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Abstract

The engagement of programmed cell death protein 1 (PD-1; encoded by the PDCD1 gene)
receptor expressed on activated T cells and its ligand programmed death-ligand 1 (PD-L1;
encoded by the CD274 gene) is a major co-inhibitory checkpoint signaling that controls T-cell
activities. Various types of cancers express high levels of PD-L1 and exploit the PD-L1/PD-1
signaling to evade T-cell immunity. Blocking the PD-L1/PD-1 pathway has consistently shown
remarkable anti-tumor effects in patients with advanced cancers and is recognized as the gold
standard for developing new immune checkpoint blockade (ICB) and combination therapies.
However, the response rates of anti-PD-L1 have been limited in several solid tumors. Therefore,
furthering our understanding of the regulatory mechanisms of PD-L1 can bring substantial benefits
to patients with cancers by improving the efficacy of current PD-L1/PD-1 blockade or other ICBs.
In this review article, we provide current knowledge of PD-L1 regulatory mechanisms at the
transcriptional, posttranscriptional, post-translational, and extracellular level, and discuss the
implications of these findings in cancer diagnosis and immunotherapy.

eTOC Blurb

Immune checkpoint programmed death-ligand 1 (PD-L1) plays a critical role in facilitating tumor
immune evasion. Cha et al. discuss the mechanisms regulating PD-L1 expression and explore how
targeting those mechanisms may lead to potential therapeutic strategies and biomarkers to improve
response rates to immunotherapy.
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Introduction

T-cell immunity is critical for maintaining our body’s homeostasis by selectively
recognizing and eliminating pathogens and abnormal cells, including cancer cells. However,
hyperactivation of uncontrolled T cells may also attack normal cells (Zhang and Bevan,
2011). To prevent such autoimmune reactions, co-inhibitory immune checkpoint proteins,
such as cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), programmed death-1 (PD-1;
encoded by the PDCD1 gene), and programmed death-ligand (PD-L1; encoded by the
CD274 gene), maintain an intricate regulation of T-cell activities in normal physiological
conditions (Francisco et al., 2010).

In cancer cells, including renal cell carcinoma (RCC), and breast, colorectal, gastric, non-
small cell lung (NSCLC), papillary thyroid, and testicular cancers (Thompson et al., 2004),
high PD-L1 expression is detected and associated with poor prognosis (Ohaegbulam et al.,
2015). Indeed, the binding between PD-L1 on cancer cells with PD-1 on tumor-infiltrating T
cells (TILs) activates Src homology region 2 domain-containing phosphatases (SPH2),
leading to suppression of the T-cell receptor (TCR) pathway and inhibition of T-cell activity.
In cancer, interruption of immune surveillance promotes cancer cell survival by exploiting
the PD-L1/PD-1 signaling (Schildberg et al., 2016).

In addition to cancer cells, multiple types of host cells in the tumor microenvironment
(TME) and lymph nodes, including dendritic cells, macrophages, fibroblasts, and T cells,
also express PD-L1 to reduce anti-tumor immunity (Curiel et al., 2003; Zou et al., 2016).
Recently, Tang et al. reported that PD-L1 is upregulated by IFN-y on antigen-presenting cells
(APCs) in the TME and lymph nodes to inhibit T-cell activation (Tang et al., 2018).
Meanwhile, Lin et al. also reported that the efficacy of PD-1 antibody treatment alone or in
combination with CTLA-4 antibody are correlated with the expression of PD-L1 on
dendritic cells and macrophages in the tumor region and tumor-draining lymph nodes of
patients with ovarian cancer or melanoma (Lin et al., 2018).

