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Abstract
Immunotherapy targeting the PD-L1/PD-1 pathway using antibodies is effective in the clinical treatment of a multitude of 
cancers. This makes research of the regulatory mechanisms of PD-1 expression in cancer cells intriguing. PD-L1 expres-
sion can be categorized into inducible expression, attributed to extrinsic factors in the microenvironment, and constitutive 
expression, attributed to intrinsic cancer-driving gene alteration. The mechanisms of PD-L1 expression in cancer cells 
operate at multiple levels, including gene amplification, chromatin modification, transcription, posttranscription, translation 
and posttranslation. Moreover, some open questions in this field that need to be answered in future research are proposed. 
Studies of regulatory mechanisms of PD-L1 expression pave the way for the application of more effective approaches in the 
future of cancer immunotherapy.
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Abbreviations
ALK	� Anaplastic lymphoma kinase
BET	� Bromodomain and extra terminal domain
BRD	� Bromodomain-containing protein
CMTM	� CKLF-like MARVEL transmembrane domain 

containing protein
CSN5	� COP9 signalosome 5
EGF	� Epidermal growth factor
EML	� Echinoderm microtubule-associated protein–like
GSK3b	� Glycogen synthase kinase 3b
HDAC	� Histone deacetylase
HIF	� Hypoxia-inducible factors
IRF	� Interferon regulatory factor
MLL	� Myeloid/lymphoid or mixed-lineage leukemia
NPM	� Chimeric nucleophosmin
PTEN	� Phosphatase and tensin homolog
TOP	� Terminal oligopyrimidine
UTR​	� Untranslated region

Introduction

Regulatory mechanisms of PD-L1 expression in cancer cells 
are of interest since PD-1 is a critical immune checkpoint 
pathway in antitumor immunity. Cancer cells exploit PD-L1 
to subvert T cell-mediated immunosurveillance. PD-L1 
expressed by cancer cells can engage the PD-1 expressed 
by cancer-specific CTL, inducing apoptosis or functional 
exhaustion of the CTLs [1]. Based on the mechanism of 
PD-L1/PD-1 signaling, immunotherapy using antibodies 
against PD-L1 (atezolizumab, avelumab and durvalumab) 
or PD-1 (nivolumab and pembrolizumab) achieves great 
success in the clinical treatment of cancer. At present, this 
antibody therapy has been approved for multiple cancers, 
including Hodgkin’s lymphoma, melanoma, NSCLC, renal 
cell carcinoma (RCC), bladder cancer, HNSCC, Merkel cell 
carcinoma, HCC and gastric cancer. In spite of effective-
ness of the immune checkpoint blockade in the treatment 
of cancers, the responses to checkpoint blockade are not 
universal. Indeed, there are particular tumors and tumor 
subtypes that are less sensitive to the checkpoint blockade. 
Several predictive biomarkers for the effective response 
of antibody therapy targeting PD-L1/PD-1 signaling are 
identified, including TIL infiltrate and localization at the 
leading edge [2], TIL activation status [3], and mutational 
burden of the tumor itself [4], as well as the PD-L1 expres-
sion in cancer cells. For example, in reference to NSCLC, 
the overall survival of patients treated with atezolizumab 

 *	 Yongyu Shi 
	 shiyongyu@sdu.edu.cn

1	 Department of Immunology and Key Laboratory of Infection 
and Immunity of Shandong Province, School of Basic 
Medical Sciences, Shandong University, 44# Wenhua Xi 
Road, Jinan 250012, China

http://orcid.org/0000-0003-1356-3219
http://crossmark.crossref.org/dialog/?doi=10.1007/s00262-018-2226-9&domain=pdf


1482	 Cancer Immunology, Immunotherapy (2018) 67:1481–1489

1 3

is improved by 4.2 months compared with patients treated 
with docetaxel. The improvement of the overall survival of 
all patients with PD-L1 expression is 5.4 months [5]. The 
effectiveness of blocking the PD-L1/PD-1 signaling pathway 
in cancer treatment and the correlation of PD-L1 expression 
with the differential responses to the checkpoint blockade 
therapy highlight the importance of studying the regulatory 
mechanisms of PD-L1 expression in cancer cells.

