets and to develop agents that can selectively modulate the TME 
without adversely affecting normal tissue function. 

4.3.3. Critical insights 
While these strategies are promising, they also present significant 

challenges. The complexity and heterogeneity of TME can lead to vari
able responses among patients, making it difficult to predict therapeutic 
outcomes. Furthermore, targeting the TME can have unintended con
sequences, such as the potential for increased metastasis due to alter
ations in tumor architecture or the induction of an inflammatory 
response that can promote tumor growth [14]. 

Moreover, there is a need for better biomarkers to predict the 
response to therapies targeting the TME and monitor the evolution of the 
TME in response to treatment. The development of more sophisticated 
models that accurately recapitulate the human TME is crucial for pre
clinical evaluation of these strategies. 

While targeting the TME represents a promising frontier in cancer 
therapy, several critical insights have highlighted the challenges 
inherent in these strategies. TME is characterized by its remarkable 
complexity and heterogeneity, not only between different types of 
cancer but also within individual tumors. This diversity can lead to 
variable therapeutic responses among patients, complicating the pre
diction of outcomes and personalization of treatment strategies [103]. 

Furthermore, interventions aimed at modifying TME may have un
intended consequences. For instance, disrupting the ECM or tumor 
vasculature to improve drug delivery could inadvertently enhance 
tumor cell dissemination, potentially increasing the risk of metastasis 
[87]. Similarly, strategies that modulate the immune components of the 
TME could trigger inflammatory responses that paradoxically might 
support tumor growth and progression by providing cancer cells with 
growth-stimulating signals [104]. 

Reliable biomarkers are needed to overcome these challenges. Bio
markers that can predict a patient’s response to TME-targeted therapies 
are invaluable for selecting the most appropriate treatment regimen 
[105]. Additionally, monitoring the dynamic changes within the TME in 
response to therapy could offer insights into treatment efficacy and the 
development of resistance. 

Advancing these therapeutic strategies hinges on the development of 
sophisticated models that accurately mimic the human TME [106]. 
Current preclinical models often fail to capture the full complexity of 

Fig. 4. Therapeutic agents that target components of the TME, such as vessels, 
specific tumors enzymes, or inhibitors of immunosuppressive cells in the TME. 
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TME, which can limit their predictive value for clinical outcomes. The 
creation of more representative models, possibly through advanced 
tissue engineering and organoid technology, could significantly enhance 
preclinical evaluation of novel TME-targeted therapies [107,108]. 

In summary, while targeting the TME offers a path to more effective 
cancer treatments, realizing this potential will require a deeper under
standing of the complexity of the TME, development of predictive bio
markers, and creation of more accurate preclinical models. These 
challenges underscore the need for a multidisciplinary approach that 
integrates insights from oncology, immunology, and bioengineering to 
devise strategies that can safely and effectively manipulate the TME for 
therapeutic benefit. 

5. Emerging therapeutic strategies targeting the TME 

Emerging therapeutic strategies that target the TME represent a 
frontier in cancer treatment, offering new hope in the battle between 
tumor progression and metastasis [17]. These approaches aim to disrupt 
the supportive network that tumors exploit for growth, invasion, and 
resistance to conventional therapies. This review highlights novel 
therapeutic avenues, including stromal reprogramming, modulation of 
the immune microenvironment, ECM-targeting agents, and personalized 
medical approaches, providing a critical evaluation of their clinical 
potential, challenges, and future directions. 

5.1. Stromal reprogramming 

Stromal cells present in the TME, including cancer-associated fibro
blasts (CAFs) and mesenchymal stem cells, play crucial roles in pro
moting tumor development and metastasis. Stromal reprogramming 
techniques seek to either suppress the cancer-promoting activities of 
these cells or transform them into cells that hinder tumor growth [109]. 
For example, medicines that specifically target the signaling pathways 
responsible for the interaction between cancer and stromal cells, such as 
TGF-β inhibitors, have demonstrated potential in preclinical models 
[110]. They can reverse the activated state of CAFs and decrease their 
capacity to promote tumor growth. 