Based on the above findings, therapeutic antibodies against PD-L1 (e.g., atezolizumab,
avelumab, and durvalumab) and PD-1 (e.g., nivolumab, pembrolizumab and cemiplimab)
were developed and have demonstrated promising results in clinical trials for various types
of cancer (Gong et al., 2018). Specifically, blocking the PD-L1/PD-1 signaling axis by
antibody re-activates the exhausted immune cells in the TME and eliminates the cancer
cells. This therapeutic strategy normalizes the imbalanced anti-tumor immunity and has
achieved a 10-40 % response in the clinic (Zou et al., 2016). Currently, atezolizumab,
nivolumab, and pembrolizumab are approved by the U.S. Food and Drug Administration
(FDA) for the treatment of multiple cancer types, including melanoma, small cell lung
cancer (SCLC), NSCLC, RCC, head and neck squamous cell carcinomas (HNSCC),
classical Hodgkin lymphomas (cHL), and Merkel cell carcinoma.

Based on the promising therapeutic outcomes from anti-PD-1/PD-L1 therapy, PD-L1 has
become a key protein in immuno-oncology, and its functions and regulatory mechanisms are
being intensively studied. In addition, the expression of PD-L1 is intricately regulated by
various processes, such as gene transcription, post-transcriptional and post-translational
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modifications, and exosomal transport. Therefore, it is important to broaden our
understanding of the regulation of PD-L1 expression to improve the efficacy of current ICB
and advance cancer immunotherapy.

Genomic alternations, and transcriptional and post-transcriptional

mechanisms regulating PD-L1 expression

Aberrant signaling pathways and genomic mutations drive the formation of tumors. During
cell transformation and tumorigenesis, upregulation of PD-L1 by these oncogenic pathways
or gene mutations attenuates the activity of immune cells, allowing cancer cells to escape
immunosurveillance and enhance their survival and metastatic potential. The TME provides
a further enhanced niche for cancer immune escape by augmenting PD-L1 expression
induced by pro-inflammatory cytokines, such as interferon -y, TNFa and IL-6 (Chan et al.,
2019; Dong et al., 2002; Lim et al., 2016), and attenuating activation of immune cells,
including TCR on T cells and the “don’t eat me” signaling on macrophages (Gordon et al.,
2017; Zou et al., 2016). Hijacking these signals, which is induced by immune cell cytokines
and enhanced expression of immune checkpoints, contributes to the adaptive resistance
pathway (inducible expression) in tumor cells (Topalian et al., 2015) (Table 1). Below, we
discuss the genomic alterations, and transcriptional and post-transcriptional mechanisms of
PD-L1 in cancer cells and TME and their potential as biomarkers to improve and enhance
the response rate of PD-L1/PD-1 therapy (Figure 1).

1-1. Genomic alternation/rearrangements and epigenetic regulation of CD274 (PD-L1)

CD274is located on chromosome 9p24.1, and genomic rearrangements in this region,
including amplification and translocation, have been shown to upregulate its expression,
leading to enhanced immune escape as reported for cHL, primary mediastinal large B-cell
lymphoma (PMBCL), NSCLC, squamous cell carcinoma, and gastric adenocarcinoma
(Cancer Genome Atlas Research, 2014; Green et al., 2010; Ikeda et al., 2016; Roemer et al.,
2016; Twa et al., 2014). In addition, the rates of alterations in the CD274 or CD274 and
PDCDI1L G2 (encoding PD-L2) loci are significantly higher in cHL (29% in CDZ274 locus)
and PMBCL (97% in CD274and PDCDI1LGZ2loci) (Roemer et al., 2016; Twa et al., 2014).
Interestingly, JAKZ, which encodes Janus kinase 2, an upstream kinase that regulates PD-L1
expression, is also located on chromosome 9p with high alternation rates. It has been
reported the amplification and mutation of the JAK family contribute to PD-L1 upregulation
by increasing PD-L1 RNA expression The increased activities of the JAK2-signal
transducers and activators of transcription (STAT) signaling pathway caused by this genomic
alternation also increase PD-L1 expression (Green et al., 2010; Prestipino et al., 2018).
Consistently, DNA double-strand breaks (DSB) activate STAT signaling through ataxia-
telangiectasia mutated (ATM)/ATM- and Rad3-related (ATR)/checkpoint kinase 1 (Chk1)
kinases, resulting in upregulation of PD-L1 expression (Sato et al., 2017; Sun et al., 2018b).
Moreover, structural variations in the 3”-untranslated region (UTR) of CD274 also increases
its protein expression and enhances the cancer-immune evasion in multiple human cancers.
The disruption of CD2743’-UTR by CRISPR/Cas9 induces PD-L1 overexpression, which
leads to immune evasion in the TME (Kataoka et al., 2016). Together, these findings
suggested that genomic alterations play a critical role in the increased levels of PD-L1 in
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various cancer types and such alterations may be used as potential biomarkers to improve
current anti-PD-1/PD-L1 therapy. (Sun et al., 2018a; Zhang et al., 2018b).

