
Godiyal et al. Military Medical Research           (2024) 11:82  
https://doi.org/10.1186/s40779-024-00586-9

REVIEW Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Role of PD-1/PD-L1 signaling axis 
in oncogenesis and its targeting by bioactive 
natural compounds for cancer immunotherapy
Yogesh Godiyal1, Drishti Maheshwari1, Hiroaki Taniguchi2,3, Shweta S. Zinzuwadia4, Yanelys Morera‑Díaz5, 
Devesh Tewari1* and Anupam Bishayee4*   

Abstract 

Cancer is a global health problem and one of the leading causes of mortality. Immune checkpoint inhibitors have 
revolutionized the field of oncology, emerging as a powerful treatment strategy. A key pathway that has garnered 
considerable attention is programmed cell death‑1 (PD‑1)/programmed cell death ligand‑1 (PD‑L1). The interaction 
between PD‑L1 expressed on tumor cells and PD‑1 reduces the innate immune response and thus compromises 
the capability of the body’s immune system. Furthermore, it controls the phenotype and functionality of innate 
and adaptive immune components. A range of monoclonal antibodies, including avelumab, atezolizumab, camre‑
lizumab, dostarlimab, durvalumab, sinitilimab, toripalimab, and zimberelimab, have been developed for targeting 
the interaction between PD‑1 and PD‑L1. These agents can induce a broad spectrum of autoimmune‑like complica‑
tions that may affect any organ system. Recent studies have focused on the effect of various natural compounds 
that inhibit immune checkpoints. This could contribute to the existing arsenal of anticancer drugs. Several bioactive 
natural agents have been shown to affect the PD‑1/PD‑L1 signaling axis, promoting tumor cell apoptosis, influenc‑
ing cell proliferation, and eventually leading to tumor cell death and inhibiting cancer progression. However, there 
is a substantial knowledge gap regarding the role of different natural compounds targeting PD‑1 in the context 
of cancer. Hence, this review aims to provide a common connection between PD‑1/PD‑L1 blockade and the antican‑
cer effects of distinct natural molecules. Moreover, the primary focus will be on the underlying mechanism of action 
as well as the clinical efficacy of bioactive molecules. Current challenges along with the scope of future research 
directions targeting PD‑1/PD‑L1 interactions through natural substances are also discussed.
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Background
Multiplication is the fundamental and inherent char-
acteristic of every cell, leading to the generation of new 
life. Each cell possesses the ability to multiplicate, result-
ing in the production of new daughter cells. Cancer cells, 
however, form colonies that are more uncontrollable and 
proliferate more frequently than normal cells, exhibit-
ing invasive and metastatic properties [1]. Recent statis-
tics state that in 2024, there will be an estimated 611,720 
cancer-related deaths and 2,001,140 new cancer cases 
projected in the United States [2]. Cancer mortality rates 
decreased until 2021, saving almost 4 million lives since 
1991 as a result of decreased smoking rates, early cancer 
identification for certain types of cancer, and enhanced 
adjuvant and metastatic cancer treatment choices [2]. 
The cancer burden is expected to rise to approximately 
28 million new cases and 16 million deaths by 2040 [3].

Although increasing technological advancements have 
led to a decline in cancer mortality rates, cancer is still 
the second leading cause of death globally [1]. In various 
cases, the uncontrolled multiplication, aggressiveness, 
and immortality of cancer cells result from genetic vari-
ations, inheritance patterns, or exposure to specific car-
cinogenic agents [1]. Several factors, such as increasing 
life expectancy, developmental status, and various repro-
ductive and non-reproductive aspects, influence the dis-
ease burden [4, 5]. It is estimated that until 2040, cancer 
management in the older population could be a complex 
issue with high comorbidity rates, declining body func-
tions, limited life expectancy, and increased vulnerability 
among this demographic [6].

While various signaling pathways require growth fac-
tors for activation, cancerous cells can be activated even 
in the absence of these factors due to mutations [1]. Role 
of specific pathways, such as mitogen-activated protein 
kinase (MAPK), phosphatidylinositol 3-kinase/protein 
kinase B (PI3K/Akt) along with its negative regulator 
phosphatase and TENsin homolog (PTEN), Hedgehog 
(Hh), and the Hippo pathways involved in cancer cell pro-
liferation and survival have been elucidated by numerous 
researchers [7–11]. Similarly, many additional pathways 
contribute to cancer progression, including activator pro-
tein 1 [12], the Notch signaling pathway [13, 14], trans-
forming growth factor-β (TGF-β) [15], and the wingless/
integrated (Wnt)/β-catenin pathway [16].

One important and relatively less explored pathway 
is the programmed cell death protein 1 (PD-1)/pro-
grammed cell death ligand (PD-L1) pathway [7]. PD-1 
is a surface receptor expressed by T cells and consists 
of 288 amino acids, classifying it as a type I membrane 
protein. As a T cell regulator, PD-1 belongs to the 
expanded cluster of differentiation 28 (CD28)/cytotoxic 
T lymphocyte-associated protein 4 (CTLA-4) family 

[17]. The structure of this protein comprises an intra-
cellular tail, a transmembrane segment, and an external 
immunoglobulin variable domain. Within the intracel-
lular tail, there are two phosphorylation sites, one in an 
immunoreceptor tyrosine-based switch motif and the 
other in an immunoreceptor tyrosine-based inhibitory 
motif. This suggests that PD-1 inhibits T cell receptor 
(TCR) signals [17, 18]. The interaction between PD-1 
and its ligands, PD-L1 and programmed cell death 
ligand 2 (PD-L2), on tumor cells leads to the down-
regulation of T cell response in the tumor microenvi-
ronment. Concurrently, CTLA-4 mainly expressed in 
T cells, competes with the CD28 receptor for binding 
to these ligands, resulting in the downregulation of 
immune responses [19].

Drugs targeting the PD-1/PD-L1 interaction and 
facilitating therapies for cancer prevention have gar-
nered peculiar attention over the past decade. With the 
approval of pembrolizumab [20, 21] and nivolumab in 
2014 [22, 23], followed by the acceptance of avelumab 
[24] and atezolizumab [25], dostarlimab is the recently 
approved drug for cancer immunotherapy [26, 27]. A 
recent clinical experiment conducted on colorectal can-
cer patients observed that the monoclonal antibody 
(mAb), dostarlimab, led to the complete eradication 
of cancer cells without any residual cells left behind or 
potential for reoccurrence [28]. This effect was attributed 
to the inhibition of PD-1 and the blockade of interaction 
between PD-L1 and PD-L2, thus activating T cells and 
enhancing overall immunity. These findings highlight the 
high efficacy of this drug in treating cancer patients [28]. 
Therefore, PD-1/PD-L1 is a potential therapeutic target 
for clinical management of cancer.

Four primary categories of immunotherapeutic resist-
ance mechanisms associated with the PD-1/PD-L1 
pathway have been identified, which are microbiota 
modifications, metabolic abnormalities, epigenetic 
alterations, and immunosuppression [29]. Primary and 
acquired resistance to PD-1/PD-L1 inhibition can arise 
from a variety of pathways, some of which may be com-
plex and exhibit overlap among patients. Improved 
patient outcomes are anticipated when new approaches 
to prevent or reverse therapeutic resistance are devel-
oped, particularly as the mechanisms underlying resist-
ance to PD-1/PD-L1 blockade continue to be more 
characterized [30]. A detailed overview of the resistance 
mechanisms of PD-1/PD-L1 blockade has been pub-
lished elsewhere [30, 31]. It is imperative to understand 
these resistance mechanisms and the development of 
new drugs either synthetic or natural compound-based 
drug delivery. Addressing these issues could prove highly 
beneficial in overcoming challenges associated with 
resistance.
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Natural remedies have been utilized historically and 
in folklore to address a wide range of ailments since pre-
historic times. An enormous variety of bioactive second-
ary metabolites from both terrestrial and marine sources 
have been identified through natural product chemistry 
techniques. Numerous of these natural compounds are 
currently being explored as potential therapeutic agents 
[32]. Additionally, compared to conventional chemother-
apy medications, phytochemicals offer a broader thera-
peutic index. Therefore, patients with cancer may benefit 
from the use of phytochemicals either alone or in con-
junction with approved chemotherapies [33].

While the PD-1/PD-L1 pathway has gained significant 
attention in immunotherapy, the integration of natural 
bioactive compounds introduces a novel dimension to 
this field. Plant secondary metabolites or phytochemicals 
are naturally occurring compounds, many of which have 
been implicated in cancer treatment. A previous compi-
lation review mentioned 247 natural and derived prod-
ucts indicated or approved for their anticancer potential 
from January 1981 to September 2019 [34]. Preceding 
studies have highlighted the impact of various phyto-
chemicals in targeting the PD-1/PD-L1 axis across sev-
eral carcinomas. This is achieved through the expression 
of intracellular molecules, posttranslational modifica-
tions, and regulation of signaling pathways, making them 
effective modalities for anticancer therapy [35–37]. Natu-
ral compounds represent a vital source of lead molecules, 
encompassing a combination of both natural agents and 
their structurally modified analogs. When integrated 
with immune checkpoint inhibitors (ICIs), these com-
pounds are expected to provide safer and more effective 
options for anticancer treatment [36].

Previous reviews have effectively underscored the 
role of PD-1/PD-L1 targeting, although only a limited 
number of available phytochemical studies have been 
conducted regarding the prevention of tumor growth 
[37–39]. Research focusing on the PD-1/PD-L1 interac-
tion in the context of tumor growth inhibition remains 
scarce [37, 40]. It is crucial to deepen our understanding 
of the possible mechanisms underlying anticancer thera-
pies, particularly those involving bioactive natural com-
pounds, within cancer treatments that target the PD-1/
PD-L1 interaction.

Following a thorough review of the relevant litera-
ture, it has been found that there is no comprehensive 
study available that emphasizes the impact of a diverse 
array of natural compounds against PD-1/PD-L1. Our 
review focuses on a large number of studies involving 
natural agents and provides an in-depth analysis of pub-
lished results. Therefore, this is the first attempt where 
a cutting-edge approach is adopted that harnesses the 
therapeutic potential of bioactive natural compounds to 

modulate the PD-1/PD-L1 signaling pathway for effective 
cancer treatment. Additionally, this review comprehen-
sively highlights a range of clinical studies performed or 
are currently ongoing with multiple natural substances, 
while discussing the shortcomings and challenges asso-
ciated with using these agents for cancer therapy in a 
clinical setting. By investigating the intricate interactions 
between bioactive natural compounds and the PD-1/
PD-L1 pathway, this work bridges traditional medicine, 
with a focus on natural compounds, and modern immu-
notherapy, offering a fresh perspective on cancer therapy. 
This innovative approach not only leverages the extensive 
reservoir of natural compounds with established phar-
macological activities but also capitalizes on the potential 
synergies between these compounds and immunomod-
ulatory pathways. Here, this paper aims to provide a 
comprehensive overview of possible targeting strategies 
of PD-1 and its respective ligand by a range of natural 
compounds derived from plants, marine, and microbial 
sources along with detailed mechanisms of action.

Role of PD‑1 in cancer
Various regulatory mechanisms are involved in the con-
trol of tumor cell proliferation and immune tolerance 
in tissues. Immune checkpoint molecules are one such 
mechanism through which tumor cells evade detection 
by the immune system [19]. PD-1 and its ligands are 
expressed in various cell types of the innate and adap-
tive immune system, and their expression is regulated 
at both transcriptional and posttranslational levels [41]. 
The upregulation of PD-1 is a natural phenomenon that 
occurs following T cell activation, resulting in beneficial 
effects in protecting peripheral tolerance and preventing 
autoimmune diseases. Tumors escape host immune sur-
veillance by expressing PD-L1, which negatively regulates 
immune responses through its interaction with PD-1, 
thereby leading to T cell apoptosis [42, 43].

The binding of PD-1 on T cells to PD-L1 on tumor 
cells triggers inhibitory signaling that attenuates T cell 
responses. The inhibitory signals are blocked by anti-
bodies against PD-1 and its ligands, whereas the role of 
PD-L2 remains controversial due to its dual costimula-
tory and coinhibitory functions [41]. By inhibiting lym-
phocyte growth and activation, the interaction between 
PD-1 and PD-L1 transmits inhibitory signals within 
cells, thus reducing immunological potential. As a result, 
tumor cells frequently “hijack” this axis to promote their 
survival and proliferation [44, 45]. Immune checkpoint 
proteins act as switches for immune activity, controlling 
the activation or inactivation of immune responses. For 
example, PD-1 and its ligand PD-L1 negatively regulate 
the balance and functionality of T cell immune responses. 
T cells are capable of recognizing and eliminating 
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harmful or infected cells, including cancerous ones [46]. 
The presence of PD-1 in T cells is common, while cancer 
cells frequently express PD-L1. The binding of PD-1 to 
PD-L1 may lead to reduced T cell activity and antitumor 
immunity by activating an inhibitory signal [47].

PD‑1/PD‑L1 signaling in various cancer‑related molecules 
and pathways
Certain tumors exhibit adaptive immune resistance by 
expressing PD-L1 reactively and adaptively in response 
to inflammatory cytokines, including tumor necrosis 
factor-α (TNF-α), thus preventing immune-mediated 
assaults [48]. The primary mechanism of anti-PD-1 
or anti-PD-L1 therapies is to prevent the interaction 
between cell surface-expressed PD-L1 and PD-1+ anti-
tumor T cells, resulting in decreased T cell death and 
increased memory formation [49]. Various pathways, 
including MAPK, Janus kinase (JAK)/signal transducer 
and activator of transcription (STAT), nuclear factor-κB 
(NF-κB), Wnt, and Hh signaling pathways have been 
shown to affect the signaling of PD-1/PD-L1 in tumor 
cells [50].

Interferon‑γ (IFN‑γ)
IFN-γ receptor belongs to the class 2 cytokine family 
and is expressed by all cells except erythrocytes. It con-
sists of two subunits, namely interferon-γ receptor 1 and 
interferon-γ receptor 2 [50]. Activation of IFN-γ leads 
to increased cytokine synthesis, enhanced phagocytosis, 
and cytotoxic activity. Tumor cells can evade immune 
responses through the upregulation of membrane-bound 
inhibitory molecules [51]. IFN-γ mediates upregulation 
of PD-L1 and facilitates its binding to PD-1 on T cells, 
resulting in a suppressed immune response [51]. IFN-γ is 
mainly produced by natural killer (NK) and natural killer 
T (NKT) cells, which subsequently activate the JAK/
STAT signaling pathway [51]. This cytokine performs 
multiple functions, including antigen processing, regula-
tion of B cell proliferation, generation of T helper type 1 
(Th1)  CD4+ helper T cells, downregulation of protumo-
rigenic actions by regulatory T cells (Tregs), and modu-
lation of  CD8+ T cell proliferation [51]. Flow cytometry 
analysis revealed that the presence of IFN-γ in the glioma 
microenvironment upregulates the expression of PD-L1 
while contributing to T cell dysfunction and apoptosis 
coupled with immune suppression [52].

In vitro experiments conducted on various oral squa-
mous cancer cell lines showed that IFN-γ increases the 
expression of PD-L1 along with the phosphorylation 
of the downstream molecule STAT1 [53]. Experiments 
on melanoma cell lines have also indicated significant 
upregulation of PD-L1 expression with the activa-
tion of several transcriptional genes, specifically JAK2, 

STAT1, STAT2, STAT3, IRF1 (interferon regulatory fac-
tor 1), and IRF9, in response to IFN-γ stimulation [54]. 
In vitro tests using human hepatocyte cells further sug-
gest that IFN-γ induces PD-L1 expression in a concen-
tration-dependent manner, leading to increased levels 
of PD-L1 mRNA [55]. Flow cytometry analysis involv-
ing ovarian cancer patients indicates that IFN-γ can 
induce PD-L1 expression in previously negative cases 
following incubation with IFN-γ, highlighting its induc-
tion potential [56]. In vivo mouse models demonstrated 
a decline in tumor progression upon knockdown of PD-
L1, thus exhibiting a strong correlation between IFN-γ 
and PD-L1 [56].

