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PD-1 (Programmed Cell Death Protein-1) and PD-L1 (Programmed Cell Death

Ligand-1) play a crucial role in regulating the immune system and preventing

autoimmunity. Cancer cells can manipulate this system, allowing them to escape

immune detection and promote tumor growth. Therapies targeting the PD-1/

PD-L1 pathway have transformed cancer treatment and have demonstrated

significant effectiveness against various cancer types. This study delves into the

structure and signaling dynamics of PD-1 and its ligands PD-L1/PD-L2, the

diverse PD-1/PD-L1 inhibitors and their efficacy, and the resistance observed in

some patients. Furthermore, this study explored the challenges associated with

the PD-1/PD-L1 inhibitor treatment approach. Recent advancements in the

combination of immunotherapy with chemotherapy, radiation, and surgical

procedures to enhance patient outcomes have also been highlighted. Overall,

this study offers an in-depth overview of the significance of PD-1/PD-L1 in

cancer immunotherapy and its future implications in oncology.
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GRAPHICAL ABSTRACT
1 Introduction

Cancer is a significant public health concern that contributes to

global mortality and morbidity rates. In 2020, it was reported that

there were approximately 18.1 million new cases of cancer

worldwide, excluding non-melanoma skin cancer, with 8.8

million (48%) in females and 9.3 million (52%) in males. This

resulted in a ratio of 10 males to every 9.5 females. The global age-

standardized incidence rate was 178.1 per 100,000 females and

206.9 per 100,000 males. The four most common types of cancer

worldwide are breast, lung, bowel (including anus), and prostate

cancers, which collectively account for 43% of all new cases (1). In

2023, it is projected that 1,958,310 new cancer cases and 609,820

cancer-related deaths will occur in the US. The incidence of prostate

cancer increased by 3% annually from 2014 to 2019, resulting in

99,000 additional cases. However, lung cancer in women decreases

at a slower pace than in men, and breast and uterine corpus cancers

continue to increase (2). The incidence of liver cancer and

melanoma stabilized in men aged ≥ 50 years and declined in

younger men. A 65% drop in cervical cancer incidence among

women in their early 20s who received the human papillomavirus

vaccine foreshadows a reduction in cancers associated with the

virus. Despite the pandemic, the cancer death rate has continued to

decline in 2020 (by 1.5%), contributing to a 33% overall reduction

since 1991 and an estimated 3.8 million deaths averted.

Advancements in treatment, particularly for leukemia, melanoma,

and kidney cancer, have led to rapid declines in mortality (2%

annually from 2016 to 2020) despite the increasing incidence.

Future progress may be hindered by the increasing incidence of

breast, prostate, and uterine corpus cancers, which also have the

largest racial disparities in mortality (2).

Despite recent advances in cancer therapies such as

chemotherapy, radiation, and surgery, these methods frequently

provide limited responses and substantial side effects.

Immunotherapy has emerged as a viable method to overcome
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these limitations and improve cancer treatment outcomes (3).

Immunotherapy is a recognized and powerful cancer treatment

method that eradicates tumors by regulating anti-tumor immune

responses (4). The immune system is essential for the detection and

destruction of abnormal cells, including tumor cells. However,

tumor cells can elude immune monitoring by developing

immunological tolerance via many pathways, including the

upregulation of immunological checkpoint molecules such as PD-

1 and PD-L1 (5).

Immune checkpoint proteins control the start or stop of an

immune response by being turned on or off, functioning as switches

for immune function. PD-1 and its receptor, PD-L1, are essential

immune checkpoint proteins that adversely control the equilibrium

and function of T-cell immunological activity. T-cells are immune

cells that identify and eliminate harmful or infected cells, such as

cancer cells (6). PD-1 is found in T-cells, and PD-L1 is often found

in cancer cells. The binding of PD-1 to its ligand PD-L1 may

activate an inhibitory signal, resulting in decreased T-cell activity

and anti-tumor immunity (7). Immune checkpoint inhibitors (ICIs)

are a type of drug that blocks immune checkpoints, allowing the

immune system to attack cancer cells. Monoclonal antibodies

(mAbs) are among the major types of ICIs. Monoclonal

antibodies are laboratory-produced molecules that target certain

components of cancer or immune system cells, such as PD-1 and

PD-L1. ICIs enhance effector T-cell function and provide long-term

relief to patients with different malignancies (8).

Researchers have discovered that blocking the PD-1/PD-L1

pathway can reawaken cytotoxic T-cells and unleash the immune

system against cancer cells. This method successfully cured various

malignancies, including melanoma, non-small cell lung cancer, and

bladder cancer (9).

The PD-1/PD-L1 pathway plays an integral role in facilitating

tumor growth by evading the immune system. Blocking this

pathway using checkpoint inhibitors has yielded notable

therapeutic results in diverse cancer types. An in-depth
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understanding of this pathway is imperative in the contemporary

landscape of advanced immunotherapy. This article offers an

exhaustive analysis of the roles of PD-1 and PD-L1 in cancer

immunology. This discourse will traverse the current body of

knowledge on these proteins, with a particular emphasis on the

clinical utility of PD-1/PD-L1 inhibitors in oncological treatments.

Moreover, this review underscores avenues for further research,

addresses potential resistance modalities, explores the prospects of

combined therapeutic strategies, and evaluates the long-term safety

and effectiveness of PD-1/PD-L1 inhibitor therapies. Maintaining

cognizance of these advancements is essential for the ongoing

evolution of oncological practices. To further elucidate this

pathway and its significance in oncology, let us begin by

exploring the distinct roles of PD-1 and PD-L1.
2 PD-1 and PD-L1

Cancerous cells can be detected and eliminated by the immune

system. However, cancer cells frequently evolve methods to elude

immune system monitoring in their fight for survival. The PD-1/

PD-L1 pathway controls the formation and maintenance of

immunological tolerance in the microenvironment of a tumor.

PD-1 and its ligands PD-L1 and PD-L2 govern the activation,

proliferation, and release of cytotoxic substances from T-cells in

cancer. With this foundational knowledge, we can further examine

the specifics of PD-1 and PD-L1, their molecular structures, and

critical roles in immune regulation.
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2.1 PD-1

PD-1 (Pdcd1) was identified as a member of the

immunoglobulin (lg) superfamily within the CD28/CTLA-4

family following its discovery in the early 1990s. PD-1 is an

immunosuppressive receptor that is expressed during the immune

reaction phase. PD-1 is a type I transmembrane protein with a

molecular weight of approximately 50-55 kDa (10). On the surface

of B-cells, T-cells, natural killer (NK) cells, and myeloid cells are the

protein PD-1, which primarily regulates the actions of T-cells inside

tissues and inhibits their potential to induce cell death in malignant

situations. Dendritic cells (DCs) also express PD-1, which is

activated by inflammatory stimuli, similar to T- and B-cells (6, 11).

