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Mechanisms of PD-L1 Regulation in
Tumor Immune Ecosystem
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PD-1 (Programmed Death Receptor-1) is a cell membrane protein found on Cytotoxic T Islamabad. 45320, Pakistan
cells (CTLs) surface. An abundantly expressed type | transmembrane protein in healthy tissues, ' '
Programmed Death-Ligand 1 (PD-L1), has a molecular mass of 40 kDa. The extracellular binding E-mail: rrabiagul2022@gmail.com

of the proteins PD-1 and PD-L1 prevents the development of autoimmune disorders by suppressing
the activation of CTLs under normal physiological conditions. It has been shown that cancer cells
can avoid immune monitoring by increasing PD-1/PD-1-mediated CTL inactivation in melanoma,
lung cancer, renal cell carcinoma, and other malignant tumors. PD-L1 expression regulation has
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post-transcription and transcription modification, translation, and post-translational modification. .
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Regarding immunoglobulins, one of the most common members is PD-
Li(Programmed death-ligand 1), also known as B7-h1 or Cluster of Differentiation
274 (CD274). An extracellular portion, a hydrophobic transmembrane sequence,
and an intracellular area make up this type I transmembrane protein, which belongs
to the family of transmembrane proteins. The extracellular domain matrix domain
of PD-L1 contains two immunoglobulin structures: the IgV distal area and the
IgC proximal region. The IgV sequences have a typical Ig-like domain with a CDR
that allows PD-L1 to bind to PD-1 1:1 [1]. Pd-11 is attached to the cell membrane
by hydrophobic transmembrane regions, and its intracellular structure is unique
among B7 family members. These intracellular motifs are RMLDVEKC, DTSSK, and
QFEET. These three motifs are relatively conserved in mammalian PD-L1 molecules,
and signal transmission is likely mediated by RMLDVEKC and DTSSK motifs. For
example, the intracellular region of PD-L1 protein in mouse cells contains two
lysine residues. For example, it is possible to control how stable and effective PD-
signal L1's transduction is by changing lysine residues on the protein [1]. In addition
to CD4+ and CD8+ T cells, Pd-1is found on macrophages, dendritic cells, and other
cells. Immunoreceptor Inhibitory Motif (ITIM) is found at the N-terminus of the
intracellular domain, which includes an IgV region. C-terminal tyrosine-based
Immunoreceptor Switch Motif (ITSM) was designed.

PD-L1 regulation in tumor immune cells
BIOLOGY GROUP

T cells are the primary effector cells in the body's immune response after
being acquired. Foreign antigens collected in lymph nodes or the spleen trigger an
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immunological response under normal circumstances. The
Dendritic Cell (DC) is one type of myeloid cell that can be
thought of as acell that presents antigens. When the antigen-
specific T Cell Receptor (TCR) on the surface of the T cell
recognizes and binds to the antigenic peptides produced by
the Antigen-Processing Centre (APC), an immune response
to the antigen has elicited the proliferation of antigen-
specific T cells. T cells require "co-stimulation" to become
activated, in addition to the binding of the TCR to peptide
and MHC. T cell receptors CD80(b7-1) and CD86(b7-2)
attach to APC proteins of the B7 family-like CD80(b7-1) and
CD86(b7-2), which bind to CD28 on T cells.

Furthermore, give 'co-stimulatory" signals that
stimulate T cells upon antigen detection of immunological
synapses [1]. These signals can rescue T cells from apoptotic
signals provided by PD-1 and PD-L1 while stimulating the
TCR to deliver proliferative signals. Interleukin-10 secretion
is triggered when PD-1 and PD-L1 attach to the surface of
T Lymphocytes (IL-10), while the secretion of Interleukin-2
(IL-2) is caused by abnormal B7 family proteins [2]. It was
proved that PD-1/PD-L1 could conduct inhibitory signals
through IL-10, reduce the proliferation of T cells in lymph
nodes and induce the production of apoptotic signals.
Under the normal mechanism, PD-1/PD-L1 can prevent
oversensitivity caused by the excessive immune response,
but it is related to the immune escape mechanism of tumor
cells. Many in vivo tumors and cancer cell lines reverse
induce effector T cell apoptosis by expressing PD-Li,
resulting in a strong suppression of the immune response
of T cells in human neoplastic diseases, and their exosomes
are highly correlated with the proliferation of tumor cells.
Therefore, PD-L1iswidely regarded as animportant immune
checkpoint for cancer progression and poor prognosis.

The regulation mechanism of PD-L1 expression is multi-
dimensional. This paper reviews the regulation mechanism
of DNA induction, transcription, translation, post-
translational modification, and cell microenvironment and
discusses the regulation of PD-L1 expression by introducing
small-molecule drugs.

Regulation mechanism of PD-L1 expression at DNA
level

Chromosome 9P24.1 encodes the gene for PD-Li1.
Acetylation of histones in this region triggers PD-L1
expression. When HDAC inhibitors are used, they increase
histone acetylation at roughly 455 base pairs upstream
of the first PD-L1 gene exon and relax chromatin [3,4].
This increases the PD-L1 gene's expression. In addition,
methylated DNA can recruit HDAC, thus inhibiting PD-L1
gene transcription and down-regulating PD-L1 expression.
Therefore, some DNA methyltransferase inhibitors also
potentially enhance PD-L1 expression. As with HDAC
inhibitors, azacitidine and decitabine have been shown to
improve PD-L1 expression in human melanoma cell lines
and mice models of the disease [3]. Other studies have shown
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that HDAC6 can signal and activate transcription 3. STAT3
enforces the PD-L1 promoter and activates the stat3 signal to
enhance the expression of PD-L1. In the absence or inhibition
of HDAC6, protein phosphatase 2A(PP2A) interacts with
STAT3 more. In turn, pp2A-mediated dephosphorylation
of STAT3 was promoted, and the phosphorylation level of
STATS3 decreased [4]). When Interleukin-6 (IL-6) stimulated
human melanoma cells, the increase of PD-L1 expression in
hdAC6-knockout cells was significantly reduced. Therefore,
the STAT3 signalling pathway may be an important factor
affecting PD-L1 expression [4]. In addition, Bromodomain
and Extra Terminal Domain (BET) family proteins are
histone acetylation readers that can promote PD-L1 gene
transcription by directly binding to acetylated lysine in
histone tails. A member of the BET family, Bromodomain
Contained Protein 4 (BRD4), has been identified as a target
of CD274, which can directly mediate transcription of the
CD27/4 gene.Ithasbeen shown that BRD4 can efficientlyboost
PD-L1 expression by binding to acetylated histone H3K27Ac
in the PD-L1 promoter region and the distal enhancer of
the gene. In ovarian cancer models, because the BRD4
gene is situated on chromosome 19P13.1, and this region is
frequently amplified in this malignancy, suppression of
BRDY protein can greatly limit the production of PD-L1 and
expression and activity of cytotoxic T cells. According to
animal studies, the BET inhibitor JQ1 dramatically decreased
PD-L1expression in tumor cells, tumor-associated dendritic
cells, and macrophages, while the BRD4 inhibitor has been
demonstrated to suppress the interferon-induced elevation
of PD-L1 expression. To summarize, it appears that BRD4 is
a critical player in regulating PD-L1 expression and that its
presence may influence how well PD-L1 responds to signals
from the Tumor Microenvironment (TME) [5].

