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Abstract

Cancer immunotherapy has recently shown promising antitumor effects in various types of tumors. Among all
immune checkpoints, the PD-1/PD-L1 pathway plays an important role in the immune evasion of tumor cells, mak-
ing it a potent target in antitumor immunity. Accordingly, antibodies targeting the PD-1/PD-L1 pathway have been
developed to attack tumor cells; however, resistance to immune therapy remains to be solved. Hence, identification
of the underlying modulators of the PD-1/PD-L1 pathway is of significant importance to understand the mechanisms
of antitumor immunotherapy. Long noncoding RNAs (IncRNAs) and circular RNAs (circRNAs) have been identified to
regulate the PD-1/PD-L1 pathway, leading to participation in the immune response and immunotherapy. Therefore,
this review focuses on the functions of INcRNAs and circRNAs in regulation of the PD-1/PD-L1 axis in tumorigenesis
and tumor progression. We hope this review will stimulate research to supply more precise and effective cancer
immune checkpoint therapies for a large number of tumors.
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Introduction

The human immune system plays an important role in
maintenance of homeostasis by discriminating and elimi-
nating aberrant cells, including pathogens and cancer
cells, and in this way, protecting the human body from
cells of endogenous and exogenous origins [1]. Accord-
ingly, cancer immunotherapy, which stimulates the
immune system to create promising antitumor effects,
has been developed to attack tumors [2]. The discovery
of CTLA-4 [3] and PD-1 [4], which were identified as
immune checkpoints acting as a brake in immune func-
tion, was awarded the 2018 Nobel Prize in Physiology or
Medicine. With connection of the T cell receptor on the
T cell surface and peptide-MHC on target cells, immune
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checkpoints are inhibited, consequently leading to dys-
function of T cells and antitumor results [5].

Among all immune checkpoints, the PD-1/PD-L1 sign-
aling pathway has received increasing attention due to its
proven outstanding effectiveness as an immune thera-
peutic target in a wide range of tumors, including bladder
cancer, lung cancer, and pancreatic cancer [6—8]. How-
ever, the response to anti-PD-1/PD-L1 therapy differs
among different malignancies and patients, and multiple
mechanisms have been found to hinder tumor immunity
during tumorigenesis [9-11]. This finding urges current
researchers to evaluate the underlying mechanisms by
which the PD-1/PD-L1 pathway is regulated in tumo-
rigenesis. Recently, noncoding RNAs have been reported
to participate in regulation of PD-1/PD-L1 pathway
in carcinogenesis [12-15]. Hence, in this review, we
describe the regulation of the PD-1/PD-L1 pathway by
IncRNAs and circRNAs in tumors and discuss how these
regulatory networks modulate the PD-1/PD-L1 pathway
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in cancer immunotherapy. Regulation of IncRNAs and
circRNAs can be used to design more precise and effec-
tive immune therapies by targeting immune checkpoints.

PD-1/PD-L1 pathway

PD-1/PD-L1 is an important component of tumor immu-
nosuppression and has been considered a critical issue
in immune therapeutic research [16]. PD-1, also known
as cluster of differentiation 279 (CD279), was first dis-
covered in 2B4-11 (murine T-cell hybridoma) cells and
interleukin-3 (IL-3)-deprived LyD9 cells in 1992 by Tas-
uku Honjo [4], and then in 1999, its cognate ligand B7
homolog 1 (B7-H1, later termed as PD-L1) was identified
[17]. PD-1 is a 55 kDa type I transmembrane glycopro-
tein and has 288 amino acids with three distinct domains:
an extracellular N-terminal domain, a transmembrane
domain and an intracellular tail at the N and C ends
[18]. PD-1 has 15% similarity to CD28, 20% similarity to
CTLA4, and 13% similarity to induced T-cell costimula-
tors [19]. As a major immune checkpoint receptor, PD-1
belongs to the immunoglobulin gene superfamily and is
expressed on different immune cells, including T cells, B
cells, NK cells, macrophages, DCs, and monocytes [16,
20, 21]. Importantly, PD-1 functions as a coinhibitory
receptor that promotes T-cell activation, cytokine pro-
duction and cytotoxicity by binding to its ligands [16].
In this way, antigen-presenting cells (APCs) can take up
antigen released from tumor cells and present it to T
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cells. Tumor cells can also present antigens to activate T
cells in the context of major histocompatibility complex
(MHCQC). Upon T cell activation, PD-1 can downregulate
immune responses through involvement of PD-L1 on
tumor cells. Prolonged T cell receptor (TCR) stimula-
tion can upregulate PD-1 expression. The PD-1/PD-L1
interaction inhibits T cell proliferation and interferon-y
(IEN-y) production, resulting in a reduction in T cell sur-
vival [22]. On the other hand, a variety of transcription
factors are capable of triggering PD-1 expression, such as
NFAT, NOTCH, FOXO1 and interferon (IFN) regulatory
factor 9 (IRF9) [23] (Fig. 1). Conserved regions B and C
(CR-B and CR-C) are the upstream regulatory regions
of the PD-1 gene (PDCD1) and are critical for PD-1
expression. The CR-C region binds to NFATc1 (NFAT2)
in CD4+and CD8+cells through its binding site to
NFAT, and the CR-B region can be attached via c-FOS
when detecting antigen (Ag) in naive T cells after stimu-
lation with T-cell receptor (TCR), resulting in induction
of PD-1 expression [24]. Similarly, other transcription
factors (including IFN-a, IRF9, FOXO1) and cytokines
(such as IL-10 and IL-27) can induce PD-1 expression
by binding to the PD-1 promoter [25, 26]. PD-1 has been
referred to as a critical inhibitor in adaptive and innate
immune systems and stands out in immune therapy forB-
cell lymphomas [27].

