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Abstract. Immune checkpoint inhibitors (ICIs) have transformed cancer treatment, offering new 
possibilities for patients with various malignancies. This review examines the molecular mechanisms 
of immune checkpoints (ICs), particularly the PD-1/PD-L1 and CTLA-4 pathways, and their roles in 
tumor immune evasion. Major ICIs, including anti-PD-1/PD-L1 and anti-CTLA-4 drugs, are discussed, 
with emphasis on their effectiveness in treating both solid and hematological cancers. The review 
also explores combination treatment strategies that aim to improve therapeutic outcomes. Despite 
considerable progress, challenges such as drug resistance and immune-related adverse events 
(irAEs) remain. These issues are addressed, alongside an exploration of future directions, including 
novel ICs such as LAG-3, TIM-3, and TIGIT. The conclusion highlights the significant impact of ICIs 
on cancer immunotherapy while acknowledging the need for continued research to overcome 
existing challenges. Future efforts should focus on developing more targeted therapies, optimizing 
combination treatments, and identifying biomarkers to enhance efficacy and safety, ultimately 
advancing the field of cancer immunotherapy. 
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1. Introduction 

The immune system plays a vital role in defending against pathogens and abnormal cells, including 

cancer cells. ICs function as regulatory mechanisms in immune responses, limiting T-cell activity to 

prevent excessive immune reactions that could harm healthy tissues. However, cancer cells often 

exploit these checkpoints to evade T-cell detection, resulting in uncontrolled growth and metastasis. 

To counter this, researchers developed ICIs that lift the suppression on T-cells, allowing them to 

identify and destroy cancer cells [1]. 

In recent cancer immunotherapy advancements, ICIs have dramatically altered cancer treatment. 

Unlike traditional approaches like surgery, chemotherapy, and radiotherapy, immunotherapy 

leverages the immune system's precision and durability in targeting cancer cells [2]. Since the 

approval of the first ICI for melanoma treatment in 2011, these drugs have demonstrated exceptional 

potential in treating various cancers, including those of the lung, kidney, and head and neck [3]. 

Ongoing research into the molecular pathways of immune checkpoints and tumor immune evasion 

continues to reveal the expanding potential of ICIs [4]. 

ICIs have significantly reshaped cancer treatment, especially for advanced and metastatic cancers. 

Anti-PD-1 and anti-CTLA-4 therapies have notably improved long-term survival in melanoma 

patients, a milestone not achievable with conventional therapies [5]. This breakthrough has also 

extended benefits to patients with non-small cell lung cancer, renal cell carcinoma, and head and neck 

cancers [6]. 

The impact of ICIs extends beyond clinical breakthroughs, providing crucial insights into cancer 

biology [7]. By studying IC mechanisms, scientists are uncovering how cancer cells evade immune 

surveillance, offering new perspectives on cancer treatment. Moreover, the potential of ICIs has 

expanded beyond solid tumors, with ongoing exploration and application in hematological 

malignancies and other immune-related diseases [8]. 
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2. Molecular Mechanisms of ICs 

2.1. PD-1/PD-L1 Pathway 

T PD-1 is an inhibitory receptor found on activated T-cells and plays a key role in controlling their 

activation and proliferation. This is achieved through its interaction with ligands PD-L1 and PD-L2 

[9]. While this mechanism is primarily designed to prevent excessive immune reactions against 

healthy tissues, cancer cells have adapted to utilize it, allowing them to evade immune surveillance 

[10]. 

The binding of PD-1 on T-cells to PD-L1 or PD-L2 on tumor or antigen-presenting cells leads to 

T-cell suppression, reducing their proliferation and impairing their function. This interaction provides 

a pathway for tumors to escape immune detection and attack [11]. 

On a molecular level, the cytoplasmic domain of PD-1 activates phosphatases like SHP-2, which 

disrupt T-cell receptor signaling [12]. This disruption suppresses downstream pathways such as PI3K-

Akt and Ras-MAPK, significantly weakening T-cell activation and functionality [13]. 

2.2. CTLA-4 Pathway 

CTLA-4 is another key inhibitory receptor, mainly responsible for regulating early T-cell 

activation and dampening immune responses [1]. In contrast to PD-1, which primarily influences 

effector T-cells, CTLA-4 exerts its effects mainly on naive T-cells during the initial activation phase 

[14]. 

The cytoplasmic domain of CTLA-4 disrupts T-cell activation by inhibiting Akt and other 

signaling pathways. It achieves this by blocking CD28-mediated co-stimulatory signals, leading to 

reduced T-cell proliferation and a diminished immune response [15]. 