Studies about the regulation of PD-L1 expression are 
accumulating. In this paper, the expression of PD-L1 is 
divided into inducible expression and constitutive expres-
sion according to causes of PD-L1 expression in cancer 
cells. Then, the molecular mechanisms whereby expres-
sion of PD-L1 in cancer cells is regulated are discussed. 
Finally, several questions are posed to be answered by fur-
ther research in this field.

Inducible and constitutive expression 
of PD‑L1 in cancer cells

Both extrinsic and intrinsic factors are responsible for the 
expression of PD-L1 in cancer cells. Correspondingly, the 
expression of PD-L1 is classified into inducible expression, 

which is ascribed to extrinsic stimuli, and constitutive 
expression, which is ascribed to intrinsic genetic alteration 
of the malignant cells (Fig. 1). Among a number of extrinsic 
factors, IFN-γ is the most potent inducer of PD-L1 expres-
sion, acting mainly via the JAK/STAT1/interferon regulatory 
factor (IRF) 1 pathway in multiple types of cancers, such as 
melanoma [6], NSCLC [7], HCC [8], HNSCC [9], gastric 
cancer [10] and myeloma [11]. TNF-α induces the expres-
sion of PD-L1 mainly through NF-κB signaling in breast 
cancer [12], prostate cancer and colon cancer [13]. Epi-
dermal growth factor (EGF) induces expression of PD-L1 
via the JAK2/STAT1 pathway in HNSCC [9] or via both 
the PI3K/AKT and JAK/STAT1 pathways in NSCLC [14]. 
IL-17 causes PD-L1 expression through NF-κB and ERK1/2 
signaling in prostate and colon cancers [13]. IL-27 induces 
PD-L1 expression in ovarian cancer through activation of 
STAT3 [15]. IL-4 stimulates the expression of PD-L1 in 
RCC [16]. In addition to cytokines, 17α-estradiol induces 
expression of PD-L1 at the posttranscriptional level via the 
PI3K/AKT signaling pathway in endometrial and breast 
cancer cells [17]. In addition, the ligands of TLR also cause 
the inducible expression of PD-L1. For instance, poly(I:C) 
triggers TLR3 signaling to induce PD-L1 expression in neu-
roblastoma cells [18], and LPS induces PD-L1 expression 

Fig. 1   Inducible expression and constitutive expression of PD-L1 in 
cancer cells. a Inducible expression: PD-L1 expression is induced 
by 17α-estradiol via the PI3K/AKT pathway. EGF induces PD-L1 
expression through the PI3K/AKT/mTOR pathway and the MEK/
ERK pathway. IL-17 stimulates the MEK/ERK and NF-κB pathways 
to elevate expression of PD-L1. TNF-α, LPS, poly(I:C) and paclitaxel 
activate the NF-κB pathway to enhance expression of PD-L1. IFN-γ 

induces expression of PD-L1 through the JAK/STAT1/IRF1 path-
way. IL-27 induces PD-L1 expression via the JAK/STAT3 pathway. 
b Constitutive expression: PTEN loss leads to activation of the PI3K/
AKT/mTOR pathway, resulting in expression of PD-L1. RAS muta-
tion, EGFR mutation and EML4-ALK translocation induce activa-
tion of the PI3K/AKT/mTOR and MEK/ERK pathways, resulting in 
expression of PD-L1. MYC directly promotes expression of PD-L1
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through TLR4 signaling in bladder cancer cells [19]. Fur-
thermore, some chemotherapeutic agents, such as paclitaxel, 
also can induce the expression of PD-L1 in cancer cells 
through NF-kB signaling [20].

Alteration of oncogenes or tumor suppressor genes can 
lead to constitutive expression of PD-L1 in cancer cells. 
For example, MYC protein, an oncogenic transcription 
factor that is overexpressed in many cancers, binds to the 
promoter of the PD-L1 gene to cause elevated expression 
of PD-L1 in T cell acute lymphoblastic leukemia (T-ALL) 
[21]. The mutation of the RAS oncogene is cancer-driving 
and increases cancer cell-intrinsic PD-L1 expression through 
MEK/ERK signaling [22, 23]. Activating mutations of the 
EGFR gene have been identified as oncogenic drivers in 
NSCLC. Chromosomal rearrangement involving the ana-
plastic lymphoma kinase (ALK) and echinoderm microtu-
bule-associated protein–like 4 (EML4) genes is also a can-
cer-driving event in NSCLC. Both EML4-ALK and mutant 
EGFR upregulate PD-L1 by activating the PI3K-AKT and 
MEK–ERK signaling pathways [24, 25]. Phosphatase and 
tensin homolog (PTEN) is a critical tumor suppressor and 
inhibitor of PI3K/AKT signaling. Loss of its function is 
causally linked to increased expression of PD-L1 in glioma 
[26] and lung cancer [27].