Epigenetic regulation, such as histone acetylation and methylation, are also involved in PD-
L1 expression. Mechanistically, histone acetylation recruits bromodomains and
extraterminal (BET) proteins, e.g., BRD4, to associate with the CD274 loci, which
transcriptionally enhances PD-L1 mRNA production. Blocking the association of BET
proteins on the CD274 locus by inhibitors reduces PD-L1 expression and increases
immunosurveillance in the TME (Hogg et al., 2017; Zhu et al., 2016). Interestingly, another
study also found that inhibiting histone deacetylase (HDAC) maintains histone acetylation of
the CD274 locus and upregulates PD-L1 expression in tumor cells (Deng et al., 2019;
Woods et al., 2015). These findings suggested that manipulating histone acetylation may be
alternative strategies for future immunotherapy. Similarly, Lu and colleagues demonstrated
that tri-methylation of histone H3 on lysine 4 (H3K4me3) also boosts PD-L1 expression in
cancer cells. For example, mixed-lineage leukemia 1 (MML1) can bind directly to the
CD274 promoter to catalyze H3K4me3 to upregulate its protein expression, and that
targeting MML1 by inhibitors enhanced the efficacy of anti-PD-1/PD-L1 therapy (Lu et al.,
2017). The expression of enhancer of zeste homolog 2 (EZH2), which catalyzes H3K4me3,
is positively correlated with that of PD-L1 in lung adenocarcinoma (Toyokawa et al., 2019).
Remarkably, the inhibitor of PARP1, a negative regulator of EZH2 upregulates PD-L1 level
(Jiao et al., 2017; Yamaguchi et al., 2018), implying that EZH2 may be another epigenetic
regulator of PD-L1. These studies provided evidence that PD-L1 expression is regulated
epigenetically by various mechanisms.

1-2. Transcriptional upregulation of PD-L1 by aberrant oncogenic and inflammatory
signhaling pathways

The expression of immune checkpoint molecules is also regulated by intrinsic oncogenic and
adaptive signaling pathways to facilitate cancer immunosurveillance escape in the TME.
Several aberrant oncogenic pathways have been shown to contribute to the multiple
hallmarks of tumorigenesis, including initiation of the intrinsic immune resistance to avoid
detection and elimination by the immune system (Hanahan and Weinberg, 2011; Topalian et
al., 2015). For instance, aberrant oncogenic pathways, which transcriptionally upregulate
PD-L1 expression, directly reduce the anti-tumor immunity in the TME.

Elucidating the roles of oncogenic pathways driving PD-L1 expression not only identifies
the functional mechanisms but also offers a rationale for future combination therapy
consisting immune checkpoint blockade antibodies and inhibitors targeting those oncogenic
signaling pathways (Sanmamed and Chen, 2018; Sun et al., 2018a). Specifically,
overexpression of MY C, an oncogenic transcription factor, is observed in about 70% of
tumorigenesis (Dang, 2012). Recent studies found that MY C binds to the PD-L1 promoter
and enhances its expression in different cancer types. Moreover, genetic or pharmacological
inactivation of MYC attenuates PD-L1 mRNA levels and re-establishes the anti-tumor
immunity in the TME (Casey et al., 2016). Another driver of PD-L1 upregulation is
anaplastic lymphoma kinase (ALK) in which hyperactivated ALK signaling pathway caused
by the NPM-ALK gene fusion promotes PD-L1 expression via STAT3 (Marzec et al., 2008).
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Besides MYC and ALK, the HIF1/2a, NF-xB, MAPK, PTEN/PI3K and EGFR oncogenic
pathways can also boost PD-L1 mRNA expression when they are mutated or hyperactivated
(Akbay et al., 2013; Atefi et al., 2014; Barsoum et al., 2014; Jiang et al., 2013; Peng et al.,
2015; Xu et al., 2014). Of note, numerous inhibitors that target these pathways have been
approved by the FDA or are currently under investigation in the clinical trials. These
findings suggested the feasibility of inhibiting these oncogenes in combination with anti-
PD-1/PD-L1 therapy to achieve better therapeutic outcomes.