Gene mutation is an important factor affecting protein
expression and function. For example, some mutations may
lead to protein folding disorder, damaging the interaction
between PD-1 and PD-L1 and inhibiting the immune
escape pathway. It may also increase the affinity of the two
proteins, thereby enhancing or weakening the effect. Studies
in molecular structure have shown that the N-terminal of
PD-L1 has a V-folding domain similar to Ig, responsible
for its binding with PD-1 [6]. The Ig-like V-domain of Pd-
I1 binds with PD-1 via a broad hydrophobic surface. It is
possible to combine the "front end" of PD-1 with PD-L1 by
aligning the long axes of PD-1 and PD-L1 approximately
perpendicularly in the complex [6]. There are two ways PD-
L1 (primarily Tyr123) and its nearby residues drive PD-1side
chains toward the protein's core, which results in fissures
in its contact surface with Tyri23 and the surrounding
residues. This induced fitting adds to the number of
interaction surfaces available. The likelihood of PD-1 and
PD-L1 interacting was improved [6]. There have been two
reports of PD-1 mutations. Because of the differences in
ring configurations between the BC, CCC, and FG chains in
the high-affinity PD-1 mutants, the contact force between
PD-1 and the Antigen-Presenting Cell (APC) is greatly
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increased. Three specific mutations have the potential to
stabilize the PD-1-PD-L1 interaction: M70E (Y68H), K78T
(K78T), and M70E (M70E). PD-1 mutates penetrate larger
tumors better than PD-L1 monoclonal antibodies, making
them a more effective immune system modulator [7].
Another PD-1 mutant was created by substituting only one
amino acid (A132L), and the binding of the PD-1 mutant to
PD-L1 was found to be 45 times stronger than that of the
wild-type PD-1 [8]. This increased the van der Waals force
required for binding the mutant to PD-L1 and the mutant's
affinity to PD-L1 by 45 times [8]. PD-crystal L1's structure
has also been studied, and the results suggest that the
protein contains small molecule inhibitor sites. In the case
of small-molecule PD-1/PD-L1 inhibitors, such as those
developed by BMS (Bristol Myers Squibb), these molecules
can bind to the surface where PD-1 interacts with PD-L1 as
a result of the dimerization of PD-L1. Antibody checkpoints
PD-1/PD-L1 could benefit from adding small-molecule
medicines that can connect between albumin molecules
while creating protein dimers. Examples include the small-
molecule inhibitors, BMS-202 and BMS-8, which bind to
PDI1, preventing the interaction of PD-1 with PDI1 [6,9].
G to C substitution at SNP 4143815, which is prevalent in
gastric cancer, can increase PD-L1 expression and enhance
the ability of cancer cells to survive and invade by disrupting
mir—570—mediated post-recording/translation regulation
[10]. Another thing that changes the expression of PD-
L1 is when other related functional genes are deleted. For
example, jak1/2 functional deletion mutations do not make
PD-L1 reactive and do not change the genetic mechanism
of how interferon - works, which makes PD-L1 resistant to
PD-L1 blocking treatment, as mentioned in figure 1.

Many proto-oncogenes upregulate their protein
expression by changing copy numbers. According to a study
published in the Journal of Clinical Pathology, patients with
small-cell lung cancer who have CD274 local amplification
are more likely to express PD-L1 at high levels than those
who do not. An increase in CD274 transcripts and an increase
in the expression of PD-L1 are induced by a genomic
rearrangement [11,12]. Chromosome 9P2/ amplification
has increased PD-L1 expression. NSCLC (Non-Small Cell
Lung Cancer) has also been associated with gene 1 [13].
Genome 9P24 was related to an increased expression of
Janus Kinase 2. Although the PD-L1 protein expression level
was still elevated when JAK2 inhibitor TG-101348 and STAT3
inhibitor BP-1-102 were used, they greatly reduced the PD-
L1 copy number amplification and up-regulation. However,
PD-L1 protein expression was not affected by the STAT3
inhibitor fludarabine [14]. This shows that the JAK2 and PD-
L1 genes may be trans-activated.

On the other hand, proto-oncogenic MYC ordinarily
encodes a transcription factor that either stimulates or
suppresses the expression of its target gene, but under
certain circumstances, it can be activated ontogenetically
through amplification or translocation. Studies have shown
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that the overexpression of MYC is a characteristic of many
human cancers, and the overexpression of MYC will directly
lead to the malignant transformation of various cell types.
In addition to driving the occurrence and development of
tumors, MYC also plays a role in tumor maintenance. In
several myC-driven tumor mouse models, the survival of
tumor cells depends on continuous MYC overexpression,
and restricting MYC expression or blocking its function can
lead to growth stagnation, apoptosis, or differentiation of
tumor cells [15]. The MYC gene appears to function in PD-
L1 transcription in two ways. MYC binds to the promoter of
the PD-L1 gene in teT-off MYC transgenic mice models of
acute T Lymphoblastic Leukemia (T-all) or Hepatocellular
Carcinoma (HCC) cell types, increasing PD-L1 expression.
Similar findings were made in human T-ALL cell lines, HCC
cell lines HepG2, melanoma cell lines SKMEL28, and H1299,
including in T-ALL primary tissues [16].