As one PD-1 ligand, PD-L1 (also called CD274) belongs
to the B7 series and is a 33 KDa type 1 transmembrane
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glycoprotein. PD-L1 has 290 amino acids and two pro-
tein domains, the IgV and IgC domains, in its extracellu-
lar region [28]. PD-L1 expression is commonly detected
on the membranes of the surrounding cells in the tumor
microenvironment, including T cells, B cells, APCs, DCs
and monocytes, as well as different types of cancer cells
[29-31]. Notably, the PD-L1 expression level in tumor
cells can be modulated at multiple levels, such as genetic
aberrations and epigenetic regulation via extrinsic and
intrinsic oncogenic signaling pathways [32]. Epigenetic
modulation includes miRNAs, histone modification,
DNA methylation, and PTM. For example, proinflam-
matory cytokines, such as IFN-y and TNF-q, secreted
by tumors, induce upregulation of PD-L1 on the tumor
cell surface, which is considered an “adaptive immune
mechanism” to escape antitumor responses [31, 33].
The antitumor immune activity of PD-L1 is dependent
on its binding to PD-1. The PD-1/PD-L1 pathway pri-
marily functions in blockade of TCR and costimulatory
signals. In detail, the binding between PD-L1 on cancer
cells and the PD-1 receptor on immune T cells induces
phosphorylation of the tyrosine-based inhibitory motif
(ITIM) of PD-L1 located in the cytoplasmic domain and
of the tyrosine-based switch motif (ITSM) by Src fam-
ily kinases, which then activates SHP-2 and SHP-1 to
inhibit antigen-driven activation of T cells through the
T cell receptor pathway [2, 32, 34]. Additionally, PD-L1
expression on several immune cells, such as T cells, APCs
and macrophages, can be regulated by different transla-
tional factors to reduce antitumor immunity [35]. These
translational factors include cytokines produced by
infiltrated immune cells, such as IFN-y, TNF-a, VEGE,
IL-4, and IL-10, as well as TLRs, STAT1, and HIF-la
[36, 37]. Based on their inhibitory capabilities in the
activity of T cells, the PD-1/PD-L1 pathway can induce
immune evasion of tumor cells and interfere with anti-
tumor immunity. In the tumor microenvironment, after
recognizing antigens presented on the tumor surface, T
cells rapidly express PD-1 and develop into exhausted T
cells. Then, exhausted T cells release cytokines, includ-
ing IFN-y, TNF-a and IL, to enhance PD-L1 expression,
which consequently inhibits the activation of T cells and
reduces the immune response, resulting in tolerance
of the immune system to self-antigens [38, 39]. On the
other hand, the PD-1/PD-L1 pathway is regulated by a
variety of molecular pathways in tumorigenesis, includ-
ing the PI3BK/AKT, MAPK, JAK/STAT, WNT, NF-xB
and Hedgehog (Hh) pathways [7], which can function
as upstream mediators of the PD-1/PD-L1 axis in dif-
ferent tumor cells. For example, activation of the PI3K/
Akt/mTOR signaling pathway is significantly related
to the recovery of exhausted CD8+T cells by PD-1/
PD-L1 blockade in gastrointestinal stromal tumors [40].
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Moreover, inhibition of the MAPK pathway was found
to prevent EGF- and IFN-y-induced PD-L1 expression in
lung adenocarcinoma cells [41]. Accordingly, antibodies
suppressing the PD-1/PD-L1 pathway have been devel-
oped to destroy tumor cells, and in recent decades, PD-1/
PD-L1 checkpoint blockade therapies have been sug-
gested for antitumor immunity in the majority of cancer
types. In 2014, the PD-1 monoclonal antibody nivolumab
was approved by the US FDA for treatment of melanoma
[42, 43]. In the following years, the application of other
anti-PD-1/PD-L1 pathway monoclonal antibodies, such
as atezolizumab, avelumab, durvalumab, and pembroli-
zumab, or their combination with other therapies were
also approved for treatment of many tumor types [44].
However, the clinical resistance of some cancer patients
to PD-1/PD-L1 checkpoint blockade therapies makes
treatment tougher. Therefore, identification of underlying
modulators of the PD-1/PD-L1 pathway is of significant
importance in developing novel antitumor drugs for can-
cer immunotherapy.

LncRNAs and circRNAs

With the advanced development of the ENCODE pro-
ject and whole genome and transcriptome sequencing
technologies, a class of genomic DNA called ncRNAs,
which are not translated into functional proteins, has
been identified [45, 46]. Clearly, ncRNAs are unique
RNA transcripts that act as modulators of molecular
targets and cellular functions [47] and include IncR-
NAs, snRNAs, snoRNAs, siRNAs, piRNAs and circR-
NAs [47-49]. LncRNAs and circRNAs (a category of
IncRNAs) are important types of ncRNAs involved in
regulation of biological processes and many diseases,
including human cancer [50]. LncRNAs take part in
regulation of gene expression at the epigenetic, tran-
scriptional, and posttranscriptional levels [51] and
play a critical role in diverse cellular processes and
molecular signaling pathways [52, 53]. CircRNAs can
regulate gene expression in part by acting as miRNA
sponges and regulating splicing and transcription [54,
55]. Emerging evidence has revealed the critical roles
of IncRNAs and circRNAs in regulation of the immune
response in tumorigenesis in part via regulation of the
PD-1/PD-L1 pathway.

LncRNAs in regulation of the PD-1/PD-L1 pathway
Emerging evidence has identified that various immune-
related IncRNAs are involved in the TME and have sig-
nificant associations with immune cell infiltration and
the cancer cell response to anti-PD-1 immunotherapy in
various tumors [56].
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Diffuse large B cell lymphoma (DLBCL)

DLBCL is a highly aggressive hyperplastic disorder
originating from B lymphocytes, and approximatey 40%
of DLBCL patients present resistance to clinical treat-
ments [57]. Recent studies have reported that many IncR-
NAs are involved in the immunoregulation of DLBCL,
including SMAD5-AS1, which suppresses DLBCL pro-
gression via the Wnt/p-catenin pathway [58]; HOTAIR,
which predicts a worse prognosis of DLBCL patients
[59]; and SNHG14. SNHG14 is upregulated in DLBCL,
and its upregulation is related to induction of cancer cell
proliferation, migration, EMT, and especially immune
evasion. Notably, SNHG14 acts as a critical sponge of
miR-5590-3p to elevate the expression level of ZEB1
(an important transcription factor related to the malig-
nant behaviors of many tumors) [60], thereby resulting
in activation of the PD-1/PD-L1 pathway and promo-
tion of DLBCL immune evasion [61]. Similarly, IncRNA
MALAT]1 induces upregulation of PD-L1 expression to
promote DLBCL cell proliferation, migration, EMT, and
immune escape and to inactivate CD8+T cells [62].
Importantly, with a luciferase assay, it was found that
the effect of MALAT1 was generated by inhibition of
miR-195 [62]. These findings demonstrate that IncRNAs
can have a potential effect on antitumor immunity in
DLBCL cells and can provide tolerance of DLBCL cells to
immune responses.