In the TME, cancer cells are threatened with immunosurveillance by both innate and
adaptive immunity. Abundant inflammatory cytokines exist in this region and orchestrate the
balance of anti-tumor immunity. However, cancer cells also hijack the inflammatory
pathways (adaptive signaling pathway) to enhance PD-L1 expression and create favorable
conditions for tumor progression by suppressing anti-tumor immunity (Chen and Han, 2015;
Topalian et al., 2015). For instance, to avoid T-cell attack, cancer cells employ the IFN-
Y/JAK/STAT1 pathway to increase PD-L1 mRNA expression (Dong et al., 2002; Garcia-
Diaz et al., 2017). IFN-v is a pro-inflammatory cytokine produced by T cells and NK cells,
and enhances the major histocompatibility complex (MHC) expression to promote
neoantigen presentation in tumor cells. By harnessing the IFN-y/JAK/STAT1 pathway, PD-
L1 expressed on cancer cells inactivate cytotoxic T cells and attenuate immunosurveillance
in the TME. Similarly, several inflammatory cytokines also induce PD-L1 mRNA expression
in tumor cells or tumor-associated stromal cells, e.g., TLR3, TNF-a, IFN-a/p, TGF-B, and
IL-4/6/17/27 (Carbotti et al., 2015; Garcia-Diaz et al., 2017; M et al., 2016; Ni et al., 2012;
Pulko et al., 2009; Quandt et al., 2014; Wang et al., 2017b; Zhang et al., 2016). Of note,
detecting the expression of inflammatory cytokines in the plasma/serum samples has been
reported to predict therapeutic outcome (Shao et al., 2017). Additional studies would be
required to validate the correlation between inflammatory cytokines in the plasma/serum and
PD-L1 expression in the TME as a non-invasion approach to predict the response of PD-L1/
PD-1 blockade therapy.

1-3. Post-transcriptional and protein translational regulation of PD-L1

MicroRNAs (miRNAs) are 20-22 nucleotide RNAs that regulate genes expression by
targeting the 3’-UTR and coding sequences to promote cleavage of mRNA transcripts.
Current studies have demonstrated that dysregulated expression of miRNAs accelerates
tumor metastasis and increases immune evasion in the TME (Zhang et al., 2014). The loss of
certain miRNAS that reduce PD-L1 expression in tumor cells is one of the major
mechanisms underlying cancer immune escape (Wang et al., 2017a). For instance, miR-200,
a suppressor of epithelial-mesenchymal transition (EMT) and tumor metastasis, targets the
3’-UTR of CD274directly to downregulate its expression. However, upregulation of zinc-
finger E-box-binding homeobox 1 (ZEB1) in NSCLC inhibits the expression of miR-200,
resulting in increased PD-L1 level and decreased cytotoxic T-cell activity in TME (Chen et
al., 2014). In addition to miR-200, miR-34a, which also targets the CD2743’-UTR, is
downregulated in NSCLC and negatively correlated with PD-L1 expression. Restoring the
expression of miR-34a by administrating microRNA-loaded liposomes improves the efficacy
of radiotherapy and enhances T-cell immunity in the TME. Strikingly, both miR-200 and
miR-34a are transcriptionally upregulated by p53 (Chang et al., 2011; Cortez et al., 2016).
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Thus, the loss of p53 function in tumor cells appears to be one of the underlying
mechanisms contributing to cancer immune evasion due to dysregulated miRNA expression.
Besides miR-200 and miR-34a, several other miRNAs, e.g., miR-152 and miR-424, have
also been identified as suppressors of PD-L1 expression in different cancer types by
targeting the 3’-UTR of CD274 (Wang et al., 2017a; Xie et al., 2017; Xu et al., 2016).
Considering the structural variations in the 3’-UTR of CD274in cancer cells, the PD-L1-
suppressing miRNAs could miss the target sequence even under normal expression levels
(Kataoka et al., 2016). Together, understanding the association of miRNA and PD-L1
MRNA may better clarify why tumor suppressor miRNAs lose their function in
downregulating PD-L1 in tumor cells.