On the other hand, MYC did not affect both breast
cancer cells AT3 and lymphoma cells E-MyC. Even in the
TetOFF mouse liver cancer model, MYC can decrease PD-
L1 production regardless of whether the Interferon-Alpha
(IFN-) is exposed [16]. Researchers have not yet reached an
accurate conclusion on the systemic regulatory role of MYC,
and its complex regulatory mechanism is still the focus of
future research. In conclusion, gene amplification is one of
the factors driving PD-L1 expression in tumors, but it is not
the decisive factor.

Structural Variations (SVs), including translocation,
inversion, tandem replication, and deletions, have been
widely observed in cancer genes and are an important
factor affecting the alteration of protein expression. The 3
'-Untranslated Region (3' -UTR) of PD-L1 transcription
negatively regulates the stability of mRNA. SVs usually
destroy the 3 '-terminal domain of the PD-L1 gene, resulting
in abnormal activation of PD-L1 and immune escape.
These transcribed mRNA can be stabilized by truncating
3 '-UTR. The underlying mechanism may be that some
cis-acting elements in mRNA decay in the 3' -UTR region
are damaged, including Au-rich elements and potential
miRNA(microRNA) attachment sites. The findings revealed
that truncation of the 3'-UTR of PDL1 was associated with
enhanced PD-L1 expression in a statistically significant
and independent manner. It was also found that PD-L1
expression was upregulated more by 3'-UTR truncation
than by interferon stimulation. It has been shown that cells
with damaged 3' -UTRs may more effectively regulate PD-
L1 expression when IFN- and PD-L1 3 '-UTR truncation act
synergistically [17], highlighting the critical role of 3 '-UTR
in the expression of PD-L1. SV(+) samples had a significantly
lower antitumor immune response than SV(-) samples
with similar PD-L1 levels, indicating a decreased ability of
effector T cells to destroy tumor cells. Meanwhile, when
contrasted to wild-type PD-L1 mRNA, PD-L1 expression
was significantly increased after 3 '-UTR truncation, and
mRNA clearance was also significantly delayed, indicating
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that PD-L1 3' -UTR also plays an important role in mRNA
stability [17]. Cancers caused by a viral infection can also
cause abnormal transcription of PD-L1 by integrating genes.
For example, in cervical squamous cell carcinoma, Human
Papillomavirus (HPV) integrates into CD274, extending
transcription from truncated PD-L1 to HPV E2 and E5 genes.
Significantly amplified CD274 allele disrupted by the virus
[17]. It has also been discovered that Epstein-Barr virus-
transformed lymphoblastic cell lines exhibit increased
production of the PD-L1 protein, which is regulated via the
LATENT Membrane Protein 1 (LMP1), JAK/STAT-dependent
promoter and activator protein-1, and LATENT Membrane
Protein 1 (LMP1) (LMP1). Enhancer activity linked to Ap-
1) [18]. EBV latent membrane protein 1 has been shown to
promote PD-L1 expression via the LMP1/AP-1/Nuclear
factor kappab (NF- B) pathway and synergize with IFN-
[19]. Viral integration in virus-mediated malignancies may
cause evasion of antiviral immunity at the onset of infection
and subsequent immune surveillance by overexpression of
PD-L1 in infected cells [17]. In addition, NF-«B inhibitors
effectively attenuated PD-L1 induction, suggesting that NF-
«B is an essential signalling pathway for 1MP1-induced PD-
L1expression [9]. Therefore, NF-«B is also an important site
blocked in cancer therapy.

Regulation mechanism of PD-L1 expression in
transcription and post-transcription

Pd-11 can initiate transcription after activating multiple
signalling pathways, such as hypoxia-inducible factor-a
(HYPOxia inducible factor-a), which has been reported. HIF-
, proto-oncogene MYC, STATSs, NF-B, and AP-1 can bind to
PD-Li-related genes and promote translation of the PD-L1
protein. Transcription factors such as IFN-/JAKs / STAT1
/ Interferon Regulatory Factor (IRF) and other signalling
pathways, as well as lactic acid-rich microenvironment
regulation [9], are transduced via these signalling pathways.
A slew of transcription factors implicated in the control
of PD-L1 expression was discovered. Firstly, the PD-L1
gene enhancer region promotes transcriptional activity by
binding to the AP-1 component of the transcription factor
AP-1 in typical CHL Reed-Sternberg cells. This increases
the activation of the PD-L1 gene [18]. Secondly, studies
have shown that the transcription factor expressed by the
IRF1 gene is necessary to regulate the expression of PD-L1
in interferon-y-induced cancer cells, and the combination
of IRF1 and its promoter is conducive to the maintenance of
interferon-y-induced effect and can enhance interferon-
induced PD-L1 expression [20].