Stromal reprogramming is a new treatment strategy that focuses on 
modifying the supporting cells in the TME, namely cancer-associated 
fibroblasts (CAFs) and mesenchymal stem cells (MSCs), which play 
crucial roles in tumor growth and spread [111]. Stromal cells aid in the 
development of a tumor-promoting environment by releasing growth 
factors and cytokines and modifying the ECM, thereby promoting the 
advancement of cancer. 

Current research has prioritized investigating methods to modify the 
behavior of these stromal cells, shifting them from a condition that 
promotes tumor growth to one that inhibits tumor growth. One effective 
strategy is to use inhibitors that target transforming growth factor-beta 
(TGF-β). TGF-β plays a crucial role as a cytokine in activating CAFs and 
inhibiting immunological responses in TME [112]. Preclinical studies 
have demonstrated that blocking TGF-β signaling can reverse the acti
vated characteristics of cancer-associated fibroblasts (CAFs), reducing 
their capacity to promote tumor development and enhancing the 
vulnerability of tumors to alternative treatment approaches [110]. 

These techniques for altering stromal cells are now in the first phase 
of advancement and are mostly studied in preclinical environments. The 
difficulty arises in specifically targeting the tumor-promoting actions of 
stromal cells while preserving their essential physiological roles in 
healthy tissues. As this research advances, stromal reprogramming has 
the potential to greatly improve the efficacy of current cancer treatments 
by disrupting the supporting network on which tumors depend for their 
development and spread. 

5.2. Modulation of the immune microenvironment 

Modulation of the immune microenvironment is crucial for 

enhancing the efficacy of cancer therapy [113]. The immune microen
vironment plays a crucial role in the TME, since it has the capacity to 
both inhibit and facilitate tumor development. Approaches to manipu
late this setting include the use of checkpoint inhibitors to revive the 
body’s natural defense mechanisms against tumors [114], the imple
mentation of vaccines to activate the immune system against 
tumor-specific substances [115], and the adoption of adoptive cell 
therapies such as CAR-T cell therapy, which entails the introduction of 
genetically modified immune cells with augmented tumor-eradicating 
abilities [116]. Table 2 provides a structured overview of the microen
vironmental manipulation methods. 

However, immunosuppressive processes in the TME might hinder the 
efficacy of immune-modulating therapy [117]. The TME can protect 
tumors from being detected and attacked by the immune system using 
many tactics, such as attracting regulatory T cells and myeloid-derived 
suppressor cells, and releasing immunosuppressive cytokines. This re
quires the creation of combination medicines that not only stimulate the 
immune response, but also demolish the protective barriers of the TME 
against immune cells. 

In summary, although efforts to regulate the immune microenvi
ronment have demonstrated substantial potential in the treatment of 
cancer, the challenge of overcoming the immunosuppressive impact of 
the TME persists. Future research should prioritize the investigation of 
combination therapies and aim to obtain a more comprehensive 
knowledge of the complexity of the TME. This will play a vital role in 
improving the effectiveness of immune-based cancer treatment. 

5.3. ECM targeting agents 

ECM plays a crucial role in tumor progression and metastasis, 
providing structural support and biochemical cues that promote cancer 
cell migration and invasion [118]. Agents targeting the ECM aim to 
disrupt these processes, either by degrading ECM components to reduce 
tumor stiffness and improve drug penetration, or by inhibiting the en
zymes responsible for ECM remodeling, such as MMP inhibitors [119]. 
While these approaches have shown potential in preclinical studies, 
clinical translation has been challenging owing to issues with specificity 
and side effects, underscoring the need for more targeted delivery 
methods. 

Targeting the ECM has emerged as a strategic approach to impede 
tumor progression and metastasis [119]. The ECM not only provides 
structural integrity to tissues, but also plays an active role in cancer cell 
behavior, facilitating migration and invasion. Agents designed to target 
the ECM function through various mechanisms, including the degrada
tion of ECM components to alleviate tumor stiffness, which can other
wise act as a physical barrier to drug delivery [120]. Additionally, 
inhibiting enzymes responsible for ECM remodeling, such as MMPs, is 
another strategy to prevent the ECM from facilitating tumor growth and 
spread [121]. 