Regardless of the causes of PD-L1 expression in cancer 
cells, the regulatory mechanisms operating from DNA to 
protein are similar for the inducible and constitutive expres-
sion of PD-L1. In the following, the multiple layers of 
regulatory mechanisms of PD-L1 expression are reviewed 
(Fig. 2).

Regulation of PD‑L1 expression by genomic 
amplification

The PD-L1 gene is located on chromosome 9p24.1. The 
amplification of this region is identified in nodular scleros-
ing Hodgkin lymphoma, a subtype of classical Hodgkin lym-
phoma, with a frequency of 38% and in mediastinal large 
B-cell lymphoma with a frequency of 63%. The amplifica-
tion of 9p24.1 tightly correlates to increased expression of 
PD-L1 in malignant cells [28]. In addition to lymphomas, 
amplification of the PD-L1 gene has also been detected in 
solid cancers, such as in 15% of EBV-positive gastric adeno-
carcinomas [29], 19% of squamous cell carcinomas of the 
oral cavity [30], 1.9% of small cell lung cancers [31] and 
5.3% of NSCLCs [32]. PD-L1 expression is correspondingly 
elevated in these amplified cases. Moreover, the JAK2 gene 

Fig. 2   Multiple players regulate PD-L1 expression in cancer cells. a 
Amplification of the PD-L1 gene elevates the expression of PD-L1. 
b Chromatin modification regulates the expression of PD-L1. c Tran-
scription factors promote the expression of PD-L1. d PD-L1 3′UTR 
and microRNAs decrease the stability of PD-L1 mRNA. e MiR-513 
and the AKT/mTOR pathway regulate the expression of PD-L1 at the 

translational level. f Ubiquitination and glycosylation control the sta-
bility of the PD-L1 protein. g CMTM4/6 maintains the stability of the 
PD-L1 protein in the lysosome pathway for degradation of proteins. h 
Sigma1 maintains the stability of the PD-L1 protein by preventing its 
autophagic degradation
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is also located in the 9p24.1 region. The amplification of 
the JAK2 gene enhances the expression of PD-L1 through 
JAK-STAT signaling in NSCLC [32]. Future research should 
investigate whether amplification of 9p24.1 occurs in other 
types of cancers. The subset of cases with amplification of 
the PD-L1 gene may be particularly susceptible to immune 
checkpoint blockade therapy.

Regulation of PD‑L1 expression 
by chromatin modification

Histone acetylation in the promoter region of the PD-L1 
gene is required for PD-L1 expression. Woods et al. reported 
that histone deacetylase (HDAC) inhibitor treatment resulted 
in upregulation of histone acetylation at approximately 455 
base pairs upstream of the first exon of the PD-L1 gene. 
Consequently, HDAC inhibitors enhanced the expression 
of PD-L1 in both human melanoma cell lines and a murine 
melanoma model [33]. HDAC inhibitors are FDA-approved 
for the treatment of cutaneous T-cell lymphoma and mye-
loma in which setting they are highly efficacious [34, 35]. 
The antitumor activity of HDAC inhibitors in pre-clinical 
models is also dependent upon functional interactions with 
the host immune system [36]. Thus, a combinatorial therapy 
with HDAC inhibitors and the checkpoint blockade may be 
a synergistic therapeutic strategy to treat cancer [33]. By 
contrast, Lienlaf et al. reported that knockdown of HDAC6 
resulted in decreased expression of PD-L1 induced by IL-6 
in melanomas. Mechanistically, HDAC6 recruited STAT3 to 
the PD-L1 promoter and activated STAT3 signaling. Addi-
tionally, selective HDAC6 inhibitors impaired tumor growth, 
suggesting HDAC6 as a potential target for tumor immuno-
therapy [37]. The BET family of proteins is a kind of histone 
acetylation reader that directly binds to acetylated lysine on 
histone tails to promote gene transcription. One member of 
the bromodomain and extra terminal domain (BET) family 
is bromodomain-containing protein (BRD) 4, which binds 
to the acetylated histone H3K27Ac in the promoter region 
of the PD-L1 gene and in a distal super enhancer. BRD4 
knockdown or pharmacologic inhibition reduces both con-
stitutive and inducible PD-L1 expression in ovarian cancer 
cells, murine pancreatic ductal adenocarcinoma cells and 
lymphoma cells. Consistently, the BET inhibitor JQ1 sig-
nificantly suppresses PD-L1 expression in vitro and in vivo, 
increasing the activity of antitumor cytotoxic T cells. These 
findings support a small-molecule approach to blocking 
PD-L1 signaling [38, 39]. In addition to histone acetyla-
tion, histone methylation controls expression of PD-L1. 
H3K4me3 marks are enriched in the PD-L1 promoter region 
around − 1000 to + 2000 bp in both human and mouse pan-
creatic cancer cells. Myeloid/lymphoid or mixed-lineage 
leukemia (MLL) 1, one of the H3K4 methylation-specific 