Ovarian cancer (OC)

OC is the most lethal gynecological malignancy, with an
estimated 2.5-5% incidence and associated deaths world-
wide [63]. Due to the lack of detectable symptoms in the
early stage, over 70% of OC patients are diagnosed with
advanced tumors [64]. An increasing amount of evidence
has revealed that many IncRNAs participate in regulation
of the PD-1/PD-L1 axis as well as the molecular mecha-
nisms underlying ovarian tumorigenesis and therapeutic
resistance. For example, Duan et al. reported an anti-
immunity function of EMX20S in OC. High expression
of EMX20S accelerated the proliferation, invasion and
sphere formation of cells and amplified tumor growth in
mice [65], and more importantly, EMX20S was found
to sponge and inhibit miR-654 and subsequently acti-
vate AKT3, resulting in overexpression of PD-L1, which
predicted an unfavorable overall survival of OC [65].
In contrast, ectopic expression of PD-L1 can elimi-
nate the tumor suppressive effect of downregulation of
EMX20S and AKT3 or overexpression of miR-654 in
OC cells [65]. This result suggests that EMX2OS can be
used as a therapeutic target in PD-1/PD-L1 checkpoint
blockade therapy for OC. Meanwhile, IncRNA HOTTIP
was reported to have the same role in OC, with higher
expression in OC tissues than in normal ovarian tissues
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[66, 67]. HOTTIP is able to induce PD-L1 expression
in neutrophils and immune escape and to inhibit T cell
immunity, which is attributed to the interaction of HOT-
TIP with the TME. By targeting the transcription factor
c-Jun, HOTTIP induced the secretion of IL-6, and silenc-
ing HOTTIP decreased IL-6 expression [67] LncRNA
SNHG12 induced PD-L1 expression to accelerate OC
immune escape by increasing the expression of IL-6R
through recruitment of NF-«xB1 to the IL-6R promoter
and promotion of IL-6/miR-21 crosstalk between OC
cells and M2 macrophages [68].

Endometrial cancer (EC)

EC is an important gynecological cancer threatening the
health of most women. Through cell functional assays,
IncRNA Lnc-OC1 was identified to enhance PD-L1
expression, promote cell viability and inhibit cell apopto-
sis by sponging miR-34a in EC cells [69]. Another group
demonstrated that PD-L1 plays a tumor suppressive role
in aggressive EC, including poorly differentiated endo-
metrioid adenocarcinoma and serous adenocarcinoma
[70]. Eighty-four percent of normal tissues and 12% of
the cancer specimens showed positive PD-L1 expression,
and PD-L1 staining via immunohistochemistry in normal
tissues was found to be deeper than that in EC tissues.
Furthermore, upregulation of PD-L1 led to inhibition of
cell proliferation and loss of mesenchymal phenotypes
[70]. Similarly, using luciferase reporter assays, IncRNA
MEG3 was found to upregulate PD-L1 expression by tar-
geting and inactivating miR-216a, leading to inhibition of
cell proliferation and loss of mesenchymal phenotypes in
aggressive EC, including poorly differentiated endome-
trioid adenocarcinoma and serous adenocarcinoma [70].
These findings demonstrate that the MEG3/miR-216a/
PD-L1 pathway is involved in aggressive EC.

Gastric cancer (GC)

Currently, an increasing number of IncRNAs have been
identified to show a significant association with GC
immunity, especially PD-1/PD-L1 immunotherapy, such
as LINC01871 and AC006033 [71]. By using 94 stom-
ach adenocarcinoma datasets from TCGA, a IncRNA
model containing 16 IncRNAs was established to clas-
sify microsatellite instability (MSI) status for predicting
the response to PD-1/PD-L1 immunotherapy [72]. In
addition, many IncRNAs are reported to be upregulated
in GC, promote gastric tumorigenesis and regulate the
PD-1/PD-L1 pathway to induce immune escape, includ-
ing SNHG15 [73], IncRNA NUTM2A-AS1 [74] and
IncRNA HIF1A-AS2 [75]. Mechanistically, SNHG15
directly targeted miR-141 [73], and HIF1A-AS2 sponged
miR-429 to positively regulate PD-L1, leading to immune
escape [75]. Additionally, IncRNA NUTM2A-AS1 was
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found to bind to miR-376a to consequently enhance the
expression of TET1 and HIF-1A, leading to induction
of gastric tumorigenesis and drug resistance, and TET1
interacts with HIF-1A to increase PD-L1 expression
levels to promote tumorigenesis and drug resistance in
HGC-27 and SNU-1 cells [74].

Hepatocellular carcinoma (HCC)
Recently, a large number of IncRNAs have been shown to
have a significant positive correlation with the activity of
PD-L1 in HCC, including MIR155HG [76] and PCED1B-
AS1 [77]. By establishing an immune-related IncRNA
signature in HCC, it was found that this immune-related
IncRNA signature is associated with ICB immunother-
apy-related molecules, including IDO1, PD-L1 and
PD-L2, as well as infiltration immune cells, including
MO macrophages, Tregs, CD4 memory T cells, and M1
macrophages, and predicted the survival of patients [78],
suggesting a close relationship between IncRNAs and
the TME, including PD1/PD-L1 pathways. For example,
the IncRNA MIAT was significantly associated with the
expression of PD-1, PD-L1 and CTLA4, and participates
in the immune escape process of HCC by regulating tar-
get genes, such as JAK2, SLC6A6, KCND1, MEIS3 and
RIN1. As a consequence, IncRNA MIAT is involved in
HCC resistance to drugs, such as sorafenib [79].
Abnormal IncRNAs-mediated PD-1/PD-L1 expres-
sion may mediate HCC migration and drug resistance
through various molecular pathways. CASCI11 has
been reported to activate NF-kB and the PI3K/AKT/
mTOR pathways to further regulate PD-L1 via EIF4A3-
mediated upregulation of E2F1, leading to promo-
tion of HCC cell proliferation, mobility, and glucose
metabolism [80]. Consistently, another group reported
that PCED1B-AS1 is markedly overexpressed in HCC
tissues and interacts with hsa-miR-194-5p to increase
the expression of PD-L1 and PD-L2, resulting in HCC
immune escape and tumorigenesis [77]. In addition,
IncRNAs from exosomes also modulate the PD-1/
PD-L1 pathway. By isolating exosomes from HCC cells,
it was noted that exosomal PCED1B-AS1 promoted
the expression of PD-L1 and PD-L2 in recipient HCC
cells and inhibited the activity of recipient T cells and
macrophages [77]. Moreover, the pseudogene (a spe-
cial type of IncRNAs) RP11-424C20.2] regulates the
immune escape and tumorigenic processes of LIHC
at least in part through IFN-y-mediated CLTA-4 and
PD-L1 pathways by sponging miR-378a-3p to increase
UHRF1 expression [81]. UHRF1 has been verified to be
significantly correlated with immune cell infiltration. In
sorafenib-resistant HCC tissues and cells, knockdown
of IncRNA KCNQI1OT1 decreased PD-L1 expression by
sponging miR-506, leading to the reversal of sorafenib
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resistance and immune escape [82]. One study demon-
strated that IncRNA XIST regulates PD-L1 by targeting
miR-194-5p and miR-155-5p in HCC [83].