Thetranscription factor NF-«kBisalso required to produce
PD-L1 in cancer cells. Prostate and colon cancer Tumor
Necrosis Factor (TNF) stimulates the production of PD-L1
(PD-L1) through the NF-B signalling pathway [16,21,22].
It was discovered that the PD-L1 gene's promoter region
and its 140 Kb downstream enhancer region have NF-B
binding sites. It is also crucial to note that STAT3 is another
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transcription factor that, by binding to the PD-L1 promoter,
increases the expression of PD-L1. STAT3 silencing has
been proven to be effective in removing oncogenic chimeric
nucleophosmin. The elevation of PD-L1 protein expression
is caused by the NPM/ANAplastic Lymphoma Kinase (ALK)
mutation [23], indicating that STAT3 may play a role in
immunological evasion. The IFN-/JAKs/STATs/IRF1 axis,
type II interferon, has been demonstrated to be the major
regulator of PD-L1 expression in studies. In numerous forms
of cancer, IFN- is the principal inducer of PD-L1, IFN- via
the JAK/STAT1/IRF1 pathway. Melanoma, non-small cell
lung cancer, liver cancer, squamous cell carcinoma of the
head and neck, gastric cancer, myeloma, and glioma are
just a few examples [16,20,24-28]. The phosphorylation of
JAK1 and JAK2 occurs when IFN- binds to the receptor. In
most cells, phosphorylation of the receptor causes STAT1
to attach and phosphorylate to form a dimer, but in some
cells, phosphorylation of STAT3 causes STAT1 to attach
and phosphorylate to form a dimer. Pd-11 expression was
considerably boosted by binding and activating related
genes. The activated dimers aggregate in the nucleus and
act as transcription factors that bind to IFN-induced genes
with Gamma Interferon Activation Sites (GAS), such as the
IRF1 gene. Some negative regulators of interferon, such as
Suppressors of Cytokine Signalling (SOCS), bind to JAK2 to
signal and participate in the negative feedback regulation
of cytokines. Thus, decreased STAT1 and STAT3 activities
affect IFN-y induction [20].

Inflammatory cytokine Epidermal Augmented Factor
(EGF) is a 53 amino acid polypeptide that is heat resistant
and has low molecular weight. It stimulates the production
of epidermal growth factors by phosphorylating the enzyme
phosphatidylinositol-3-kinase. Head and neck squamous
cell carcinoma and Non-Small-Cell Lung Cancer (NSCLC)
tumors express PD-L1 in response to the PI3K/Protein
kinase B (PKB/AKT)/Mammalian target of rapamycin mTOR
and JAK2/STAT1 pathways, as well as epidermal augmented
factor receptor, activation mutation of EGFR gene, and
mutation of Echinoderm Microtubule-Associated Protein-
like 4 (EML4) gene [16,26,29-31]. Meanwhile, GSK38, the
isomer of GSK3u, promotes the degradation of PD-L1 by
phosphorylation of two phosphorylation sites, T180 and
S184, in the extracellular area of PD-L1. Therefore, GSK3a
and GSK3B contribute to antitumor immune escape [32-34].

In addition to the above induction factors, many other
substances significantly regulate the activation of PD-L1 in
specific cells. Toll-like receptor 3(TLR3) can induce the up-
regulation of PD-L1expressionin2426-Review-neurocytoma
[35]; The ARE binding protein TTP(Tristetraprolin) can
negatively regulate the expression of PD-L1 through the
3 '-UTR of PD-L1 mRNA rich in AU elements, and RAS
signal can also lead to TTP phosphorylation through MEK
signal downstream. PD-L1 expression in cancer cells can
be boosted by inhibiting TTP via the mitogen-activated
protein kinase 2 (MK2) pathways [36]. Ubiquitin C-terminal
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hydrolase L1(UCHL1) is an abnormally expressed regulator
of cell signal transduction in NSCLC. UCHL1 can also
promote the expression of PD-L1 in NSCLC cell lines by
activating the AKT/P65 signalling pathway, suggesting that
the inhibition of UCHL1 may inhibit the immune escape
of NSCLC by down-regulating the expression of PD-L1 in
NSCLC cells [37]. Endogenous transcriptional regulatory
factor nucleophosmin 1(NPM1) binds to the PD-L1 promoter
to enhance its activity in triple-negative breast cancer
(TNBC) cells.

Moreover, it increases the mRNA and protein expression
of PD-L1 [38]. Studies on the modulation of PD-L1 by
specific substances in specific cells are numerous and not
systematic. More in-depth studies are still needed to have a
prospect of development and application.

Pd-11 translation and the regulatory mechanism of
post-translational modification

MiRNAs are a class of highly conformed small non-
coding RNAs that regulate gene expression at the post-
transcriptional level and potentially regulate various aspects
of cell activity, including differentiation and development,
metabolism, proliferation, apoptosis, viral infection,
and tumorigenesis. Mir-513 was shown to regulate PD-
L1 translation and IFN-y-induced expression of PD-L1 in
human bile duct cells. Pd-11 mRNA was expressed, but PD-L1
protein was not expressed in resting human bile duct cells.
IFN-ycan induce the expression of PD-L1 protein and change
the expression profile of miRNA in bile duct cells. Among
miRNAs with IFN-y down-regulation function, Mir-513 is
complementary to the 3 '-UTR of PD-L1, and targeting Mir-
513 can inhibit the translation of PD-L1 mRNA. However,
PDL1 mRNA was not degraded [39,40]. The complementary
sequence of Mir-34a also exists in the 3 '-UTR of PD-
L1 mRNA. Studies have shown that Mir-34A is involved
in inhibiting the expression of IFN-y and As203 induced
human leukemia cell PD-L1 and inducing T cell apoptosis.
Moreover, it was confirmed that Mir-34a significantly
inhibited the expression of PD-L1 in HL-60 cells [41], and
the above evidence proved that Mir-34a could also target the
expression of PD-L1. At the same time, Mir-34A is regulated
by P53, whichparticipatesinimmuneresponsesbyregulating
inflammatory cytokines, toll-like receptors and interferon
signal transduction, and activation of T cells and NK cells.
P53 can directly bind to the 3 '-UTR of PD-L1 through Mir-
34 and specifically regulate tumor immune response by
regulating the expression of PD-L1, and Mir-200, which
can directly regulate the expression of PD-L1, has also been
proved to be regulated by P53 [42]. Mir-200 is an epithelial -
to-mesenchymal transition (EMT) inhibitor targeting PD-
L1. Zip-finger ebox-binding homeobox 1(Zip-finger ebox-
binding homeobox 1) is an EMT activator and can weaken
the inhibition of Mir-200. Studies have shown that Mir-200
/ZEB1 is an EMT regulatory axis. Pd-11 is the downstream
target of the Mir-200 /ZEB1 axis, so the expression of PD-L1
in tumor cells can be regulated by regulating the mir-200 /
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ZEB1 axis [43]. AMIR-197 /CDC28 protein kinase regulatory
subunit 1B(CKS1B)/ STAT3-mediated PD-L1 network has
been reported in chemotherapy-resistant NSCLC. This
network is independent of immunosuppressive signals,
and the expression level of Mir-197 is negatively correlated
with the expression of PD-L1. With the down-regulation of
Mir-197, drug resistance and metastasis of NSCLC cells in
vivo and in vitro are enhanced. Mechanism studies suggest
that the Mir-197-mediated CKS1B/STAT3 axis plays a role
in tumor progression regulated by multiple genes (Bcl-2,
C-MyC, and Cyclin D1), PD-L1 may be a biomarker of this
axis. It was suggested that Mir-197 could regulate drug
resistance and tumor progression of NSCLC through CKS1B
and STAT3, proving that Mir-197 /CKS1B/ STAT3-mediated
signalling drives tumor PD-L1 expression [44]. Similarly, it
was found in Lung Adenocarcinoma (LUAD) that Mir-326
inhibited the gene expression of LUAD immune checkpoint
molecules PD-L1 and B7-H3, changed the invasion degree
of CD8+T cells, and reduced the migration ability of tumor
cells [45]. Mir-424 (322)[46], Mir-570 [10], Mir-138-5p
[47], Mir-17-5p [48], Mir-25-93-106b [49], etc., have also
been reported, but they are independent studies for different
cancer types. Whether they have a synergistic effect on these
miRNAs is uncertain.