HMTases, directly binds to the proximal PD-L1 promoter 
region to catalyze H3K4me3 and activate PD-L1 transcrip-
tion [40]. However, it is difficult for the MLL1-H3K4me3 
axis to be a therapeutic target because H3K4me3 is associ-
ated with most transcriptionally active genes in human cells. 
Therefore, the clinical application of chromatin modifica-
tions should be considered with caution because they may 
influence the expression of many genes rather than PD-L1 
only.

Transcriptional regulation of PD‑L1 
expression

Quite a few transcription factors involved in PD-L1 expres-
sion have been identified. Transcription factor AP-1 pro-
motes the expression of PD-L1 in Hodgkin lymphomas by 
binding to an enhancer region, which is located on intron 1 
of the PD-L1 gene approximately 5 kb downstream from the 
transcription start site [41].

A second transcription factor is IRF1, which is required 
for expression of PD-L1, particularly for IFN-γ-induced 
expression in cancer cells [7]. A shRNA assay of interferon 
receptor pathway was used to systemically screen 33 known 
interferon receptor pathway signaling molecules in order to 
identify critical genes responsible for PD-L1 expression 
induced by IFN-γ. The results show that the JAK1/JAK2-
STAT1/STAT2/STAT3-IRF1 axis primarily regulates PD-L1 
expression, with IRF1 binding to the PD-L1 promoter [6]. 
Additionally, two IRF1 binding sites have been identified 
in the PD-L1 promoter region between − 320 and − 202 bp 
from the translational start site, designated IRF-1α and 
IRF-1β [7]. These two IRF1 binding sites may have differ-
ent affinities for engagement of IRF1 since the expression 
of PD-L1 in EBV-positive gastric cancer cells is primarily 
mediated by the IRF-1α site [10].

The expression of PD-L1 in cancer cells is dependent 
on transcription factor NF-κB as well. There are NF-κB 
binding sites in the promoter region of the PD-L1 gene 
[42–44]. Recently, an enhancer 140 kb downstream of the 
PD-L1 gene bound by NF-κB was identified by analysis 
of expressed enhancers using TCGA RNA-seq data. This 
finding led to the proposal of a NF-κB-mediated enhancer-
promoter interaction model of PD-L1 activation. However, 
the working rationale of this model remains to be validated 
experimentally [45].

STAT3 is also involved in expression of PD-L1, but its 
direct engagement with the PD-L1 promoter is controver-
sial. On the one hand, STAT3 has been found to bind to the 
PD-L1 gene promoter to increase expression of PD-L1 in 
chimeric nucleophosmin (NPM)/ALK-carrying T cell lym-
phoma [46], ALK-negative large-cell lymphoma [47] and 
pulmonary adenocarcinomas with EML4-ALK translocation 
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[48]. On the other hand, the binding of STAT3 at the PD-L1 
promoter has not been detected in melanoma cells [6].