Interleukin‑6 (IL‑6)
IL-6, a glycopeptide, is a member of the proinflamma-
tory cytokine family. It plays a crucial role in various bio-
logical functions, including inflammation, proliferation, 
and differentiation, along with effects on tumor growth, 
apoptosis, angiogenesis, and metastasis [57]. A study 
involving colorectal cancer patients indicates that IL-6 
induces immunosuppression, upregulates PD-L1 lev-
els, and promotes tumor progression. Furthermore, it 
was observed that anti-IL-6 therapy could reverse the 
resistance to anti-PD-L1 treatment in colorectal can-
cer cells [58]. Another investigation on ovarian cancer 
patients suggests that elevated IL-6 levels are associated 
with shorter survival times, and reveals a negative rela-
tionship between  CD45+CD14+PD-L1+ cells and IL-6 
levels [59]. The upregulation of IL-6 is further linked 
to increased PD-L1 expression and poor prognosis in 
hepatic tumors mediated through the proteasome path-
way [60]. Additionally, in vivo experiments demonstrated 
that treatment with an IL-6 antibody decreases PD-L1 
expression in tumor regions by modulating its glyco-
sylation while enhancing JAK1/nonglycosylated PD-L1 
association, JAK1-driven Tyr phosphorylation, and 
STAT3 recruitment [60]. The study on non-small cell 
lung cancer (NSCLC) cells showed a positive correlation 
between IL-6 expression and PD-L1 expression along-
side the infiltration of myeloid-derived suppressor cells 
(MDSCs), M2 macrophages, and Tregs, highlighting its 
critical role in the suppression of immune response [61]. 
Overexpression of IL-6 in thyroid cancer cells is related 
to an increase in PD-L1 protein levels, predominantly 
mediated through M2 macrophages [62]. Recent studies 
indicate heightened myeloid infiltration corresponding 
to higher tumor-associated IL-6 expression in glioblas-
toma patients [63, 64]. Suppressing IL-6 levels results in 
decreased PD-L1 expression within the tumor micro-
environment, leading to diminished tumor growth and 
enhanced survival outcomes [64].
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MAPK pathway
The MAPK signaling pathway is a vital regulator of cel-
lular processes such as proliferation, differentiation, inva-
sion, metastasis, and phosphorylation-mediated death 
[50]. Research on breast cancer cell lines demonstrated 
that the inhibition of MAPK pathway suppresses PD-L1 
expression. Interestingly, the interaction between PD-1 
and PD-L1 leads to enhanced activation of the MAPK/
extracellular signal-regulated kinase (ERK) pathway 
[65]. Targeted therapies that inhibit MAPK have shown 
increased tumoral infiltration and improved tumoral 
control when combined with anti-PD-1 therapy [66]. In 
lung cancer cell lines, selumetinib, a MAPK inhibitor, was 
found to decrease PD-L1 levels even at low concentra-
tions, suggesting a reduction in PD-L1 protein and mem-
brane expression while also destabilizing PD-L1 mRNA 
[67]. Furthermore, activation of the MAPK pathway sup-
presses major histocompatibility complex (MHC)-I and 
MHC-II expression; however, synergistic inhibition of 
mitogen-activated extracellular signal-regulated kinase 
(MEK) alongside PD-L1 leads to the downregulation of 
immunosuppressive factors and upregulation of MHC-I 
and MHC-II expression in triple-negative breast cancer 
(TNBC) cells, effectively reversing these actions [68]. 
Both in  vitro and in  vivo experiments conducted on 
pancreatic cancer (PC) cell lines have further concluded 
that MAPK signaling serves as a key regulator of PD-L1 
expression in the tumor microenvironment [69]. Addi-
tionally, MAPK activation promotes increased levels of 
PD-L1 through upregulation of c-Jun and STAT3. Knock-
down of these kinases sufficiently suppressed PD-L1 
expression while demonstrating combinatorial syner-
gistic effects compared to inhibiting individual kinases 
alone [70].

PI3K/Akt/mammalian target of rapamycin (mTOR) pathway
PI3K/Akt/mTOR pathway is one of the most utilized and 
activated signaling cascades in various human cancers. 
It is extensively deregulated due to oncogenic mutation 
or signal amplification, resulting in a loss of tumor cell 
suppressive functions [71]. Hyperactivation of the PI3K/
Akt pathway has been associated with resistance against 
epidermal growth factor receptor (EGFR) inhibitors, as 
well as enhanced cancer cell invasion and metastasis [72, 
73]. Studies indicated a positive correlation between sup-
pression of the human epidermal growth factor recep-
tor 2 (HER2)/PI3K/Akt pathway and PD-L1 expression 
[74, 75], with heat shock protein 90 (HSP90) regulating 
tumor expression in certain cancers [76]. Further find-
ings demonstrated that HSP90 knockdown suppressed 
HER2 expression and destabilized the PI3K/Akt pathway, 
resulting in a downregulation of PD-L1 and the inhibition 
of cancer cell proliferation and migration [77]. In myeloid 

leukemia, PD-L1 expression was mediated through the 
P13K/Akt signaling pathway and interactions with the 
extracellular matrix receptors, indicating a close relation-
ship with PD-L1 levels [78]. Research on nasopharyngeal 
cancer cells has shown that overexpression of PD-L1 
in  vitro enhances cellular migration and invasion via 
alterations in epithelial-mesenchymal transition (EMT)-
like cellular markers alongside activation of the PI3K/
Akt signaling pathway. Suppression of PD-L1 expression 
reverses these EMT-like molecular changes while further 
reducing migration and invasion by inhibiting the PI3K/
Akt signal pathway [79]. In vivo experiments suggest that 
inhibition of the PI3K/Akt/mTOR axis induces apop-
tosis mediated by PD-1 while also inhibiting  CD4+ and 
 CD8+ T cell proliferation [80]. Experiments conducted 
using Lewis lung carcinoma (LLC) cells demonstrate the 
activation of PI3K/Akt/mTOR pathway and its suppres-
sion by anti-PD-1 therapy, could result in activation of 
autophagy, suppression of angiogenesis and inhibition of 
tumor growth [81]. In lung adenocarcinoma cells, inhibi-
tion of PI3K leads to a reduction in PD-L1 mRNA and 
protein expression [82].

JAK/STAT pathway
The JAK/STAT pathway serves as a major component 
of the cytokine-mediated signal transduction network 
and is involved in various biological processes, includ-
ing proliferation, differentiation, organ development, and 
immune homeostasis. Dysregulation in the homeostasis 
of the JAK/STAT signaling pathway is considered to be a 
contributing factor in autoimmune disorders and a vari-
ety of tumors [83, 84]. A study conducted on PC cell lines 
has shown that increased levels of PD-L1 are reduced 
at mRNA and protein levels by the induction of JAK2 
inhibitors and enhanced phosphorylation of STAT1, 
thereby demonstrating the regulatory role of JAK/STAT 
pathway on PD-L1 expression [85]. Additionally, cAMP 
induces the activation of PD-L1 through the secretion of 
ILs and subsequent activation of the JAK/STAT signal-
ing pathway [86]. In vitro experiments have suggested a 
positive correlation between IL-4 induced gene 1 (IL4I1) 
expression and PD-L1 levels. This relationship was fur-
ther confirmed through a bioinformatics analysis, show-
ing that IL4I1 silencing suppresses PD-L1 expression 
while reducing T cell toxicity through the JAK/STAT 
signaling cascade [87]. In a tumor microenvironment, 
the transphosphorylation of JAK1 [88], JAK2, and STAT1 
led to the upregulation of PD-L1 expression [89, 90]. Fur-
thermore, the inhibition of JAK2 resulted in a decrease 
in PD-L1 expression [91]. In breast cancer cell lines, it 
was observed that combined inactivation of STAT1 and 
STAT3 signaling pathways results in significant down-
regulation of PD-L1 expression compared to individual 
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inhibition [92]. Cytochrome B561 family member D2, an 
antioxidant protein, facilitates the expression of immu-
nosuppressive genes via the activation of STAT3 and 
enhanced PD-L1 expression, which is also confirmed by 
database analysis [93].

NF‑κB
NF-κB belongs to a family of dimeric transcription fac-
tors that play crucial roles in numerous cellular func-
tions. Dysregulation of NF-κB is associated with a range 
of conditions, including tumors, inflammation, and 
immune disorders [94, 95]. Two primary pathways, the 
anonical NF-κB essential modulator (NEMO)-depend-
ent pathway and the noncanonical NEMO-independent 
pathway, are responsible for the regulation of the NF-κB 
network [94]. These are mediated by inhibitors of nuclear 
factor-κB (IκB) kinase (IKK) α and IKKβ, along with some 
other regulators [96, 97]. Experimental evidence has 
established a link between IKKβ expression and various 
factors, such as cyclooxygenase-2, matrix metalloprotein-
ase-9 (MMP-9), and macrophage inflammatory protein 2. 
These factors contribute to the growth of tumors and are 
further amplified by NF-κB activation [98]. In Hodgkin’s 
lymphoma, the activation of PD-L1 and PD-L2 is medi-
ated via the NF-κB signaling pathway, which promotes 
immune escape by activating transcription factors [99]. 
Studies have demonstrated that IFN-γ inducible protein 
16 enhances the stimulation of interferon genes, specifi-
cally TRAF family member-associated NF-κB activator 
binding kinase 1, resulting in downstream activation of 
the NF-κB pathway. This process emphasizes its effect on 
PD-L1 expression while facilitating cervical cancer pro-
gression [100, 101].

microRNAs (miRNAs)
miRNAs are short non-coding RNAs that play a vital role 
in various regulatory pathways, gene activation, and the 
regulation of cellular activities, including cell prolifera-
tion, cell cycle regulation, apoptosis, invasion, and metas-
tasis [102]. The significance of several miRNAs, such as 
miR-197-5p, miR-93-5p, miR-378a-3p, and miR-98-5p, 
has been highlighted in previous review [103]. Dysregu-
lation of miRNA expression can lead to protumor activ-
ity or underexpression that activates tumor-suppressing 
genes. This dysregulation may result from genetic loss, 
epigenetic modifications, widespread transcriptional 
repression, or defective biogenesis [103]. The regula-
tion of PD-L1 expression by miR-200 is observed, along 
with  CD8+ cell infiltration and elevated EMT scores in 
mesenchymal lung cancer cells [103]. In A549 cell line, 
overexpression of miR-155-5p results in the downregula-
tion of PD-L1 expression at protein and mRNA levels via 
two binding sites located in the 3’-UTR of PD-L1 [104]. 

Previous studies have described the interaction between 
miR 105-5p and PD-L1 expression [105], with specific 
binding occurring at the F522 site within the 3’UTR 
of the PD-L1 [106, 107]. Furthermore, in  vitro analy-
ses confirmed that transfection with miR-105-5p into 
HEK293T and A549 cells resulted in PD-L1 downregula-
tion while promoting immune surveillance via T cell acti-
vation [108]. Breast cancer cells also exhibit potential for 
immune escape under endoplasmic reticulum stress con-
ditions, leading to miR-27a-3p production. This further 
upregulates PD-L1 expression and enhances immune 
evasion in macrophages [109]. It has been indicated that 
the regulation of PD-L1 expression occurs through the 
binding of miR-34 to its 3’UTR [110], mediated by p53. 
A direct interaction between miR-33a and the 3’UTR of 
PD-1 and PD-L1 was also observed, resulting in down-
regulation of their expression levels [111]. Elevated levels 
of miR-33a suggest a potential regulatory role in PD-1/
PD-L1 [111]. In  vivo experiments on malignant pleural 
mesothelioma cells further underscore the regulation of 
PD-L1 through miR-320a, targeting the 3’UTR [112].

Long non‑coding RNAs (lncRNAs)
LncRNAs are a class of RNA molecules characterized by 
transcripts exceeding 200 nucleotides in length and lack-
ing protein-coding ability. LncRNAs have been identified 
to play important roles in a host of regulatory mecha-
nisms, such as tumor growth and proliferation [113–
116]. Numerous lncRNAs have been implicated and 
highlighted in multiple types of cancer. Previous research 
has demonstrated the relationship between small nucleo-
lar RNA host gene (SNHG) 14 and cancer proliferation 
[117]. Experimental evidence indicates elevated expres-
sion of SNHG14 in lymphoma cell lines is positively 
correlated with zinc finger E‐box binding homeobox  1 
(ZEB1). Silencing of SNHG14 reduced mRNA expression 
of both ZEB1 and PD-L1 [118].

Another lncRNA, SNHG20, has been indicated in 
esophageal squamous cell carcinoma. In  vitro experi-
ments suggest that upregulation of SNHG20 expression is 
associated with poor prognosis and enhanced metastasis. 
Furthermore, inhibition of SNHG20 leads to downregu-
lation of ataxia telangiectasia mutated phosphorylated 
ataxia telangiectasia-mutated kinase (p‐ATM), p‐JAK1/2, 
and PD-L1, thereby indicating its control mechanism 
[119]. Dysregulation of miR-155 host gene (MIR155HG), 
which encodes lncRNA-155 [120], plays a significant role 
in tumor progression, invasion, and metastasis, and there 
is a strong correlation between MIR155HG and PD-L1 
[121]. Actin filament-associated protein 1 antisense 
RNA1 (AFAP1-AS1) is a recently identified lncRNA that 
is highly expressed in tumors and promotes prolifera-
tion, chemotherapy resistance, and cancer cell invasion 
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[116, 122]. The elevated presence of AFAP1-AS1 in naso-
pharyngeal carcinoma is positively correlated with PD-1 
based on Gene Expression Omnibus database analysis 
[114, 123]. It has been predicted that the high incidence 
of AFAP1-AS1 is related to metastasis and poor progno-
sis in nasopharyngeal carcinoma [114].

Urothelial carcinoma associated 1 (UCA1), another 
lncRNA initially identified in human bladder carcinoma, 
has been implicated in various other tumors [124]. A 
study conducted on gastric cancer cells indicates that 
increased UCA1 expression is correlated with poor prog-
nosis and reduced survival rates. UCA1 overexpression 
enhances the motility of tumor cells, leading to down-
regulation of antitumor miRNAs such as miR-26a and 
miR-26b, while upregulation of PD-L1 levels. Conversely, 
knockout of UCA1 results in reduced migration of gas-
tric cancer cells [125].

A detailed mechanistic outline depicting the proposed 
signaling pathways involving PD-L1, PD-1, and their 
interactions with other signaling cascades in cancer is 
summarized in Fig. 1.

Critical role of PD‑1 in various cancers
Breast cancer
In line with its well-known variability in clinical behav-
iors, breast cancer is a highly heterogeneous disease 
characterized by distinct molecular subtypes, typically 
assessed in the routine setting through the expression 
of HER2, estrogen receptor (ER), and progesterone 
receptor (PR) [126]. Numerous breast cancer patients 
carrying germline mutations in the breast cancer 1 
(BRCA1) or BRCA2 genes display specific subtypes of 
the disease [126]. Poly(ADP-ribose) polymerase (PARP) 
plays an essential role in single-strand DNA repair, and 
PARP inhibitors have shown anticancer activity against 
HER2-negative breast cancer cells associated with 
BRCA1/BRCA2 mutations [126]. Anti-PD-1 therapy or 
its ligand anti-PD-L1 has been used as monotherapy and 
has implicated modest response rates in metastatic breast 
cancer cases [127]. Targeting PD-1 serves as an immune 
checkpoint to elicit antitumor activity, regulate T cell 
responses, and assess the presence of PD-L1 in breast 
cancer cells [128]. The combination of PD-1 inhibition 
with cyclin-dependent kinase 4/6 inhibitors is significant 
for treating ER/HER2-positive breast cancer, supported 
by preclinical data indicating enhanced antitumor activ-
ity [126].

Cervical cancer
Cervical cancer is a prevalent malignancy among 
females, ranking as the fourth most commonly diag-
nosed cancer in women with high mortality rates [129]. 
However, advancements in screening measures, human 

papillomavirus (HPV) prophylactic vaccines, removal of 
precancerous lesions, radical hysterectomy, and chemo-
radiation, are expected to lead to a decline in both the 
incidence and mortality of cervical cancer in the future 
[129]. HPV-mediated immunological response and the 
potential of ICIs to elicit effective antitumor activity 
through PD-1-mediated signaling have been reported 
previously [129]. Elevated expression of PD-1 on Tregs in 
cervical cancer patients has been found to facilitate the 
production of TGF-β and IL-10 while inhibiting the pro-
duction of IFN-γ [130]. In investigations examining the 
effect of PD-L1 on lymphocytes, blocking PD-L1 resulted 
in increased proliferation and secretion of IL-10 and 
TGF-β [130]. Therefore, it can be concluded that inhibit-
ing PD-L1 restoration may improve the T cell-mediated 
immune responses and enhance antitumor immunity.

Colorectal carcinoma (CRC)
CRC is the third most common cancer in the world, with 
the prognosis determined by tumor stage [131]. The cur-
rent standard treatment for CRC includes targeted chem-
otherapy in conjunction with other adjuvant anticancer 
therapies, such as surgical resection of the tumor [131, 
132]. Recently, two key areas of advancement in CRC 
research have been the immunology-cancer interface 
and the tumor microenvironment, both of which sub-
stantially influence future CRC diagnoses [131]. Studies 
have reported that in CRC cells, the JAK/STAT signal-
ing pathway triggers the PD-L1 expression, with intrinsic 
cellular alterations mediating PD-L1 induction in certain 
contexts [133, 134]. Vascular endothelial growth factor 
A (VEGF-A) acts as an important ligand involved in the 
homeostasis maintenance of adult organs and plays a sig-
nificant role in cancer development [135–137]. Another 
mechanism that enhances the efficacy of checkpoint 
inhibition in CRC is the combination of anti-VEGF-A 
therapy and anti-PD-1 treatment [138]. In CRC cells, 
immunotherapy can block the PD-1/PD-L1 axis through 
the gene level downregulation of PD-L1 expression and 
could be achieved by small interfering RNAs combined 
with anti-VEGF-A and anti-PD-1 [139].

Head and neck cancer
Head and neck cancer is the sixth most prevalent can-
cer worldwide, arising from various carcinogenic fac-
tors such as smoking, alcohol abuse, and HPV infection 
[140]. Recurrent head and neck squamous cell carci-
noma (HNSCC) has a poor prognosis, with an overall 
survival rate of around 6 to 12  months [141]. Numer-
ous immunotherapeutic methods for the HNSCC are 
currently under investigation, including tumor vac-
cines, cell-based therapies, and cytokine therapies. The 
integration of traditional therapies, such as surgery, 
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radiotherapy, and chemotherapy, with immune check-
point inhibition, has demonstrated improved effects 
[140]. Current evidence suggests that almost 45–80% 
of HNSCC tumors exhibit upregulated PD-L1 lev-
els induced by IFN-γ from NK cells [134, 142, 143]. 
Studies have also indicated that EGFR/JAK2/STAT1 

also functions as a driver for elevated PD-L1 levels in 
HNSCC [134, 143, 144].