PD-1 exhibits a sequence similarity of 15% with CD28, 20%

with CTLA4, and 13% with the induced T-cell co-stimulator at the

amino acid level. PD-1 is composed of 288 amino acids, including

an N-terminal IgV domain, transmembrane domain, intracellular

cytoplasmic tail containing two tyrosine-based signaling motifs, and

20-amino acid linker connecting the IgV domain to the plasma

domain. PD-1 recruits proteins with the N-terminal amino acid

sequence VDYGEL and C-terminal amino acid sequence TEYATI.

Both sequences combine to produce an immunoreceptor switch

motif (ITSM) based on tyrosine, which is crucial for PD-1

inhibition (6, 12). The crystal structure of PD-1 is shown in

Figure 1, accessed from the PDB database (PDB-3RRQ).

The pdcd1 gene encodes the PD-1 protein, and various

transcription factors facilitate its transcription. These include

NFATc1, FoxO1, AP-1, STAT3, STAT4, ISGF3, NF-kB and IRF9
FIGURE 1

3D visualization of the crystal structure of PD-1 was performed using the PDB code 3RRQ. The various colors delineate distinct protein regions and
conformations.
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(13, 14). In CD4+ and CD8+ T-cells, macrophages, and HIV-

specific T-cells, the expression of PD-1 is transcriptionally regulated

by various factors, including Notch, CTCF, AhR, IRF9, T-bet,

FoxO1, and the HIV-1 accessory protein Nef (15).

The CR-B and COR-C regions, which are conserved upstream

regulatory elements, play a critical role in regulating PD-1 gene

expression. In the CR-C region of TCD4 and TCD8, the binding site

is associated with NFATc1 (NFAT2). C-Fos is also connected to the

CR-B area, which increases PD-1 expression. When NFATc is active,

it binds to the pdcd1 promoter, activating the gene. Furthermore, the

synergistic effect of IFN-g and IRF9 leads to enhanced PD-1

expression by binding to the promoter region of pdcd1, thereby

contributing to T-cell dysfunction. Likewise, the release of tumor cells

elicits the production of the AP-1 subunit c-FOS within cancer cells,

subsequently amplifying the expression of PD-1 (13, 15). However,

PD-1 may have both negative and positive effects, as it can be

destructive and valuable. It functions as an immunosuppressive

agent, modulates immunological tolerance, and exerts protective

effects by reducing the regulation of undesirable immune

responses. However, interference with the protective properties of

the immune system may cause cancer cell development (13). While

PD-1’s dual roles are intriguing, its ligand PD-L1 also plays a pivotal

role in the intricate interplay of immune modulation. Let us delve

more deeply into the properties and functions of PD-L1.
2.2 PD-L1 and PD-L2

PD-1 exclusively interacts with programmed cell death ligands

(PD-L1/PD-L2). Notably, PD-L1 is expressed in several cell types

and organs, including hematopoietic cells (T-cells, B cells,

macrophages, dendritic cells, and neutrophils), non-hematopoietic

organs (heart, pancreas, placenta, vascular endothelium, muscle,

liver, lung, eye, and skin tissues), and antigen-presenting cells

(APC). In contrast, PD-L2 was detected in activated macrophages

and dendritic cells. The engagement of PD-1 with its ligands

inhibits T-cell activation signaling through the T-cell receptor

(TCR) (11). Glycoprotein PD-L1, also known as B7-H1 or
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CD274, consists of 290 amino acids. It is a type I transmembrane

protein that contains the IgC and IgV domains. Moreover, it is

typically increased in several types of cancer cells or tumor stromal

cells, which may be essential for avoiding host immune recognition

(16). Interferon-gamma (IFN-g) released by activated T-cells can

upregulate the tumor cell surface protein PD-L1. The crystal

structure of PD-L1 is shown in Figure 2A, accessed from the PDB

database (PDB-4Z18).

Controlling PD-L1 expression has been the subject of much

research. The regulation of PD-L1 expression involves an intricate

network consisting of primary, non-immune-related, and

secondary immune-related mechanisms. The primary factors

contributing to the upregulation of PD-L1 can be attributed to a

range of mechanisms, including (1) genomic abnormalities, (2)

regulation by microRNAs, (3) activation of cancer-causing

transcription factors and signaling pathways, and (4) post-

translational modifications and trafficking. In contrast, secondary

mechanisms primarily involve activating inflammatory signaling

pathways triggered by soluble factors produced by immune cells

within the tumor microenvironment (TME) (17).

The expression levels of PD-L1 are modulated through diverse

mechanisms, which encompass genomic alterations such as

amplification or translocation; epigenetic modifications such as

methylation of histones or CpG islands; acetylation of histones;

transcriptional control induced by inflammatory signals and

oncogenic pathways; post-transcriptional regulation involving

miRNAs, 3’-UTR status, RAS, and Angiotensin II; and post-

translat ional modificat ions, including ubiquit inat ion,

phosphorylation, glycosylation, and palmitoylation (18).

The structure of PD-L1 can be categorized into three distinct

domains: extracellular domain (ED), transmembrane domain

(TM), and intracellular domain. The extracellular domain (ED) of

PD-L1 comprises variable Ig regions, including distal and proximal

segments. The intracellular domain of PD-L1 contains three

conserved amino acid sequences, RMLD-VEKC, DTSSK, and

QFEET. The RMLDVEKC motif plays a crucial role in facilitating

the phosphorylation of signal transducer and activator of

transcription 3 (STAT3), whereas the DTSSK motif impedes this
A B

FIGURE 2

Crystal structures of two significant programmed cell death ligands, (A) PD-L1 (PDB:4Z18) and (B) PD-L2 (PDB:3BOV).
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phosphorylation process. Multiple signaling pathways and proteins

regulate the expression of PD-L1 on cancerous cell surfaces. COX2/

mPGES1/PGE2, hypoxia-inducible factor alpha (HIF1), nuclear

factor-kappa-B p105 subunit (NF- kB), PI3K/AKT/mTOR, RAF/

MEK/ERK/MAPK pathways, and STATs are among the proteins

that undergo frequent mutations or upregulation throughout the

malignant transformation process (18, 19).

In addition, PD-L2 is the second ligand for PD-1 and has a

sequence similarity with PD-L1 of roughly 60% in humans.

Compared to PD-L1, only activated dendritic cells (DCs),

macrophages, and mast cells derived from the bone marrow, and

B cells express PD-L2. Lipopolysaccharide (LPS) and B-cell

receptors on B cells, as well as granulocyte-macrophage colony-

stimulating factor (GM-CSF) and IL-4 on dendritic cells (DCs), can

enhance the expression of PD-L2. While both PD-1 ligands are

found in tumor cells and during chronic infections, the expression

of PD-L2 is comparatively lower than that of PD-L1 (13, 18). The

crystal structure of PD-L2 obtained from the PDB database (PDB-

3BOV) is shown in Figure 2B.