Pancreatic cancer (PC)

PC is one of the most lethal diseases with a dismal five-
year survival rate. LncRNA PMSB8-AS1 and LINC00473
were highly expressed in PC tissues and cell lines and
contributed to upregulation of PD-L1 and promotion of
cell proliferation, invasion, and migration in PC [84, 85].
Remarkably, IncRNA PMSB8-AS1 regulated the tran-
scription factor STAT1 by interacting with and inhibit-
ing miR-382-3p to activate PD-L1 expression, resulting
in immune escape [84]. In addition, LINC00473 deletion
via transfection with siRNA inhibited PC progression
and activated the killing capacity of CD8 + T cells by pro-
moting miR-195-5p-targeted downregulation of PD-L1
and by increasing Bax, IFN-y and IL-4 expression and
decreasing Bcl-2, MMP-2, MMP-9 and IL-10 expression
[85].

Lung cancer

Accumulated evidence demonstrates that multiple IncR-
NAs are significantly associated with lung tumorigen-
esis and the immunotherapeutic response of lung cancer.
Of note, among an established ceRNA network with 14
immune-related IncRNAs in LAD, IncRNA C5orf64 was
found to have a positive relationship with the expres-
sion of immune molecules, including PD-1, PD-L1 and
CTLA-4, and immune cells (M2 macrophages, mono-
cytes, eosinophils and neutrophils) but was negatively
correlated with Tregs and plasma cells [86], indicating a
sole connection between IncRNAs and PD-1/PD-L1 lev-
els. Similarly, IncRNA FGD5-AS1 functions as a sponge
of miR-142 to regulate PD-L1 expression, leading to
promotion of cell resistance to cisplatin (DDP) and cell
proliferation, migration and invasion in LAD [87]. In
contrast, the antisense IncRNA NKX2-1-AS1 downregu-
lated PD-L1 expression by modulating NKX2-1 protein
and decreased the expression of cell adhesion molecules,
consequently inhibiting cell migration and wound heal-
ing in LAD [88]. Therefore, decreasing FGD5-AS1 or
increasing NKX2-1-AS1 may be a promising strategy
in PD-1/PD-L1 immunotherapy for patients with LAD.
In NSCLC, IncRNA MALAT1 increased PD-L1 expres-
sion by sponging miR-200a-3p, consequently promot-
ing NSCLC progression [89]. Furthermore, ZFPM2-AS1
attenuated ZFPM2 expression and was positively asso-
ciated with PD-L1 expression, thus promoting the pro-
liferation, migration, and invasion of NSCLC cells via
modulation of the JAK-STAT and AKT pathways [90].
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Prostate cancer (PCa)

PCa is a global disease with high morbidity and mortal-
ity that threatens male health. Although androgen dep-
rivation is an effective treatment and the main choice
for therapeutic management of advanced PCa patients,
it shows no effect on CRPC. CRPC patients also present
de novo resistance to PD-1/PD-L1 axis blockade. Hence,
more attention has been given to understanding the
underlying mechanisms of PD-1/PD-L1 axis blockade. In
PCa, several IncRNAs have been uncovered to contrib-
ute to malignant progression and PD-1/PD-L1 immu-
nosuppression [91]. For example, IncAMPC increases
PD-L1 expression to show immunosuppressive activities
through the LIF/LIFR-stimulated JAK1-STAT3 pathway.
In detail, IncAMPC promotes LIF expression in the cyto-
plasm by directly binding to and inactivating miR-637,
and enhances LIFR transcription in the nucleus by decoy-
ing histone H1.2 away from the upstream sequence of the
LIFR gene [92]. Furthermore, IncRNA KCNQ1OT1 in
PCa cells was uncovered to contribute to inhibition of
CD8+T cell cytotoxicity and to induce malignant pro-
gression in PCa [91]. Notably, KCNQ1OT1 directly binds
to and decreases miR-15a and leads to recovery of PD-L1
expression, consequently inhibiting cytotoxicity and pro-
liferation and promoting apoptosis of CD8 + T cells while
promoting viability, migration, invasion, EMT and sup-
pressing apoptosis of PCa cells [91].

Bladder cancer

To date, very few studies have focused on the IncRNA-
mediated PD-L1 expression. In one study, knockout of
IncRNA UCA1 was found to promote apoptosis of 5637
bladder cancer cells; activate DCs; induce cytokine secre-
tion, including IL-6, IL-12, IL-23 and TNFa; and more
importantly, elevate PD-L1 expression [93]. Accordingly,
cotreatment with anti-PD-1 and anti-UCA1 retarded
tumor growth and increased the survival of xenografted
mice, demonstrating synergistic efficacy in bladder can-
cer [93]. Another research group established a machine
learning-based computational framework and found sev-
eral IncRNA signatures of TIL-Bs, including TNRC6C-
AS1, WASIR2, GUSBP11l, OGFRP1, AC090515.2,
PART1, MAFG-DT and LINCO01184 [94]. Further inves-
tigation is warranted to determine the role of these IncR-
NAs in immunotherapy for bladder cancer.

Breast cancer

LncRNAs XIST, TSIX, GATA3-AS1 and LINK-A play an
oncogenic role in tumor progression and immune eva-
sion in breast cancer and are all notably upregulated in
breast cancer tissues, which is related to the expression of
PD-L1 [95-97]. XIST and TSIX are overexpressed in the
lymph nodes, and different body fluids of breast cancer
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patients but differentially expressed in patients with dif-
ferent breast cancer subtypes [95]. LncRNA GATA3-
AS1 is highly expressed in TNBC tissues and plays an
oncogenic role in tumor progression and immune eva-
sion [97]. More importantly, GATA3-AS1 increases
the expression of PD-L1 protein and decreases GATA3
expression to induce immune evasion by regulating
the miR-676-3p/COPS5 pathway [97]. Furthermore,
patients with TNBC resistant to PD-1 blockade therapy
present a high expression level of IncRNA LINK-A and
a low level of antigen PLC components [96]. In addi-
tion, LINK-A expression decreased the antigen PLC and
intrinsic tumor suppressors Rb and p53 via K48-poly-
ubiquitination [96]. LncRNA TCL6 has significant posi-
tive relationships with immune checkpoint molecules,
including PD-1, PD-L1, PD-L2, and CTLA-4, as well as
with immune infiltrating cells, such as B cells, CD8+T
cells, CD4+T cells, neutrophils, and DCs, predicting
poor survival in breast cancer [98].