Hepatocellular carcinoma (HCC)
HCC is one of the most common types of cancer glob-
ally and currently ranks as the third leading cause of 

Fig. 1 Schematic diagram of proposed signaling pathway representing PD‑1, PD‑L1, and their interactions. PD‑L1 is an immune checkpoint 
protein, highly expressed in part of tumor cells, and promotes tumor cell escape from T cells. PD‑1 expressed on T‑lymphocytes can bind to PD‑L1 
and inhibit T cell proliferation and activity. IFN‑γ derived from tumor‑infiltrating immune cells induces transcription of PD‑L1 in tumor cells 
via the JAK/STAT signaling pathway along with NF‑κB. MAPK signaling further increased the stability of PD-L1 mRNA, thus higher mRNA and protein 
levels, leading to increased PD‑L1 membrane expression. IL‑6 binds to IL‑6R, resulting in homodimerization of the signal‑transducing receptor 
subunit and activating the intracellular signaling cascades of JAK, STAT3, MAPK, and PI3K. Pathways converging with c‑Jun include MAPK and JNK 
and their reactivation leads to c‑Jun and STAT3 dependent enhancement of PD‑L1 expression. YAP1 translocates to the nucleus interacting 
with transcription factors involved in the transcription of genes associated with cell growth and proliferation. Increased kinase activity of EGFR 
leads to hyperactivation of downstream signaling pathways including MAPK, PI3K/Akt/mTOR, and IL‑6/JAK/STAT3 promoting tumorigenesis. PD-L1 
mRNA is translated into PD‑L1 protein, which is transported to the cell membrane. Akt protein kinase B, CSN5 constitutive photomorphogenic‑9 
signalosome 5, EGF epidermal growth factor, EGFR epidermal growth factor receptor, ERK extracellular signal‑related kinases, GSK‑3β glycogen 
synthase kinase‑3β, HIF‑1α hypoxia inducible factor‑1α, IFN‑γ interferon‑γ, IFNR interferon receptor, IKKα inhibitor of nuclear factor‑κB kinase α, 
IKKβ inhibitor of nuclear factor‑κB kinase β, IKKγ inhibitor of nuclear factor‑κB kinase γ, IL interleukin, JAK Janus kinase, STAT signal transducers 
and activators of transcription, JNK c‑Jun N‑terminal kinase, LncRNA long non‑coding RNA, MAPK mitogen‑activated protein kinase, miR microRNA, 
mTOR mammalian target of rapamycin, MUC1 mucin 1, NF‑κB nuclear factor‑κB, PD‑L1 programmed cell death ligand 1, PD‑L2 programmed cell 
death ligand 2, PIP2 phosphatidylinositol 4,5‑bisphosphate, PIP3 phosphatidylinositol‑3,4,5‑triphosphate, PI3K phosphatidylinositol 3‑kinase, Raf 
rapidly accelerated fibrosarcoma, Ras rat sarcoma virus, TAK1 transforming growth factor‑β‑activated kinase 1, TAMs tumor associated macrophages, 
TNF‑α tumor necrosis factor‑α, TNFR tumor necrosis factor receptor, Wnt wingless/integrated, Wnt3A Wnt family member 3A, YAP Yes‑associated 
protein, ZEB1 zinc finger E‐box binding homeobox 1, PD‑1 programmed cell death protein 1, c‑Jun cellular homolog of the viral oncoprotein v‑jun, 
SHP2 Src homology‑2 domain‑containing protein tyrosine phosphatase‑2
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cancer-related mortality [145]. Nonetheless, due to 
the difficulties in detecting symptoms and the physical 
attributes associated with HCC, curative treatment is 
not often feasible for over 80% of patients at diagnosis 
[145]. Overexpression of PD-L1 has also been observed 
within the HCC microenvironment [146]. In a study 
including 217 surgically removed HCC samples, elevated 
levels of PD-L1 were identified in neoplastic cells and 
intra-tumoral inflammatory cells, correlating with tumor 
aggressiveness [147]. Another investigation into HCC 
tissues revealed that PD-L1 expression is significantly 
associated with high levels of  CD8+ tumor-infiltrating 
lymphocytes. Consequently, targeting the PD-1/PD-L1 
pathway presents a promising strategy for managing 
HCC through various ICIs [146]. An additional in  vivo 
study found that the mRNA expressions of IRF1 and IRF2 
in human HCC tumors were significantly repressed com-
pared to non-tumor cells [148]. The mRNA expressions 
of IRF1, IRF2, and PD-L1 correlated with HCC tumors. 
IFN-γ induces PD-L1 mRNA and protein expression by 
upregulating IRF1 in mouse and human HCC cells [148]. 
Previous research on human and murine HCC cells indi-
cates that overexpression of IRF2 downregulates IFN-γ-
induced activity from the PD-L1 promoter as well as its 
protein levels [148].

Lung cancer
Lung cancer is the leading cause of cancer incidence and 
mortality worldwide, with an estimated 2.1 million new 
cases and 1.8 million deaths reported [149]. Immuno-
therapy utilizing antibodies to inhibit the interaction 
between PD-1 and PD-L1 has dramatically improved sur-
vival rates for some lung cancer patients [150]. The over-
expression of PD-1 on  CD8+ T cells in NSCLC suggests 
a reduced production of various cytokines and dimin-
ished T cell proliferation. Conversely, there is a nota-
ble increase in PD-L1+ cells compared to adjacent lung 
parenchyma, and PD-L1 expression on NSCLC cells also 
correlates with poor prognosis [151].

Oral cancer
Oral squamous cell carcinoma is among the most com-
mon malignancies [152]. A study using tumor immune 
estimation resources revealed a relationship between 
immune checkpoint genes and cytokines, showing a pos-
itive correlation between the expression of PD-1, CTLA-
4, and hepatitis A virus cellular receptor 2 with levels 
of IFN-γ and IL-2 [152]. Blocking PD-1 and CTLA-4 as 
individual immune checkpoints or jointly targeting both 
inhibitory pathways can partially restore the biological 
function of T cells in tumors [153].

PC
Pancreatic ductal adenocarcinoma (PDAC) is the sec-
ond leading cause of cancer-related deaths worldwide 
[154]. Previous study suggests that PD-L1 overexpres-
sion in human pancreatic carcinoma tissues is associated 
with tumor progression, invasiveness, and poor clini-
cal outcomes [155]. Immunotherapies, such as CTLA-4 
and PD-1/PD-L1 inhibitors, are promising treatment 
options for PDAC and provide relief as compared to 
surgery or chemotherapy [156, 157]. Histone deacety-
lase 3 (HDAC3), a class I member of the HDAC family, 
plays critical roles in various functions such as main-
taining endothelial integrity, regulating cell proliferation 
and migration, and modulating macrophage phenotype. 
HDAC3 inhibitors are being explored as anticancer 
agents [158, 159]. HDAC3 regulates PD-L1 expression at 
the transcriptional level through various transcriptional 
factors, including STAT3, bromodomain containing 4 
(BRD4), and p65, while further inhibiting the STAT3 cas-
cade in cancer cells [160]. Prior research has reported 
that RGFP966, a specific inhibitor of HDAC3 [161], 
decreases protein and mRNA levels of PD-L1 in a time- 
and concentration-dependent manner in PaCa-2 and 
BxPc-3 PC cells [160]. A recent study further elaborated 
that inhibition or depletion of never-in-mitosis-A-related 
kinase 2 reduces PD-L1 expression in PC cells [162]. It 
has been also reported that there is a negative associa-
tion between polo-like kinase 1 and PD-L1 expression 
in mouse and human PDAC. This relationship involves 
S758-phosphorylated retinoblastoma protein suppress-
ing NF-κB activity along with subsequent inhibition of 
PD-L1 transcription [163].

Penile cancer
Penile cancer is a rare malignancy, accounting for approx-
imately 26,000 cases every year, with a higher incidence 
rate observed in developing nations [164–167]. Various 
factors, including phimosis, chronic inflammation of the 
penis, smoking, lower socioeconomic status, ultraviolet 
exposure, and HPV infection, are recognized risk fac-
tors for penile cancer [165, 167, 168]. Previous studies 
have demonstrated a strong correlation between PD-L1 
expression and penile cancer, with PD-L1 detected in 
40–60% of tumor cells [166, 169–171]. A higher preva-
lence of PD-L1 has been associated with advanced tumor 
stage and grade of penile carcinoma [171], as well as 
regional lymph node metastasis and shorter cancer-
specific survival rates [166]. This strengthens the link 
between miRNA expression and penile cancer. Spe-
cifically, miR-218 expression is downregulated in penile 
cancer patients exhibiting higher levels of HPV infec-
tion [172]. A small cohort study involving 30 patients 
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demonstrated that EGFR expression is strongly related 
to an increased risk of recurrence and poorer progno-
sis among those diagnosed with penile cancer [173]. 
An elevated presence of  CD8+ T cells and forkhead box 
P3 (Foxp3)+ Tregs in the stroma of penile cancer sug-
gests inefficient tissue infiltration, signifying an immune 
escape of tumor cells [165]. Furthermore, a higher inci-
dence of prostaglandin E2 has been found in penile 
cancer, contributing to the overall immune escape mech-
anisms within the tumor microenvironment [165].

Hematological malignancies
The PD-L1 expressed in leukemia cells binds to the PD-1 
receptor on tumor-infiltrating T lymphocytes, establish-
ing the critical PD-1/PD-L1 axis for regulating immune 
responses. Therefore, the immune system is unable to 
reject the tumor, leading to immunological tolerance 
due to inhibited activation of tumor-reactive T cells and 
their subsequent death. Tumor cells evade immune sur-
veillance through the PD-1/PD-L1 axis, and checkpoint 
medications targeting this pathway have been approved 
for the treatment of lymphomas and many solid tumors 
[174].

The United States Food and Drug Administration 
(FDA) has authorized monoclonal antibodies developed 
clinically to block immunological checkpoints, such as 
CTLA-4, PD-1, and PD-L1. These agents can be utilized 
in managing a range of solid and hematologic tumors 
[175]. In myeloma, the development of PD-1/PD-L1 
blockade has been temporarily stopped due to safety 
concerns that need careful examination to safeguard 
patients and guide future clinical trials. While there has 
been limited progress in drug development for leuke-
mias, preliminary findings indicate that PD-1 inhibition 
in combination with epigenetic therapy may show prom-
ise in treating myeloid malignancies [175].

Soft tissue sarcoma
The literature on soft tissue sarcoma presents conflicting 
findings on the association between higher PD-1/PD-L1 
expression and overall survival outcomes, whether better 
or worse [176, 177]. These discrepancies may be attrib-
uted to various confounding factors, including sampling 
bias and differences in antibody clones, thresholds, assay 
constraints, as well as variability among the histologi-
cal subtypes analyzed [178]. The expression of PD-L1, as 
determined by immunohistochemical staining, can aid 
in predicting responses to immune-modulating thera-
pies. Such treatments may prove beneficial in the man-
agement of metastatic sarcomas. The PD-L1 expression 
varies among carcinomas and melanomas. However, its 
expression seems to be type-specific for sarcomas. Thus, 

it is postulated that PD-L1-based therapies may exhibit 
reduced efficacy for cancers other than sarcomas [179].

Approved checkpoint inhibitors that block PD‑1 
checkpoint receptors in cancer
Immune checkpoint blockade therapies have garnered 
significant attention from researchers worldwide. The 
unprecedented results obtained with these antibody-
based immune therapies in enhancing antitumor T lym-
phocyte activity have led to clinical developments in 
cancer drug discovery [180]. The FDA has granted fur-
ther approval for various drugs targeting this immune 
checkpoint, exhibiting safer clinical outcomes for cancer 
patients [180]. Several approved ICIs are discussed in the 
following sections. A detailed analysis of various drugs 
and synthetic compounds as PD-1/PD-L1 inhibitors is 
presented in Table  1 [181–187], while several clinical 
studies related to drugs targeting PD-1/PD-L1 are sum-
marized in Table 2 [188].

Atezolizumab
Atezolizumab is a non-glycosylated humanized mono-
clonal immunoglobulin G1 (IgG1) antibody that binds 
to PD-L1, effectively blocking its interactions with PD-1 
and enhancing the antitumor response [181]. Promising 
results obtained from clinical studies led to the FDA’s 
accelerated approval of atezolizumab in combination 
with nab-paclitaxel for locally advanced or metastatic 
TNBC [181]. Furthermore, a randomized, open-label, 
phase III trial demonstrated the efficacy of atezolizumab 
compared to platinum-based chemotherapy in patients 
with NSCLC, showing improved overall survival rates 
relative to conventional chemotherapeutic approaches 
[25].

Avelumab
Avelumab is a humanized IgG1 anti-PD-L1 antibody that 
specifically targets tumor cells. It inhibits the interac-
tion between PD-L1/PD-1 to promote T cell antitumor 
potential and alleviate the suppression of T cell activity, 
which can be assessed by evaluating the release of IFN-γ 
[189, 190]. Importantly, avelumab does not interact with 
the PD-L2/PD-1 pathway, thus maintaining immune 
homeostasis [191]. Additionally, avelumab disrupts the 
interaction between PD-L1 with B7.1, another inhibitory 
receptor expressed on T cells and antigen-presenting 
cells. By blocking this interaction in the tumor microen-
vironment, avelumab reactivates T cells and promotes 
the production of cytokines, thereby enhancing innate 
immunity against tumor cells [182].
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Cemiplimab
Cemiplimab is a potent and highly effective humanized 
mAb directed against PD-1. It has received approval for 
the treatment of metastatic and locally advanced cuta-
neous squamous cell carcinoma [183, 192]. Cemiplimab 
can suppress T cell effector function, facilitating immune 
evasion. Furthermore, it demonstrates superior clinical 
efficacy and a favorable safety profile, with lower rates 
of treatment-related death and discontinuation [183]. 
The safety profile of cemiplimab is comparable to that of 
other therapies across various indications. Studies have 
highlighted the adverse effects associated with treatment 
discontinuation, which may limit its application because 
of the toxicity profile [183, 193].

Dostarlimab
Dostarlimab is another humanized IgG4 mAb that acts 
as an antagonist to PD-1, blocking its interactions with 
both PD-L1 and PD-L2. It is indicated for various tumor 
types and has been approved by the USA and the Euro-
pean Union for treating endometrial cancer [184, 194, 
195]. Its molecular weight is around 144 kD, and it tar-
gets the PD-1 on the surface of T cells, preventing it from 
interacting with its ligands, PD-L1 or PD-L2, which is 
expressed in malignant cells. Adverse reactions associ-
ated with dostarlimab include anemia, nausea, diarrhea, 

urinary tract infection, and vomiting. Ongoing clinical 
studies are exploring additional potential applications 
for this drug. A recently released clinical trial revealed 
that individuals with advanced rectal cancer experienced 
100% remission without experiencing any serious adverse 
effects. Patients with other cancers, including ovarian 
cancer, melanoma, head and neck cancer, and breast can-
cer, are still being enrolled in this research trial [196]. The 
published crystal structure of the extracellular domain of 
PD-1 in association with the dostarlimab Fab fragment 
indicates that dostarlimab’s heavy chain interacts directly 
with PD-1 while sterically obstructing binding by the 
light chain interference. Conformational rearrangements 
allow dostarlimab to achieve a concave surface on its 
heavy chain alongside high affinity binding to its ligand 
[197].

Durvalumab
Durvalumab is a humanized IgG1κ mAb that specifi-
cally targets PD-L1. This drug has received FDA approval 
for treating small cell lung cancer in combination with 
atezolizumab [185, 198]. By blocking the interaction 
between PD-L1 and both PD-1 and CD80, durvalumab 
enhances antitumor effects and promotes T cell activa-
tion [199, 200]. In mouse models, treatment with dur-
valumab resulted in decreased tumor size, demonstrating 

Table 2 Clinical trial data of various drugs targeting PD‑1/PD‑L1

HBV hepatitis B virus, HCC hepatocellular carcinoma, MPM malignant pleural mesothelioma, PTCL peripheral T cell lymphoma, SCLC small cell lung cancer, TNBC triple-
negative breast cancer, UC urothelial carcinoma

Drug Phase No. of patients Cancer type Result/Endpoint Reference

Aminolevulinic acid + nivolumab II 20 MPM Results not reported yet NCT04400539

Camrelizumab + apatinib 
and eribulin mesylate

II 46 Breast cancer Results not reported yet NCT04303741

Durvalumab + platinum −etopo‑
side

III 268 SCLC Improvement in survival as com‑
pared to other drug combination 
group

[188]

Durvalumab + pralatrexate 
and romidepsin

I, II 148 PTCL Results not reported yet NCT03161223

Eribulin mesylate + gemcitabine III 465 UC Results not reported yet NCT04579224

Eribulin mesylate + sintilimab II 30 TNBC Study in progress; results 
not reported yet

NCT05402722

Eribulin mesylate + pembroli‑
zumab

II 90 Breast cancer Combination of pembroli‑
zumab + eribulin didn’t show any 
improvement in efficacy outcome, 
compared with eribulin alone 
in this population

NCT03051659

Eribulin mesylate + pembroli‑
zumab

II 57 Liposarcoma, lkeiomyosarcoma, 
and sarcoma

Results not reported yet NCT03899805

Eribulin mesylate + pembroli‑
zumab

II 30 Ovarian carcinosarcoma and uter‑
ine carcinosarcoma

Results not reported yet NCT05619913

Icaritin vs. huachashu III 312 Advanced HBV‑related HCC Results not reported yet NCT03236636

Icaritin vs. sorafenib III 200 HCC Results not reported yet NCT03236649

Nivolumab + eribulin I, II 90 Metastatic breast cancer Results not reported yet NCT04061863
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its potential therapeutic efficacy [185]. Furthermore, the 
most commonly reported adverse events include hypo- 
and hyper-thyroid events and certain hematological 
events [185].