In addition to regulating PD-L1 translation through
miRNA, mTOR activation also regulates PD-L1 protein
synthesis in cancer cells. The PD-11 expression depends on
mTOR in glioma, breast, prostate, ovarian and pancreatic
cancers studies. Studies have shown that the activation of
the AKT/mTOR pathway strictly regulates the expression of
PD-L1 in vitro and in vivo. The activation of mTOR increases
the expression level of PD-L1 protein but does not affect the
mRNA level of PD-L1. Therefore, regulation of PD-L1 by this
pathway is considered to occur at the level of translation
[50]. Loss of PTEN in glioma cells leads to activation of THE
PI3K/AKT/mTOR/S6K1 pathway, resulting in increased PD-
L1 protein level. As mentioned above, the PTEN product is
an important tumor suppressor and inhibitor of the PI3K/
AKT signal transduction pathway, which can inhibit the
expression of PD-L1 in breast adenocarcinoma cells. In
addition, studies have shown that constitutive expression
of PD-L1 is also affected by mutations of oncogenes EGFR,
KRAS, and ALK [50].

In addition to regulating PD-L1 translation, post-
translational modifications such as glycosylation,
phosphorylation, ubiquitination,anddeubiquitinationof PD-
Liproteinand PD-L1ibinding proteinsand protein subcellular
transport processes can also affect the stable expression
of PD-L1 protein in tumor cells [16]. N- glycosylation is an
important modification of the white matter that determines
protein structure and function. By changing protein
conformation, glycosylation can regulate protein activity
and protein-protein interaction. Pd-11, as a membrane
protein, is extensively glycosylated after translation.
N-glycosylation of the extracellular region of PD-L1 occurs
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in the lumen of the Endoplasmic Reticulum (ER), and this
modification promotes the interaction between PD-L1 and
lipid membranes. In Western blot analysis, glycosylated PD-
L1 was detected at 45 kDa, while non-glycosylated PD-L1
was detected at 33 kDa. Through bioinformatics prediction,
mass spectrometry, and mutagenesis, it was found that
N-glycosylation of PD-L1 occurred only at N35, N192,
N200, and N219 [51]. Glycogen Synthase kinase 38(GSK3p),
a glycogen synthase kinase 3B(GSK3p), forms a glycogen
synthase kinase 3B(GSK3p) binding region containing
N192, N200, and N219 residues, which are masked by
n-glycosylation. They destroy the interaction between PD-
L1 and GSK3p and inhibit the phosphorylation of PD-L1
caused by GSK3p and the subsequent p-transduction repeat-
containing proteins. B-TrCP) mediated ubiquitination
(Figure 1) [51]. Glycosylated PD-L1 cannot interact with
GSK3B, thus affecting the phosphorylation process of PD-L1,
so the degree of glycosylation of PD-L1 protein is affected.
Meanwhile, glycosylation also indirectly prevented the
ubiquitination and degradation of the PD-L1 protein. Most
PD-L1in cancer cells is glycosylated and cannot be degraded
by proteasomes [16].