PD-L2 inhibits T-cell activity in peripheral tissues. The role of

PD-L2 in T-cell regulation has been the subject of debate and

conflicting findings in the scientific literature. While specific studies

have suggested that PD-L2 functions as a suppressive costimulatory

molecule, others have proposed that it acts as a stimulatory

molecule through a receptor distinct from PD-1. The interaction

between PD-1 and PD-L2 strongly inhibits CD4+ T-cell TCR-

mediated proliferation and cytokine production. Interactions

between PD-L2 and PD-1 at low antigen concentrations inhibit

powerful B7CD28 signals. At high antigen concentrations,

interactions between PD-L2 and PD-1 inhibit cytokine

production but have little effect on T-cell proliferation (20).

As we have delineated the structural intricacies and

functional dynamics of PD-1, PD-L1, and PD-L2, it is crucial to

understand the signaling processes that arise from their

interactions, which serve as the foundation for numerous

therapeutic interventions.
Frontiers in Immunology 05
3 PD-1: PD-L1 signaling

The link between PD-1 and PD-L1 inhibits T-cell receptor

signaling and functional activity. Suppression of T-cell activation

and proliferation leads to a decrease in cytokine production and

cytotoxic activity. Multiple studies have clarified the mechanism by

which PD-1 and PD-L1 inhibit T-cell activation, and it has been

shown that the overexpression of PD-L1 in cancer cells is associated

with poor prognosis in a wide range of tumor types (21, 22).

T-cell receptor (TCR) signaling activates tyrosine residues

inside PD-1 when PD-1 binds to PD-L1. Protein tyrosine

phosphatases are recruited by phosphorylated PD-1 (SHP1 and

SHP2). When Src homology 2 (SH2) domain-containing protein

tyrosine phosphatase (SHP2) is positioned near the T-cell receptor

(TCR), it can reduce the phosphorylation of the 70-kDa zeta-

associated protein (ZAP70) by tyrosine-protein kinase Lck (Lck).

Consequently, this inhibitory action disrupts the subsequent

signaling cascades of TCR. Furthermore, SHP2 directly repress

casein kinase 2 (CK2) activity. PTEN, a serine-threonine

phosphatase, functions as an inhibitor of the phosphoinositide 3-

kinase and protein kinase B (PI3K-Akt) pathway upon PI3K

activat ion. Converse ly , CK2 typical ly inhibits PTEN

phosphorylation. Upon inhibition of CK2 by SHP2, PTEN

undergoes dephosphorylation, leading to subsequent inhibition of

the PI3K-Akt pathway. SHP2 inhibits the RAS/MEK/ERK pathway

by impeding RAS activation (16, 23). The interaction between both

checkpoint proteins is shown in the crystal structure of the PD-1:

PD-L1 complex (PDB-4ZQK) in Figure 3. The interaction between

PD-1 and PD-L1 can potentially impact various downstream

processes in T-cells. These actions involve regulation of the B-cell

lymphoma-extra-large (Bcl-XL) pathway, influencing cellular

survival and growth, along with the synthesis of IL-2 and

Interferon (IFN). The mechanisms of the PD-1/PD-L1 pathway

in T-cells are shown in Figure 4. Consequently, T-cells undergo

various changes, including reduced proliferation, survival, cytokine

generation, and other effector activities (16, 24).
A B

FIGURE 3

3D visualization of the crystal structure of the PD-1–PD-L1 complex. This image offers a detailed look at the structural alignment of the complex,
highlighting that (A) represents PD-L1 chain and (B) represents PD-1 chain. The associated Protein Data Bank (PDB) reference for this structure is
4ZQK. This figure aids in the understanding of the intricate molecular interactions and conformation of the PD-1–PD-L1 interaction.
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In the tumor microenvironment (TME), the interaction

between PD-1 and PD-L1 promotes immune surveillance

mechanisms and facilitates cancer progression. Within the TME,

the interaction of PD-L1 and PD-1 on activated T lymphocytes

leads to impaired T-cell function and diminished proliferation,

inhibition, and generation of IL-10. CD8+ T-cells expressing PD-

1 and undergoing exhaustion exhibit diminished ability to produce

cytolytic molecules and cytokines, including IL-2, IFN-g, and tumor

necrosis factor (TNF)-a. Consequently, these T-cells lose their

effectiveness in eradicating cancerous cells (25).

Researchers have focused on the PD-1/PD-L1 pathway because

of its intricate signaling and immunosuppressive roles. The

manipulation of this pathway has shown significant clinical

benefits in oncology. Herein, we explored therapeutic strategies

targeting the PD-1/PD-L1 pathway, including recent advancements

in PD-1/PD-L1 inhibitors.
4 Mechanisms and therapeutic
applications of PD-1/PD-L1 inhibitors

The family of anti-cancer drugs known as PD-1/PD-L1

inhibitors suppresses the function of the immune checkpoint

proteins PD-1 and PD-L1, which are present on cell membranes.

By blocking the interaction between PD-1 and PD-L1, these

inhibitors enable the immune system to eliminate tumors. Its

anti-cancer benefits are also evident (7). These regulatory

checkpoints are activated when immune checkpoint proteins,
Frontiers in Immunology 06
such as PD-1, present on T-cells, recognize and engage with

corresponding counter proteins or ligands, such as PD-L1,

expressed on neighboring cells, including potentially oncogenic

cells. This interaction sends an inhibitory signal to T-cells,

thereby reducing their ability to attack malignant cells. Immune

checkpoint inhibitors block this interaction, disabling the inhibitory

signal and empowering T-cells to effectively eliminate cancer

cells (26).

Apart from focusing on inhibitors that target the PD-1/PD-L1

pathway, researchers have explored the potential of PD-L2

inhibitors as a promising approach to cancer immunotherapy.

These drugs may suppress PD-1 protein on the surface of

lymphocytes and PD-L1 and PD-L2 ligands generated by tumor

cells. Despite its dynamic and diverse expression being a limiting

feature, PD-L1 expression has been regarded as a predictive

biomarker for cancer immunotherapy (26, 27).

Several PD-1/PD-L1 inhibitors are available, each with a unique

molecular structure and a unique target profile. The following

discussion focuses on several examples of these inhibitors:
4.1 Peptide-based PD-1/PD-L1 inhibitors

The first peptide-based inhibitor, AUNP-12, was patented in

2014. The peptide was designed to interfere with the PD-1–PD-L1

interaction, a critical checkpoint in the immune response.