Oncogene MYC codes for a transcription factor that can 
activate or suppress the expression of its target genes [49]. 
There are discrepancies in the reports about the role of MYC 
in the regulation of expression of PD-L1 in cancer cells. 
Casey et al. used a Tet-off MYC transgenic mouse model of 
T-ALL or HCC to demonstrate that MYC increases PD-L1 
expression by binding to the promoter of the PD-L1 gene. 
They came to a similar conclusion for human T-ALL cell 
lines, the HCC cell line HepG2, the melanoma cell line 
SKMEL28, the NSCLC cell line H1299, and even in pri-
mary human T-ALL samples [21]. In contrast, Hogg et al. 
found that MYC did not affect PD-L1 expression in murine 
Eµ-MYC lymphoma cells and the breast cancer cell line 
AT3. Furthermore, they found that MYC suppressed PD-L1 
expression with or without exposure to IFN-γ in a Tet-off 
murine PDAC model or liver cancer model [39]. In line with 
Hogg et al. Durand-Panteix et al. reported that MYC nega-
tively regulated PD-L1 expression in EBV-immortalized B 
cells. In addition, they found that MYC not only suppressed 
the mRNA expression of PD-L1 at the transcription level but 
also inhibited the secretory lysosomal pathway and PD-L1 
membrane expression by decreasing actin polymerization 
[50]. These discrepancies may be due to the cell-dependent 
and context-dependent signatures of MYC action [49].

Since hypoxia is one characteristic of the cancer micro-
environment, it makes sense that hypoxia-inducible factors 
(HIF) are implicated in the regulation of PD-L1 expression 
in cancer cells. HIF1α increases the expression of PD-L1 by 
binding directly to the PD-L1 proximal promoter in myeloid-
derived suppressor cells [51] or pulmonary adenocarcinomas 
with the EML4-ALK translocation under hypoxic conditions 
[48]. Under the condition of normoxia, HIF2α regulates 
PD-L1 expression in clear cell renal cell carcinoma [52].

Posttranscriptional regulation of PD‑L1 
expression

After transcription, there are some mechanisms to control 
the stability of mRNA. The 3′-untranslated region (UTR) 
of the PD-L1 transcripts plays a negative regulatory role 
in mRNA stability. This insight comes from the observa-
tion that genomic structural variations leading to trunca-
tion of the 3′UTR of PD-L1 transcripts correlate with 
elevated expression of PD-L1 mRNA in multiple cancer 
types, including adult T-cell leukemia/lymphoma, diffuse 
large B-cell lymphoma and stomach adenocarcinoma. The 
underlying mechanism may be the impairment of a num-
ber of cis-acting elements located in the 3′UTR region and 
involved in mRNA decay, including an AU-rich element and 
potential microRNA-binding sites [53]. Elucidation of the 

underlying mechanisms could provide potential approaches 
to manipulate the expression of PD-L1 in the majority of 
cancers without genomic structural variation.

Stability of mRNA is also affected by microRNAs. The 
regulation of PD-L1 expression by microRNA is reviewed 
in detail by Wang et al. [54]. The microRNAs that target 
PD-L1 mRNA to degrade it are listed. MiR-15a, miR-15b, 
miR-16 and miR-193a-3p target PD-L1 3′UTR to decrease 
PD-L1 expression in malignant pleural mesothelioma cells 
[55]. MiR-106b-5p decreases expression of PD-L1 mRNA 
in pancreatic cancer cells [56]. MicroRNA miR-142-5p sup-
presses PD-L1 mRNA expression by binding to the PD-L1 
3′UTR in mouse pancreatic cancer cells [57]. Direct binding 
between miR-17-5p and the 3′UTR of PD-L1 mRNA has 
been demonstrated to result in posttranscriptional downregu-
lation of PD-L1 expression in melanoma cells [58]. MiR-152 
directly binds to the PD-L1 3′UTR in gastric cancer cells and 
inhibits PD-L1 expression [59]. MiR-424 inhibits PD-L1 
expression through direct binding to the 3′UTR of PD-L1 
in ovarian cancers [60]. MiR-34a inhibits PD-L1 mRNA 
expression in acute myeloid leukemia through binding to the 
3′UTR of PD-L1 [61]. These microRNAs targeting PD-L1 
have usually been identified separately in different cancer 
types. Future research should determine whether they have 
synergy in the inhibition of PD-L1 expression.