2.3. Comparison of PD-1 and CTLA-4 Pathways 

Although PD-1 and CTLA-4 both function to limit T-cell activity, they differ considerably in their 

mechanisms and regulatory roles. CTLA-4 primarily operates during the early stages of T-cell 

activation, while PD-1 is more involved in regulating effector T-cell activity in peripheral tissues [3]. 

In different cancer types, PD-1 and CTLA-4 exhibit unique biological roles. Studies have shown 

that the PD-1 pathway is crucial in the progression of various tumors, whereas CTLA-4 inhibitors 

have demonstrated particular effectiveness in certain cancer treatments [10]. 

3. Major ICIs 

3.1. Anti-PD-1/PD-L1 Drugs 

Anti-PD-1 and anti-PD-L1 drugs play a pivotal role in cancer treatment and are commonly used 

in clinical settings for melanoma, lung cancer, and renal cancer. The core mechanism of these drugs 

is to block the interaction between PD-1 and its ligands, thereby restoring T-cell function and enabling 

the immune system to target tumors [8].  

Several anti-PD-1/PD-L1 inhibitors have received global approval, with Nivolumab and 

Pembrolizumab being two of the most prominent. These drugs have demonstrated impressive 

therapeutic outcomes in immunotherapy, successfully treating a range of solid tumors and 

hematological malignancies [11, 12]. 

3.2. Anti-CTLA-4 Drugs 

Ipilimumab, one of the earliest approved anti-CTLA-4 drugs, is primarily used for melanoma 

treatment [13]. It works by blocking the interaction between CTLA-4 and B7 molecules, leading to 

T-cell activation and an enhanced immune response against tumors [15]. Although Ipilimumab has 

been effective in some cancers, it is associated with a higher incidence of irAEs [1]. 
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3.3. Combination Treatment Strategies 

Research has shown that combining PD-1/PD-L1 inhibitors with CTLA-4 inhibitors significantly 

improves treatment efficacy. This synergistic approach has shown particular promise in specific 

cancer types, resulting in better survival rates [10]. 

Additionally, combining ICIs with traditional therapies such as chemotherapy and radiotherapy 

offers great potential. These strategies enhance immune system activity while simultaneously 

inhibiting tumor growth and spread [12]. 

4. Challenges and Future Directions 

4.1. Drug Resistance 

Despite the remarkable success of ICIs, a major challenge is the emergence of drug resistance, 

which has become a critical focus in the field. While some patients exhibit strong initial responses, 

tumor cells can eventually develop resistance mechanisms, diminishing the effectiveness of treatment 

over time [8]. Addressing and understanding these resistance mechanisms is essential for improving 

long-term outcomes for patients. 

4.2. Adverse Event Management 

ICIs, although highly effective, are associated with the risk of irAEs, which can manifest as 

autoimmune reactions or dysfunction in the endocrine system [13]. Timely identification and proper 

management of these side effects are crucial to ensure patient safety and maintain treatment continuity 

[9]. Research is ongoing to develop strategies that can predict, prevent, and minimize irAEs, an 

important step in enhancing patient care. 

4.3. Exploration of Novel ICs 

Current research is also focused on the discovery of novel immune checkpoints, such as LAG-3, 

TIM-3, and TIGIT, which contribute to tumor immune evasion [3]. The development of drugs 

targeting these new checkpoints aims to expand the range of immunotherapy options and tackle the 

issue of drug resistance [15]. These emerging targets offer the potential to treat a broader spectrum 

of cancers and to overcome resistance to current ICIs. 

5. Conclusion 

ICIs have revolutionized cancer immunotherapy, providing a transformative approach that offers 

renewed hope for patients, particularly those with advanced-stage cancers who previously had limited 

treatment options. By disrupting immune checkpoint pathways and releasing the suppression of T-

cells, these therapies have significantly improved survival rates in a variety of cancers, including 

melanoma, non-small cell lung cancer, renal cell carcinoma, and head and neck cancers. For many 

patients, ICIs have demonstrated durable responses that far exceed the outcomes seen with traditional 

therapies like chemotherapy and radiation, ushering in a new era of cancer treatment. 

Despite these remarkable achievements, several challenges persist. One of the foremost obstacles 

is the development of drug resistance. While ICIs can initially produce strong therapeutic responses, 

many patients eventually experience resistance, limiting long-term effectiveness. Understanding the 

mechanisms behind this resistance and developing strategies to overcome it are crucial for enhancing 

the durability of ICIs' benefits. 

In conclusion, while ICIs have made groundbreaking advancements in cancer immunotherapy, 

ongoing efforts are required to address these challenges. Future research should focus on overcoming 

drug resistance, improving the safety and management of irAEs, reducing treatment costs, and 

expanding the range of available immune checkpoint targets to deliver more personalized and 
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effective treatments for a broader array of cancer patients. Continued innovation in these areas will 

be key to fully realizing the potential of ICIs in cancer therapy. 
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