Inhibition of this interaction can potentially enhance the immune

system’s ability to recognize and attack tumor cells. AUNP-12 is
FIGURE 4

Overview of the impact of PD-1–PD-L1 interaction on T-cells. When PD-L1 binds to PD-1, it induces SHP-2, diminishing ZAP70 phosphorylation and
dampening the RAS-MEK-ERK and PI3K-Akt pathways. This results in suppressed T-cell activity, including proliferation, activation, cytokine
production, and longevity.
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composed of 29 amino acids that form a branching structure. In

animal studies, AUNP-12 reduced tumor cell proliferation and

metastasis with few side effects. AUNP-12 has intrinsic

advantages as an inhibitor or activator of protein-protein

interactions when compared to small molecules and antibodies,

making them promising therapeutic candidates. Multiple peptide-

based inhibitors targeting the PD-1/PD-L1 interaction have been

developed in addition to AUNP-12. A peptide with a similar 7-8

amino acid structure exhibited the most potent bioactivity in

murine models of B16F10 melanoma cancer cells. Administration

of this peptide resulted in a substantial reduction (64%) in lung

metastases. The second compound was a cyclopeptide derivative

consisting of 7-9 amino acids. Its cyclic structure is formed through

an amide bond connecting the N- and C-termini of amino acid

residues. Using crystal field stabilization energy (CFSE) detection,

scientists observed that a cyclic peptide derivative could potentially

enhance the proliferation of spleen cells in mice carrying human

breast MDAMB-231 cancer cells, characterized by increased PD-L1

expression. Simultaneously, it reduced lung cancer progression by

54% in mice harboring melanoma B16F10 cells (28–30).
4.2 Small-molecule based
PD-1/PD-L1 inhibitors

Recently, Bristol-Myers Squibb (BMS) has successfully

developed a diverse collection of non-peptide small-molecule

inhibitors specifically designed to target and block the PD-1/PD-

L1 pathway. Among the identified compounds, BMS-8 and BMS-

202 exhibited IC50 values of 146 nM and 18 nM, respectively. These

inhibitors induce dimerization of PD-L1, leading to a decrease in

the activation of PD-1. Additionally, compounds developed by BMS

possess structural features that enable direct binding to PD-L1,

thereby blocking the connection between PD-1 and PD-L1.

Notably, LH1306 and LH1307 demonstrated IC50 values of 25

nM and 30 nM, respectively, indicating their potency in

inhibiting the PD-1/PD-L1 pathway (31–33).

Furthermore, these inhibitors can impede PD-1 signal

transduction during co-culture experiments by disrupting protein

interactions between PD-1 and PD-L1. Small molecules can

penetrate tissues more easily and can access intracellular targets.

They can be designed to target PD-1/PD-L1 interaction and have

therapeutic benefits. However, tumors may develop resistance

faster, and they can be rapidly metabolized and excreted,

reducing their efficacy (31–33).

In addition to directly inhibiting the PD-1/PD-L1 pathway,

small molecule inhibitors exhibit synergy when paired with PD-1/

PD-L1 inhibitors, particularly when targeting the epigenetic or

metabolic pathways of specific immune cells. Research reveals

that small compounds like EZH2 or IDO1 inhibitors might

increase the efficacy of PD-1/PD-L1 inhibition, suggesting a viable

combinatorial cancer immunotherapy pathway. According to

reports, small compounds such as EZH2 inhibitors that disrupt

epigenetic regulation or IDO1 inhibitors that modulate metabolic

pathways have boosted the anti-tumor immunity induced by PD-1/

PD-L1 inhibitors. This combinatorial method has the potential to
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overcome the limitations of monotherapy by delivering a more

powerful anti-tumor immune response (34).

These findings highlight the potential of small molecule

inhibitors not only as direct PD-1/PD-L1 antagonists but also as

synergistic agents that modulate the immunological milieu, hence

boosting the effectiveness of PD-1/PD-L1 inhibitors. This dual

strategy, which targets the interplay between PD-1/PD-L1 and

epigenetic or metabolic pathways, may broaden the treatment

scope and enhance response rates in a larger patient population.
4.3 Antibody-based PD-1/PD-L1 inhibitors

Currently, there are 5,683 clinical studies evaluating anti-PD-1/

PD-L1 mAbs as standalone treatments or in conjunction with other

therapeutic approaches, with 4,897 active trials. Over the past five

years, the total number of clinical studies has increased by 278

percent compared to the study conducted in 2017. Even though the

overall number of clinical trials continues to rise annually, study data

over the past few years show that the rate of increase has slowed. The

overall number of clinical studies evaluating anti-PD-1/PD-L1 mAbs

increased by 29 percent in the last year compared to a 50 percent

increase from 2017 to 2018. In the analysis of FDA-approved PD-1/

PD-L1-targeting mAbs and their comparison with other mAbs with

the same target, it is evident that a considerable proportion (29

percent) of ongoing clinical studies investigating anti-PD-1/PD-L1

mAbs that are still in the developmental phase and have not yet

received FDA approval exhibit significant effectiveness (35).

Sixteen PD-1/PD-L1 immune checkpoint inhibitors (ICIs) have

shown outstanding effectiveness in various tumor types in the past

few years, as shown in Figure 5. Since the release of nivolumab (36),

the world’s first PD-1 inhibitor, in 2014, 10 PD-1 inhibitors have been

developed pembrolizumab (37), cemiplimab (38), toripalimab (39),

sintilimab (40), camrelizumab (41), tislelizumab (42), penpulimab

(43), prolgolimab (44), dostarlimab (45), and zimberelimab (46), and

five PD-L1 inhibitors atezolizumab (47), durvalumab (48), avelumab

(49), envafolimab (50), and sugemalimab (51) listed in succession.

The Food and Drug Administration (FDA) has authorized six ICIs,

whereas the National Medical Products Administration has approved

12 ICIs (NMPA) (52–55).

As the number of approved PD-1 and PD-L1 inhibitors

continues to increase, each has a distinct therapeutic profile and

clinical significance. This section provides more information on the

specific characteristics of some of these inhibitors.
5 PD-1 inhibitors

5.1 Nivolumab (Opdivo)

Nivolumab is a human-derivedmonoclonal antibody belonging to

the IgG4 class. It specifically binds to PD-1 present in T-cells. By

inhibiting PD-1, nivolumab allows the immune system to recognize

and target cancer cells more efficiently. The binding sites of nivolumab

on PD-1 include the N-terminal extension, FG loop, and BC loop (56).

Research indicates that the crystal structures of the PD-1 ectodomain,
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in conjunction with the Fab fragments of nivolumab, provide insight

into the antibody’s precise epitopes and checkpoint inhibition

mechanisms (57). There is also evidence suggesting a role for PD-1

glycosylation in nivolumab recognition (58).