Nivolumab
Nivolumab is a fully humanized IgG4 mAb that inhib-
its PD-1 by effectively binding to PD-L1 and PD-L2. 
This interaction results in the production of inhibitory 
signals, reduced T cell proliferation, cytokine produc-
tion, and cytotoxic activity, thus dampening the immune 
response [186]. This drug selectively blocks receptor acti-
vation of PD-L1 and PD-L2, alleviating PD-1-mediated 
inhibition of the immune response [186]. Nivolumab is 
a well-tolerated therapeutic option indicated for CRC 
and HCC [201, 202]. Additionally, it is used in adjuvant 
treatment approaches with ipilimumab for NSCLC [203], 
and with relatlimab for multiple advanced cancers [204]. 
Nivolumab has demonstrated an improved safety profile 
along with enhanced tolerability and suitability profile 
[186].

Pembrolizumab
Pembrolizumab is a highly selective humanized IgG4κ 
mAb with a strong affinity for the PD-1 receptor 
expressed on cytotoxic T lymphocytes [205]. Upon bind-
ing to PD-L1 expressed by tumor cells, the drug induces 
cytotoxic T cell exhaustion, leading to inhibited prolifera-
tion [206, 207]. The PD-1/PD-L1 interaction is blocked 
by pembrolizumab, thus restoring the cytotoxic activity 
of T lymphocytes [206]. Combination treatment strate-
gies involving other agents, such as neriparib, are being 
investigated for ovarian cancer, breast cancer, as well as 
head and neck cancer with promising results [208, 209]. 
The combination of ipilimumab and pembrolizumab 
is used for treating advanced melanoma tumors [207]. 
Adverse events associated with pembrolizumab include 
fatigue, hypothyroidism, and varying degrees of pneumo-
nitis, which can be managed through cessation of therapy 
with pembrolizumab [210].

Retifanlimab
Retifanlimab is a humanized IgG4 mAb that specifically 
targets human PD-1. By inhibiting the PD-1/PD-L1/2 
pathway, this drug enhances T cell activity and boosts 
the immune response against cancer cells. In 2023, the 
FDA granted accelerated approval for retifanlimab to 
treat adult patients with metastatic or recurrent locally 
advanced Merkel cell carcinoma (MCC). This regula-
tory decision was supported by data from the phase II 
POD1UM-201 trial (NCT03599713), an open-label, 
multi-regional, single-arm study involving 65 participants 
with metastatic or recurrent locally advanced MCC who 

had not received prior systemic therapy for advanced 
disease. In this clinical trial, treatment with retifanlimab 
achieved a 52% overall response rate and an 18% com-
plete response rate. As a condition of approval, confirma-
tory trials must demonstrate clinical benefit for these 
patients. Immune-related adverse reactions, which may 
be severe or fatal, can occur in patients treated with reti-
fanlimab. Clinically significant immune-related adverse 
reactions reported include pneumonitis, colitis, hepati-
tis, endo-dermatologic adverse reactions, crinopathies, 
hypophysitis, thyroid disorders, type 1 diabetes mellitus, 
and nephritis associated with renal dysfunction [211].

Tislelizumab
Tislelizumab is a humanized IgG4 mAb characterized 
by high affinity and binding specificity for PD-1. This 
antibody was engineered to minimize binding to FcγR 
on macrophages, thereby limiting antibody-dependent 
phagocytosis, which is a potential mechanism of resist-
ance to anti-PD-1 therapies. In 2024, the FDA approved 
tislelizumab as monotherapy for adults with unresect-
able or metastatic esophageal squamous cell carci-
noma following prior systemic chemotherapy that did 
not include a PD-1/PD-L1 inhibitor. The approval was 
based on data from the phase III RATIONALE 302 
study (NCT03430843), which showed that tislelizumab 
significantly improved overall survival compared to 
chemotherapy. Immune-related adverse reactions such 
as pneumonitis and hepatitis, including fatal cases, have 
been reported during treatment with tislelizumab. Other 
clinically significant immune-related adverse reactions 
reported contain endocrinopathies, thyroid disorders, 
adrenal insufficiency, type 1 diabetes mellitus, myositis, 
nephritis with renal dysfunction, myocarditis, arthritis, 
polymyalgia rheumatica, pericarditis, and Guillain-Barré 
syndrome [212].

Toripalimab
Toripalimab is a recombinant humanized IgG4 mAb 
targeted against the PD-1 receptor. It received initial 
approval in China in December 2018 for the treatment 
of unresectable or metastatic melanoma in previously 
treated patients [213]. In October 2023, toripalimab was 
granted FDA approval for select patients with recurrent 
or metastatic non-keratinizing nasopharyngeal carci-
noma who experienced disease progression on or after 
platinum-containing chemotherapy; based on positive 
results from the phase II clinical study POLARIS-02 
(NCT02915432) and the phase III clinical trial JUPI-
TER-02 (NCT03581786) [214]. Toripalimab belongs to a 
next-generation PD-1 checkpoint inhibitor with poten-
tial applicability for treating cancer patients regardless 
of their PD-L1 status. This antibody binds to the FG loop 
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of PD-1 and promotes Th1- and myeloid-derived inflam-
matory cytokine responses in healthy human peripheral 
blood mononuclear cells (PBMCs) in  vitro. In a TCR 
activation-dependent system, SEB-stimulated PBMCs 
demonstrated increased levels of IFN-γ, IL-2, TNF, 
granulocyte–macrophage colony-stimulating factor, and 
IL-18, indicating a strong Th1 response. Additionally, the 
binding of toripalimab to PD-1 induced reduced recruit-
ment of SHP1 and SHP2, the negative regulators of T cell 
activation, in Jurkat T cells ectopically expressing PD-1 
[215]. Immune-mediated adverse events with toripalimab 
consist of pneumonitis, colitis, hepatitis, endocrinopa-
thies, nephritis accompanied by renal dysfunction, and 
skin adverse reactions.

Limitations with available drugs
Despite the availability of various therapeutic agents, 
significant concerns remain regarding their associated 
adverse events. For instance, organ-specific and multi-
organ immune-related adverse events (irAEs) are com-
mon among cancer patients. In trials involving NSCLC, 
a post hoc pooled analysis revealed that 5.4% of patients 
treated with atezolizumab experienced multiorgan irAEs. 
Furthermore, it was reported that out of 1548 patients, 
424 individuals (27%) experienced a lot of 730 recorded 
irAE events [216]. In a case study, a 75-year-old man with 
stage IV urothelial carcinoma developed ICI-induced 
diabetes mellitus [217], leading to the suspension of 
treatment. A recent comprehensive pharmacovigilance 
analysis indicated that atezolizumab, pembrolizumab, 
nivolumab, avelumab, cemiplimab, durvalumab, ipili-
mumab, as well as combinations such as nivolumab/
ipilimumab and pembrolizumab/ipilimumab all exhib-
ited substantial reporting signals for immune thrombo-
cytopenia. Patients receiving concurrent anti-PD-1 and 
cytotoxic T cell-associated protein-4 therapy are at an 
increased risk for ICI-induced immune thrombocytope-
nia [218].

Thus, while ICIs demonstrate significant potential and 
efficacy in cancer treatment, their associated adverse 
events cannot be overlooked. Therefore, natural com-
pounds may be utilized either alone or in combination 
as adjuvants to increase the effectiveness of these thera-
pies or to mitigate their adverse effects. The following 
section provides a detailed overview of a broad range of 
natural compounds that can target PD-1/PD-L1 in cancer 
therapeutics.

Natural compounds targeting PD‑1/PD‑L1 in cancer
Natural products exhibit a plethora of beneficial prop-
erties, some of which are extensively employed in the 
treatment of various diseases. Secondary metabolites 
derived from plant sources are examples that have shown 

antitumor activity. This section provides a critical evalua-
tion of diverse natural compounds regarding their effects 
on PD-1/PD-L1 in both preclinical and clinical studies 
related to cancer. A comprehensive literature search was 
conducted using several databases, including PubMed, 
Scopus, ScienceDirect, and Google Scholar. Various key-
words were utilized, such as “natural compounds” AND 
“cancer” AND “PD-1” or “PD-L1”, with more specific 
terms like “biological products” OR “biological” AND 
“products” OR “biological compounds” OR “natural” 
AND “compounds” OR “natural products” AND “can-
cers” OR “cancerated” OR “canceration” OR “canceriza-
tion” OR “cancerized” OR “cancerous” OR “neoplasms” 
OR “neoplasms” OR “cancer” OR “cancers” AND “PD-1” 
OR “PD-L1” OR “programmed cell death 1 receptor” OR 
“programmed cell death protein 1”. Additionally, indi-
vidual searches for natural compounds were performed 
using the “AND” operator along with “PD-1” OR “PD-L1” 
AND “cancer”. There was no time limit imposed on pub-
lished studies, and the final search was conducted in May 
2023. The clinical data were retrieved from https:// clini 
caltr ials. gov/ in August 2024. A detailed discussion based 
on in  vitro and in  vivo studies examining the influence 
of various natural compounds on PD-1/PD-L1 in cancer 
is presented in Tables 3 [219–248] and 4 [220, 222, 224, 
226, 227, 230–232, 235–237, 240, 241, 243, 244, 246, 247, 
249–254], respectively.

Plant secondary metabolites (pure phytochemicals)
Alkaloids
Berberine. Berbarine is obtained from the rhizomes of 
Coptis chinensis Franch. and Hydrastis canadensis L. and 
also found in various plant parts, such as Berberis, Maho-
nia, Hydrastis, and Coptis genera [255] (Fig. 2). This com-
pound belongs to the category of quaternary isoquinoline 
alkaloidal, and has demonstrated promising efficacy in 
treating a range of conditions, including carcinomas, 
bacterial infections, diabetes, high cholesterol, cardio-
vascular diseases, inflammatory disorders, and diar-
rhea [256]. Research indicates that berberine influences 
tumor cell cycle, induces cell apoptosis, and inhibits cel-
lular proliferation, thus presenting potential avenues for 
future antitumor therapies [256]. In a study assessing 
the effectiveness of berberine across different cell lines, 
it was observed that berberine induces a concentration-
dependent decrease in PD-L1 expression while enhanc-
ing T cell cytotoxic in diverse cancer cell lines such as 
H460, H1975, H358, H157, and HCC827 [220].

In a tumor microenvironment, MDSCs and Tregs 
primarily mediate the inhibition of T cell activity [257, 
258]. Cytometric analysis revealed that MDSCs and 
Tregs exhibit a reduced frequency in berberine-treated 
C57BL/6 mice bearing subcutaneous Lewis tumor. The 

https://clinicaltrials.gov/
https://clinicaltrials.gov/
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antitumor effects of berberine were also demonstrated, 
suggesting an increase in intratumoral T cell infiltration 
alongside enhanced levels of antitumor T cells [220]. Loss 
of antitumor efficacy observed in nude mice with T cell 
deficiency further indicates downregulation of PD-L1 
and Ki-67 at the posttranslational level accompanied by 
increased levels of cleaved caspase-3 [220]. Additionally, 
regulation of PD-L1 by constitutive photomorphogenic-9 
signalosome 5 (CSN5) has been established [259]. This 
regulatory mechanism is elucidated through a molecu-
lar docking model involving berberine with CSN5. The 
binding observed at the Glu76 residue during molecular 
docking suggests a potential interaction that may inhibit 
CSN5, thereby regulating PD-L1 levels [220]. Further evi-
dence also reveals that ubiquitination of PD-L1 mediated 
by berberine results in protein degradation, confirming 
that PD-L1 degradation occurs via the proteasome path-
way [220].

From an immunological perspective, berberine func-
tions as an antitumor agent. It selectively binds to glu-
tamic acid 76 of CSN5, thereby inhibiting the PD-1/
PD-L1 axis through deubiquitilation and degradation 
of PD-L1 [220]. Berberine and its derivatives are also 
regarded as promising therapeutic agents for managing 
NSCLC. Furthermore, berberine can be administered in 
combination with other medications such as osimerti-
nib [260]. These findings indicate that berberine inhibits 
tumor growth via multiple distinct pathways [261].

Evodiamine. Evodiamine, a quinozole alkaloid derived 
from the fruit of Tetradium ruticarpum (A. Juss.) T.G. 
Hartley [synonym Evodia ruticarpa (A. Juss.) Hook. f. & 
Thomson], has been traditionally used in Chinese medi-
cine for the treatment of cancer, metabolic disorders, 
autoimmune conditions, and inflammatory diseases [262] 
(Fig.  2). Evodiamine showed concentration-dependent 
inhibition of cell growth and apoptosis with a decrease in 
expression of PD-L1 mRNA and protein, as well as mucin 
1 C-terminal subunit (MUC1-C) mRNA in H1650 and 
H1975 cell lines. Evidence suggests that it inhibits IFN-
γ-induced PD-L1 protein expression [247]. Western blot-
ting analysis revealed the downregulation of MUC1-C 
after evodiamine treatment, with similar trends observed 
in the LLC model, where tumor growth and volume were 
suppressed. Post-treatment with evodiamine resulted 
in an increased amount of  CD8+ T cells along with 
enhanced activity [247]. Additionally, evodiamine has 
been shown to exert antitumor effects against esophageal 
squamous cell carcinoma through cell cycle arrest during 
the M phase via the p53/p21 signaling pathway [263].

Moreover, evodiamine reduced the expression of glu-
tathione peroxidase 4 (GPX4), leading to ferroptosis. 
This process can be inhibited by the ferroptosis inhibi-
tor ferrostatin-1. Additionally, evodiamine impeded 

angiogenesis by upregulating the expression of Sema-
phorin-3A (Sema3A). In prostate cancer cells, lactate 
treatment boosted the expressions of hypoxia-inducible 
factor-1α (HIF-1α) and PD-L1 while concurrently reduc-
ing Sema3A expression. This effect could be mitigated by 
inhibiting the expression of monocarboxylate transporter 
4. Furthermore, evodiamine significantly suppressed 
lactate-induced angiogenesis in prostate cancer cells by 
limiting histone lactylation and HIF-1α expression, which 
improved Sema3A transcription while downregulating 
PD-L1 transcription.

Evodiamine significantly reduced the growth of pros-
tate cancer xenografts in nude mice in vivo by suppress-
ing the expressions of HIF-1α, lactylation of histone 3 on 
lysine residue 18 (H3K18la), GPX4, PD-L1, and prolifera-
tion markers. Additionally, it increased the expression of 
Sema3A, which effectively prevented angiogenesis. Con-
sequently, evodiamine may function as a metabolic-epi-
genetic regulator and represents a promising candidate 
for antiangiogenic therapy or immunotherapy in pros-
tate cancer. Furthermore, Sema3A is identified as a cru-
cial antineoplastic biomarker [264]. In B16-F10 cells and 
tumors, evodiamine inhibited PD-L1 and proteins associ-
ated with the PI3K/Akt signaling pathway. These findings 
imply that evodiamine might be an effective therapeutic 
agent for treating melanoma and may confer additional 
antitumor benefits by enhancing the immune environ-
ment of the cancer [265].

Phenolic compounds
Apigenin. Apigenin, a natural flavone (4’,5,7-trihydroxy-
flavone), is found in varying proportions in onions, grape-
fruits, oranges, parsley, and various common fruits and 
vegetables [266, 267] (Fig. 2). At elevated concentrations, 
it has been shown to induce apoptosis, G2/M cell cycle 
arrest, and inhibit the proliferation of breast cancer cells 
[219, 268]. Apigenin inhibited IFN-γ and IFN-β induced 
expression of PD-L1 at a concentration of 30 μmol/L in 
breast cancer cells and human mammary epithelial cells 
[219, 269, 270]. In melanoma cell lines A375, A2058, and 
RPMI-7951, apigenin resulted in decreased G1 and S 
phase cell counts alongside decreased levels of IFN-γ and 
STAT1 phosphorylation while enhancing T cell activity 
and upregulating IL-2 levels [219, 271]. A study investi-
gating apigenin as an anticarcinogenic agent in KRAS-
mutant lung cancer cells revealed its ability to inhibit 
MUC1-C and PD-L1 expression, accompanied by the 
downregulation of STAT3 expression [227].

In vivo experiments utilizing H358 tumor xenografts, 
LLC, and KRAS mutant NSCLC models indicated api-
genin treatment effectively inhibited tumor growth. 
These findings correlated with results from a combina-
tion therapy involving apigenin and PD-1 mAb, which 
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Fig. 2 Chemical structures of bioactive anticancer phytochemicals targeting PD‑1/PD‑L1
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showed reductions in tumor volume, weight, size, and 
lung lesions [227]. Apigenin decreased the expression 
of PD-L1 in dendritic cells, increasing the cytotoxicity 
of cocultured cytokine-induced killer cells against mela-
noma cells. Furthermore, apigenin inhibited the growth 
of melanoma, and its reduction of PD-L1 expression 
exerted a dual effect on both antigen-presenting cells and 
tumor cells [271].