Regulation of PD‑L1 translation

MicroRNA not only contributes to degradation of the tar-
get mRNA but also inhibits the translation of the mRNA. 
MiR-513 targeting the 3′UTR of PD-L1 mRNA suppresses 
PD-L1 translation in cholangiocytes [62]. In addition to 
regulation of translation of PD-L1 by microRNA, mTOR 
activation controls synthesis of the PD-L1 protein in cancer 
cells. The activation of the PI3K–Akt–mTOR–S6K1 path-
way due to PTEN loss in glioma cells leads to an increase 
in the level of the PD-L1 protein. The regulation of this 
pathway is considered to occur at the translational level 
because mTOR activation leads to recruitment of PD-L1 
transcripts to translationally active polysomes [23]. Addi-
tionally, the constitutive expression of PD-L1 ascribed to 
alteration of oncogenes, such as EGFR, KRAS, and ALK, 
and the inducible expression of PD-L1 induced by IFN-γ or 
EGF, depends on the activation of AKT/mTOR pathway in 
NSCLC cells. Activation of mTOR increases the level of the 
PD-L1 protein rather than the PD-L1 mRNA [63]. The acti-
vation of mTOR usually initiates translation of the mRNA 
that harbors a 5′TOP motif. However, there is no canonical 
5′ terminal oligopyrimidine (TOP) sequence in the PD-L1 
5′UTR. A putative regulatory sequence (5′-GCC​GCG​CTT​
CTG​TCC​GCC​-3′) may be an alternative to the canonical 
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5′ TOP motif, but the specific regulatory properties of this 
sequence remain to be determined [23].

Regulation of PD‑L1 protein stability

Recent studies reveal that PD-L1 protein modifications, such 
as ubiquitination, deubiquitination, and glycosylation, and 
PD-L1-binding proteins impact the stability of the PD-L1 
protein in cancer cells. A protein is usually labeled with a 
specific polyubiquitin chain before it undergoes degrada-
tion through the proteasome or lysosome pathway [64]. As 
far as the proteasome pathway is concerned, three enzymes, 
including E1 activating enzyme, E2 conjugating enzyme 
and E3 ligase, mediate the ubiquitination process, with 
specificity of the E3 ligase in recognition of target proteins. 
Several E3 ligases targeting the PD-L1 protein have been 
identified. The first is Cullin 3SPOP, which ubiquitinates the 
PD-L1 protein and leads to its subsequent degradation in 
prostate cancer cells. Furthermore, Cyclin D-CDK4 kinase 
mediates phosphorylation of SPOP and thereby promotes 
SPOP degradation by APC/CCdh1, so this cell cycle kinase 
indirectly controls the stability of the PD-L1 protein [65]. 
This finding implies that CDK4 kinase may be a therapeutic 
target for blockade of the PD-L1/PD-1 immune checkpoint 
in the cancer therapy. The second E3 ligase targeting the 
PD-L1 protein is β-TrCP, which ubiquitinates the PD-L1 
protein phosphorylated by glycogen synthase kinase 3b 
(GSK3b) in basal-like breast cancer cells. Moreover, the 
phosphorylation of the PD-L1 protein is controlled by its 
glycosylation because glycosylated PD-L1 cannot interact 
with GSK3b. Thus, the glycosylation indirectly prevents 
ubiquitination and degradation of PD-L1 proteins. In fact, 
the majority of PD-L1 in cancer cells is glycosylated and 
cannot be degraded by the proteasome [66, 67]. Another E3 
ligase is STUB1, which causes destabilization of PD-L1. It 
remains to be investigated whether STUB1 directly ubiqui-
tinates the PD-L1 protein or indirectly affects the expres-
sion of PD-L1 [68]. Although the regulation of the above-
mentioned E3 ligases in the expression of PD-L1 has been 
validated experimentally, the deeper molecular mechanisms, 
such as how the E3 ligase ubiquitinates the PD-L1 protein, 
are still unclear.

On the other hand, deubiquitination is the reversed pro-
cess of ubiquitination, usually resulting in stabilization of 
the target proteins. So far, only one deubiquitinase, COP9 
signalosome 5 (CSN5), has been identified for stabilization 
of the PD-L1 protein in breast cancer cells. The expres-
sion of CSN5 is controlled by NF-κB signaling, which is 
activated by the proinflammatory cytokine TNF-α, which 
is derived from tumor-associated macrophages in breast 
cancer [12].