Nivolumab is administered intravenously (IV) through an

infusion. The frequency of these infusions can vary, but they are

typically administered every 2 weeks or every 4 weeks (59).

Nivolumab is commonly provided at 240 mg intravenously every

two weeks or 480 mg intravenously every four weeks until disease

progression (60).

This extensive range of uses demonstrates the transformational

potential of nivolumab for cancer treatment. It has been approved

as a monotherapy or in combination with other drugs for a variety

of cancers, including classic Hodgkin lymphoma, non-small cell

lung cancer, metastatic colorectal cancer, and advanced Merkel cell

carcinoma (61–63). Additionally, in the notable Checkmate 037

trial, individuals with metastatic melanoma who had prior

treatment with CTLA-4 received doses of 3 mg/kg nivolumab (64).

Nivolumab has shown promise in clinical studies, particularly

when administered in combination therapy. An important study

revealed that the combination of nivolumab and ipilimumab

significantly increased the overall survival rate compared to

conventional chemotherapy alone (63).

Despite its therapeutic advantages, nivolumab is not associated with

adverse effects. Frequent side effects include nausea, digestive

disturbances, mouth ulcers, changed taste sensations, skin

manifestations, hormone abnormalities, liver problems, pain in hands

or feet, fever, and broad body aches (65–68). In addition, identifying the

correct dose of nivolumab for cancer immunotherapy remains difficult,

providing both obstacles and learning opportunities (69).
5.2 Pembrolizumab (Keytruda)

Pembrolizumab is a humanized monoclonal antibody of the

IgG4-kappa class specifically engineered to target the PD-1 receptor
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(70). Through its binding to PD-1, Pembrolizumab prevents certain

cancer cells from inhibiting the immune system, thus promoting the

effective eradication of these cells. Detailed high-resolution

structural analysis has shown an intricate interaction between the

pembrolizumab Fv fragment and the extracellular domain of

human PD-1 (71). Furthermore, while the pembrolizumab

epitope aligns more with the PD-L1 binding site than with

nivolumab, their respective binding sites on PD-1 exhibit minimal

overlap (72). By inhibiting the PD-1 pathway, pembrolizumab

enhances the immune response against cancer cells (73).

Pembrolizumab is administered intravenously (IV) via an

infusion pump over 30 min through an intravenous line that

contains a sterile, non-pyrogenic, and low-protein binding

instrument (74). It is indicated for conditions such as locally

advanced or metastatic urothelial carcinoma in adults who are

not eligible for cisplatin-containing chemotherapy. The dosage

might be 200 mg IV every three weeks or 400 mg IV every six

weeks (75).

The FDA approves Pembrolizumab for the treatment of several

cancers, including melanoma-specific lung, head, neck, stomach,

and breast variants. It is effective for metastatic melanoma, non-

small cell lung cancer, and cervical cancer as a PD-1 blocking

antibody. It also treats adult and pediatric patients with

refractory primary mediastinal large B-cell lymphomas.

In 2021, its combination with chemotherapy was approved

for early-stage, high-risk, and triple-negative breast cancer. This

agent targets tumor cell pathways to evade the immune system

(76, 77).

Pembrolizumab, a revolutionary drug in the field of cancer

therapeutics, has distinct advantages and disadvantages. One of its

primary benefits is its ability to rejuvenate the immune system and

enhance the capacity to identify and combat cancer cells.

Furthermore, recent research underscores the potential of

producing pembrolizumab in plants, wherein its structure

remains consistent with the well-known brand Keytruda,

suggesting alternative manufacturing avenues (78).
FIGURE 5

Timeline of FDA and NMPA-approved PD-1/PD-L1 immune checkpoint inhibitors from 2014 to 2021, detailing the progression of approvals over the years.
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On the other hand, while pembrolizumab exhibits tremendous

therapeutic potential, its administration is not without challenges. A

substantial proportion (70%) of patients on this medication report

immune-related adverse reactions, with common symptoms

including fever, fatigue, cough, and disruptions in the digestive

system. Moreover, dermatological complications such as

maculopapular eruptions, pruritus, and hypopigmentation affect

approximately 42% of those treated (79). Given these multifaceted

implications, patients and physicians must weigh the benefits against

the potential side effects when considering pembrolizumab treatment.
5.3 Cemiplimab (Libtayo)

Cemiplimab is a human monoclonal antibody belonging to the

immunoglobulin G4 (IgG4) class. Cemiplimab specifically targets

PD-1, which is frequently used by cancer cells to evade the immune

response (80, 81). This selective binding to PD-1 obstructs its

interaction with PD-L1, thus alleviating T-cell suppression.

Intriguingly, while the heavy chain of cemiplimab primarily binds

to PD-1, its light chain competes with PD-L1 binding to PD-1, a

mechanism similar to that observed with camrelizumab, another

PD-1-focused monoclonal antibody (82). Using recombinant

technology, Cemiplimab was found to be a conserved region

found in all human mAbs and a variable region that is specific to

PD-1 (83).

Cemiplimab, marketed under the brand name LIBTAYO, was

administered as an intravenous (IV) infusion. The recommended

dosage is 350 mg administered over 30 min. This infusion is

typically administered every 3 weeks by healthcare professionals

(84, 85).

Cemiplimab is approved for treating advanced cutaneous

squamous cell carcinoma (CSCC) and is under investigation

for the treatment of non-small cell lung cancer (NSCLC) and

recurrent basal cell carcinoma. Ongoing trials are also exploring

its efficacy in other cancers, such as cervical and colorectal cancer.

Use should be under expert guidance because of its potential side

effects (86).

Cemiplimab specifically boosts the immune system’s ability to

combat cancer. It has demonstrated effectiveness in treating

advanced CSCC, especially in patients unsuitable for surgery or

radiation (87). Additionally, cemiplimab provides an alternative for

those who do not respond to traditional therapies, although it is

crucial to weigh its benefits against potential side effects (88).

Treatment with Cemiplimab is not devoid of side effects.

Patients often report symptoms such as fatigue, alopecia,

peripheral neuropathy (tingling or burning sensations in the

extremities), musculoskeletal pain, dermatological issues,

gastrointestinal disturbances, and decreased appetite (89, 90).

A pivotal caution is the potential of the drug to cross the

placenta, suggesting that it might inflict harm on the developing

fetus. Hence, its use is discouraged during pregnancy unless the

anticipated therapeutic benefits notably surpass the potential fetal

risks (91).
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6 PD-L1 Inhibitors

6.1 Atezolizumab (Tecentriq)

Atezolizumab operates as a humanizedmonoclonal antibody that

specializes in binding to the PD-L1 protein present in certain cancer

cells. Atezolizumab belongs to the IgG1 isotype category and is a

fully-humanized monoclonal antibody. This counteracts the ability of

these cells to suppress the immune system, thereby inhibiting the

checkpoint function of PD-L1. This action enables the immune

system to target and attack malignant cells accurately. The

molecule’s unique binding mechanism competes with PD-1 for the

same surface region on PD-L1, thereby obstructing the PD-1 and PD-

L1 interaction, as confirmed by crystallographic analysis (92–96).