Cinnamaldehyde. Cinnamaldehyde, the active con-
stituent of the bark from the Cinnamomum cassia Nees 
ex Blume tree [272], is an aromatic aldehyde widely dis-
tributed in various analogs [273] (Fig.  2). It exhibits a 
range of properties, such as antibacterial [272], antifun-
gal [274], antidiabetic [275], and immunomodulatory 
effects. Notably, cinnamaldehyde possesses antiprolif-
erative potential against multiple tumor types and has 
been utilized to induce apoptosis in cancerous cells [276]. 
Human acute myeloid leukemia MUTZ-3 cells were uti-
lized to assess the potential effect of cinnamaldehyde on 
PD-L1 expression and observed that at varying concen-
trations, cinnamaldehyde led to upregulation of PD-L1 
expression [242]. Additionally, treatment with cinna-
maldehyde resulted in a reduction in monocyte chem-
oattractant protein 1 (MCP-1), a soluble factor released 
from MUTZ-3 cells [242]. The presence of CD86 expres-
sion in PD-L1 has been previously identified, and it was 
observed that there was an increase in CD86-expressing 
MUTZ-3 cells upon treatment with different concen-
trations of cinnamaldehyde. This observation serves as 
substantial evidence supporting the notion that cinna-
maldehyde upregulates PD-L1 expression [242].

Epigallocatechin gallate (EGCG). EGCG, the most 
prevalent catechin found in tea, is derived from the 
leaves and buds of Camellia sinensis (L.) Kuntze (Fig. 2). 
It possesses numerous health benefits such as antitu-
mor, antiobesity, antidiabetic, as well as neuroprotective 
effects [277–279]. In  vitro experiments have indicated 
that EGCG treatment led to the transcriptional inhibition 
of IFN-γ mediated upregulation of PD-L1 and PD-L2 
across all tested melanoma cell lines including 1205Lu, 
A375, and HS294T [245]. EGCG also showed downreg-
ulation of STAT1 expression and its target IRF1 mRNA 
levels, indicating that the downregulation of PD-L1 and 
PD-L2 by EGCG was mediated through the inhibition 
of the JAK/STAT pathway [245]. Furthermore, EGCG 
exhibited inhibitory effects on glycogen synthase kinase-
3β (GSK-3β) phosphorylation while promoting GSK-3β 
expression and reducing β-catenin levels in CRC and 
breast cancer cell lines [280]. Moreover, EGCG promoted 
NF-κB-mediated upregulation of miR-155, directly tar-
geting MDR1 in CRC cell lines [280]. Similar findings 
were observed in lung cancer cell lines where the expres-
sion of PD-L1 mediated by IFN-γ was downregulated 

following EGCG treatment. This effect was primarily 
attributed to the inhibition of the JAK2/STAT1 signaling 
pathway [280]. Research revealed that EGCG inhibited 
the JAK/STAT signaling pathway in melanoma, thereby 
leading to decreased expression of PD-L1. Consequently, 
these cytotoxic T lymphocytes were reactivated to sus-
tain an antitumor immune response due to the elimi-
nation of PD-L1-mediated immunoinhibitory signals 
between tumor cells and cytotoxic T lymphocytes (CTLs) 
in the tumor microenvironment [281].

In vitro experiments have demonstrated that EGCG 
administration inhibited JAK/STAT signaling induced 
by IFN-γ and the generation of immune checkpoint 
molecules, specifically PD-L1 and PD-L2. This effect 
was observed in both human and animal melanoma 
cells, resulting from a reduction in STAT1 expression 
and phosphorylation, which subsequently decreased the 
activity of the regulator IRF1 for PD-L1/PD-L2. It was 
demonstrated that  CD8+ T cells mediated the in  vivo 
tumor-inhibitory action of EGCG, and the result was 
similar to that of anti-PD-1 therapy in mice. However, 
their mechanisms of action differed somewhat. T cell 
reactivation was caused by EGCG’s ability to reduce 
PD-L1 expression and inhibit JAK/STAT signaling in 
tumor cells, whereas anti-PD-1 therapy interrupted the 
interplay between PD-1 and PD-L1. Finally, research 
has shown that EGCG suppresses JAK/STAT signaling 
in melanoma, enhancing antitumor immune responses 
[245, 282].

Erianin. Erianin, a natural compound obtained from 
Dendrobium Chrysotoxum Lindl., has been used as a 
traditional Chinese herbal medicine and is reported to 
exert anti-inflammatory, anticataract, antioxidant, and 
antihyperglycemic effects, along with antitumor poten-
tial against various cancerous cells [283, 284] (Fig.  2). 
In  vitro study on cervical cancer cell lines showed 
concentration-dependent inhibition of PD-L1 protein 
expression and corresponding mRNA levels by erianin 
[246]. The autophagy lysosomal pathway serves as an 
important degradation system for removing unused pro-
teins and exhibits varied interactions with erianin. It was 
observed that erianin promoted the transport of PD-L1 
to lysosomes for subsequent degradation, indicating that 
erianin enhanced lysosomal activity further promoting 
the degradation and proteolysis of PD-L1 [246]. Previ-
ous findings suggested some common links between the 
inhibition of PD-L1 expression and the downregulation 
of HIF-1α and Ras [285]. Erianin showed interactions 
with the binding pockets of HIF-1α and components of 
the Ras pathway. Synergistic effects resulting from silenc-
ing either Ras or HIF-1α, combined with erianin treat-
ment, resulting in reduced PD-L1 expression [246]. These 
inhibitory effects were mediated by suppressing mTOR/



Page 22 of 51Godiyal et al. Military Medical Research           (2024) 11:82 

p70S6K/eukaryotic translation initiation factor 4E 
(eIF4E) and Ras/Raf/MEK/MAPK-ERK signaling path-
ways [246]. Regulation of tumor angiogenesis by PD-L1 
has been previously confirmed alongside its correlation 
with VEGF expression and MMP-9 inhibition [286], 
with erianin showing downregulation of both VEGF and 
MMP-9 expression via PD-L1 silencing [246]. Intercellu-
lar adhesion molecule-1 (ICAM-1) and cyclin D1 are also 
significant regulators of cell proliferation positively cor-
related with PD-L1 levels [287]. Further treatment with 
erianin led to the reversal of increased levels of ICAM-1 
and cyclin D1 mediated by PD-L1 overexpression. This 
reversal induced G1 phase arrest, indicating an inhibition 
in tumor cell proliferation [246]. EMT is an important 
mediator involved in immune escape, cellular invasion, 
and migration, which exhibits a strong association with 
PD-L1, as evidenced by elevated EMT marker expres-
sions upon such upregulation [288]. Notably, erianin 
treatment subsequently inhibited these effects, leading to 
suppressed invasion and migration [246].

The growth of tumors was inhibited by either erianin or 
PD-L1 monotherapy, but no significant synergistic effect 
was observed. Furthermore, treatment with erianin and 
combination therapy, in contrast to PD-L1 monotherapy 
or the control group, improved the immune response by 
inducing the expression of  CD4+ and  CD8a+ T cells in 
the spleen. Moreover, erianin upregulated PD-L1 mRNA 
and protein expression, potentially improving the efficacy 
of PD-1/PD-L1 antibody treatments. Eriminin is a novel 
dual inhibitor of MEK1/2 and C-Raf protooncogene ser-
ine/threonine protein kinase (CRAF) kinases that inhib-
its constitutive activation of the MAPK signaling pathway 
[289].

Gallic acid. Gallic acid is a hydroxybenzoic acid deriva-
tive commonly distributed across various plant fami-
lies, such as Anacardiaceae, Fabaceae, and Myrtaceae, 
as well as in fungi of the genus Termitomyces, vegetable 
species, and green tea [290] (Fig.  2). It exhibits antioxi-
dant, anti-inflammatory, antibacterial, antiviral, antifun-
gal, antiulcer, and antineoplastic properties [291, 292]. 
The inhibition of proliferation and induction of apopto-
sis have been previously reported [290]. In vitro studies 
indicated a reduction in the expression of PD-L1 pro-
tein and mRNA levels following treatment with gallic 
acid in a concentration-dependent manner [221]. The 
impact of p53 on cell cycle arrest and apoptosis induc-
tion in response to tumor stresses and its regulation by 
PI3K/Akt signaling has been established previously [88]. 
Notably, gallic acid was found to increase p53 protein 
expression levels in a concentration-dependent manner 
while downregulating PI3K/Akt phosphorylation [221]. 
The regulation of PD-L1 expression via p53 is mediated 
through miR-34a, which is increased after treatment with 

gallic acid, further indicating its effects on PD-L1 expres-
sion [221]. Furthermore, the combinatorial approach uti-
lizing PD-L1 antibody showed an improved therapeutic 
response characterized by increased PD-L1 expression in 
tumor cells and improved  CD8+ T cells effector function 
[293].

Gallic acid significantly enhanced cytokine production, 
antitumor effects, and the proliferation of anti-CD19 chi-
meric antigen receptor T (CAR-T) cells. This enhance-
ment is likely attributed to the stimulation of the IL-4/
JAK3-STAT3 signaling pathway. Moreover, gallic acid 
may specifically target and activate STAT3, thereby con-
tributing to its activation. Combining gallic acid with 
anti-CD19 CAR-T immunotherapy could be a promising 
strategy for improving the efficacy of lymphoma treat-
ment [294].

Hesperidin. Hesperidin, a flavonoid present in citrus 
species such as lemons and oranges, has been exten-
sively utilized in traditional medicine and for the treat-
ment of various cardiovascular, neurological, psychiatric, 
and malignant diseases [295] (Fig. 2). Based on previous 
studies, hesperidin is known to possess apoptotic-pro-
moting properties and inhibited cell invasion [223]. Flow 
cytometric analysis of breast cancer cell lines (MDA-
MB-231 and MCF) indicated that hesperidin inhibited 
PD-L1 mRNA and protein expression in a concentra-
tion-dependent manner. Treatment with hesperidin led 
to the suppression of Akt and NF-κB signaling pathways 
and the downregulation of PD-L1 expression [223]. The 
activation of the MAPK/ERK pathway is known to con-
tribute to the immune evasion potential of tumor cells 
[50], which was further diminished by hesperidin and 
reduced secretion levels of MMP-9 and MMP-2 in high 
PD-L1 expressing tumor cells [223]. HN6 and HN15 cell 
lines showed a decrease in cell viability, colony forma-
tion capacity, and migration ability. It also resulted in a 
decrease in PD-L1 expression levels that were upregu-
lated by IFN-γ treatment. Additionally, hesperidin 
reduced STAT1 and STAT3 signaling activation in a con-
centration-dependent manner [296].

Hesperidin inhibits the Akt and NF-κB signaling path-
ways, delaying the progression of breast cancer, while 
PD-L1 acts as an upregulator in this process [223]. The 
rationale for the development of hesperidin as a safer 
and more potent anticancer agent for NSCLC is based on 
its ability to inhibit the migratory and invasive capabili-
ties of A549 human NSCLC cells through modulation of 
the stromal-cell derived factor-1 (SDF-1)/C-X-C motif 
chemokine receptor 4 (CXCR-4) signaling cascade [297].

Icaritin. Icaritin is a hydrolytic product of icariin iso-
lated from traditional Chinese herbal medicine and 
belongs to the Epimedium family [298, 299] (Fig.  2). 
Icaritin is used to strengthen muscles and bones, kidney 
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detoxification, and immune regulation. It has also been 
investigated for its anti-inflammatory, antitumor, neuro-
protective, and cardioprotective actions [298, 300]. An 
in  vivo study conducted on B16F10 melanoma and the 
MC38 colon cancer model showed that icaritin treat-
ment increased the number and percentage of  CD8+ 
antitumor T cells [224]. Furthermore, Western blotting 
analysis indicates the inhibiting potential of icaritin on 
TNF-α and IL-6-induced expression of PD-L1 in neu-
trophils, with evidence from a combination of icaritin 
with anti-PD-L1 mAb, indicating effective antitumor 
immune response [224]. Icaritin blocked the NF-κB sign-
aling pathway by preventing the formation of the IKK 
complex. This resulted in a concentration-dependent 
decrease in the nuclear translocation of NF-κB p65 and 
the downregulation of PD-L1 expression [301].

Kaempferol. Kaempferol is a yellow-colored tetrahy-
droxyflavone compound classified within the aglycone 
flavonoid group. It is found in various plant parts, includ-
ing seeds, fruits, and flowers of onion, asparagus, berries, 
wild leeks, or ramps [302] (Fig. 2). Kaempferol has been 
widely studied for its numerous health benefits, including 
anti-inflammatory, antioxidant, antimicrobial, cardiopro-
tective, neuroprotective, hepatoprotective, antidiabetic, 
and antitumor properties [303, 304]. In a silico study 
detecting the binding potential of kaempferol, it was 
observed that kaempferol exhibited binding with the 
PD-L1 receptor, suggesting a potential interaction [225]. 
Kaempferol has also been found to inhibit the growth 
and migration of human CRC and lung metastasis in a 
concentration-dependent manner. This effect was accom-
panied by downregulation of metastasis associated lung 
adenocarcinoma transcript 1 (MALAT1), polypyrimidine 
tract binding protein 2 (PTBP-2), β-catenin, MMP-7, cel-
lular myelocytomatosis oncogene (c-Myc), and cyclin D1 
expression in vitro. Additionally, the growth of orthotopi-
cally transplanted tumors was inhibited, leading to pro-
longed survival rates among tumor-bearing mice [305].

Licochalcone A. Licochalcone A is a phenolic chal-
cone flavonoid derived from the roots of licorice, rec-
ognized for its medicinal properties since ancient times 
[306] (Fig.  2). Various important compounds isolated 
from licorice, including licochalcone A, exhibit antimi-
crobial, anticancer, anti-inflammatory, and immunoregu-
latory activities [306–310]. Inhibition of PD-L1 protein 
and mRNA expression was observed in HCT116, HeLa, 
A549, and Hep3B cell lines without any toxic effects 
reported [226]. Another study suggested that licoch-
alcone A treatment on cell lines exposed to TNF-α and 
MG-132 proteasome inhibitor (which prevents PD-L1 
degradation) resulted in decreased PD-L1 accumulation. 
This indicates that licochalcone A affects PD-L1 protein 
synthesis by suppressing TNF-α induced p-p65 or p65 

expressions and nuclear translocation in the colon can-
cer cell line HCT116. Additionally, inhibition of TNF-α 
protein, TNF receptor-associated factor-2, and recep-
tor-interacting protein kinase 1 expression, along with 
IKKα/β phosphorylation has been reported, thus lead-
ing to IκB-α degradation and phosphorylation [226]. 
A molecular docking study demonstrated complete 
binding between licochalcone A sites and Ras as well as 
PD-L1 pockets. Immunofluorescence assay in HCT116 
cells alongside Western blotting consistently showed a 
decrease in TNF-α-mediated Ras, p-MEK, and p-Raf 
expression levels. This collectively resulted in the down-
regulation of the Ras/Raf/MEK pathway upon treatment 
with licochalcone A [226]. PARP1 is involved in DNA 
repair and programmed cell death [311]. Licochalcone 
A also increased the expression of cleaved PARP and 
cleaved caspase-8, markers indicative of apoptosis, in 
HCT116 cells by inhibiting PD-L1 expression.

Xenograft study utilizing the BALB/c male nude 
mice injected with HCT116 cells also suggested a posi-
tive effect of licochalcone A in cancer treatment, as evi-
denced by a reduction in tumor growth associated with 
decreased levels of PD-L1, p65, Ras, and VEGF protein in 
tumor tissues [226]. Licochalcone A-induced suppression 
of proliferation in PC-3 prostate cancer cell lines in a con-
centration-dependent manner. This effect was correlated 
with changes in the expression of DNA polymerase δ and 
its associated protein, proliferating cell nuclear antigen, 
leading to the induction of G2/M phase arrest [312]. Fur-
thermore, licochalcone A inhibited the ability of Ras/Raf/
MEK and NF-κB signaling pathways to express PD-L1. In 
a co-culture model of tumor and T cells, licochalcone A 
suppressed the production of PD-L1, thereby restoring T 
lymphocyte function [226].

Luteolin. Luteolin, a natural flavonoid, is exten-
sively distributed across many plant species, including 
Chamaemelum nobile L., Petroselinum crispum (Mill.) 
Fuss, Tanacetum vulgare L., Trigonella foenum-graecum 
L., Origanum vulgare L., Salvia rosmarinus Spenn. (syn. 
Rosmarinus officinalis), as well as in peppers and carrots 
[313–315] (Fig. 2). It exhibits a range of potential benefits 
as an antioxidant, anti-inflammatory, antiallergic, and 
anticancer agent [314, 316, 317]. In vitro experiments on 
KRAS-mutated lung cancer cells revealed that luteolin 
inhibited cell growth and induced apoptosis at minimal 
concentrations. Additionally, the expression of MUC1-
C and PD-L1 was suppressed due to the downregulation 
of STAT3 phosphorylation following luteolin treatment 
[227]. Enhanced T cell activity was also observed via 
increased IL-2 accumulation and inhibition of IFN-γ-
mediated interaction between PD-1 and PD-L1 [227].