Thymoma

Thymomas are a group of rare neoplasms that occur in
the anterior mediastinum. Pseudogene RP11-424C20.2,
which can predict a better prognosis in thymoma, acts
as a ceRNA to enhance UHRF1 expression by sponging
miR-378a-3p, consequently regulating IFN-y-mediated
CLTA-4 and PD-L1 activity in thymomas [81]. To
study the influence of IncRNA XLOC 003810 on the
PD-1/PD-L1 pathway in MG-T cells, one group found
that MG and MG-T group tissues displayed higher
XLOC_003810 expression than control group tissues
and had an increased frequency of CD4+T cells and
higher production of inflammatory cytokines. In addi-
tion, XLOC_003810 increases T cell activation and
blocks the PD-1/PD-L1 pathway in MG-T patients [99].
Furthermore, IncRNA IFN-stimulated noncoding RNA
1 (INCR1), transcribed from the PD-L1 locus, is cor-
related with PD-L1 expression levels in tissues and is
involved in regulation of tumor IFNy signaling. IFNy is
often secreted by activated T cells and regulates immune
responses and tumor immunosurveillance [100]. In
detail, downregulation of INCR1 in several tumor cell
lines led to suppression of PD-L1 expression, and tumor
spheres with INCR1 downregulation were more sensi-
tive to CD8+T cell-mediated killing. Antisense oligo-
nucleotides that disrupt the binding between INCRI1
and HNRNPH1 suppressed PD-L1 and JAK2 expression
[101].

Head and neck squamous cell carcinoma (HNSCC)

By analyzing the expression of IncRNA AC131097.3 and
PD-1 in HNSCC tissues and normal adjacent tissues
from TCGA and in isolated leukocytes, it was noticed
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that IncRNA AC131097.3 and PD-1 are coexpressed,
and that both of them are inversely correlated with pro-
moter methylation and positively correlated with CpG
methylation [102]. This result suggests that the DNA
methylation landscape of AC131097.3 and PD-1 may
contribute to HNSCC carcinogenesis. Furthermore,
IncMX1-215 is upregulated by IFNa and inhibits pro-
liferation and metastasis of HNSCC cells. Interestingly,
IncMX1-215 negatively regulated PD-L1 expression to
inhibit immune escape by suppressing H3K27 acetyla-
tion via binding to GCN5, an H3K27 acetylase [103].

Nasopharyngeal carcinoma (NPC)

Using whole genome expression profiling data in NPC
samples, AFAP1-AS1 was found to be correlated with
PD-1 expression. Further study identified the coex-
pression of AFAP1-AS1 and PD-1 in infiltrating lym-
phocytes in NPC samples, and patients with positive
expression of both AFAP1-AS1 and PD-1 had the poor-
est prognosis [104], suggesting that coexpression of
AFAP1-AS1 and PD-1 may be an ideal target for future
clinical trials of anti-PD-1 immune therapy. In addition,
IncRNA HOXA-AS2 significantly promoted prolifera-
tion, invasion and migration of NPC cells by upregulat-
ing HIF-1a and PD-L1 expression via direct targeting
miR-519 [105]. Consistently, a miR-519 inhibitor res-
cued HOXA-AS2 knockdown-attenuated progression
of NPC [105].

Melanoma

In skin cutaneous melanoma, IncRNA MIR155HG was
found to be correlated with better survival of patients
and with levels of infiltrating immune cells and immune
molecules, such as PD-1 and PD-L1 [76]. Higher expres-
sion of MIR155HG was associated with poor overall
survival in uveal melanoma, which was also correlated
with PD-1, PD-L1 and CTLA4 [76]. In another study
analyzing a public transcriptomic database of mela-
noma patients treated with anti-PD-1 monotherapy, a 15
IncRNA signature consisting of AC010904.2, LINC01126,
AC012360.1, ACO024933.1, AL442128.2, AC022211.4,
AC022211.2, AC127496.5, NARF-AS1, AP000919.3,
AP005329.2, AC023983.1, AC023983.2, AC139100.1,
and ACO012615.4, was identified as a significant bio-
marker for predicting prognosis in advanced melanoma
patients, who were treated with anti-PD-1 monotherapy
(nivolumab or pembrolizumab) [106]. These reports sug-
gest that IncRNAs participate in regulation of the PD-1/
PD-L1 pathway in melanoma. However, related stud-
ies are limited, and more studies are needed to explore
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the relationship between IncRNAs and the PD-1/PD-L1
pathway in melanoma.

Other cancers

LncRNA SNHG20 is highly expressed in ESCC and sig-
nificantly correlated with tumor size, grade, TNM stage
and lymph node metastasis. SNHG20 regulates PD-L1
expression and promotes the proliferation, migration,
invasion, and EMT of ESCC cells through modulation of
the ATM/JAK pathway [107]. LncRNA RP11-571M6.8
plays an important role in immune evasion and indi-
cates poor survival in GBM. In detail, RP11-571M6.8
is closely related to the expression of PD-1, PD-L1 and
CTLA-4, as well as to regulatory T cell infiltration levels
and their markers (IL2RA and FCGR2B) [108]. In ATC,
UCAL positively regulates PD-L1 expression by inhib-
iting miR-148a, consequently suppressing the killing
effect of cytotoxic CD8+T cells and reducing cytokine
secretion [109]. MIR17HG was found to promote CRC
tumorigenesis and metastasis and induce upregulation
of PD-L1 by competitively sponging miR-375 to increase
NE-kB/RELA expression [110]. Another group analyzed
the extensive molecular characterization of 228 cervical
cancer patients, and identified amplifications in PD-L1,
PD-L2, and IncRNA BCAR4, which are related to the
response to lapatinib [111]. In summary, these results
suggest that the IncRNA-miRNA network in regulation
of the PD-1/PD-Ls pathway could contribute to carcino-
genesis and immune evasion (Table 1).

CircRNAs regulate PD-1/PD-L1 pathway

Current research has demonstrated that circRNAs func-
tion as ceRNAs to regulate PD-L1 expression, thereby
regulating tumor immune escape in many tumors.
Tumor immune escape is an important process in the
survival and invasion of tumor cells by which cancer cells
grow and metastasize by avoiding recognition and attack
by the immune system. Many circRNAs are reported to
act as key factors by regulating the PD-1/PD-L1 pathway
to influence the TME.