Atezolizumab is infused intravenously. The regimen can vary,

either every two, three, or four weeks, depending on the prescribed

dosage. The duration of therapy is tailored to the type of cancer and

the patient’s therapeutic response and is determined by the

physician (97).

The FDA has given a nod to atezolizumab for the treatment of

advanced urothelial carcinoma, which encapsulates certain types of

bladder and urinary tract cancers. It is especially advocated for

metastatic cases that cannot undergo surgical removal or specific

medical scenarios. It can be used as a standalone treatment or in

synergy with other drugs (98).

Atezolizumab can potentially reduce immunosuppressive

signals by blocking PD-L1 protein. This action ensures that the

immune system remains in an active state and is better poised to

recognize and eliminate cancer cells. Another significant advantage

of this method is its versatility. Atezolizumab can be harmoniously

combined with other therapeutic agents to expand its efficacy across

a spectrum of cancer types. This combinatorial approach amplifies

its potential and provides patients with a comprehensive treatment

strategy (94).

Although atezolizumab has promising therapeutic efficacy, it

has potential side effects. The primary concern is their potential to

induce immune-related liver conditions, some of which can be

severe and even life-threatening. Common adverse reactions

include fatigue, nausea, decreased appetite, and skin-related issues

such as rashes. Some patients may also experience more severe side

effects as a result of the immune system attacking healthy tissues

and organs, which can lead to inflammation in vital organs such as

the lungs, liver, and hormone-producing glands (99–102).
6.2 Durvalumab (Imfinzi)

Durvalumab functions as an immune checkpoint inhibitor. At

the molecular level, durvalumab is categorized as an IgG1

monoclonal antibody used for human derivation. Specifically, it is

a human-derived monoclonal antibody that targets the PD-L1

protein. Thus, durvalumab obstructs the suppression of the

immune system by cancer cells, thereby bolstering the immune

response against malignant cells. Crystallography of Durvalumab
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revealed its binding mode. It latches atop the PD-L1’s binding

domain, effectively halting its interaction with PD-1. The antibody

identified the protruding flexible loop of PD-L1 through a

combination of hydrogen bonds, salt bridges, and van der Waals

forces. Corresponding in vitro studies show that Durvalumab’s

effectiveness in inhibiting PD-L1 activity correlates with its

concentration (103–106).

Durvalumab is typically administered intravenously. The

dosage was set at 10 mg/kg and administered twice a week.

However, treatment duration can vary, ranging from two to four

weeks, depending on disease progression and patient

tolerance (107).

Durvalumab enhances the ability of the immune system to

combat tumor cells (108). The FDA sanctioned durvalumab for the

treatment of unresectable stage III non-small cell lung cancer

(NSCLC), advanced urothelial carcinoma, small cell lung cancer

(SCLC), and bladder cancer. Research exploring its efficacy in other

cancer types is ongoing (109, 110).

In addition, durvalumab can be used to treat advanced

urothelial carcinoma and other cancers. Owing to its superior

safety profile and potential for combination therapy, durvalumab

is a viable cancer therapeutic option. By targeting and suppressing

the PD-L1 protein, it may be possible to reverse the inhibition of the

immune system and strengthen its anti-cancer defenses (10).

Patients taking durvalumab should be monitored for adverse

effects. There are grave concerns, including the possibility of severe

liver damage that requires immediate medical intervention.

Additionally, patients may experience allergic reactions, fatigue,

skin rashes, digestive disturbances, and respiratory infections

(111, 112).
6.3 Avelumab (Bavencio)

Avelumab acts by inhibiting PD-L1, a protein that certain

cancer cells use to suppress the immune system. As a human

IgG1 lambda monoclonal antibody, avelumab reinforces the

ability of the immune system to identify and eliminate cancer

cells. The intricate structure of avelumab allows it to use both its

heavy chain (VH) and light chain (VL) regions to bind to the IgV

domain of PD-L1. By preventing PD-L1 from connecting to its

receptor, PD-1, on T-cells, avelumab ensures that the immune

system remains active against malignant cells. The specific amino

acid sequence and structural characteristics of an antibody are vital

for its precision in recognizing and binding to PD-L1 (113–116).

Medical professionals administer avelumab intravenously,

typically over an hour, with sessions recurring every two weeks.

Notably, systemic exposure to the drug is directly proportional to

the dose within the bi-weekly range of 3–20 mg/kg. Additionally, an

approximately 1.3-fold systemic accumulation was observed when

the drug was provided bi-weekly (117, 118).

Avelumab bolsters the ability of the immune system to combat

tumor cells. Primarily approved for metastatic Merkel Cell

Carcinoma (MCC), a rare skin cancer, its applications also span

to advanced renal cell carcinoma (RCC) and bladder cancer.

Avelumab is often combined with other medications, notably
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axitinib, as a frontline treatment for RCC. Its role in oncology is

expanding, offering promise in the battle against these malignancies

(119, 120).

One of the pivotal advantages of avelumab is its capacity to

amplify the immune system response, facilitating robust defense

against tumor cells. Avelumab has repeatedly demonstrated a

positive safety profile in several clinical trials, reassuring

healthcare professionals of its dependability. Given the drug’s

applicability across several cancer types, its adaptability is also

impressive, making it a useful asset in the field of oncology

(121, 122).

Therefore, patients should be informed of the potential adverse

effects of avelumab. These may include skin signs, such as redness,

swelling, discomfort, or scaling, especially on the hands and feet.

Other potential side effects include heart abnormalities,

gastrointestinal pain, swelling of different body parts, chest

tightness, and tingling sensations, particularly in the hands and

feet (123–125).
7 Recent research trends in
cancer immunotherapy

Recent studies have demonstrated the efficacy of PD-1/PD-L1

immune checkpoint inhibitors in the treatment of triple-negative

metastatic breast cancer (126). ICI underscore the potential of these

medicines to target cancer subgroups for which therapy choices

have been restricted. Researchers are investigating the use of these

medicines in conjunction with chemotherapy, radiation therapy,

and other immunotherapies. Additionally, they are attempting to

identify biomarkers that might predict which patients are most

likely to benefit from these medicines. ICI may lead to more

individualized treatment options and enhance treatment success

(127, 128).