In vivo studies conducted on H358 and LLC xenograft 
mouse models using a standard dose of luteolin (30 mg/kg) 
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demonstrated significant inhibition of tumor growth, 
with tumors exhibiting reduced size, volume, and weight 
[227]. A further combination approach involving PD-1 
mAb and luteolin resulted in improved survival rates, 
decreased tumor volume and size, diminished lung 
lesions, increased number of  CD8+ T cells, and enhanced 
activation phenotypes [227].

There is growing evidence that PD-L1 expression in 
lung cancer is upregulated intrinsically through activa-
tion of the downstream KRAS signaling pathways [14]. 
Apigenin has also been shown antitumor properties in 
genetically modified KRASLA2 mice. In summary, luteo-
lin and apigenin both significantly reduced the growth of 
lung cancer associated with KRAS mutants and down-
regulated the expression of PD-L1 induced by IFN-γ. 
Combining apigenin/luteolin with PD-1 blockade dem-
onstrates a synergistic impact and may be a potential 
therapeutic strategy for NSCLC with KRAS mutations 
[227].

Myricetin. Myricetin is a flavonoid present in diverse 
plants, namely Lycium barbarum Lam., Vigna subterra-
nea (L.) Verdc., Ribes nigrum L., Vaccinium oxycoccos L., 
Empetrum nigrum subsp. hermaphroditum (Hagerup) 
Böcher, Capsicum annuum L., as well as certain vegeta-
bles and red wine [318] (Fig. 2). It has a long history of 
use in traditional Chinese medicine and can be extracted 
from the bark of the Myrica rubra tree [319, 320]. Myrice-
tin exhibits various pharmacological properties, includ-
ing protective actions on the nervous and cardiovascular 
systems [321], along with antiviral and immunomodula-
tory potential [320]. It is also widely studied for its anti-
cancer properties [319]. In vitro flow cytometry analysis 
indicated that myricetin downregulated IFN-γ-mediated 
PD-L1 and indoleamine 2,3-dioxygenase 1 expression, 
resulting in improved T cell activity and enhanced IL-2 
secretion. Additionally, Western blotting analysis demon-
strated that myricetin inhibited the nuclear accumulation 
of STAT1, STAT3, and IRF1 in a concentration-depend-
ent manner [229]. IFN-γ stimulated the transcriptional 
level of PD-L1 via the JAK/STAT/IRF1 axis, which was 
blocked by myricetin. Collectively, these findings suggest 
that myricetin holds promise for applications in tumor 
immunotherapy [229].

Polydatin. Polydatin, a crystalline compound isolated 
from the roots and rhizome of Polygonum cuspidatum 
Willd. Ex Spreng. [322, 323], is used extensively in Chi-
nese herbal medicine as an analgesic, antipyretic, antia-
therosclerotic, and diuretic agent [322] (Fig. 2). It also 
possesses immune regulatory and antitumor potential 
[323]. Upon treatment with polydatin, it was observed 
that the levels of cleaved caspase-3 and cleaved cas-
pase-9 were significantly upregulated, suggesting that 
polydatin promotes the apoptotic potential of Caco-2 

and HCT 116 CRC cell lines in  vitro [232, 324]. Poly-
datin treatment further increased the expression of 
miR-382, leading to downregulation of PD-L1 levels 
[103, 232, 325].

An in vivo study conducted on an orthotopic xenograft 
mouse model using subcutaneously implanted Caco-2 
cells demonstrated decreased tumor size and weight, 
along with upregulation of miR-382 expression after 
polydatin treatment. The tumor xenograft model showed 
that polydatin could attenuate tumor growth in CRC 
[232]. In glioblastoma cells, polydatin enhanced apopto-
sis while inhibiting cell migration, proliferation, invasion, 
and stemness properties. Furthermore, it was confirmed 
that the cytotoxicity of polydatin was associated with the 
inhibition of the EGFR-Akt/ERK1/2/STAT3-sex-deter-
mining region Y-box  2 (SOX2)/Snail signaling pathway, 
of which several components were essential therapeutic 
targets for glioblastoma [326].

Quercetin. Quercetin, a flavonoid widely distributed 
in various plants, including Ginkgo biloba L., Hypericum 
perforatum L., and Sambucus canadensis L. [327, 328], 
possesses numerous properties such as anti-inflamma-
tory, antioxidant, antiviral, and antitumor potential [327, 
329, 330] (Fig.  2). Quercetin has been demonstrated to 
inhibit the interaction between PD-1 and PD-L1. It also 
exhibits concentration-dependent inhibition of glyco-
sylated PD-1 and PD-L1 binding, thereby promoting 
T cell cytotoxicity [233]. Furthermore, quercetin dis-
played immunoregulatory activities by downregulating 
NF-κB, ERK, and JNK signaling pathways, subsequently 
inhibiting the inflammation-producing enzymes such as 
cyclooxygenase and lipoxygenase [233, 331, 332].

In vivo, studies performed on BALB/c nude mice indi-
cated that quercetin is non-toxic to these animals. The 
inhibitory effect of quercetin dihydrate on tumor growth 
is mediated by the reactivation of T cells, as evidenced 
by increased protein levels of the CD8, granzyme B 
(GZMB), and IFN-γ in the tumor tissue [233]. Addition-
ally, increased quantities of the  CD8+ cytotoxic lympho-
cytes and cytokines, such as GZMB and the IFN-γ, were 
released from the tumor microenvironment, contributing 
to tumor cell destruction [233].

The immunomodulatory action of quercetin is medi-
ated through the regulation of the JAK/STAT1 signaling 
pathway, which facilitates the cooperative destruction 
of breast cancer cells. By modulating the production of 
IFN-γ-R, p-JAK2, p-STAT1, and PD-L1 in this pathway 
while promoting γδ T cell regulation, quercetin acts syn-
ergistically to induce apoptosis in breast cancer cells. 
Consequently, quercetin represents a potential therapeu-
tic agent for adjuvant therapy of breast cancer as well as 
for the prevention of precancerous conditions associated 
with this disease [333].
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Resveratrol. Resveratrol, a phenolic compound ini-
tially isolated from Veratrum grandiflorum (Maxim. ex 
Miq.) O. Loes is presented in a variety of foods, includ-
ing grapes, berries, peanuts, wine, and tea [334, 335] 
(Fig. 2). It possesses antioxidative, antiaging, and antican-
cer properties and is recognized for providing numerous 
cardiovascular benefits [334, 336–338]. In  vitro study 
indicated that thyroxine enhances the effect of PD-L1 on 
SSC-25 and OEC-M1 oral cancer cell lines when treated 
with resveratrol. This treatment resulted in the inhibi-
tion of PD-L1 protein expression as well as its nuclear 
accumulation [339]. Furthermore, resveratrol treatment 
induced conformational changes in PD-L1 structure that 
increased its electrophoretic mobility while promot-
ing its dimerization and blocking interactions between 
PD-1 and PD-L1 [340]. Additional in vitro investigations 
revealed that resveratrol treatment led to upregulation of 
PD-L1 expression across various tumorigenic cell lines 
such as BT549, SKBR3, and Cal51 breast cancer cells, 
BT474 invasive ductal carcinoma, and HCT116, SW480, 
and SW620 colon cancer cells [234]. The combination of 
resveratrol with piceatannol, a natural stilbene known 
for its antitumor properties [341], led to an increase in 
the expression of γ-H2A histone family member X and 
cleaved caspase-3. Concurrently, this combinatorial 
strategy downregulated p38-MAPK and c-Myc levels, 
indicative of DNA damage. These findings suggested that 
resveratrol induces cellular damage while simultaneously 
elevating PD-L1 expression [234].

The study conducted on BALB/c mice inoculated 
with 4T1 tumor cells, in conjunction with resveratrol 
administration, showed reduced lung metastasis, cell 
proliferation, and inhibition of tumor growth. Resvera-
trol treatment significantly enhanced the antitumor effi-
cacy of  CD8+ T cells while further downregulating PD-1 
mRNA expression [342].

The role of IL-6 in the development of cancer-stem-
like cells (CSCs) within the niche occupied by oral can-
cer cells was examined. The mechanism underlying the 
antitumor action of resveratrol-loaded nanoparticles in 
oral CSCs was reported to focus on the PD-L1 and IL-6/
JAK2/STAT3 signaling cascade. It was determined that 
the IL-6/PD-L1 axis is essential for CSC proliferation. By 
suppressing PD-L1 via the IL-6/JAK2/STAT3 pathway, 
resveratrol-loaded nanoparticles attenuate carcinogen-
esis in vitro, in ovo, ex vivo, and in vivo model settings. 
Additionally, this approach disrupts the interaction 
between AM-M1 macrophages and cancer-associated 
fibroblasts [343].

Sativan. Sativan, a naturally occurring flavone iso-
lated from Spatholobus suberectus Dunn, is a Chinese 
herbal medicine frequently employed for treating vari-
ous blood disorders [344]. It exhibits anti-inflammatory, 

antioxidant, and antirheumatic capacities [345] (Fig.  2). 
Recently, this phytoconstituent has been reported to pos-
sess anticancer activity, demonstrating effects against 
cell proliferation and exhibiting lactate dehydrogenase-
inhibitory potential [346]. N-cadherin, Vimentin, and 
low expression of E-cadherin are considered significant 
markers for proliferation and PD-L1 expression [347, 
348]. Sativan showed inhibition of cell proliferation and 
viability while enhancing apoptotic potential in a concen-
tration-dependent manner. The suppression of migratory 
and invasive capabilities was corroborated by polymer-
ase chain reaction analysis, which indicated that sativan 
increased miR-200c levels in a concentration-dependent 
manner. This led to the inhibition of the EMT process 
and PD-L1 simultaneously [236]. In  vivo investigations 
performed on mice xenografted with MDA-MB-232 
breast carcinoma cells indicated decreased tumor volume 
and weight. Immunohistochemical staining revealed the 
inhibition of PD-L1 expression [236].

Silibinin. Silibinin, a phenolic natural bioactive com-
pound extracted from Silybum marianum (L.) Gaertn, 
has been implicated in the treatment of liver diseases 
[238] as well as various types of tumors, including breast, 
lung, skin, kidney, colon, and nasopharyngeal cancers 
[238, 239, 349, 350] (Fig.  2). In several lung cancer cell 
lines (A549, H292, H460), silibinin induced cell cycle 
arrest and showed apoptotic potential in a concentration-
dependent manner. This effect was further validated by 
Western blotting analysis comparing the levels of cell 
cycle marker proteins before and after silibinin treatment 
[238]. Furthermore, the downregulation of key molecu-
lar targets, namely EGFR, STAT5, Akt, MMP-2, MMP-9, 
and VEGF, along with the inhibition of cellular migration 
and invasion ability indicated that silibinin reduced angi-
ogenesis, migration, and progression of tumors [238]. 
Moreover, a significant reduction in p-STAT, p-Akt, and 
MMP-2 protein levels was observed coupled with inhi-
bition of EGFR-mediated PI3K/Akt and JAK2/STAT5 
signaling pathways affecting PD-L1 binding [238]. In 
the MDA-MB-231 breast cancer cell line model, treat-
ment with silibinin induced apoptosis in a concentration-
dependent manner while also promoting mitochondrial 
fusion among tumor cells, accompanied by decreased 
mitochondrial reactive oxygen species (ROS) production, 
which further inhibited cellular migration [350]. In vivo 
experiments of silibinin on nasopharyngeal cancer mod-
els exhibited the suppression of aerobic glycolysis. Flow 
cytometric analysis confirmed that silibinin interfered 
with cell survival by inhibiting HIF-1α expression and 
lactate dehydrogenase A (LDH-A)-dependent glycolytic 
activity [239].

Silibinin inhibited the expression of phosphoryl-
ated EGFR by binding to the receptor, leading to the 
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suppression of downstream targets associated with 
EGFR, specifically the JAK2/STAT5 and PI3K/Akt path-
ways. This resulted in decreased expression of PD-L1, 
VEGF, and MMP. The results of the binding analysis 
showed that silibinin disrupted the STAT5/PD-L1 com-
plex and demonstrated that STAT5 binds to the PD-L1 
promoter region in the nucleus. Collectively, these find-
ings suggest that silibinin may be a potential target for 
cancer stem cell-directed therapies and tumor immuno-
therapy [238]. Furthermore, by interfering with HIF-1α/
LDH-A-mediated cellular metabolism in nasopharyn-
geal carcinoma, silibinin can modulate PD-L1 expression 
[239].

Shikonin. Shikonin, a natural naphthoquinone 
obtained from the roots of Lithospermum erythrorhizon 
Siebold & Zucc., is indicated for various conditions, such 
as burns, carbuncles, macular eruption, sore throat, and 
measles [351] (Fig.  2). Several studies have also high-
lighted its anticancer potential, as this compound induces 
apoptosis and cell cycle arrest [351–355]. This mecha-
nism by which shikonin exerts these effects involves the 
generation of ROS and dysregulates intracellular  Ca2+ 
levels, leading to its accumulation in mitochondria. The 
accumulation disrupts microtubule integrity and alters 
membrane potential [352]. In vitro experiments with shi-
konin conducted on PC cell lines PANC-1, BxPC3, and 
293  T revealed elevated expression of NF-κB, PD-L1, 
p-STAT3, and CSN5. These findings were also confirmed 
via the mRNA expression. Western blotting analysis fur-
ther demonstrated that the inhibition of NF-κB led to a 
significant reduction in PD-L1 levels. This effect was 
mediated through the suppression of STAT3 phospho-
rylation and CSN5 activity. Consequently, shikonin pro-
moted PD-L1 degradation via NF-κB/STAT3 and NF-κB/
CSN5 pathways while regulating the PI3K/Akt-mediated 
signaling in a concentration-dependent manner [237]. 
Experiments assessing immune evasion status addition-
ally indicated that shikonin increased cleaved caspase-3 
levels, suggesting enhanced cytotoxicity against pancre-
atic tumor cells by PBMCs [237]. Moreover, using male 
C57B/6J mice with Pan02 cells showed that shikonin 
facilitated PD-L1 degradation through inhibition of the 
NF-κB/CSN5 signaling pathway. Different concentrations 
of shikonin inhibited NF-κB p65 protein expression in a 
concentration-dependent manner [237].

Terpenoids
β-elemene. Elemene is a natural monomeric sesquiter-
pene compound extracted from the Curcuma wenyujin 
Y.H. Chen & C. Ling [356]. There are three subgroups, 
namely α-elemene, β-elemene (Fig.  2), and δ-elemene, 
with β-elemene possessing the highest antitumor activ-
ity [241, 357, 358]. Treatment of esophageal cancer cell 

lines TE-1 and KYSE-150 with β-elemene resulted in a 
concentration-dependent decrease in cell viability and 
proliferation. This was accompanied by downregulation 
of cellular expression of Ki-67, cyclin D1, and cyclin B1, 
as well as an increase in PTEN expression. These changes 
led to G-phase arrest and inhibition of proliferation while 
enhancing apoptotic potential via the cleavage of cas-
pase-3, PARP, and p-Akt. Consequently, this reduced the 
migration and invasion capabilities of the cancer cells 
[241]. Additionally, β-elemene inhibited the prolifera-
tion of esophageal squamous cell carcinoma by regulat-
ing lncRNA-medicated suppression of human telomerase 
reverse transcriptase expression. This resulted in reduced 
tumor volume and weight, along with nuclear DNA 
damage observed in cells treated with β-elemene. These 
findings indicate that β-elemene promotes apoptosis in 
esophageal cancer cells [241].

Treatment with β-elemene inhibited the growth of 
esophageal cancer cells and induced apoptosis. Further-
more, β-elemene effectively prevented the migration and 
invasion of these cancer cells. Additionally, it selectively 
modulated Akt signaling, which subsequently regulated 
PD-L1 expression in esophageal cancer [241].

Britannin. Britannin, a sesquiterpene lactone extracted 
from the perennial plant Inula britannica M.Bieb. [359], 
shows antioncogenic, antidiabetic, antibacterial, and 
anti-inflammatory properties [360–362] (Fig.  2). Britan-
nin demonstrated a concentration-dependent decrease in 
PD-L1 protein and mRNA expression across various can-
cerous cell lines, including A549, HeLa, Hep3B, HCT116, 
and human umbilical vein endothelial cells (HUVECs). 
Flow cytometry confirmed a significant reduction in the 
population of PD-L1-expressing cells [231]. Molecular 
docking assays revealed effective binding of britannin to 
HIF-1α, resulting in downregulation of PD-L1 expres-
sion through inhibition of crosstalk between HIF-1α 
and Myc, further leading to decreased protein expres-
sion of Ras, p-Raf, p-MEK, and p-ERK [231]. Treatment 
with britannin restored and enhanced T cell cytotoxicity 
while potentially inhibiting the PD-1/PD-L1 interaction. 
It also contributed to the suppression of tumor angiogen-
esis as well as reduced expressions of VEGF, and MMP-9 
by downregulating PD-L1 expression [231]. The results 
from an in vivo study on female BALB/c nude mice indi-
cated that britannin significantly inhibited the growth of 
HCT116 cells along with notable reductions in the tumor 
size as well as levels of HIF-1α, Myc, PD-L1, and VEGF in 
tumor tissues [231].

By preventing the formation of the PD-L1 protein with-
out affecting its degradation, bentonina decreased the 
expression of PD-L1 in tumor cells. Additionally, bri-
tannin blocked the ability of the mTOR/p70S6K/4EBP1 
pathway to express HIF-1α and inhibited the capacity 
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of Ras/Raf/MEK/ERK pathway to activate Myc. Mecha-
nistically, britannin prevented the interaction between 
HIF-1α and Myc, thereby suppressing the production of 
PD-L1 [231].