In several studies, dysregulation of circRNAs has been
found to be related to the proliferation, migration, inva-
sion and immune escape of lung cancer cells [113]. For
example, one group used RT-qPCR analysis to assess
blood samples from 231 lung cancer patients and 41
controls, and the results revealed that hsa_circ_0000190
overexpression was more likely to exist in patients with
a larger tumor size, later stage, worse histological type,
more distant metastatic organs, extrathoracic metastasis,
and poor survival and prognosis [114]. Moreover, ele-
vated hsa_circ_0000190 levels in plasma were associated
with higher PD-L1 levels in tumors. At the same time,
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Table 1 LncRNAs in the regulation of PD-1/PD-L1 pathway

LncRNA Cancer Functions Sponge miRNA Targets PD-1/PD-L1 Ref

SNHG14 DLBCL  Promotes tumorigenesis and miR-5590-3p ZEB1 Activates PD-1/PD-L1 [61]
immune evasion

MALAT1 Promotes tumorigenesis and  miR-195 N/S Increases PD-L1 [62]
immune escape, inactivates
CD8+T cells

EMX20S OoC Promotes tumorigenesis miR-654 AKT3 Increases PD-L1 [65]

HOTTIP Promotes immune escape N/S c-Jun Increases PD-L1 [67]
and inactivates T cell
immunity

SNHG12 Promotes immune escape miR-21 IL-6 Increases PD-L1 [68]

Lnc-OC1 EC Promote tumorigenesis miR-34a N/S Increases PD-L1 [69]

MEG3 EC Inhibits tumorigenesis miR-216a N/S Increases PD-L1 [70]

BCAR4 CcC Regulates the response to N/S N/S Increases PD-L1, PD-L2 [111]
lapatinib

SNHG15 GC Promotes tumorigenesis and  miR-141 N/S Increases PD-L1 [73]
immune escape

HIFTA-AS2 Promotes tumorigenesis and  miR-429 N/S Increases PD-L1 [75]
immune escape

NUTM2A-AST Promotes tumorigenesis, miR-376a TETT, HIF-1A Increases PD-L1 [74]
immune escape and drug
resistance

MIAT HCC Promotes immune escape,  N/S AK2, SLC6A6, KCND1, MEIS3,  Increases PD-1, PD-L1 and [79]
regulate sensitivity to RINT CTLA4
sorafenib

CASC11 Promotes cell prolifera- N/S NF-kB, PI3K/AKT/mTOR Increases PD-L1 [80]
tion, mobility, and glucose
metabolism

PCED1B-AS1 Promotes immune escape, hsa-mir-194-5p N/S Increases PD-L1, PD-L2 [77]
inactivates receipt T cells and
macrophages

RP11-424C20.21 Promotes immune escape miR-378a-3p UHRF1 Increases CLTA-4, PD-L1 [81]

XIST miR-194-5p, MiR-155-5p N/S Increases PD-L1 [83]

KCNQ1OT1 Promotes sorafenib resist- miR-506 N/S Increases PD-L1 [82]
ance and immune escape

PMSB8-AST PC Promotes proliferation, inva-  miR-382-3p STAT1 Increases PD-L1 [84]
sion, and migration

INC00473 Induces cancer progression  miR-195-5p Bax, IFN-y, IL-4; Bcl-2, MMP-2,  Increases PD-L1 [85]
and inactivate CD8+ T cells MMP-9, IL-10

MIR17HG CRC Promotes tumorigenesis and  miR-375 NF-kB/RELA Increases PD-L1 [110]
metastasis

IncRNA C5o0rf64  LAD N/S N/S Increases PD-1, PD-L1, CTLA- [86]

4, and immune cells

FGD5-AS1 Promotes tumorigenesis and  miR-142 N/S Increases PD-L1 [87]
resistance to cisplatin

NKX2-1-AS1 Inhibits cell migration N/S NKX2-1, cell adhesion Decreases PD-L1 [88]

molecules

MALAT1 NSCLC  Promotes cancer progres- miR-200a-3p N/S Increases PD-L1 [89]
sion

ZFPM2-AS1T Promotes tumorigenesis N/S ZFPM2, JAK-STAT, Akt Increases PD-L1 [90]

INncAMPC PCa Promotes malignant pro- miR-637 Jak1-STAT3,LIF/LIFR Increases PD-L1 [92]
gression and immunosup-
pression

KCNQ10T1 Promotes malignant miR-15a N/S Increases PD-L1 [91]

progression and inactivate
CD8+T cells
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Table 1 (continued)

LncRNA Cancer Functions Sponge miRNA Targets PD-1/PD-L1 Ref

UCA1 BLC Promotes tumor progres- Decreases PD-L1 [93]
sion, activate DCs and
cytokines

GATA3-AS1 TNBC  Promotes cell progression miR-676-3p COPS5 Increases PD-L1, decreases  [97]
and immune evasion GATA3

LINK-A TNBC  Resistant to PD-1 blockade PLC, Rb, p53 [96]

TCLe BC Promotes immune cell N/S N/S Increases PD-1, PD-L1, [98]
infiltration, related to poor PD-L2, CTLA-4
survival

RP11-424C20.2 Thy Indicates a better prognosis  miR-378a-3p UHRF1 CLTA-4 and PD-L1 [81]
regulate infiltrating immune
cell

XLOC_003810  MG-T promotes T cell activation inhibits PD-1/PD-L1 [99]

INCR1 Inhibits immune responses IFN gamma signaling Increases PD-L1 [101]

AC131097.3 HNSCC  Promotes carcinogenesis DNA methylation Increases PD-1 [102]

IncMX1-215 Inhibits immune escape, cell H3K27 acetylation Decreases PD-L1 [103]
proliferation and metastasis

AFAP1-AS1 NPC Metastasis and poor prog- [104]
nosis

HOXA-AS2 Promotes cell proliferation, miR-519 HIF-1a Increase PD-L1 [105]
invasion, migration

SNHG20 ESCC Promotes cell proliferation, N/S ATM/JAK Increase PD-L1 [107]
migration, invasion, EMT

RP11-571M6.8  GBM Promotes immune evasion,  N/S N/S PD-1, PD-L1, CTLA-4 [112]
indicates a poor survival

UCA1 ATC Inactivates cytotoxic CD8+T miR-148a N/S Increase PD-L1 [109]

cells, inhibit cytokine secre-
tion

BC Breast cancer, BLC Bladder cancer, DLBCL Diffuse large B cell lymphoma, CC Cervical cancer, CRC Colorectal cancer, OC Ovarian cancer, ZEBT Zinc finger E-box
binding homeobox 1, EC Endometrial cancer, GBM Glioblastoma multiforme, PC Pancreatic cancer, LAD Lung adenocarcinoma, MG-T Myasthenia gravis-related
thymoma, THY Thymomas, TNBC Triple-negative breast cancer, MG-T Myasthenia gravis-related thymoma, HNSCC Head and neck squamous cell carcinoma

patients with higher plasma hsa_circ_0000190 levels tend
to have poor responses to systemic therapy and immuno-
therapy [114].