Interestingly, oncogenic pathways can also enhance PD-L1 RNA stability. For instance,
tristetraprolin (TTP) destabilizes PD-L1 mRNA by binding to the AU-rich elements in
CD2743’-UTR. However, hyperactive MEK signaling pathway induced by mutated RAS
phosphorylates and inhibits TTP via MK2 kinase, which in turn increases the half-life of
PD-L1 mRNA. Higher RAS mutation rate and RAS pathway activation have been shown to
correlate with elevated PD-L1 mRNA levels in both lung and colon adenocarcinomas
(Coelho et al., 2017). Besides maintaining the stability of PD-L1 mRNA, PD-L1 expression
can be upregulated by accelerating protein synthesis under the loss of PTEN in tumor cells,
which leads to activation of the Akt/mTOR/S6K1 pathway and elevated PD-L1 protein
translation rate as reported for glioma (Parsa et al., 2007). These findings provide additional
insight into the potential mechanisms regulating PD-L1 expression in cancer cells.
Nevertheless, the role of oncogenic signaling pathways in suppressing the anti-tumor
immune response by upregulating PD-L1 expression after protein translation remains
unclear.

Post-translational modification of PD-L1

Posttranslational modifications (PTM) of PD-L1 have emerged as important regulatory
mechanisms that modulate immunosuppression in cancer. Following exposure to
inflammatory cytokines, cancer cells and antigen-presenting cells, such as macrophages and
dendritic cells, express PD-L1 to inhibit the activity of effector T cells through PD-1
engagement. PTM, e.g., glycosylation, phosphorylation, and ubiquitination, are known to
play important roles in the regulation of protein stability, translocation, and protein-protein
interactions of PD-L1. Recently, Yang et al. reported that palmitoylation also stabilizes PD-
L1 (Yang et al., 2019; Yao et al., 2019). Furthermore, through unbiased approach,
SUMOylation and acetylation have been suggested as potential PTMs of PD-L1 protein
(Horita et al., 2017).

Aberrant alterations of PTM directly influence PD-L1-mediated immune resistance. On the
basis of the newly identified regulatory signaling pathways of PD-L1 PTM, researchers have
investigated the cancer therapeutic potential of natural food compounds, small-molecule
inhibitors, and mAbs by targeting PD-L1 PTM. The results of these preclinical studies
demonstrated that targeting PD-L1 PTM yields promising anti-tumor effects and that clinical
translation of these therapeutic strategies is warranted (Figure 2).
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2-1. N-linked glycosylation of PD-L1

Glycosylation is the most abundant PTM found in one-third of all proteins in mammals
(Breitling and Aebi, 2013). N-linked glycosylation in which N-acetylglucosamine is linked
to the amide side chain is regulated by the modification of glycosyltransferases and
glycosidases (Schwarz and Aebi, 2011). During protein synthesis, oligosaccharyltransferase
transfers a 14-sugar based core glycan from dolichol to an asparagine residue of an N-X-T/S
motif (N: asparagine, X: any amino acid except proline, S: serine, and T: threonine) in the
endoplasmic reticulum (ER) lumen (Xu and Ng, 2015). A recent study indicated that PD-L1
is heavily N-linked glycosylated and that inhibiting PD-L1 glycan synthesis by 2-DG
activates T cells against triple-negative breast cancer (TNBC) (Li et al., 2016), suggesting
the glycosylation is associated with TNBC malignancy (Shao et al., 2018). Further in-depth
analysis revealed four N-X-T/S motifs spanning the extracellular domain of PD-L1 (N35,
N192, N200, and N219) that are N-liked glycosylated. Ablation of PD-L1 glycosylation
(4NQ mutant) enhances the anti-tumor immunity (Lim et al., 2016). These studies supported
the oncogenic role of glycosylation on PD-L1.