Despite the promising potential of ECM targeting agents in preclin
ical models, their transition to clinical application faces significant 
hurdles. One of the primary challenges is achieving sufficient specificity 
to target tumor-associated ECM components without affecting the 
normal ECM, which is crucial for the integrity and function of healthy 
tissues [122]. The broad activity of MMP inhibitors, for example, has led 
to side effects that limit their therapeutic window. Moreover, the 
complexity of ECM interactions within the tumor microenvironment 
necessitates a more nuanced understanding to effectively leverage these 
agents in cancer therapy. Consequently, there is an ongoing effort to 
develop more targeted delivery systems and to identify ECM compo
nents that are uniquely altered in tumors, which could serve as more 
specific targets for therapy. 

5.4. Personalized medicine approaches 

The heterogeneity of the TME across different tumors and patients 
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Table 2 
Novel strategies in cancer immunotherapy: Mechanisms and targets for modu
lating the tumor microenvironment.  

Microenvironment 
Manipulation 
Methods 

Examples of Drugs Mechanism of 
Action 

Target Cancer 
Cells 

Immune 
checkpoint 
blockade  

• Pembrolizumab  
• Nivolumab,  
• Ipilimumab 

Target the PD-1/ 
PD-L1 and CTLA- 
4 pathways, 
stimulating the 
immune system 
to counteract the 
suppression of 
immune 
responses 
against tumors. 

Various cancers, 
particularly those 
with a substantial 
number of 
mutations, such 
as melanoma and 
non-small cell 
lung cancer. 

Cytokine therapy  • Interleukin-2 
(IL-2)  

• Interferon-alpha 
(IFN-alpha)  

• Stimulates T- 
cell 
proliferation 
and activation  

• Enhances 
immune cell 
function and 
anti-tumor 
activity  

• Melanoma, 
renal cell 
carcinoma  

• Melanoma, 
leukemia, 
Kaposi 
sarcoma 

Tumor-associated 
macrophage 
(TAM) 
modulation 

CSF-1R inhibitors  
• Emactuzumab  
• Pexidartinib 

Inhibits CSF-1R, 
reducing 
recruitment and 
polarization of 
TAMs 

Explored in 
clinical trials for 
various solid 
tumors including  
• Breast cancer  
• Ovarian cancer  
• Pancreatic 

cancer  
• Lung cancer  
• Melanoma 

Colony- 
stimulating factor 
1 (CSF-1) 
inhibitors  
• PLX3397 

(pexidartinib)  
• AMG820 

Inhibits CSF-1, 
reducing TAM 
activity and 
promoting anti- 
tumor immunity 

Explored in 
preclinical and 
clinical studies 
for a range of 
cancers  
• Breast cancer  
• Ovarian cancer  
• Pancreatic 

cancer  
• Colorectal 

cancer  
• Prostate 

cancer  
• Glioblastoma  
• Lung cancer  
• Melanoma 

Angiogenesis 
inhibition  

• Bevacizumab Blocks VEGF, 
inhibiting 
angiogenesis and 
tumor growth 

Various, 
including 
colorectal, lung, 
breast cancer  

• Sunitinib Inhibits multiple 
receptor tyrosine 
kinases involved 
in angiogenesis 

Renal cell 
carcinoma, 
gastrointestinal 
stromal tumors  

• Sorafenib Inhibits RAF/ 
MEK/ERK 
pathway and 
receptor tyrosine 
kinases 

Renal cell 
carcinoma, 
hepatocellular 
carcinoma  

• Ramucirumab Blocks VEGFR-2, 
inhibiting 
angiogenesis 

Gastric cancer, 
non-small cell 
lung cancer 

Stromal targeting Hedgehog 
pathway 
inhibitors:  
• Vismodegib  
• Sonidegib 

Inhibits the 
hedgehog 
signaling 
pathway, 
disrupting 
stromal support 

Basal cell 
carcinoma, 
medulloblastoma 

Fibroblast 
activation protein 
(FAP) inhibitors 

Inhibits FAP, 
disrupting 
stromal support 

Pancreatic 
cancer, colorectal 
cancer  

Table 2 (continued ) 