Similarly, circFGFR1 derived from FGFR1 shows
higher expression in NSCLC tissues, and its high expres-
sion is related to poor prognosis and clinicopathological
features [115]. In addition, circFGFR1 can sponge miR-
381-3p to enhance expression of the target gene CXCR4,
and knockout of CXCR4 sensitized NSCLC cells to anti-
PD-1 immunotherapy. Consequently, this circRNA ele-
vated the proliferation and immune evasion of NSCLC
cells and promoted resistance to anti-PD-1-based therapy
[115]. CXCR4 can bind CXCL12 (stromal cell-derived
factor-1), resulting in an increase in intracellular calcium,
proliferation, cell adhesion, and gene transcription [116].
Consistently, circRNA circ-CPA4 (hsa_circ_0082374)
functions as an oncogene in several tumor types, includ-
ing glioma [117] and NSCLC [118]. Hong et al. revealed
that circ-CPA4 and PD-L1 were overexpressed while let-7
miRNA was expressed at lower levels in NSCLC cells and
tissues in comparison with normal bronchial epithelial

(HBE) cells and adjacent tissues, respectively [118]. In
addition, NSCLC patients with decreased expression of
circ-CPA4 and PD-L1 and increased let-7 expression had
a better prognosis. Mechanistically, circ-CPA4 targets
and attenuates let-7 miRNA expression, and then upreg-
ulates PD-L1 expression to promote tumorigenesis and
EMT in NSCLC cells. Remarkably, circ-CPA4 positively
regulated exosomal PD-L1 levels. PD-L1 on the NSCLC
cell membrane was found to paralyze CD8+ T cells, and
in coculture of NSCLC cells and CD8+T cells, remov-
ing circ-CPA4 reactivated CD8+T cells, suggesting that
circ-CPA4 enhanced PD-L1 expression by sponging
let-7 to regulate cell growth, mobility, stemness and drug
resistance and to inactivate CD8+ T cells in the TME in
NSCLC.

Circ_0000284 has been validated as an oncogene in
cholangiocarcinoma [112, 119] and NSCLC [120]. In
cholangiocarcinoma, circ-0000284 was evidently elevated
in cell lines, tumor tissues and plasma exosomes, and
downregulation of circ-0000284 suppressed cell prolif-
eration, migration and invasion and promoted apoptosis.



Jiang et al. Mol Cancer (2021) 20:116

Further RIP and dual-luciferase reporter assays demon-
strated that circ-0000284 targeted miR-637 to elevate
LY6E expression [112], thereby promoting immune
escape. Consistently, elevated expression of circ-0000284
is associated with promotion of cancer cell migration,
invasion and proliferation, and contributes to a poor
prognosis in NSCLC patients. Importantly, circ_0000284
increases PD-L1 expression as a ceRNA of miR-377, lead-
ing to NSCLC development [120].

Another group uncovered that hsa_circ_0020397 was
increased in CRC cells and negatively related to miR-
138 expression. Circ_0020397 is capable of promoting
CRC development by inactivating miR-138 to increase
PD-L1 and TERT expression [121]. Furthermore, cir-
cRNA CDRI1-AS was also found to be a tumor promo-
tor and was closely linked with poor prognosis in colon
cancer [122]. Tanaka et al. used a lactase 2 gene cassette
to establish a colon cancer cell line with stable expres-
sion of CDR1-AS. SW620 cells overexpressing CDR1-AS
showed significant upregulation of two important PD-L1
modulators, CMTM4 and CMTMS6, suggesting that over-
expression of CDR1-AS in cancer cells could enhance
PD-L1 expression levels on the plasma membrane of
tumor cells. However, this research group identified that
CDR1-AS functions in regulation of PD-L1 independent
of miR-7 [122].

In melanoma, circ_0020710, derived from CD151,
was shown to have a high expression level in cancer tis-
sues and was related to the malignant phenotype and
poor prognosis of melanoma patients [123]. Further-
more, circ_0020710 plays a tumor-promoting role in

Table 2 CircRNAs in the regulation of PD-1/PD-L1 pathways

Page 10 of 17

melanoma by elevating cell proliferation, migration and
invasion in vitro and tumor growth in vivo, and promot-
ing immune evasion [123]. Mechanistically, circ_0020710
recruits immune suppressor cells to induce an immuno-
suppressive microenvironment via the promotion of the
CXCL12/CXCR4/CXCR?7 axis by sponging miR-370-3p.
This process leads to the inhibition of cytotoxic lympho-
cyte exhaustion [123]. Hence, AMD3100, a CXCL12/
CXCR4 axis inhibitor, could promote the antitumor effi-
cacy of anti-PD-1 treatment in melanoma cells [123].
In pancreatic cancer, another study revealed that circ-
UBAP2 and hsa-miR-494 can modulate the expression
of CXCR4, HIF1A, ZEB1, and SDC1. CXCR4 and ZEB1
expression is positively associated with the expression
of CTLA-4 and PD-1, indicating that circ-UBAP2 might
repress antigen presentation and promote immune
escape in pancreatic cancer [124]. Based on the above
findings, circRNAs may function as oncogenes or tumor
suppressors and regulate PD-L1 expression to govern the
progression and immune evasion of cancer by regulating
target genes via miRNA sponging (Table 2).

LncRNAs and circRNAs regulate TME-driven immune
evasion

Several mechanisms of immune escape include defec-
tive antigen presentation, alterations in tumor death
pathways, abnormal metabolism, and recruitment of
immunosuppressive cells and abnormal cytokines in the
TME [125]. The TME is a complex scaffold of stromal
and epithelial cells, including tumor cells, immune cells,
extracellular matrix (ECM) components and exosomes,

CircRNA Cancer Functions Sponge miRNA Targets PD-1/PD-L1 Reference

Hsa_circ_0000190 NSCLC Indicates poor survivaland — N/S N/S Increases PD-L1 [114]
prognosis

CircFGFR1 Indicates poor prognosis miR-381-3p CXCR4 Resistance to anti-PD-1 [115]
and survival immunotherapy

Circ-CPA4 Indicates poor prognosis, let-7 N/S Increases PD-L1 [118]
inactives CD8+T cells

Circ_0000284 Induces cell migration, inva-  miR-377 N/S Increases PD-L1 [120]
sion and proliferation

Hsa_circ_0020397 CRC Induces cell viability and miR-138 TERT Increases PD-L1 21
invasion, inhibits cell
apoptosis

CDRI1-AS CRC Related to poor prognosis Independent on miR-7  CMTM4, CMTM6 Increases PD-L1 [122]

Circ_0020710 Mel Induces cell proliferation, miR-370-3p CXCL12/CXCR4/CXCR7  Immune suppressive [123]
migration, invasion; inhibits
cytotoxic lymphocyte
exhaustion

Circ-UBAP2 PAAD  Inhibits antigen presenta- miR-494 CXCR4 and ZEB1 Increases CTLA-4 and PD-1 [124]

tion; induces immune
escape

Mel Melanoma, NSCLC Non-small-cell lung cancer, PAAD Pancreatic adenocarcinoma
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which critically participate in immune evasion [126].
For instance, immune cells interacting with intercel-
lular stromal cells led to immune evasion of malignant
B cells [127]. In the TME, IncRNAs and circRNAs play
an essential role in regulation of tumor progression and
immunity.