Curcumol. Curcuma wenyujin Y.H. Chen & C. Ling, 
a plant belonging to the Zingiberaceae family, has been 
widely used in various regions of the world, particularly 
in Asian countries such as China, as a traditional herbal 
medicine [363, 364]. Curcumol (Fig. 2), a sesquiterpenoid 
and its active ingredient, has been extensively evaluated 
for its antibacterial, antimicrobial, antitumor, and anti-
cancer properties by researchers [364, 365]. One par-
ticular study revealed that curcumol showed inhibitory 
effects on STAT3 phosphorylation in several cell lines, 
including A549 lung cancer cells, HeLa cervical cancer 
cells, and Hep3B liver cancer cells, thus effectively inhib-
iting tumor progression [244]. The activation of STAT3 
is mediated through JAK1 and JAK2 receptor activation 
[91]. Curcumol was found to suppress the phosphoryla-
tion of both receptors. Additionally, Src, a member of 
the tyrosine kinase family, also contributes to STAT3 
activation. Curcumol treatment inhibited constitutive 
phosphorylation in Hep3B cells [244]. HIF-1α plays a 
critical role in tumorigenesis through diverse biological 
processes, such as proliferation, angiogenesis, invasion, 
metastasis, and cell cycle progression [366]. Evidence 
suggests that curcumol reduces the regulation of HIF-1α 
protein synthesis through mTOR/p70S6K/eIF4E and 
MAPK signaling pathways [244].

In vivo, experiments on a female athymic BALB/c nude 
mouse model injected with Hep3B cells demonstrated 
that curcumol significantly reduced tumor size and vol-
ume. This reduction was accompanied by decreased pro-
tein levels of HIF-1α, PD-L1, VEGF, and p-STAT3 in the 
tumor tissues. Immunohistochemical analyses revealed 
that curcumol downregulated the expression of p-STAT3 
(T705), HIF-1α, PD-L1, and VEGF in a dose-dependent 
manner [244]. Additionally, curcumol suppressed PD-L1 
expression in hepatic cancer by interfering with the 
HIF-1α and p-STAT3 (T705) signaling pathways [244].

Fraxinellone. Fraxinellone, a natural limonoid com-
pound isolated from the roots and bark of Dictamnus 
dasycarpus Turcz., also known as Cortex dictamni, has a 
long history of use in Chinese herbal medicine [367, 368] 
(Fig. 2). It has been recognized for its antibacterial, anti-
inflammatory, neuroprotective, and anticancer proper-
ties [369, 370]. Structurally, fraxinellone is classified as a 
tetrahydrobenzofuranone derivative and is regarded as a 
degraded limonoid [371, 372]. Research on various can-
cerous cell lines, including A549, HeLa, Hep3B, HUVEC, 
HLF-a, and HCT116, indicated that fraxinellone down-
regulated PD-L1 expression [248]. Molecular docking 
analysis confirmed the interaction between fraxinellone 

and STAT3 at the pTyr705 binding site. In a concentra-
tion-dependent manner, fraxinellone inhibited STAT3 
transcriptional activity, blocked its phosphorylation and 
nuclear translocation, and also suppressed the activi-
ties of JAK1, JAK2, and Src [248]. The mTOR/p70S6K/
eIF4E and MAPK pathways are important mediators 
of HIF-1α protein synthesis [72, 73], with fraxinellone 
exhibiting suppression of both pathways, resulting in 
decreased HIF-1α protein expression [248]. By inhibiting 
both STAT3 and HIF-1α levels co-operatively leading to 
reduced PD-L1 protein levels, fraxinellone consequently 
suppressed cell proliferation [248, 366]. Treatment with 
fraxinellone resulted in reduced VEGF and MMP-9 levels 
that were previously enhanced by PD-L1 overexpression, 
indicating diminished PD-L1 activity [248].

Utilizing an A549 xenograft mouse model, it was 
observed that fraxinellone effectively suppressed tumor 
growth. The suppression was accompanied by fluorescent 
imaging, resulting in decreased expressions of HIF-1α, 
PD-L1, VEGF, and pTyr705 STAT3 in a dose-dependent 
manner [248].

Lycopene. Lycopene, a tetraterpenoid (carotenoid) 
derivative, is abundantly present in various fruits and 
vegetables, particularly in tomatoes, carrots, watermelon, 
and papaya [373] (Fig. 2). It consists of symmetric hydro-
carbon chains with 11 conjugated and 2 non-conjugated 
bonds. The presence of these conjugated bonds contrib-
utes to its strong antioxidant potential [374]. Emerging 
evidence suggests the significant potential of lycopene 
in the treatment of various cancer types [375]. In CAL27 
and SCC9 cell lines, increased PD-L1 expression was 
associated with enhanced cell proliferation and inhibition 
of apoptosis. However, these effects were reversed upon 
treatment with lycopene, indicating that it inhibits PD-L1 
expression. Additionally, lycopene treatment reduced the 
levels of type 1 insulin-like growth factor receptor (IGF-
1R), p-Akt1, NF-κB, STAT3, and c-Myc, further suggest-
ing a reversal of actions linked to PD-L1 overexpression 
[228]. It was reported that lycopene enhances the effi-
cacy of anti-PD-1 therapy via activating IFN-γ signaling 
in lung cancer cells [252]. Lycopene interacted with IL-1 
and IFN-γ to reduce levels of IL-4 and IL-10 in the spleen 
of mice. This interaction also influenced the  CD4+/CD8+ 
ratio in the spleen while promoting IFN-γ-expressing 
 CD8+ T cells in tumor tissues [252]. Combinatorial 
treatment resulted in enhanced cell apoptosis alongside 
significantly upregulated mRNA levels of IFN-β, IFN-γ, 
IRF1, IRF7, CXCL9, and CXCL10 as well as decreased the 
methylation levels of IRF1 and IRF7 [252].

Triptolide. Triptolide belongs to the triterpene 
epoxide family. It is well-known in traditional Chi-
nese medicine as Tripterygium wilfordii Hook. F. [376] 
(Fig. 2). Triptolide exhibits a variety of effects, including 
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anti-inflammatory, antioxidant, immunomodulation, 
neuroprotection, and anticancer activities [377, 378]. 
In an in  vitro oral cancer model, PD-L1 expression was 
significantly upregulated; however, this expression mark-
edly decreased upon triptolide treatment, which further 
inhibited tumor growth, confirming that this inhibition 
was mediated through downregulation of JAK/STAT1 
and HER2/phosphoinositide 3-kinase/Akt signaling path-
ways [239]. Various experiments conducted on glioma 
cell lines indicated that PD-L1 expression induced by 
IFN-γ was reduced. Additionally, previous reports noted 
a reversal of T cell and  CD4+ T cell inhibition alongside 
decreased levels of IL-2 and IL-10 secretion following 
treatment with triptolide [379].

In vivo experiments using different xenograft models 
derived from patient tumors, including oral squamous 
cell carcinoma and oral SAS cells, also demonstrate 
reduced PD-L1 expression, decreased tumor growth, and 
diminished cell proliferation [240].

Ginsenoside Rk1. Ginsenoside Rk1, a saponin compo-
nent derived from Panax ginseng C.A.Mey. (ginseng), has 
been traditionally used in herbal medicine [380, 381] and 
exhibits diverse effects such as anti-inflammatory [381] 
and anticancer potential [382] (Fig.  2). It has also been 
associated with the regulation of endothelial functions 
[383, 384]. In vitro studies indicated that ginsenoside Rk1 
decreased the proliferation of lung adenocarcinoma cells 
and induced G-phase arrest, accompanied by upregula-
tion of Bax, cleaved caspase-3, caspase-8, and caspase-9 
as well as PARP expression while downregulating Bcl-2 
expression, indicating a caspase-dependent apoptotic 
mechanism [222]. NF-κB-mediated regulation of PD-L1 
expression has been studied previously in vitro, suggest-
ing that ginsenoside Rk1 downregulated NF-κB activity, 
further leading to inhibition of PD-L1 expression [222].

Panaxadiol. Panaxadiol, a terpenoidal saponin derived 
from the roots of Panax ginseng [385], has been used in 
traditional medicine for its anti-inflammatory, antican-
cer, and neuroprotective potential [386, 387] (Fig.  2). 
In  vitro analysis on various colon cancer cell lines such 
as HCT116, SW620, and HT-29, indicated that panaxa-
diol treatment resulted in decreased PD-L1 protein and 
mRNA levels alongside a reduction in HIF-1α overex-
pression, as confirmed by Western blotting and immuno-
fluorescence staining [230]. Treatment with panaxadiol 
reduced PD-L1 expression induced by STAT3 activation 
while also suppressing JAK1, JAK2, and Src expression in 
a concentration-dependent manner. This was associated 
with enhanced T cell cytotoxicity and the inhibition of 
the interaction between PD-1 and PD-L1 [230].

In a vivo xenograft model utilizing HCT116 cells, 
panaxadiol demonstrated suppression of tumor growth 
without notable changes in body weight. It also led to 

decreased levels of HIF-1α, p-STAT-3, PD-L1, and VEGF 
in a dose-dependent manner, consistent with the previ-
ous in vitro findings [230].

Marine natural compounds
Fucoidan
Fucoidan is a fucose-rich polysaccharide that is abun-
dant in brown seaweeds and algal species, such as Fucus 
evanescens, several species of Laminaria, and land plants 
like Ferula hermonis [388–390] (Fig.  3). Fucoidan-rich 
algal supplements are marketed for nutraceutical [388], 
therapeutic [391], cosmetic [392], and diagnostic pur-
poses [393]. It has demonstrated efficacy in reducing the 
growth of diverse cancers, including ER-dependent and 
-independent breast cancer cell lines, PC-3 prostate can-
cer cells, SNU-761 HCC cells, and lung cancer in Lewis 
tumor-bearing mice [394, 395]. Experiments conducted 
on HT1080 fibrosarcoma cell lines revealed suppressed 
mRNA levels of PD-L1, EGFR, and VEGF without affect-
ing the binding between PD-1 and PD-L1 upon treat-
ment with low molecular weight fucoidan [396].

In vivo experiments investigating breast tumor devel-
opment induced by dimethylbenz(a)anthracene (DMBA) 
injection indicated decreased tumor growth in fucoidan-
treated animals. These animals showed a higher percent-
age of TCRαβ+CD161a+ NK cells along with increased 
 CD4+ and  CD8+ T cells. Furthermore, enhanced levels 
of IL-6, IL-12, p40, and IFN-γ were observed alongside 
decreased levels of Foxp3, p-PI3K, p-Akt, and PD-L1 fol-
lowing fucoidan treatment [251].

Trabectedin
Trabectedin, also referred to as yondelis, is a tetrahy-
droisoquinoline alkaloid originally extracted from the 
marine organism Ecteinascidia turbinate. It has demon-
strated promising antitumor activity against breast can-
cer, oral cancer, renal cancer, prostate cancer, and NSCLC 
[397–400] (Fig. 3). The combination of trabectedin treat-
ment with α-PD-1 mAb led to decreased cell growth of 
ID8 cells in vitro. Further exploration indicated enhanced 
survival rates and reduced tumor growth, coupled with 
an increased number of IFN-γ-induced  CD4+ and  CD8+ 
effector T cells alongside decreased number of Tregs and 
MDSCs [254].

In vivo studies conducted on patient-derived chronic 
lymphocytic leukemia xenografts indicated enhanced 
antitumor activity. Treatment with trabectedin resulted 
in the depletion of Ly6C monocytes expressing PD-L1, 
a reduction in the expression of Foxp3 mRNA, and a 
decrease in immunosuppressive Tregs. Furthermore, tra-
bectedin interfered with the PD-1/PD-L1 axis, leading to 
diminished levels of  CD8+ T cells expressing PD-1 [401]. 
The rapid activation of caspase-8 via membrane signaling 



Page 29 of 51Godiyal et al. Military Medical Research           (2024) 11:82  

through tumor necrosis factor-related apoptosis-induc-
ing ligand (TRAIL) receptors, expressed at higher levels 
in monocytes and macrophages compared to neutrophils 
and lymphocytes, has been associated with the excep-
tional selectivity of trabectedin for mononuclear phago-
cytes (monocytes and macrophages) [402].

Microbial agents
Cordycepin
Cordycepin, isolated from the caterpillar fungus 
Cordyceps militaris, is an adenosine analog that con-
tains multiple bioactive compounds [403, 404] (Fig. 3). It 
is well known for its therapeutic activities, such as anti-
inflammatory, antiangiogenic, antitumor, immunomodu-
latory, and antidiabetic effects [405–409]. In vitro studies 
on 4NAOC-1 oral cancer cells treated with cordycepin 
and its preparation indicated inhibition of cell prolifera-
tion, increased cell apoptosis, decreased G2/M phase cell 
cycle progression, and reduced expression of p-EGFR, 
p-ERK1/2, p-STAT3, p-p70S6K, β-catenin, IL-17RA, 
and cyclin B1. Additionally, there was an increase in the 
expression of p-STAT1, leading to downregulation of 
PD-L1 but not PD-L2 in  vitro. Further treatment with 
cordycepin in a mouse tumor model revealed reduced 
expression of Ki-67, p-EGFR, and p-STAT3 in cancer 
tissues [243]. Investigations suggest that cordycepin 
may target and disrupt the activity of various kinases, 
including but not limited to JNK, MAPK, adenosine 
monophosphate-activated protein kinase (AMPK), PI3K/
Akt, ERK, GSK-3β, and focal adhesion kinase pathways 
[410].

Mithramycin A
Mithramycin A is a polyketide antibiotic produced by 
the soil bacterium Streptomyces, known to bind to the 
minor groove of DNA and inhibit the binding of the tran-
scription factor specificity protein 1 (SP1) to DNA [411, 
412] (Fig. 3). Mithramycin A has been found to possess 
calcium-lowering and antitumor properties as well [411, 
413, 414]. An in  vivo study conducted on orthotopic 
tumor-bearing C57BL/6 mice injected with MC38 cells 
indicated enhanced  CD8+ T cell infiltration in tumors, 
thereby arresting tumor growth when combined with 
mithramycin A and α-PD-L1 blocker. When administered 
as monotherapy in  vitro, mithramycin A enhanced the 
levels of PD-L1 in a concentration-dependent manner, 
which was further confirmed in vivo using  CD45− tumor-
bearing mice. Furthermore, treatment with mithramycin 
A alone and in combination with PD-1 therapy resulted 
in a decrease in the CCL2 gene expression in  vivo and 
a reduction of M2 macrophages  (CD206+F4/80+) after 
mithramycin A and α-PD-L1 treatment [253].

Compared to mithramycin A and anti-PD-1 antibody 
administered alone, the combination of these two agents 
showed enhanced anticancer activity in MC38 allograft 
mice. Mithramycin A, when evaluated using an immune 
checkpoint array, decreased the expression of Fas ligand 
and galectin-3. The results also showed that mithramy-
cin A downregulates CD47 expression while upregulat-
ing PD-L1 expression. Additionally, the combination of 
anti-PD-1 antibody and mithramycin A exhibits a potent 
anticancer effect [415]. Mithramycin A suppressed the 
growth of cervical cancer by disrupting the death recep-
tor 5/caspase-8/Bid signaling pathway, resulting in pro-
teasome-dependent degradation of Sp1 [416].

Romidepsin
Romidepsin, a naturally occurring compound isolated 
from the Gram-negative soil bacterium Chromobacte-
rium violaceum [417, 418], is a selective inhibitor of the 
HDAC1 and HDAC2, which are enzymes involved in 
the regulation of gene expression [419, 420] (Fig.  3). It 
has been reported that romidepsin induces cell cycle 
arrest and apoptosis in various solid tumor cells, includ-
ing ovarian cancer and HCC [420, 421]. In addition to its 
direct cytotoxicity, romidepsin can elicit a wide range of 
immune changes similar to those observed with other 
HDAC inhibitors. This includes the upregulation of 
costimulatory molecules, such as PD-L1, MHC, tumor 
antigens, and cytokines. Evidence suggests an increase 
in Foxp3 expression and suppressive activity of Tregs in 
inflammatory and transplantable tumor models [422, 
423]. Treatment with romidepsin regulated cell prolif-
eration, differentiation, and apoptosis, leading to PD-L1 
upregulation in CLC cells. This upregulation correlated 
with increased levels of histone H3/H4 acetylation and 
regulation of BRD4 in CT26 and MC38 cell lines. The 
enhanced PD-L1 expression was further associated with 
increased T cell infiltration, downregulation of IFN-γ and 
IL-4, along with the secretion of IFN-γ in  CD8+ T cells, 
as well as upregulation of  Foxp3+ Tregs [235].

Romidepsin treatment inhibited tumor growth despite 
its series of immunosuppressive effects, as demonstrated 
by the findings from colitis-associated cancer models and 
subcutaneous tumor-transplanted animals [235]. Con-
sequently, romidepsin plus anti-PD-1 antibody offers a 
more promising therapeutic approach for colon cancer. 
Mechanistically, tyrosine phosphatases are recruited to 
dephosphorylate downstream effector molecules, thereby 
attenuating TCR-mediated signaling, which in turn pre-
vents T cell proliferation and cytokine production [424, 
425]. This process occurs after the interaction between 
the PD-1 receptor on T cells and its ligand PD-L1. Anti-
bodies that block PD-1 can impede the PD-L1/PD-1 
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pathway and restore T cell activity. Conversely, T cell 
responses are adversely regulated by PD-L1 expression 
on tumor cells, allowing for immune escape [235, 426, 
427].