PD-1/PD-L1 inhibitors provide a more tailored approach to

cancer treatment, which frequently results in better patient

outcomes than conventional therapies. Using the body’s defense

systems, these inhibitors are frequently associated with fewer

adverse effects than conventional chemotherapy or radiation. The

versatility of these therapies enables their use as independent

treatments or in conjunction with other therapies for a wide

range of cancer types (128).

However, despite the fact that PD-1/PD-L1 inhibitors have

revolutionized cancer treatment, obstacles such as the

development of resistance to these drugs continue to exist. The

next section explores the mechanisms underlying this resistance

and its therapeutic implications.
8 Resistance to PD-1 and
PD-L1 inhibitors

The PD-1/PD-L1 blockade represents a significant

advancement in cancer immunotherapy. Although PD-1/PD-L1

inhibitor therapy offers long-term and potentially curative clinical
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advantages, therapeutic resistance remains a significant obstacle to

its widespread adoption. Approximately 20–30% of patients are

predicted to respond favorably to PD-1/PD-L1 blocking treatment.

However, not all patients respond to these inhibitors, and some

initial responders resist treatment over time. Resistance to PD-1 and

PD-L1 inhibitors can be either primary or acquired, and the

underlying processes may be complex and overlap within a

patient population (4). The PD-1/PD-L1 checkpoint inhibitor is

generally well-tolerated, although the medication has common

adverse reactions. Adverse effects include fatigue, intense skin

itching (pruritus), loss of skin pigmentation (vitiligo),

gastrointestinal disturbances (including diarrhea), inflammation

of the colon (colitis), and reduction in appetite. Furthermore,

cases of tuberculosis associated with this treatment have been

reported (129).

Several potential resistance mechanisms have been proposed,

including abnormal antigen expression, presentation, and

identification. Second, inappropriate tumor-infi ltrating

lymphocytes (TILs), dysfunctional T-cells, and T-cell exhaustion.

Third, the absence of class I major histocompatibility complex

(MHC) expression. Fourth, the presence of immunosuppressive

substances in the tumor’s microenvironment (Tregs, MDSCs,

TAMs, IDO, VEGFA, and some immunosuppressive cytokines).

Fifth is alternative immune checkpoint regulation (TIM-3, HHLA-

2, VISTA, LAG-3, CTLA-4, Siglec-15, TIGIT, and BTLA). Sixth,

genetic modifications, including mutations and gene amplification,

are involved in antigen processing and presentation. Seventh are

non-coding RNA (miRNAs and lncRNAs).In addition, the eighth

factor - the microbiome’s impact on resistance and responsiveness

to PD-1/PD-L1 blocking treatment–adds to this problem

(129–132).

Emerging research offers hope by uncovering genetic mutations

and the role of the gut microbiome in the resistance to PD-1/PD-L1

inhibitors (133). When combined with other treatments or

alternating therapies, resistance may be mitigated. At the same

time, these mechanisms of resistance present challenges in cancer

therapy; ongoing research and innovative strategies offer promise

for overcoming these barriers. The subsequent section will explore

the potential approaches and methodologies to counteract and

potentially reverse resistance to PD-1/PD-L1 inhibitors.
9 Overcome PD-1/PD-L1
inhibitor resistance

Several challenges must be addressed for PD-1/PD-L1 inhibitor

therapy to have a significant clinical impact on a larger patient

population. Several treatment techniques have been developed to

overcome this resistance. One approach involves directing

therapeutic interventions toward the tumor microenvironment to

promote the infiltration of T-cells directly into the tumor site. The

ability of cancer cells to exclude T lymphocytes from the tumor

microenvironment appears to be an essential mechanism for

resistance to anti-PD-1/PD-L1 treatment. Researchers are

investigating combination treatments that promote T-cell
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infiltration, including chemotherapy, radiation therapy, and other

immunotherapies (134, 135).

Another strategy is to target alternative immune checkpoints

that may increase in response to PD-1/PD-L1 inhibition. The T-cell

immunoglobulin and mucin domain 3 (TIM-3) pathway and

lymphocyte activation gene 3 (LAG-3) pathway are among the

potential targets for combination therapy (129). In conjunction

with PD-1/PD-L1 inhibitor treatment, blocking the lactate/GPR81

pathway and administering metformin has been demonstrated to

reduce tumor development and cause tumor regression (136).

In conjunction with PD-1/PD-L1 inhibitor treatment, blocking

the lactate/GPR81 pathway and administering metformin has been

proven to reduce tumor development and cause tumor regression.

Combining the inhibition of these pathways may help overcome

PD-1/PD-L1 inhibitor resistance (137, 138). According to one

study, primary resistance to PD-1 inhibitors arises in

immunosuppressive tumor settings caused by myeloid-derived

suppressor cells (MDSCs) and T-cell exhaustion, increasing T

regulatory cells (Tregs). Considering the activation of Tregs by

TGF-b, the use of TGF-b inhibitors holds promise in overcoming

the initial resistance to anti-PD-1 therapy. Recent studies involving

mice have shown that the combined administration of anti-PD-1

and anti-TGF-b yields substantial therapeutic advantages compared

with anti-TGF-b alone (139).

These findings underscore the significance of combination

therapies for enhancing the efficacy of PD-1/PD-L1 inhibitors. As

our understanding of resistance mechanisms deepens, the

exploration of synergistic treatment combinations continues to

gain traction, as discussed in the following section.
10 Current combination therapies
with PD-1/PD-L1 inhibitors

The application of combination strategies that augment the

immunogenicity of tumors has the potential to increase the

effectiveness of PD-1/PD-L1 inhibition and other immune-

oncology (IO) treatments. Regarding the clinical limits associated

with anti-PD-1/PD-L1 monotherapy, combination therapies to

address the mechanisms responsible for resistance to PD-1/PD-L1

inhibitors are becoming increasingly common. Ongoing research is

investigating the combination of PD-1/PD-L1 inhibitors with

small-molecule inhibitors that specifically target essential

oncogenes or signaling molecules in various types of cancers.

These include BRAF in melanoma, RET/PDGFR in renal cell

carcinoma, VEGF-A in NSCLC, MEK in melanoma and NSCLC,

and PI3K in multiple cancer types. As with chemotherapy, it is

believed that the efficiency of specific small-molecule inhibitors is at

least partially dependent on adaptive immune responses, and

checkpoint inhibitors may increase these responses (140, 141).