Hypoxia, an important feature of the TME, has a great
impact on cancer aggressiveness and therapy. For exam-
ple, under hypoxic conditions, circDENNDA4C silencing
inhibited glycolysis, migration and invasion of breast
cancer cells by increasing miR-200b/c [128]. LncRNAs
also serve as transcriptional targets of HIF and can trans-
fer hypoxia responses between cancer cells and the TME
[129]. In another study, it was observed that hypoxia
could induce circ-0000977 expression and enhance the
HIFla-mediated immune escape of PC cells by regulat-
ing miR-153 and its two targets HIFla and ADAMI10
[130]. PD-L1 was reported to be a direct target of HIF-1a,
and blockade of PD-L1 promoted MDSC-involved T cell
activation under hypoxia [37].

LncRNAs and circRNAs have an effect on various
immune cells within the TME [131, 132]. Immune cells
include myeloid cells, macrophages, dendritic cells, lym-
phoid cells and T cells. LncRNA LNMAT1 can enhance
the interaction between hnRNPL and the CCL2 pro-
moter, leading to macrophage recruitment into the
tumor mass and elevating lymphatic metastasis in blad-
der cancer [133]. LncRNA Inc-BM enhanced crosstalk
between macrophages and breast tumor cells, resulting
in promotion of breast cancer brain metastasis in the
brain TME [134]. Depletion of XIST in breast cancer
induced M1-M2 macrophage polarization of microglia,
leading to promotion of immunosuppressive cytokines
and blockade of T-cell proliferation [135]. A decrease in
IncRNA CCAT1 induced M2 macrophage polarization
and cell migration by inhibiting PKC( through the upreg-
ulation of miR-148A in prostate cancer [136]. LncRNA
FENDRR suppressed Treg-induced immune evasion
by sponging miR-423-5p and increasing GADD45B in
HCC cells [137]. In the TME, some immunosuppressive
cytokines can regulate the expression of IncRNAs in can-
cer cells, contributing to immune evasion. The cytokine
IL-6 in the TME increased the expression of IncTCF7 and
facilitated HCC aggressiveness via activation of STAT3
and EMT [138]. M2-like TAMs secrete EGF and enhance
tumor metastasis by inhibiting IncRNA LIMT expression
and activating the EGFR-ERK pathway in ovarian cancer
[139]. In addition, immune cell-derived IncRNAs also
regulate immune escape in the TME, including lymphoid
immune cells, TAMs, and MDSCs [132]. One recent
review summarized that IncRNAs regulate immune cell
differentiation and function and are involved in immune
evasion [140]. Taken together, IncRNAs and circRNAs
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affect the TME to shape the tumor suppressive microen-
vironment, supporting the development and malignancy
of tumors.

Conclusion and perspective

In summary, IncRNAs and circRNAs are critically
involved in regulating the PD-1/PD-L1 pathway,
resulting in participation in the immune response and
immunotherapy (Figs. 2 and 3). Due to the pivotal
role of IncRNAs in regulating the PD-1/PD-L1 path-
way, the application of IncRNAs as immunotherapy
targets could be a useful strategy for enhancing treat-
ment efficiency in cancer patients. Although IncR-
NAs and circRNAs play a pivotal role in the immune
response by targeting PD-1/PD-L1, several issues
need to be addressed to fully understand the func-
tions and mechanisms of noncoding RNA-mediated
regulation of the PD-1/PD-L1 pathway. Several clinical
trials are ongoing to explore whether IncRNAs, includ-
ing CCAT1, HOTAIR, and H19, can be considered
potential biomarkers in lung cancer (NCT03830619),
colorectal cancer (NCT04269746), thyroid cancer
(NCT03469544), HCC (NCT04767750), and stomach
cancer (NCT03057171). To date, no study or clinical
trials are available to determine whether IncRNAs and
circRNAs are potential targets to regulate PD-1/PD-L1
in cancer immunotherapy (clinicalTrials.gov). Com-
pared with other upstream factors of PD-1/PD-L1, such
as NOTCH, FOXO1 and IRF9, are noncoding RNAs
more important to target the PD-1/PD-L1 pathway in
cancer? Numerous of noncoding RNAs are involved
in PD-1/PD-L1 regulation. Which noncoding RNA is
paramount to control the PD-1/PD-L1 pathway? Two
studies showed that linc00511-siRNA conjugated nano-
bubbles can improve linc00511 siRNA delivery and
increase cisplatin sensitivity in TNBC cells [141, 142].
LncRNA MEG3 was also encapsulated into aptamer-
functionalized dendrimer nanoparticles to treat cas-
tration-resistant prostate cancer [143]. Developing a
delivery system to deliver noncoding RNAs to specific
organs is a challenge. LncRNA MIR155HG is consid-
ered a prognostic biomarker in multiple cancer types
[76]. LncRNAs XIST and TSIX were reported to act as
cancer immune biomarkers in breast cancer patients
with PD-L1 overexpression [95]. LncAMPC regulates
immunosuppression and could work as a prognostic
biomarker and therapeutic target in prostate cancer
[92]. It is essential to determine whether more IncRNAs
and circRNAs could serve as biomarkers and therapeu-
tic targets. It is necessary to note that several reports
have shown only an indirect association between PD-1/
PD-L1 and IncRNAs, and not a direct regulation of
PD-1/PD-L1 by IncRNAs in multiple cancer types, such
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Fig. 2 Multiple IncRNAs regulate the PD-1/PD-L1 pathway in cancer
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as EC [69] and GC [72]. Therefore, the detailed molecu-
lar mechanisms of noncoding RNA-involved modu-
lation of the PD-1/PD-L1 pathway are still not fully
elucidated in multiple human cancers types. Thus, fur-
ther investigations to address these concerns will help
us understand the role of noncoding RNAs in the can-
cer immune response and in tumor immunotherapy.
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