Microenvironment 
Manipulation 
Methods 

Examples of Drugs Mechanism of 
Action 

Target Cancer 
Cells  

• Talabostat (PT- 
100)  

• PT-630 
Hypoxia targeting HIF inhibitors  

• Roxadustat  
• Belzutifan 

Inhibits hypoxia- 
inducible factor 
(HIF), reducing 
hypoxia-driven 
tumor 
progression 

Various cancer 
types 

Hypoxia-activated 
prodrugs  
• Tirapazamine  
• Evofosfamide 

Become 
cytotoxic in 
hypoxic 
conditions, 
targeting 
hypoxic regions 
within tumors 

Various cancer 
types 

ECM (Extracellular 
Matrix) targeting 

Matrix 
Metalloproteinase 
(MMP) Inhibitors  
• Marimastat  
• Batimastat 

Block the 
activity of 
MMPs, thereby 
preventing ECM 
degradation and 
inhibiting tumor 
cell migration 
and invasion. 

Breast cancer, 
prostate cancer, 
colorectal cancer 
and melanoma. 

Integrin Inhibitors 
Cilengitide 
Volociximab  

• Targets αvβ3 
and αvβ5 
integrins, 
inhibiting 
tumor 
angiogenesis 
and metastasis  

• Inhibits α5β1 
integrin, 
disrupting 
tumor cell 
adhesion and 
migration.  

• Glioblastoma, 
melanoma, 
and other solid 
tumors  

• Renal cell 
carcinoma, 
colorectal 
cancer, and 
melanoma. 

Therapeutic 
Vaccinations 

Sipuleucel-T An autologous 
cellular 
immunotherapy 
designed to 
stimulate the 
patient’s 
immune system 
to target prostate 
cancer cells 

Prostate cancer 

GVAX A whole-cell 
cancer vaccine 
composed of 
irradiated tumor 
cells genetically 
modified to 
secrete 
granulocyte- 
macrophage 
colony- 
stimulating 
factor (GM-CSF). 

Various cancers, 
including 
pancreatic 
cancer, prostate 
cancer, and lung 
cancer. 

Tumor-associated 
antigen (TAA) 
vaccines 

TAA vaccines 
target specific 
tumor- 
associated 
antigens 
expressed by 
cancer cells. 

HER2/neu 
(HER2-positive 
breast cancer), 
NY-ESO-1 
(various 
cancers), and 
MUC1 
(pancreatic 
cancer, breast 
cancer, and 
others  
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has prompted interest in personalized medicine approaches, which 
tailor therapies based on the specific characteristics of an individual’s 
tumor [123]. This includes biomarker-driven therapies that target spe
cific molecular alterations within the TME and the use of patient-derived 
tumor models, such as organoids and patient-derived xenografts, to test 
and optimize therapeutic regimens [124,125]. These approaches hold 
great promise for improving treatment efficacy and reducing toxicity by 
ensuring that patients receive therapies most likely to benefit them 
based on the unique composition of their TME. 

Personalized medicine approaches are gaining traction in oncology 
due to the recognition of the significant heterogeneity present within the 
TME of different patients [126]. These strategies aim to customize 
cancer treatment based on the unique molecular and cellular charac
teristics of an individual’s tumor, thereby enhancing therapeutic effi
cacy, and minimizing adverse effects. 

Biomarker-driven therapies represent a cornerstone of personalized 
medicine, where specific molecular markers within the TME are iden
tified and targeted with tailored treatments [127]. For example, the 
presence of particular genetic mutations or overexpressed proteins can 
guide the selection of targeted therapies, ensuring that the treatment 
regimen is specifically effective against the tumor’s unique profile 
[128]. 

Moreover, the use of patient-derived models, such as organoids and 
patient-derived xenografts (PDXs), is revolutionizing the preclinical 
evaluation of cancer therapies. These models closely mimic the patient’s 
own tumor, including its TME, thereby providing a more accurate pre
diction of how the tumor might respond to various treatments [129]. By 
testing therapeutic regimens on these patient-specific models before 
actual clinical application, clinicians can identify the most promising 
treatment strategies, significantly increasing the likelihood of successful 
outcomes. 

