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Abstract: Programmed cell death protein 1 (PD-1) has emerged as a pivotal immunoregulatory molecule, whose influence
extends far beyond its conventional role in inhibiting T cell activation. Recent groundbreaking research has uncovered its
critical involvement in modulating the functions of various immune cell subsets, including macrophages and natural killer
(NK) cells, and surprisingly, its direct expression and functional significance within tumor cells themselves. This
comprehensive review aims to systematically elucidate the multifaceted regulatory mechanisms of PD-1 across diverse
immune cell populations and critically examine the intriguing phenomenon of intrinsic PD-1 expression in tumor cells. We
delve into how this tumor-intrinsic PD-1 can exert dual regulatory effects—either promoting or suppressing tumorigenesis
—via non-immune pathways, such as influencing tumor stem cell properties, cellular proliferation, and apoptosis. Despite
the transformative impact of PD-1/PD-L1 inhibitors in cancer therapy, their efficacy varies significantly across different
tumor types, highlighting the complex interplay within the tumor microenvironment and the emergence of resistance
mechanisms. This review synthesizes current understanding of these differential therapeutic outcomes and addresses key
challenges, including primary and acquired resistance, and the risk of hyperprogressive disease (HPD). We discuss various
resistance mechanisms, such as antigen presentation defects, the formation of suppressive tumor microenvironments, the
activation of alternative immune checkpoints, and oncogenic pathway abnormalities. Furthermore, we explore innovative
strategies to overcome these limitations, including combination therapies involving PD-1 antibodies with anti-angiogenic
drugs, LAG-3 inhibitors, or bispecific antibodies targeting PD-1/VEGF, which hold immense promise in enhancing anti-
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tumor immunity and combating resistance. The review also highlights emerging research directions, particularly targeting

tumor-intrinsic PD-1 with small molecule inhibitors to inhibit tumor stemness and proliferation via downstream signaling

pathways. We emphasize the potential of multi-modal approaches combining PD-1 antibodies with small molecule

inhibitors or mTOR pathway inhibitors to synergistically modulate both tumor cells and the immune microenvironment.

Moving forward, a deeper understanding of the PD-1 signaling networks within specific cancer types and cell subtypes is

crucial. We propose that future research should focus on deciphering these intricate networks to develop highly specific

targeted therapies and combination regimens, coupled with the establishment of predictive biomarker systems. This

approach will be instrumental in advancing tumor immunotherapy towards more broad-spectrum, efficient, and precise

clinical applications, ultimately benefiting a wider patient population by overcoming current therapeutic hurdles and

fostering sustained anti-tumor responses.

Multifaceted roles of PD-1 in immune regulation and tumor immunotherapy

/ PD-1 in immune cells \

PD-1on T cells
inhibits activation
promotes exhaustion

PD-1 on macrophages
suppresses phagocytosis
supports immune suppression

PD-1 on NK cells

impairs cytotoxicity
Kweakens immune surveillance /

Tumor microenvironment

A central immune
checkpoint with diverse
cell-specific functions

/ Tumor-intrinsic PD-1 \

‘ Pro-tumor effects ’

stemness
proliferation/survival
immune escape

context-dependent
growth inhibition

Context-dependent functions
K across tumor types /

Tumor-suppressive effects ’

PD-1/PD-L1 blockade

restores anti-tumor immunity
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some patients

Clinical challenges

primary resistance
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hyperprogression

Future directions
rational combination therapy
dual checkpoint blockade
anti-angiogenic combinations
targeting tumor-intrinsic PD-1 signaling
biomaker-guided precision immunotherapy
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Figure 1 Schematic diagram of the primary structure of the PD-1 protein
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Figure 2 Regulation of various immune cells by PD-1

PD-1 is upregulated in T cells, regulatory T cells, tumor-associated macrophages, and NK cells. a: Upon binding to PD-L1 on the
surface of tumor cells, the ITSM and ITIM domains of PD-1 undergo phosphorylation, which subsequently recruits and activates the
SHP2 phosphatase. Activated SHP2 mediates the dephosphorylation of TCR-proximal signaling molecules CD3 and ZAP70 and
inhibits CD28 co-stimulatory signaling, thereby attenuating downstream TCR signaling pathways and the secretion of cytokines such
as IL-2, ultimately leading to T cell functional suppression. In addition, PD-1 signaling also participates in promoting T cell
exhaustion (Tex). Tex cells are characterized by reduced secretion of effector cytokines (such as IL-2, TNF-q, and IFN-y), increased
co-expression of inhibitory receptors (such as PD-1, LAG-3, and TIGIT), as well as dysregulation of transcription factors NFAT,
TOX, and BATF and metabolic abnormalities. The PD-1/PD-L1 pathway directly suppresses T-cell effector function by transmitting
inhibitory signals and promotes T-cell functional decline under sustained antigen stimulation, thereby limiting excessive immune
responses. b: PD-1/PD-L1 signaling stabilizes FOXP3 expression by inhibiting aspartyl endopeptidase-mediated degradation of the
FOXP3 protein, thereby synergizing with CTLA-4 to enhance the immunosuppressive function of Tregs and maintain a state of
immune tolerance. c: PD-1 promotes the polarization of TAMs toward the M2 phenotype, characterized by high expression of
CD206 and CD11c and low expression of MHCII, leading to reduced phagocytic function and thereby promoting tumor progression.
d: Activated NK cells highly express PD-1; upon binding to PD-L1 on the surface of tumor cells, PD-1 signaling suppresses NK cell
degranulation, including the release of perforin and granzyme B, as well as the secretion of effector cytokines such as IFN-y and TNF-a,
thereby weakening their antitumor cytotoxic capacity and promoting immune evasion.
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