Miscellaneous compounds
5-aminolevulinic acid is a naturally occurring amino acid 
synthesized in all nucleated mammalian cells and plays 
a crucial role in various biochemical pathways for the 
formation of essential photosensitive components [428] 
(Fig.  3). Currently, 5-aminolevulinic acid and its deriva-
tives have been approved by the FDA for the treatment 
of actinic keratosis, basal cell carcinoma, and tumor diag-
nosis [428]. Moreover, 5-aminolevulinic acid has been 
approved for treating acne vulgaris in China [429].

In vivo experiments conducted on B6 mice demon-
strated a potent tumor inhibitory effect when combin-
ing 5-aminolevulinic acid with anti-PD-L1 mAb, yielding 
similar results in B16BL6 and C26 models alongside an 
increase in the T cell population [249]. The experimen-
tal model also showed enhanced mitochondrial function 
through the activation of peroxisome proliferator-acti-
vated receptor-gamma coactivator (PGC)-1α (PGC-1α), 
leading to improved PD-1/PD-L1 blockade [249].

Clinical studies
Clinical studies that involve natural compounds target-
ing PD-1/PD-L1 are essential for developing more effec-
tive and less toxic cancer treatments. Natural compounds 
represent a substantial yet largely mainly unexplored res-
ervoir of bioactive molecules with potential anticancer 
activities. Through the clinical evaluation of these natural 
agents, novel PD-1/PD-L1 inhibitors could improve or 
complement existing therapies, offering patients a wider 
range of therapeutic options. Additionally, by establish-
ing the safety, efficacy, and optimal application of natu-
ral agents in oncology, these trials may pave the way for 
less harmful and more effective breakthroughs in cancer 
immunotherapy compared to traditional treatments.

A critical analysis of natural agents studied in vitro or 
in  vivo for targeting PD-1/PD-L1 reveals that numer-
ous natural compounds demonstrated efficacy against 
cancer across various studies, with many either having 
undergone clinical evaluation or currently being evalu-
ated. Numerous clinical trials are being performed with 
natural compounds, such as berberine, EGCG, icaritin, 
quercetin, resveratrol, silibinin, lycopene, ginsenoside 
Rg3, fucoidan, and cordycepin. Additionally, several 
other natural compounds are also in early-phase clinical 
trials. The detailed summary of these trials is presented 
in Table  5 [430–438]. Most clinical trials were at phase 
I or phase II stages, with some progressing to phase III. 
Notably, many of these trials involved a small number 

Fig. 3 Chemical structures of bioactive anticancer natural compounds from non‑plant sources targeting PD‑1/PD‑L1
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of participants, which is a significant limitation that can 
be addressed in the future. Some studies are currently at 
the dose escalation stage for agents, such as cordycepin 
and mithramycin (NCT00003005, NCT01610570, and 
NCT01317953). Furthermore, a few trials were termi-
nated due to severe/serious adverse events or other rea-
sons (NCT01610570, NCT03236649, NCT00920556, and 
NCT00920556). Specific patterns were also observed, for 
instance, many clinical studies involving EGCG focused 
on HPV treatment. Similarly, tumor growth may be 
inhibited by Veillonella parvula through the reduction 
of B cells immunomodulatory activity mediated by ber-
berine [430, 431]. Lycopene has primarily been evaluated 
for prostate cancer treatment. Apart from the afore-
mentioned studies, several ongoing investigations with 
recruiting status involve icaritin. Multiple clinical trials 
have been conducted with quercetin, mostly associated 
with chemoprevention and its combination therapies 
aimed at overcoming chemoresistance. Certain formula-
tions of quercetin and resveratrol, including nano- and 
micro-formulations, have undergone clinical evaluation. 
Pharmacokinetic studies have also been performed to 
assess the bioavailability and other parameters related to 
these natural compounds (NCT00920803).

In a limited number of studies, serious adverse events 
were reported (NCT00920556), likely attributable to the 
dosage and tolerance of the natural compound evaluated. 
Previous reports indicate that many natural compounds, 
particularly those with anticancer properties, can lead 
to significant adverse effects [439]. This underscores the 
necessity for careful consideration in optimizing and 
finalizing dosages. Regarding the comparison of safety 
and toxicity profiles among natural compounds, some, 
such as romidepsin, are already available on the market 
as anticancer drugs. While it is generally perceived that 
natural compounds are relatively safer than their syn-
thetic counterparts, it is important to note that in many 
clinical studies, these compounds are utilized primarily 
as adjuvants or supplements. Additionally, several tri-
als have been terminated due to serious adverse events; 
hence, establishing the safety and appropriate dosing of 
natural compounds remains imperative.

Conclusions
Growing research in the field of immune checkpoint 
blockade therapy has provided a guided approach to 
treating various tumors. An increasing emphasis on 
exploring newer naturally derived compounds has led 
to enhanced investigations in this area, further broaden-
ing the potential for developing innovative therapeutic 
strategies. Additional research is necessary to fully har-
ness the benefits of these bioactive compounds in the 
treatment of tumor and disease progression, as well as to 

promote strategic guidelines for developing new natural 
product-based therapies.

Recent research has revealed that natural compounds 
are effective against several cancer types. Many natural 
compounds have been developed into approved anti-
cancer drugs, while others are under intense investiga-
tion. The role of these natural compounds in the PD-1/
PD-L1 axis, which is central to cancer immunotherapy, 
is expected to be used in combination with existing 
antibody therapies. Therefore, it is hoped that the sys-
tematically summarized data present in this review will 
facilitate the development of clinical application research 
in the future. As illustrated in in Figs. 4–5, various natural 
compounds inhibit signaling within JAK/STAT and Ras/
Raf-mediated pathways. Berberine decreases PD-L1 and 
Ki-67 levels while increasing levels of cleaved caspase-3, 
apigenin, and luteolin, leading to inhibition of IFN-γ-
induced PD-L1 expression and STAT3 phosphoryla-
tion. Curcumol reduces the protein levels of HIF-1α and 
VEGF in the tumor tissues and inhibits crosstalk between 
STAT3 and HIF-1α pathways, thereby restricting tumor 
growth and progression. Evodiamine significantly dimin-
ishes MUC1-C expression, modulating tumor growth 
and development. Licochalcone A inhibits p65 and 
IKKα/β phosphorylation as well as, nuclear translocation, 
thus negatively regulating NF-κB and Ras/Raf/MEK sign-
aling pathways. Erianin regulates Ras, VEGF, and HIF-1α 
expression to inhibit tumoral growth and progression. 
β-elemene suppresses the expression of p-Akt while lyco-
pene reduces the levels of IL-4 and IL-10, with enhanced 
levels of antitumor T cells. Similar activation of T cells 
is observed with panaxadiol, which restores T-lympho-
cytes tumor-killing activity significantly enhancing the 
specific lysis of tumor cells. Both sativan and polydatin 
affect miRNA levels, thereby regulating the key functions 
within tumor cell cycle pathways to restrict their prolif-
eration. Certain bioactive compounds, such as shikonin, 
also lead to the inactivation of CSN5, resulting in the 
degradation of PD-L1 followed by subsequent activation 
of tumor infiltration by T cells. A brief overview summa-
rizing the mechanisms underlying various major natural 
compounds is also presented in Fig. 6.

In clinical settings, radiation therapy and immuno-
therapy can be combined. To effectively activate the anti-
tumor immune response, radiotherapy can trigger the 
release of tumor antigens, improve the immunogenicity 
of cancer cells, activate immune cells, produce immune 
factors, and promote the presentation of tumor-related 
antigens [440]. Early radiation therapy has been shown to 
improve the antitumor immune response and restore T 
cell function when administered PD-1/PD-L1 mAb [440].

However, the ability of radiation to elicit a systemic 
tumor response with associated regression of untreated 
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metastases outside of the radiation field has been 
reported. This phenomenon is known as the absco-
pal effect [441]. Ionizing radiation therapy is widely 
employed for local tumor control in both definitive and 
metastatic settings. The preclinical and clinical devel-
opment of PD-1/PD-L1 blockage in conjunction with 
radiation therapy is discussed elsewhere [442].

The present work delves into the emerging field of 
utilizing bioactive natural compounds to modulate the 
PD-1/PD-L1 signaling pathway for potential cancer 
treatment. The review highlights the significance of 
this pathway in immune evasion and tumor progression 

while exploring the therapeutic potential of natural 
compounds in restoring antitumor immunity. By exam-
ining recent studies, the paper emphasizes the prom-
ising results from such interventions, thereby paving 
the way for novel and effective approaches in cancer 
therapy.

Challenges and future directions
Despite the promising potential of targeting the PD-1/
PD-L1 signaling pathway with bioactive natural com-
pounds, several challenges and pitfalls warrant con-
sideration. Bioavailability and proper delivery of these 

Fig. 4 Mechanistic overview of targeting PD‑1/PD‑L1 by bioactive natural compounds. Various natural compounds inhibit signaling pathways 
involving JAK‑STAT and Ras/Raf. Berberine, for example, decreases PD‑L1 and Ki‑67 levels while increasing cleaved caspase‑3. Apigenin and luteolin 
inhibit IFN‑γ‑induced PD‑L1 expression and STAT3 phosphorylation. Curcumol reduces HIF‑1α and VEGF protein levels, limiting crosstalk 
between STAT3 and HIF‑1α pathways and restricting tumor growth. Evodiamine significantly reduces MUC1‑C expression, modulating tumor 
development. Licochalcone A negatively regulates NF‑κB and Ras/Raf/MEK signaling pathways. Erianin regulates Ras, VEGF, and HIF‑1α expression, 
inhibiting tumoral growth. β‑elemene inhibits p‑Akt expression, while lycopene reduces IL‑4 and IL‑10 levels, enhancing antitumoral T cell activity. 
Panaxadiol restores T‑lymphocytes’ tumor‑killing activity, and sativan and polydatin regulate miRNA levels, controlling tumoral cell cycle pathways. 
Shikonin leads to CSN5 inactivation, degrading PD‑L1, and activating tumor infiltration by T cells. HIF‑1α hypoxia‑inducible factor 1‑α, EGFR 
epidermal growth factor receptor, ERK extracellular signal‑related kinases, IFN‑γ interferon‑γ, JAK Janus kinase, MUC1 mucin 1, mTOR mammalian 
target of rapamycin, NF‑κB nuclear factor‑κB, PD‑1 programmed cell death protein 1, PD‑L1 programmed cell death ligand 1, Ras rat sarcoma 
virus, Raf rapidly accelerated fibrosarcoma, STAT signal transducer and activator of transcription, Syk spleen associated tyrosine kinase, TAMs 
tumor‑associated macrophages, TNF‑α tumor necrosis factor‑α, THC ( −)‑trans‑∆9‑tetrahydrocannabinol, IκB inhibitor of nuclear factor‑κB, CD cluster 
of differentiation, CSN5 constitutive photomorphogenic‑9 signalosome 5, COP9 signalosome subunit 5
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compounds remain hurdles, necessitating innovative 
formulations to ensure efficient cellular uptake. Fur-
thermore, individual variability in response to these 
compounds and potential off-target effects require com-
prehensive clinical investigations. Additionally, the com-
plex interplay between the immune system and tumor 
microenvironment demands a deeper understanding 
to optimize therapeutic outcomes. Nevertheless, fur-
ther research is needed to fully harness the benefits of 
these bioactive products in the treatment of tumor and 
disease progression, while promoting strategic research 
guidelines for developing new natural product-based 
anticancer therapies. Our review also underscores the 
lack of clinical trials investigating the effects of natural 

compounds, providing a holistic view of the current 
research landscape. Despite their potential anticancer 
effects, these compounds face numerous challenges and 
limitations, such as limited permeation across the cell 
membrane, low solubility in aqueous media, poor bio-
availability, short duration in blood circulation, rapid 
enzymatic degradation, and an inability to distinguish 
cancer cells from normal cells, which can lead to serious 
adverse effects and organ toxicity. Apart from these limi-
tations, the availability of raw materials and standardi-
zation pose a prominent problem for natural products. 
Tedious isolation strategies alongside complex chemical 
structures represent some major obstacles.

Fig. 5 Impact of natural compounds targeting PD‑1/PD‑L1 on various signaling pathways. AMP adenosine monophosphate, ATP adenosine 
triphosphate, ERK extracellular signal‑related kinases, HIF‑1α hypoxia‑inducible factor 1‑α, IFN‑γ interferon‑γ, JAK Janus kinase, KRAS Kirsten rat 
sarcoma viral oncogene homologue, mTOR mammalian target of rapamycin, NF‑κB nuclear factor‑κB, PD‑1 programmed cell death protein 1, 
PD‑L1 programmed cell death ligand 1, RTK receptor tyrosine kinase, STAT signal transducer and activator of transcription, Syk spleen associated 
tyrosine kinase, TLR Toll‑like receptors, GPX glutathione peroxidase, PTEN phosphatase and TENsin homolog deleted on chromosome 10, PI3K 
phosphoinositide 3‑kinase, TSC tuberous sclerosis complex, MKK mitogen‑activated protein kinase, MAPK mitogen‑activated protein kinase, HSP27 
heat shock protein 27, GM‑CSF granulocyte–macrophage colony‑stimulating factor, TGF transforming growth factor, IL interleukin, CD cluster 
of differentiation, TCR T cell receptor, PPi protein protein interactions, E enzyme, EGCG epigallocatechin gallate, IκB inhibitor of nuclear factor‑κB, IKK 
inhibitor of nuclear factor‑κB kinase, Rheb Ras homolog enriched in brain, VEGF vascular endothelial growth factor, Src Src kinase, Sck C‑terminal Src 
kinase, VRAP VEGF receptor associated protein
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Researchers are increasingly employing transcriptom-
ics and metabolomics to elucidate the underlying mech-
anisms of action. These complimentary methods offer 
important insights into the metabolic pathways and mod-
ifications in gene expression induced by phytochemicals. 
The thorough examination of metabolites, small mol-
ecules involved in cellular functions, is known as metab-
olomics. By monitoring the concentrations of different 
metabolites, researchers can assess a cell’s or organism’s 
metabolic status. Transcriptomics focuses on study-
ing gene expression, which involves translating genetic 
information into functional products such as proteins. 
Researchers can determine which genes are actively tran-
scribed by examining the RNA transcripts found in a cell 
or tissue. Integrating transcriptomics and metabolomics 
allows for a more thorough understanding of the mecha-
nisms through which phytochemicals exert their effects. 
Both metabolomics and transcriptomics serve as effec-
tive methods for exploring the actions of phytochemicals. 
These techniques can advance our knowledge of the ther-
apeutic potential of these natural compounds and facili-
tate the development of innovative phytochemical-based 

medicines by providing insights into metabolic pathways 
and alterations in gene expression.

Interdisciplinary approaches that combine natu-
ral compounds with synthetic drugs or other thera-
peutic modalities present promising avenues for 
developing novel and effective treatments. By leveraging 
the strengths of both natural compounds and synthetic 
drugs, these interdisciplinary strategies can offer innova-
tive solutions to address complex health challenges and 
improve patient outcomes. Key advantages of this combi-
national approach include amplified therapeutic effects, 
reduced side effects, overcoming drug resistance, target-
ing multiple pathways, and bioenhancing properties that 
improve bioavailability.

Our work underscores the need for future research to 
address these challenges and facilitate the successful inte-
gration of bioactive natural compounds into cancer ther-
apy. Investigating innovative delivery systems, such as 
nanoparticles or liposomes, could enhance the bioavail-
ability of these compounds and improve their therapeutic 
efficacy. However, it is crucial to evaluate the influence of 
nanomaterials on the immune function. The antigenic-
ity of nanomaterials refers to their ability to bind to T 

Fig. 6 An overview of various mechanisms involved in the antitumor effects of natural compounds targeting PD‑1/PD‑L1. PD‑1 programmed 
cell death protein 1, PD‑L1 programmed cell death ligand 1, miR‑200c microRNA 200c, STAT signal transducer and activator of transcription, IL 
interleukin, CSN5 constitutive photomorphogenic‑9 signalosome 5, Ki‑67 antigen Kiel 67, Ras rat sarcoma virus, MUC1‑C mucin 1 C‑terminal 
subunit, IFN‑γ interferon‑γ,  CD8+ cytotoxic T cells, PI3K phosphatidylinositol 3‑kinase, Foxp3 forkhead box P3, TNF‑α tumor necrosis factor‑α, NF‑κB 
nuclear factor‑κB, MDSCs myeloid‑derived suppressor cells
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cells or antibodies, while immunogenicity pertains to 
their capacity to elicit humoral or cell-mediated immune 
responses.

Clinical trials with rigorous patient stratification are 
essential for determining the safety and effectiveness 
of these interventions. Furthermore, a comprehensive 
exploration of the synergistic potential between natural 
compounds and existing immunotherapies could unveil 
novel combination approaches for enhanced antitumor 
responses. Concurrently, deeper mechanistic insights 
into the intricate interactions among the PD-1/PD-L1 
pathway, immune cells, and the tumor microenviron-
ment will inform the design of more targeted and effi-
cient interventions. Ultimately, we hope that this work 
lays a foundation for future research endeavors that hold 
the promise to reshape cancer therapy through the uti-
lization of bioactive natural compounds to modulate the 
PD-1/PD-L1 signaling pathway.
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