Personalized medicine approaches underscore the importance of 
understanding and targeting the TME’s intricacies. By tailoring treat
ments to the individual characteristics of each patient’s tumor, person
alized medicine holds the potential to significantly improve the 
precision, effectiveness, and safety of cancer therapies [130]. 

5.5. Critical insights 

While emerging therapeutic strategies targeting the TME offer 
considerable promise, several challenges remain. The complexity and 
heterogeneity of the TME can make it difficult to identify universal 
targets, and interventions that disrupt the TME may have unintended 
consequences on normal tissue homeostasis. Moreover, the dynamic 
nature of the TME and its ability to evolve in response to therapy can 
lead to resistance, necessitating adaptive treatment strategies that can 
anticipate and counteract these changes. 

Recent clinical trials targeting the TME have yielded mixed results, 
with some strategies showing significant benefits in specific tumor types 
or subsets of patients, while others have failed to demonstrate efficacy 
[15]. These outcomes highlight the importance of patient selection, the 
need for reliable biomarkers to predict response, and the potential of 
combination therapies that target multiple components of the TME. 

The future direction of research in this area will likely focus on 
further elucidating the complex interactions within the TME, identifying 
new therapeutic targets, and developing more sophisticated models for 
predicting treatment response. Additionally, the integration of emerging 
technologies, such as artificial intelligence and machine learning, with 
large-scale genomic and proteomic data, could offer new insights into 
the TME and facilitate the design of more effective and personalized 
therapeutic strategies [131]. 

In conclusion, targeting the TME represents a promising avenue for 
improving cancer treatment outcomes. However, the success of these 
strategies will depend on a deeper understanding of the TME’s 
complexity, the development of more precise and adaptable therapeutic 
approaches, and the ability to personalize treatments based on the 

unique characteristics of each patient’s tumor. As research in this field 
progresses, it holds the potential to transform the landscape of cancer 
therapy, moving towards more effective, less toxic, and highly person
alized treatment regimens. 

Emerging therapeutic strategies targeting the TME are at the fore
front of oncology research, offering new pathways to combat cancer’s 
adaptive and resilient nature. These strategies, however, confront the 
inherent complexity and heterogeneity of TME, posing significant 
challenges to their universal applicability and efficacy. The TME’s 
intricate network of cellular and molecular interactions not only varies 
significantly among different tumor types and individual patients but 
also dynamically evolves in response to therapeutic interventions, often 
leading to the development of resistance mechanisms [132]. 

One of the critical hurdles in targeting TME is the potential for un
intended consequences on normal tissue homeostasis. Since many 
components of the TME, such as stromal cells and extracellular matrix 
molecules, are also present in healthy tissues, there is a risk that tar
geting these components could disrupt normal physiological processes, 
leading to adverse effects. Furthermore, the dynamic nature of the TME, 
characterized by its ability to adapt and reprogram in response to 
therapeutic pressures, necessitates the development of adaptive and 
flexible treatment strategies that can foresee and mitigate the emergence 
of resistance [133]. 

Clinical trials targeting various aspects of the TME have shown 
mixed results, underscoring the importance of precise patient selection, 
the identification of reliable biomarkers to predict therapeutic response, 
and the potential benefits of combination therapies. These combination 
approaches, which target multiple facets of the TME, may offer syner
gistic effects that enhance treatment efficacy and overcome resistance 
mechanisms [15]. 

Future research is poised to delve deeper into the TME’s complex
ities, aiming to uncover novel targets and develop more sophisticated 
predictive models. The integration of cutting-edge technologies, such as 
artificial intelligence and advanced genomic analysis, holds promise for 
unraveling the TME’s complexities and tailoring more effective, 
personalized treatment regimens [134]. 

In summary, while the path to effectively targeting the TME is 
fraught with challenges, the potential rewards are significant. A deeper 
understanding of the TME, coupled with innovative therapeutic strate
gies and technologies, could revolutionize cancer treatment, leading to 
more effective, less toxic, and highly personalized approaches that 
significantly improve patient outcomes. 