Chemotherapy, VEGF/VEGFR-targeted treatments, and anti-

CTLA-4 therapy are the most commonly used and effective

therapies. Other options, such as radiotherapy, can complement

PD-1/PD-L1 suppression. Existing data indicate that radiotherapy

can modulate T-cell activity and boost PD-L1 expression, enhancing
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the efficacy of anti-PD-L1 treatment (142). In a preclinical study, the

simultaneous administration of an anti-PD-1 blocking antibody, an

anti-CD137 stimulating antibody, and vaccination therapy

significantly enhanced T-cell activation in pancreatic ductal

adenocarcinoma (143). Recent studies have investigated the use of

PD-1/PD-L1 inhibitors as neoadjuvant therapy for surgically

resectable tumors. In non-small cell lung cancer patients,

neoadjuvant nivolumab treatment led to significant pathological

responses in 9 of 21 surgically treated individuals. Despite the

known toxicities of combining nivolumab and ipilimumab, two

trials with small melanoma patient groups revealed promising

outcomes using either neoadjuvant nivolumab alone or in

combination with ipilimumab. In resectable glioblastoma, both

pembrolizumab and nivolumab have shown potent immunological

effects as neoadjuvant treatments. One study highlighted

how neoadjuvant anti-PD-1 immunotherapy fortifies Tumor-

Infiltrating Lymphocytes (TILs), inducing a pronounced interferon

response within the tumor microenvironment. This activation leads

to interferon-g production by PD-1/PD-L1-suppressed T-cells,

which are vital for priming tumor-specific T lymphocytes. The

subsequent interferon surge halts tumor cell growth by

downregulating cell cycle genes, offering a therapeutic advantage

(129, 144).

Furthermore, marrying tumor resection with therapy magnifies

the expansion of tumor-specific T-cells, while peripheral blood CD4

+ T-cells exhibit an enhanced shift towards activation and memory,

augmenting the post-surgical anti-tumor reaction. The study showed

improved survival in patients administered pembrolizumab both

pre-and post-surgery compared with those treated post-surgery

alone. Recognizing their effectiveness, the FDA has greenlit both

nivolumab and pembrolizumab for adjuvant treatment of surgically

resectable melanoma (129, 144).

Recent clinical trial advancements with tiragolumab have

garnered considerable attention in the oncology sphere. This

agent, which targets TIGIT, shows marked efficacy in the

treatment of metastatic non-small cell lung cancer (NSCLC),

especially when paired with anti-PD-L1 therapies. Its promise

earned it the “breakthrough therapy” designation by the FDA.

The results from multiple studies have emphasized its therapeutic

potential. The combined strategy of inhibiting both TIGIT and PD-

L1 (such as atezolizumab) has shown heightened disruption of the

defensive tactics of cancer cells. Ongoing investigations are

exploring its efficacy across various cancer types, including small-

cell lung cancer and esophageal cancer; this combination bolsters

the immune response against tumors. As research progresses, the

significance of nivolumab in oncology is increasingly highlighted,

hinting at its broader application in cancer care (145).

Combining liposomes loaded with TNF-a and anti-PD-1/PD-

L1 therapy boosted anti-tumor immune responses. The study

carried out by Xia et al., 2021 utilized these liposomes to target

tumors and induce necrosis, releasing tumor-specific antigens. This

release boosts dendritic cell activation and T-cell infiltration. When

paired with checkpoint blockade therapy, tumor cells effectively

transform into endogenous vaccines, further enhancing the efficacy

of anti-PD-1/PD-L1 therapy. Using neoantigens can augment the

potency of immune checkpoint inhibitors (146).
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11 Integration of PD-1/PD-L1
inhibitors with CAR T-cell therapy

The advent of Chimeric Antigen Receptor T (CAR T) cell

therapy has considerably improved the field of cancer

immunotherapy, particularly since its FDA clearance for the

treatment of lymphoma. CAR T-cell therapy employs a patient’s

T-cells to combat cancer by modifying them in the laboratory to

seek out and kill cancer cells. Researchers are exploring

combinational techniques using PD-1/PD-L1 inhibitors to further

enhance anti-tumor responses in both hematological malignancies

and solid tumors in light of the encouraging outcomes from CAR T-

cell treatments (147, 148).

The goal of combining PD-1/PD-L1 inhibitors with CAR T-cell

treatment is to combat the immunosuppressive tumor

microenvironment that is frequently observed in cancer patients.

The PD-1/PD-L1 inhibitors assist in removing the immune system’s

brakes, enabling CAR T-cells to detect and destroy cancer cells. In

addition, PD-1/PD-L1 inhibitors may aid in minimizing the

fatigue phenotype frequently found in CAR T-cells when

deployed against solid tumors, hence extending their effector

capabilities. In preclinical animals, combining PD-1/PD-L1

inhibitors with CAR T cell treatment increased tumor regression

and extended life. In recent research, it was shown that combining

PD-1/PD-L1 inhibitors with CAR T-cell treatment enhanced the

response rate and overall survival of patients with relapsed or

resistant diffuse large B-cell lymphoma (DLBCL). Additionally,

the study revealed that patients tolerated the combo treatment

well (147–149). The interaction between PD-1/PD-L1 inhibitors

and CAR T-cell treatment offers a promising technique for

enhancing CAR T-cell effectiveness, potentially reducing the

immunosuppressive tumor microenvironment and CAR T-cell

fatigue, so opening the path for improved responses in a variety

of cancers (148).

Future research will undoubtedly build on these positive clinical

results. As combination therapies with PD-1/PD-L1 inhibitors

continue to show promise, they have set the stage for a new era

in cancer treatment. With the encouraging advancements made

thus far, the next frontier lies in further understanding the long-

term impact of these combinations and their role in shaping the

future landscape of cancer immunotherapy.
12 Conclusion and future prospective

The advent of PD-1/PD-L1 therapies has been revolutionary in

the field of cancer treatment. These inhibitors exploit the natural

defenses of the immune system, specifically targeting the

mechanisms by which tumors evade immune destruction. Their

efficacy is evident across diverse cancer types, with results often

surpassing those of conventional treatment. Significant outcomes,

including prolonged life expectancy and curative responses to

advanced diseases, underscore their potential.

While the promise of PD-1/PD-L1 therapies is undeniable, the

field grapples with unresolved questions. Determining the optimal
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dosing, ensuring safety, pinpointing the exact efficacy, and

overcoming both innate and acquired resistance pose significant

challenges. Furthermore, understanding the intricacies of the

mechanisms of these inhibitors underscores the need for more in-

depth research.

The recognition of PD-1/PD-L1 inhibitors in clinical trials

cements their role alongside established cancer treatments.

However, challenges persist, such as patient identification for

research and global competition in anti-PD-1/PD-L1 studies.

Regulatory bodies such as the FDA stress the importance of

fostering collaborative research, especially for combination

therapies incorporating these inhibitors.

The future holds promise but also demands rigorous

exploration. As the PD-1/PD-L1 drug landscape and associated

clinical studies evolve, addressing challenges head-on becomes

paramount. We envision that PD-1/PD-L1 blockade treatment

will dominate the cancer immunotherapy domain in the coming

years, with the hope that further insights into this signaling system

will continue to illuminate and guide the field.
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