Phosphorylation involves a wide range of regulatory
mechanisms of cellular signalling and may affect protein
conformation, activity, and interactions [9]. GSK3p, a
serine/threonine-protein kinase, was originally thought
to be a glycogen degeneration regulator and considered a
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multifunctional switch in glycosylation. It can mediate direct
phosphorylation of various substrates, including eIF2B,
Cyclin D1, C-Jun, C-MyC, NFAT, McL-1, etc. [52]. It promotes
PD-L1 phosphorylation through the conserved GSK3p
phosphorylation motif on PD-L1, and such phosphorylation
initiates the interaction between PD-L1 and E3 ligase, which
mediates PD-L1 ubiquitination [9]. Ubiquitination is a way
to control protein metabolism by controlling proteasome
degradation, and proteins are usually tagged with specific
polyubiquitin chains before being degraded by proteasome
or lysosome pathways [16]. E1 activase, E2 binding enzyme,
and E3 ligase mediate ubiquitination with target protein
recognition specificity in the proteasome degradation
pathway. Among them, there are three E3 ligases targeting
PD-L1 protein reported. One is Cullin 3SPOP, which
makes PD-L1 ubiquitinated and subsequent degradation.
However, Cyclin DCDK4 kinase (a cell cycle kinase) mediates
phosphorylation of SPOP, promotes degradation of SPOP
by APC/CCdhi, and blocks PD-L1 ubiquitination. It has
been proved that Cyclin D-CDK4 kinase can indirectly
control the stability of PD-L1 protein [53]. Meanwhile, SPOP
deficiency mutations also affect ubiquitin-mediated PD-L1
degradation, resulting in increased PD-L1 levels and reduced
tumor-infiltrating lymphocyte numbers in mouse tumors
and primary human prostate cancer specimens. The second
E3 ligase, p-TrCP, mediates the ubiquitination of the PD-L1
protein that is acidified by GSK3p phosphorous in basal-like
breast cancer cells [16].
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Figure 1 Programmed Death-1 Receptor (PD-1)/ Programmed Death-1 Ligand (PD-L1) activity in tumor regions. Pd-1 is mainly expressed by CD8+ T cells, Natural
Killer (NK) cells and Dendritic Cells (DC), while the major cell populations expressing PD-L1 are cancer cells and preneoplastic immune cells, including Regulatory
T cells (Tregs), Bone Marrow-Derived Suppressor Cells (MDSCs), and Macrophage Type 2 (M2) cells.
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However, this process is affected by its glycosylation.
As mentioned above, glycosylated PD-L1 protein cannot
interact with GSK3p to generate phosphorylation. Therefore,
glycosylation indirectly prevents ubiquitination and
degradation of the PD-L1 protein. The third E3 ligase is
STUB1, and the absence of this ligase improves the protein
level of PD-L1 in CMTMS6 deficient cells. Studies have shown
that STUB1 can directly or indirectly reduce the stability
of PD-L1 by modifying the lysine of PD-L1 protein in the
inner structural domain of cells [54]. The ubiquitination
of PD-L1 accelerates the degradation of PD-L1 to achieve
the inhibitory effect, while deubiquitination is the reverse
process of ubiquitination, usually maintaining the stability
of the target protein. Studies have shown that constitutive
photomorphogenic signalosome 5(CSN5) COP9 plays a key
roleinthedeubiquitination of PD-L1and protects PD-L1from
proteasome degradation. Gingerin, an inhibitor of CSN5, can
significantly reduce the activity of CSN5 and weaken the
stability of PD-L1 protein [21]. The expression of CSN5 is
also regulated by TNF-q, one of the inflammatory cytokines
secreted by macrophages, which plays an important role in
maintaining the immune escape of carcinoma cells. Studies
have shown that TNF-a can enhance the stability of PD-L1
protein by activating P65/CSN5. It was shown that CSN5
was indispensable for TNF-o mediated PD-L1 signalling
pathway, further emphasizing the role of CSN5 in inhibiting
PD-L1 ubiquitination and deubiquitination (Figure 1) [21].

Palmitoylation and acetylation can enhance the stability
of PD-L1 protein. Palmitoylation is one of the post-
translational modifications of proteins, in which palmitate
is covalently linked to most cysteine residues by a thioester
bond (also known as S-palmitoylation). Studies have found
that palmitoylation of PD-L1 plays an important role in the
stability of PD-L1, thus protecting tumor cells from immune
surveillance by T cells and destroying palmitoylation of PD-
L1 by site-specific mutations or inhibiting the expression of
PD-L1 palmitoylation transferase ZDHHC9. Breast cancer
cells can be sensitized to T cell killing, inhibiting tumor
growth [55]. Acetylation also stabilizes and promotes the
expression of PD-L1. Studies have shown a binding site of
transcription factor ETS2 in the promoter of PD-L1 and
hepatitis B Xinteracting protein in breast cancer cells. HBXIP
can upregulate and co-activate transcription factor ETS2 to
induce PD-L1 transcription.

Moreover, PD-L1 was induced by binding to
acetyltransferase P300 to induce the acetylation of PD-L1 at
lys 270 positions (K270), thus stabilizing and accumulating
PD-L1 protein in breast cancer cells. It was proved that
PD-L1 acetylation is an important way to stabilize PD-
L1 protein and a potential direction of targeted therapy
research [56]. Pd-11 binding protein also affects the
stability of PD-L1 protein, CKLF like Marvel transmembrane
domain-containing protein 6[Chemokinelike factor
(CKLF)-like Marvel transmembrane domain-containing
family member, CMTM6] is a type III transmembrane
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protein existing on the cell surface. The absence of STUB1
E3 ubiquitin ligase reversed the level of PD-L1 protein in
CMTM6 gene knockout cells, demonstrating that CMTM6
inhibits PD-L1 ubiquitination by binding to PD-L1 protein.
By preventing PD-11 from becoming a lysosomal pathway-
mediated degradation target, PD-11 protein can be protected
from degradation, and tumor cells' ability to inhibit T cells
can be enhanced by prolonging the half-life of PD-11 protein
(Figure 1) [54,57]. Studies have shown that depletion of
CMTMBG6 reduces the expression of INTERFERon-y-induced
PD-L1but does not reduce the level of MHC class I on the cell
surface and affect antigen presentation, and does not impair
the output of PD-L1 from the endoplasmic reticulum and the
outward transport of PD-L1 from the Golgi apparatus. It was
demonstrated that CMTMS6 is not required to transport PD-
L1 protein from the er to the cell surface but is required for
stable expression of PD-L1 protein on the plasma membrane
[57]. In addition, studies have shown that CMTM4, a close
family member of CMTMS6, also has similar functions to
CMTM6 [54]. Another binding protein that affects the
stability of PD-L1 is Sigmai, a ligand-regulated whole-
membrane chaperone or scaffold protein that contributes to
the dynamic balance of cellular proteins and lipids [58].

It has been demonstrated that PD-L1 protein levels are
inhibited by RNAi knockdown of Sigma1 and small molecule
inhibitors of Sigma1 in TNBC cells expressing Sigma1 and
androgen-independentprostatecancercells. Themechanism
is that the Sigma1 regulator can regulate the transport and
stability of PD-L1by regulating the pharmacological reactive
protein complex and coordinate with the components of the
dynamic balance mechanism of ER protein to regulate the
transport of PD-L1 to the plasma membrane through the
secretion pathway [58]. Sigma1 inhibitors can isolate PD-L1
protein in the secretion pathway into autophagosomes and
induce degradation of PD-L1 through selective autophagy
[58]. Pharmacological regulation of Sigmail can affect
cytokines induced by the immune response and regulate the
production and activity of PD-L1 through these cytokines
mediating extracellular feedback loops or directly binding
specific proteins. Its mechanism is the regulation of the
tumor immune microenvironment. It was suggested that
selective small-molecule Sigma1 ligand could modulate the
tumor immune microenvironment [58].