In addition to protein modification, PD-L1-binding pro-
teins also affect PD-L1 protein stability. CKLF-like MAR-
VEL transmembrane domain containing protein (CMTM) 
6, a transmembrane protein of previously unknown func-
tion, increases PD-L1 protein expression without affecting 
PD-L1 transcription in a variety of cancer cell lines, includ-
ing breast, lung, pancreas, thyroid, and colorectal cancers; 
melanoma; and chronic myeloid leukemia, as well as in pri-
mary dendritic cells. Mechanically, CMTM6 forms a molec-
ular partner of both constitutive PD-L1 and IFN-γ-induced 
PD-L1 at the plasma membrane and in recycling endosomes, 
preventing ubiquitination and subsequent lysosomal deg-
radation of PD-L1. In addition, CMTM4, a close family 
member of CMTM6, has a similar function to CMTM6 [68, 
69]. Another PD-L1-binding protein is Sigma1, a unique 
ligand-regulated integral membrane scaffolding protein that 
contributes to cellular protein and lipid homeostasis. PD-L1 
protein levels in breast cancer cells and prostate cancer cells 
are suppressed by small molecule inhibition of Sigma1. The 
mechanism is that the Sigma1 inhibitor induces degradation 
of PD-L1 via selective autophagy [70].

Although several mechanisms controlling the stability of 
the PD-L1 protein have been revealed in cancer cells, there 
remains a point of confusion that should be elucidated as 
soon as possible: it seems that the degradation of the PD-L1 
protein involves both proteasome and lysosome pathways 
because both the proteasome inhibitor MG132 [65] and the 
lysosome inhibitor chloroquine [63] elevate the expression 
of the PD-L1 protein. So far, it is not known which degra-
dation pathway is dominant in cancer cells or whether the 
degradation pathway is dependent on cancer type.

Concluding remarks

Over the past years, compelling data have been provided 
to show the landscape of the regulation of PD-L1 expres-
sion in cancer cells. Based on the molecular mechanisms 
underlying PD-L1 expression, some potential therapeu-
tic approaches have emerged. For instance, inhibition of 
BRD4 may serve as a strategy of immunotherapy for PD-
L1-expressing cancers since BRD4 is required for both 
inducible and constitutive expression of PD-L1, and the 
BRD4 inhibitor OTX015 has been used to treat hemato-
logical malignancies in clinical trials [71, 72]. Another 
potential therapeutic target is the mTOR pathway because 
this pathway not only enhances PD-L1 expression, but 
also promotes proliferation and metastasis of cancers, 
and mTOR inhibitors have been explored in clinical tri-
als [73, 74]. Besides, the mechanisms underlying intrin-
sic resistance to the checkpoint blockade and /or relapse 
following initial responses to the therapy are disclosed 
through the studies of the regulation of PD-L1 expression. 
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For instance, loss-of-function mutation of JAK1/JAK2 is 
responsible for absence of PD-L1 expression in cancer 
cells, resulting in primary and acquired resistance to PD-1 
blockade therapy [75, 76]. Indeed, the IFN-γ signaling 
pathway is one of the most prominent pathways recognized 
to drive PD-L1 induction in the tumor immune microenvi-
ronment. Inactivating mutations in the IFNGR/JAK/STAT 
pathways are frequently observed in patients relapsing 
from checkpoint blockade [77–79].

There are still many open questions that need to be 
addressed in future research. First, many transcription 
factors are involved in the regulation of transcription of 
the PD-L1 gene. Usually these transcription factors bind 
to enhancer and promoter regions, often cooperatively, 
to regulate gene expression. The transcription factors 
regulating PD-L1 expression would be highly tumor type 
dependent. Thus, the major transcription factors responsi-
ble for PD-L1 expression in certain type of cancer should 
be identified. Second, several mechanisms controlling the 
stability of the PD-L1 protein have been revealed, such as 
ubiquitination, glycosylation and CMTM4/6. The relation-
ship between them should be further analyzed by future 
research to provide a complete understanding of the regu-
latory mechanisms of the stability of the PD-L1 protein. 
Third, the regulatory mechanisms of PD-L1 expression 
have been discovered in different types of cancer cells, 
operating at multiple levels, such as transcription, post-
transcription, translation and posttranslation. However, it 
is not known which one is dominant in a given type of can-
cer. The cancer-type dominant or individual dominant reg-
ulatory mechanisms of PD-L1 expression should be deter-
mined so that more precise measures can be applied to 
block the PD-L1/PD-1 pathway in cancer immunotherapy.

Collectively, although antibody therapy targeting the 
PD-L1/PD-1 pathway is effective, there is resistance or 
no response to the therapy. Therefore, further intensive 
research focusing on regulatory mechanisms of PD-L1 
expression may provide more options and more effec-
tive approaches for cancer immunotherapy targeting the 
PD-L1/PD-1 pathway.
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