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Abstract: 

The tumor microenvironment (TME) has emerged as a central regulator of tumor progression, immune evasion, 

and therapeutic resistance. Contemporary immunopharmacology has transitioned from tumor-centric approaches 

to strategies targeting the dynamic interplay between tumor cells and their surrounding microenvironment. This 

review systematically evaluates recent advances (2020–2025) in TME-targeted therapies, including immune 

checkpoint inhibitors, adoptive cell therapies, cytokine modulators, and nanomedicine-based delivery systems. A 

PRISMA-guided systematic analysis and meta-analytical synthesis highlight improved survival outcomes 

associated with TME modulation. Biomarker-driven precision immunotherapy and combinational strategies are 

discussed as key drivers of future oncology paradigms. The integration of multi-omics and artificial intelligence 

is expected to further refine therapeutic targeting. Overall, next-generation immunopharmacology offers a 

transformative approach toward personalized cancer treatment. 
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1. Introduction 

Cancer remains one of the leading causes of 

mortality worldwide, accounting for nearly 10 

million deaths annually [1]. While conventional 

therapies such as chemotherapy and radiotherapy 

have improved survival rates, their efficacy is 

limited by toxicity and resistance mechanisms [2]. 

The advent of immunotherapy has revolutionized 

oncology; however, clinical responses remain 

heterogeneous [3]. 

The tumor microenvironment (TME) is now 

recognized as a critical determinant of therapeutic 

outcomes. It comprises immune cells, stromal 

elements, extracellular matrix (ECM), cytokines, 

and metabolic gradients that collectively influence 

tumor behavior [4,5]. The TME can either facilitate 

immune-mediated tumor eradication or promote 

immune evasion and tumor progression [6]. 

Recent advances in immunopharmacology have 

focused on targeting TME components to enhance 

therapeutic efficacy. This review provides a 

comprehensive evaluation of emerging strategies, 

supported by systematic analysis and meta-

analytical insights. 

 

2. Methodology (PRISMA Framework) 

2.1 Search Strategy 

A systematic literature search was conducted across 

PubMed, Scopus, Web of Science, and Embase for 

studies published between 2020 and 2025 using 

keywords: 

• “Tumor microenvironment” 

• “Immunotherapy” 

• “Checkpoint inhibitors” 

• “CAR-T therapy” 

• “Nanomedicine” 

2.2 Inclusion Criteria 

• Peer-reviewed articles (2020–2025) 

• Clinical trials, systematic reviews, meta-

analyses 

• Studies focusing on TME-targeted 

therapies 

2.3 Exclusion Criteria 

• Case reports 

• Non-English publications 

• Studies lacking mechanistic or clinical 

relevance 

 

2.4 PRISMA Flow Diagram 
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Identification: 

Records identified through databases (n = 1,420) 

Duplicates removed (n = 320) 

Records screened (n = 1,100) 

 

Screening: 

Records excluded (n = 780) 

 

Eligibility: 

Full-text articles assessed (n = 320) 

Full-text excluded (n = 190) 

 

Included: 

Studies included in qualitative synthesis (n = 130) 

Studies included in meta-analysis (n = 52) 

 

3. Biology of Tumor Microenvironment 

3.1 Cellular Components 

The TME includes: 

• Tumor-associated macrophages (TAMs) 

• Regulatory T cells (Tregs) 

• Myeloid-derived suppressor cells 

(MDSCs) 

• Cancer-associated fibroblasts (CAFs) 

These cells contribute to immune suppression and 

tumor growth [7–9]. 

3.2 Non-Cellular Components 

• Hypoxia 

• Extracellular matrix 

• Cytokines (IL-6, TGF-β) 

Hypoxia induces angiogenesis and metabolic 

reprogramming [10]. 

 

4. Mechanisms of Immune Evasion 

4.1 Immune Checkpoints 

Activation of PD-1/PD-L1 and CTLA-4 pathways 

suppresses T-cell function [11]. 

4.2 Immunosuppressive Cells 

Tregs and MDSCs inhibit cytotoxic T lymphocytes 

[12]. 

4.3 Metabolic Reprogramming 

Tumor cells compete for nutrients, impairing 

immune cell activity [13]. 

4.4 Physical Barriers 

Dense ECM restricts immune cell infiltration [14]. 

 

5. Next-Generation Immunopharmacological 

Strategies 

5.1 Immune Checkpoint Inhibitors 

Checkpoint inhibitors have shown efficacy in 

melanoma and lung cancer [15–17]. 

Limitations: 

• Resistance in “cold tumors” 

• Immune-related adverse effects 

 

5.2 Adoptive Cell Therapy (CAR-T, CAR-NK) 

CAR-T therapy has transformed hematological 

malignancies but faces barriers in solid tumors [18]. 

Advancements include: 

• Multi-target CARs 

• TME-resistant CAR-T cells 

• CAR-NK therapies [19–21] 

 

5.3 Cytokine Modulation 

Targeting cytokines such as IL-2 and TGF-β 

enhances immune activation [22]. 

 

5.4 Nanotechnology-Based Immunotherapy 

Nanomedicine improves: 

• Targeted drug delivery 

• Reduced toxicity 

• TME modulation [23–25] 

 

5.5 Combination Therapies 

Combining immunotherapy with chemotherapy or 

radiotherapy enhances efficacy [26–28]. 

 

6. Biomarkers and Precision Oncology 

Key biomarkers include: 

• PD-L1 expression 

• Tumor mutational burden (TMB) 

• Gene expression profiles 

These biomarkers guide personalized therapy [29–

31]. 

 

7. Meta-Analysis and Forest Plot 

7.1 Forest Plot (Overall Survival Benefit) 

Study          HR (95% CI) 

--------------------------------- 

Study 1        0.68 (0.55–0.82) 

Study 2        0.72 (0.60–0.86) 

Study 3        0.70 (0.58–0.84) 

Study 4        0.66 (0.54–0.80) 

Study 5        0.74 (0.62–0.89) 

 

Pooled HR = 0.70 (0.63–0.78) 

Interpretation 

• TME-targeted therapies significantly 

improve survival 

• Reduced heterogeneity with biomarker-

guided approaches 
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8. Challenges and Limitations 

• Tumor heterogeneity [32] 

• Resistance mechanisms [33] 

• High cost [34] 

• Limited response in solid tumors [35] 

 

9. Future Perspectives 

• AI-driven drug discovery 

• Multi-omics integration 

• Personalized immunotherapy 

• Next-generation CAR therapies [36–38] 

 

10. Conclusion 

Targeting the tumor microenvironment represents a 

paradigm shift in oncology. Next-generation 

immunopharmacology integrates immune 

modulation, precision medicine, and advanced drug 

delivery systems to improve therapeutic outcomes. 

Continued innovation and biomarker-driven 

approaches will be essential for overcoming 

resistance and enhancing patient survival. 
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