6. Conclusion and future directions 

This review paper explores the complex connection between the 
TME and the spread of cancer to other parts of the body, which is a major 
factor in cancer-related deaths. The text emphasizes the diverse func
tions of the TME in promoting tumor development, aiding in the spread 
of cancer to other parts of the body, and impacting the effectiveness of 
cancer treatments. This article emphasizes the need of having a thor
ough understanding of the many components of the TME, such as cancer 
cells, stromal cells, immune cells, and the ECM. It highlights the sig
nificance of their dynamic interactions, which play a crucial role in the 
growth and advancement of cancer. 

The TME’s impact encompasses the efficacy of several treatment 
modalities, including chemotherapy, radiation, targeted therapy, and 
immunotherapy. The TME plays a crucial role in the development of 
resistance to therapy. This resistance can be caused by several mecha
nisms, such as drug resistance generated by low oxygen levels (hypoxia), 
evasion of the immune system, and physical obstacles that hinder the 
transport of drugs. These mechanisms have a substantial impact on the 
effectiveness of treatment. The review highlights the continuous en
deavours to address these issues by utilizing combination therapy and 
innovative drugs that target the TME. Additionally, it acknowledges the 
possible unintended repercussions of interfering with the intricate 
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network of the TME. 
The article discusses novel treatment techniques aimed at targeting 

the TME, including stromal reprogramming, immune microenvironment 
regulation, medicines that target the ECM, and personalized medicine 
tactics. These innovative approaches show potential in enhancing the 
effectiveness of treatments and improving the results for patients by 
specifically targeting the supporting network that tumors rely on for 
their development and spread. Nonetheless, an assessment is conducted 
to evaluate the therapeutic possibilities of these techniques, the diffi
culties encountered in their execution, and the findings derived from 
recent clinical trials. This evaluation aims to present an impartial 
perspective on the present status of medicines targeting the TME. 

It emphasizes the necessity of a comprehensive comprehension of the 
TME to advance the development of more efficient cancer treatments. A 
comprehensive approach to cancer therapy is necessary due to the 
complicated interactions between the numerous cellular and non- 
cellular components of the TME, which is characterized by its complex 
and dynamic nature. This encompasses not only the specific targeting of 
the tumor cells, but also the manipulation of the adjacent microenvi
ronment that facilitates the growth and spread of the tumor. 

Additionally, it identifies future research objectives that emphasise 
the incorporation of multidisciplinary methodologies, integrating 
knowledge from cancer, immunology, cell biology, bioengineering, and 
computational biology. The collective endeavour is crucial for compre
hending the intricacies of the TME and devising inventive treatment 
approaches that can precisely target the TME. Utilizing cutting-edge 
technology, including sophisticated imaging methods, single-cell 
sequencing, organ-on-a-chip models, and artificial intelligence, is 
highlighted as essential for obtaining profound understanding of the 
TME and discovering novel treatment targets. 

Furthermore, the research highlights the promise of personalized 
medicine in customising medicines to the distinct attributes of an indi
vidual patient’s TME. This strategy necessitates the identification of 
dependable biomarkers capable of forecasting therapy response, as well 
as the creation of patient-specific tumor models for the purpose of 
testing and refining treatment protocols. The objective is to transcend a 
universal approach to cancer therapy and progress towards tailored 
treatment strategies that take into account the specific intricacies of 
each patient’s tumor and its milieu. 

6.1. Navigating TME complexity in cancer 

In critically analyzing the dynamic interplay between the TME and 
cancer metastasis, recent research findings have significantly advanced 
our understanding, shedding light on the intricate mechanisms that 
underpin cancer progression and response to therapy. This article has 
delved into the complexity of the TME, highlighting its components, the 
multifaceted processes of tumor metastasis, the influence of the TME on 
therapeutic outcomes, emerging therapeutic strategies targeting the 
TME, and the overarching implications for cancer biology and treat
ment. Throughout, we have critically evaluated the significance of these 
insights, acknowledging areas of ongoing debate and considering the 
translational potential of this body of research. 