Glycosylation is known to stabilize PD-L1, and although fully glycosylated PD-L1 has a
half-life of about 12 hours, non-glycosylated PD-L1 undergoes rapid proteolysis with a half-
life of about 4 hours. The massive glycan structure protects PD-L1 from GSK3p-mediated
26S proteasome machinery engagement and thus enhances its interaction with PD-1 on
CD8+ T cells (Li et al., 2016). Sigmal and FKBP51 co-chaperones facilitate glycosylated
PD-L1 folding and stability in the ER lumen (D’Arrigo et al., 2017; Maher et al., 2018).
Dysregulated PD-L1 glycosylation, on the other hand, undergoes ER-associated degradation
(ERAD) (Chaet al., 2018). In addition, glycosylation enriches PD-L1 in cancer stemness.
Specifically, the catalytic subunit of oligosaccharyltransferase STT3 transfers the core
glycan structure to the PD-L1, resulting in epithelial-mesenchymal transition (Hsu et al.,
2018). Another study also revealed that IL-6/JAK1 primes PD-L1 for STT3 interaction and
PD-L1 glycosylation, suggesting a potential therapeutic combination for hepatocellular
carcinoma treatment (Chan et al., 2019). Together, these findings support the important role
of PD-L1 glycosylation in suppressing T-cell response against cancers.

The glycan structure of PD-L1 is also involved in the physical contact between PD-L1 and
PD-1. Whereas fully glycosylated PD-L1 engages with PD-1, its non-glycosylated
counterpart fails to do so in both /in vitroand in vivo assays. In the study of EGF/EGFR
signaling in TNBC, p-1, 3-N-acetylglucosaminyltransferase 3 (B3GNT3)-mediated poly-N-
acetyllactosamine (poly-LacNAc) glycosylation on N192 and N200 of PD-L1 is required for
PD-L1/PD-1 interaction (Li et al., 2018). Tomato lectin that specifically recognizes the poly-
LacNAc moieties blocks the PD-L1 and PD-1 interaction. Indeed, 4T1 cells lacking
B3GNT3 expression grew in SCID mice but not in immunocompetent BALB/c mice. These
results suggested that the poly-LacNAc moieties on PD-L1 directly affect its interaction with
PD-1.

2-2. Serine/Threonine and Tyrosine Phosphorylation of PD-L1

The extracellular domain of PD-L1 is phosphorylated by several kinases. Two GSK3p
phosphorylation motifs (S/TXXXS/T, S: serine, T: threonine, and X: any amino acid) have
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been identified at T180 and S184 in PD-L1 (Li et al., 2016). Phosphorylation of PD-L1 by
GSK3p induces its association with the E3 ligase B-TrCP which results in PD-L1
degradation in the cytoplasm. In addition, AMPK phosphorylates PD-L1 at S195 to induce
abnormal PD-L1 glycosylation at all four N-glycosylation sites (N35, N192, N200, and
N219). The accumulated PD-L1 is no longer transported to the Golgi and subsequently
degraded via ER-associated protein degradation (ERAD) (Cha et al., 2018). Recently, Chan
et al. reported that JAK1 phosphorylates PD-L1 at Y112, which is critical for STT3 complex
formation in the ER. The ER-localized JAK1 primes PD-L1 phosphorylation at Y112,
resulting in PD-L1 glycosylation and trafficking to the cell surface (Chan et al., 2019).