Metabolic reprogramming is considered a marker of
tumor and immune development. There is evidence that
metabolites can regulate signal transduction through
direct interaction or as substrates regulating post-
translational modifications of proteins. Therefore, in
addition to the supply of bioenergy and biosynthesis,
reconnected metabolic pathways also play a role in signal
transmission, thereby affecting the expression of PD-
L1. - such as interferon-gamma AKTmTORC1 induced by
tumor specificity folic acid circulation enzyme 2 folinic acid
(methylene dehydrogenase (methylenetetrahydrofolate
dehydrogenase 2, MTHFD2) expression, at the same time,
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MTHFD2 drives the leaf acid cycle to maintain sufficient
uridine-related metabolites, including UDPGIcNAc, to
promote the O-N-acetylglucosamine glycosylation of
global proteins, including C-MYC. Thus, the stability of
C-MyC and the transcription level of PD-L1 were enhanced.
In pancreatic adenocarcinoma, o-Glcnacylation levels
have been positively correlated with MTHFD2 and PD-
L1, revealing non-metabolic roles of MTHFD2 in cellular
signalling and cancer biology [59]. The subcellular transport
process can also indirectly affect the immune escape of
tumor cells by affecting the content of PD-L1 protein on the
cell surface. Pd-11 protein is expressed and synthesized in
cells and modified and eventually plays a role on the surface
of the cell membrane or is secreted out of the cell. However,
it may also be transferred from the surface of the cell
membrane to the cytoplasm. Studies have shown that PD-
L1 protein disappears rapidly after incubation with Quine
(an inhibitor of intracellular circulation). Pd-11 protein
and CMTM6 were traced in the intracellular circulating
body, indicating that many PD-L1 proteins are constantly
metabolized and internalized on the cell membrane. In
contrast, PD-L1 in CMTM6 gene knockout cells treated
in the same way cannot effectively circulate, as described
above. CMTMS6, the regulatory factor of PD-L1, can stabilize
PD-L1by inhibiting ubiquitination of PD-L1 protein, and the
loss of CMTM6 may lead to degradation of PD-L1 protein in
lysosomes after endocytosis [57]. The internalization and
release of PD-L1 protein maintain the number of PD-L1
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proteins located on the cell membrane as shown in figure 2.
Itis also an important research idea to inhibit the expression
of PD-L1 protein by blocking the internalization cycle
pathway. In addition to transport to the cell membrane,
PD-L1 can also be transferred from the plasma membrane
to the nucleus via endocytosis and cytoplasmic transport.
Lys263 at the C-terminal of PD-L1 regulates the expression
of pro-inflammatory and immune-resistant genes under
the control of p300 and HDAC2-mediated acetylation and
deacetylation. These results suggest that transcriptional
regulation of PD-L1 may promote immune inflammation
in the local tumor microenvironment, making tumors
more sensitive to immune checkpoint blocking therapy.
Nuclear PD-L1 can also trigger the expression of other
immune checkpoint molecules that are not targets of PD-1/
PD-L1 blockade and may lead to acquired immunotherapy
resistance. Thus, blocking nuclear translocation of PD-L1
with HDAC2 inhibitors may reduce transcription of these
immune checkpoint genes, leading to increased CD8+T
cell infiltration and decreased TNF-o levels, which in turn
enhances the antitumor immune response triggered by
therapeutic antibodies to PD-1. It provides a new idea for
tumor immunotherapy [60].

Molecular regulatory mechanisms of the
microenvironment

Studies have shown that the tumor microenvironment
is a dynamic material environment, and cytokines

Figure 2 PD - L1 modification after translation and degradation.
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surrounding tumor cells are generated through their
secretions and external cell secretions in the process of
tumor genesis, which contains nutrients and nutrients a
large number of immune cells. In order to meet cellular
bioenergy and biosynthesis requirements, tumor -cells
must adapt to the changing microenvironment. Both tumor
cells and immune cells reprogram metabolic pathways
to achieve dynamic antagonism. Many specific cytokines
and tumor-derived exosomes in TEM can induce PD-L1
expression and initiate immune escape. Pd-11 mainly acts
on the tumor microenvironment rich in lactic acid, while T
cell autophagy is induced in the microenvironment deficient
in tryptophan, arginine and glucose. In the case of rapid cell
growth and lack of surrounding nutrients, anaerobic glucose
metabolism increases, resulting in lactic acid accumulation,
thus creating the optimal environment for PD-1/PD-L1
interaction and drug resistance of tumor cells [61]. Hypoxia-
inducible factor-1a (HIF-1a) is another major cancer driver
in the microenvironment. Hypoxia induces hiF-1 o activation
and lactic acid accumulation. The binding of HIF-1« to the
PD-L1 promoter (a hypoxia response element) stimulates
PD-L1 transcription and helps tumour cells escape from
the immune system [9]. For example, the enhancer of Zeste
homolog 2(EZH2) has been found to regulate the expression
of the immunosuppressive molecule PD-L1 in NSCLC cells
via HIF-1a. Moreover, the enhancer of EZH2 is an epigenetic
regulatory molecule with histone methyltransferase activity,
which can promote the formation of an immunosuppressive
microenvironment [62]. Figure 3 shows a strong positive
correlation between the expression level of TCR and MHC
with PD-L1, suggesting that EZH2 can regulate PD-L1
through up-regulation of HIF-1A [62].