Recent studies underscore TME’s critical role in facilitating cancer 
metastasis, revealing how cancer cells exploit the TME to evade immune 
surveillance, resist therapeutic agents, and colonize distant organs. The 
TME’s components, including stromal cells, immune cells, the ECM, and 
various signaling molecules, create a supportive niche for tumor growth 
and dissemination. However, the heterogeneity and dynamism of the 
TME present substantial challenges, leading to controversies regarding 
the most effective targets for intervention and the best approaches to 
modulate the TME for therapeutic benefit. 

The implications of these findings for cancer biology are profound, 
offering new perspectives on how cancers grow, spread, and respond to 
treatments. For instance, the concept of reprogramming the TME to 
render it hostile to cancer cells rather than supportive represents a 

paradigm shift in cancer therapy. Similarly, understanding the mecha
nisms of TME-mediated therapeutic resistance has opened avenues for 
developing strategies to overcome this resistance, such as combination 
therapies that target both tumor cells and the TME. 

Areas of controversy within the field include the role of EMT in 
metastasis, with some studies suggesting it is a critical driver of meta
static dissemination, while others propose that cancer cells can metas
tasize without undergoing EMT. Additionally, the dual role of immune 
cells in promoting and inhibiting tumor growth underscores the 
complexity of targeting the immune microenvironment for cancer 
therapy. These debates highlight the necessity of a nuanced under
standing of TME and its interactions with cancer cells, urging re
searchers to consider multiple perspectives and the diverse evidence 
supporting them. 

The TME is characterized by remarkable heterogeneity and dyna
mism, which significantly influence the pathophysiology of different 
cancer types and their progression stages. This variability stems from the 
unique interactions between cancer cells, stromal cells, immune cells, 
extracellular matrix components, and various biochemical factors 
within the TME, all of which can vary widely across different tumor 
types and even within different regions of the same tumor. The het
erogeneity of the TME can impact the generalizability of research 
findings, as therapeutic targets and strategies effective in one tumor 
context may not be applicable in another. This complexity underscores 
the challenge in developing universally effective cancer treatments and 
highlights the need for personalized therapeutic approaches that 
consider the specific characteristics of the TME in individual patients. 
Moreover, the dynamic nature of the TME, which evolves in response to 
both the progression of the disease and therapeutic interventions, 
further complicates the development of effective treatment strategies. 
Understanding the mechanisms driving TME heterogeneity and dy
namics is crucial for the identification of reliable biomarkers and the 
development of adaptive treatment strategies that can anticipate and 
counteract changes within the TME. In summary, the heterogeneity and 
dynamic nature of the TME present significant challenges to cancer 
research and treatment, necessitating a more nuanced and personalized 
approach to therapy. For more detailed insights, exploring recent re
views and studies on the TME’s role in cancer could provide a deeper 
understanding of these complexities. 

Translating preclinical findings into successful clinical therapies 
presents significant challenges, particularly regarding the scalability of 
personalized medicine approaches. Key hurdles include the complexity 
of human biology not fully replicated in animal models or in vitro sys
tems, leading to discrepancies between preclinical efficacy and clinical 
outcomes. Additionally, personalized medicine’s reliance on detailed 
genetic, molecular, and environmental patient data raises issues of data 
management, privacy, and the need for advanced computational tools 
for analysis. The high cost and logistical demands of creating tailored 
therapies also pose significant barriers, making widespread imple
mentation challenging. For a deeper exploration of these challenges, 
reviewing recent literature on the translation of cancer research from 
bench to bedside could provide valuable insights. 

Manipulating the TME for therapeutic purposes raises significant 
ethical concerns and potential side effects. Ethical considerations 
revolve around the long-term impacts of altering the TME, potential off- 
target effects, and the equitable access to such personalized therapies. 
Side effects could range from unintended impacts on normal tissue ho
meostasis to the promotion of tumor resistance or aggressiveness due to 
the adaptive nature of cancer cells within the TME. These complexities 
underscore the need for careful evaluation and regulation of therapies 
targeting TME, ensuring they are both safe and accessible. For a 
comprehensive discussion, refer to recent bioethical literature on cancer 
therapy and TME manipulation. 
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