Activated
Tcells
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Non-codingNon-coding RNAs in tumour cell exosomes
can also promote the expression of PD-L1 and induce
immune escape. In chronic lymphocytic leukaemia
(CLL), monocytes and macrophages have a tumour-
promoting phenotype tendency. Including the release
of tumour-supporting cytokines and the expression of
immunosuppressive molecules such as PD-L1. In addition,
CLL-derived exosomes have been shown to induce cancer-
related production 2430 - Review - fibroblasts. Studies have
shown that non-coding-coding Y RNA hY4 in CLL-derived
exosomes can drive the toll-like receptor 7(TLR7) signalling
pathway in monocytes and induce PD-L1 expression. Y RNA
has also been detected in exosomes from various tumor
sources, and tumour-associated slow inflammation and PD-
L1 up-regulation have been observed [63]. These findings
prove that exosomes in the tumor microenvironment play
an important role in promoting tumor progression and are
importantregulatory factors and inhibitory sites of the tumor
microenvironment. Regulation of the microenvironment
is a complex and systematic study, and changes in the
microenvironment affect T cell infiltration, activation, etc.
Research on the immunosuppressive microenvironment
is helpful to understand tumor progression and weaken
treatment resistance [64].

Small molecule drug therapy and prospects

Under normal physiological conditions, PD-L1 mRNA
is subject to strict post-transcriptional regulation. In sharp
contrast, a large amount of PD-L1 protein is expressed on
the surface of various human tumor cells because cancer
cells and other cells in the tumor microenvironment can
upregulate THE expression of PD-L1 through interferon-y
upon encountering T cells. Tumor cells and other cells in the

Tumor cells

Anti-PD-1

. “

Anti-PD-L1

Figure 3 Programmed Death 1 (PD-1)/ Programmed Death Ligand 1 (PD-L1) ubiquitination and deubiquitination play a crucial role in the stable and dynamic
regulation of PD-1 and PD-L1 proteins. Pd-1 /PD-L1 signalling by ubiquitination and deubiquitination is regulated by various E3 ligases and Deubiquitination
Enzymes (DUBs). In addition, we briefly elucidate the anticancer potential of some drugs targeting related E3 ligases that further regulate PD-1/PD-L1 ubiquitination

in cancer.
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tumor microenvironment can also express high levels of PD-
L1, and this overexpressed PD-L1 can interact with PD-1 to
inhibit immune function. The mechanism of PD-L1's effect
on immunosuppression is very complex. Cells expressing
PD-L1 can inhibit tumor immunity through a variety of
mechanisms. For example, PD-L1+ tumor cells and antigen-
presenting cells can induce T cell apoptosis and failure and
stimulate human peripheral blood T cells to produce IL-10
for mediated immunosuppression. They can also mediate
dendritic cell inhibition and induce T cell differentiation.
Pd-11 can also form a "molecular barrier" on cancer cells,
protecting tumor cells from the dissolution of cytotoxic T
lymphocytes and effectively preventing immune effector
cells from killing cancer cells. Tumor immune escape
mediated by the PD-L1 pathway is an "adaptive resistance."
Recognizing tumor antigen by Tumor-Infiltrating
Lymphocyte (TIL) can initiate this "adaptive resistance."
After T cell receptor-specific recognition, TIL releases
interferon-y and may induce these cells to express PD-L1.
Pd-11does not exist in most normal tissues, but interferon-y
can induce the expression of PD-L1 in almost any nucleated
cells [65]. Interferon-y enhances TIL function by increasing
differentiation and stimulating antigen processing and
presentation, while PD-L1 binds to its receptor on the cell
surface and paralyzes T cells. Therefore, although the
physiological function of upregulated PD-L1 expression
is to prevent the spread of inflammation and reduce tissue
damage, PD-L1induced in the tumor microenvironment can
inhibit the negative feedback regulation of tumor immunity.

Conclusion

In recent years, PD-L1 targeted monoclonal antibodies
(MAbs) have been the mainstay of the response to
immunosuppression, with pembrolizumab and nivolumab
already approved for marketing. It also showed an obvious
effect in the treatment of several tumor cells. However,
therapeutic antibodies also show some disadvantages,
such as limited tissue and tumor penetration; relatively
large monoclonal antibodies are difficult to penetrate
the complex tumor microenvironment, thus limiting the
therapeutic effect of MAb [66,67]. At the same time, a very
long half-life, lack of oral bioavailability, immunogenicity,
Manufacturing difficulties, and high costs limit the scale
and prospects of MAb applications. In addition, monoclonal
antibodies against the PD-1/PD-L1 axis are currently
only effective in a small number of cases and tumor types
[68,69]. Therefore, it is crucial to develop smaller small
molecule drugs and improve the specificity of tumor PD-L1
targeting [70-72]. Small molecule drugs may significantly
improve the efficacy due to better tumor penetration and
oral availability [6]. In the field of molecular structure,
the possibility of small molecule drug binding is found
through the study of eutectic structure. For example, BMS
compounds can bind to the interaction surface of PD-L1
and PD-1, and this interaction between PD-L1 and PD-1
produces an asymmetrical arrangement of opal dimers.
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There is a small binding site between two protein molecules.
Analysis of the interaction between protein molecules
and binding inhibitors can characterize the hydrophobic
protein-inhibitor contact network, as well as a large
number of hydrogen bonds and electrostatic effects of the
stable homologous dimer, demonstrating the feasibility of
small molecule drug inhibition at the PD-1/PD-L1 immune
checkpoint [6]. Recent studies have shown that A compound
ARB-272572(compound A) can bind to PD-L1 to form cis-
interacting homo-dimer and stabilize PD-L1 homo-dimer
to induce rapid internalization PD-L1 on the cell surface by
forming A hydrophobic zone between two PD-L1 molecules.
Its internalization results in rapid loss of PD-L1 on the cell
surface, thus preventing further interaction between PD-L1
and PD-1-expressing cells. However, such internalization
is reversible [73-79], meaning that no irreversible damage
will be caused to normal cells beyond treatment, which has
guiding significance for biological checkpoint and bedside
treatment.

Currently, most studies on small molecule inhibitors
directly target the binding site of PD-1 and PD-L1 protein,
while studies on small molecule inhibitors of the upstream
regulatory pathway of PD-L1are very limited. The regulatory
effect of the PD-L1 upstream pathway varies according to
different cancer cell types, and differences in the tumor
microenvironment will also affect its regulatory effect.
Therefore, although small-molecule inhibitors targeting
upstream pathways may not be widely applicable, they may
also become an adjuvant therapy in cancer treatment.
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