2-3. Polyubiquitination and Degradation of PD-L1

PD-L1 protein expression is extensively regulated by the ubiquitin-mediated proteasome
degradation pathway (Burr et al., 2017; Li et al., 2016; Lim et al., 2016; Mezzadra et al.,
2017; Zhang et al., 2018a). Studies on PD-L1 protein expression and stability have offered a
strong molecular rationale to improve the efficacy of PD-1/PD-L1 blockade in clinics. Thus
far, beta-transducin repeats-containing protein (B-TrCP) serves as the substrate recognition
subunits for the SCFB-TrCP E3 ubiquitin ligase and is known for degrading nonglycosylated
PD-L1 (Li et al., 2016). The B-TrCP binding degron (DSG motif) at S176 catalyzes K48
ubiquitination of PD-L1. Deletion of the DSG motif in PD-L1 compromises ubiquitination-
mediated PD-L1 degradation and increases PD-L1 expression, leading to reduced activity of
tumor-infiltrating lymphocytes in mouse tumors. In contrast, overexpression of p-TrCP, but
not B-TrCP F-box deletion mutant, reduced PD-L1 expression in TNBC cells. PARP1
inhibitor olaparib (Jiao et al., 2017), c-MET inhibitor (Li et al., 2019), tyrosine kinase
inhibitor, and resveratrol (Li et al., 2016) all have been reported to directly or indirectly
regulate GSK3 activity to alter PD-L1 and B-TrCP interaction. The HMG-CoA reductase
degradation protein 1 (HRD1) also functions as an E3 ligase during ER-associated
degradation (ERAD) targeting PD-L1 with abnormal glycan structures derived from S195
phosphorylation (Cha et al., 2018). In addition, speckle-type POZ protein (SPOP), an E3
ubiquitin ligase adaptor protein, stabilizes PD-L1 through cyclin D—cyclin-dependent kinase
4 in late G1 and S phases (Zhang et al., 2018a). PD-L1 is also a substrate of STIP1
homology and U-box containing protein 1 (STUB1/CHIP) which has been shown to
polyubiquitinate and downregulate membrane-bound of PD-L1. Moreover, CKLF-like
MARVEL transmembrane domain containing 6 (CMTMBG6) prevents PD-L1 from entering
the recycling endosomes by blocking STUB1 and PD-L1 interaction (Burr et al., 2017;
Mezzadra et al., 2017).

Another regulator of the ubiquitin conjugation pathway that mediates deubiquitination of
SCF multisubunit complex (Skp1, Cullins, F-box proteins) E3 ligase is COP9 signalosome
complex subunit 5 (CSN5). During chronic inflammation, deubiquitinase CSN5 catalyzes
the removal of polyubiquitination from PD-L1 to suppress anti-tumor immune responses.
Proinflammatory cytokine TNFa., secreted by M2 macrophages, induces CSN5 expression
through IKKp and NF-xB activation. Subsequently, CSN5-mediated deubiquitination and
stabilization of PD-L1 enhance PD-L1/PD-1 interaction to escape from immune
surveillance. In this regard, inhibition of NF-xB signaling by curcumin and aspirin, both of
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which were shown to inhibit CSN5, can reduce chronic inflammation-mediated PD-L1
expression (Lim et al., 2016).

2-4. Palmitoylation of PD-L1

Lipid modification of PD-L1 has emerged as a new PTM. Covalently linked palmitate to a
cysteine residue on PD-L1 (C272) by zinc finger DHHC-type containing 3 (ZDHHC3, also
known as DHHC9) palmitoyltransferase blocks PD-L1 ubiquitination to increase its stability
(Yao et al., 2019). Competitive inhibition of palmitoyltransferase ZDHHC9 by cell-
penetrating peptide sensitized tumor cells to T-cell killing and inhibited tumor growth (Yang
etal., 2019). These two new reports open a direction for DHHC inhibitors to enhance the
therapeutic efficacy of immune checkpoint therapy.

3. Extracellular PD-L1

PD-L1/PD-1 signaling is believed to restrict signaling locally through intercellular contacts
as PD-L1 harbors a typical structure of membrane-bound ligand protein. Interestingly,
however, recent studies suggested that PD-L1/PD-1 signaling can function as an
expeditionary force dispatched from the mothership. These studies revealed that PD-L1 is
secreted in the form of exosomes and/or soluble proteins and that exosomal PD-L1 has
substantial bioactivity at the extracellular level, and provide insight into the resistance to
ICB targeting PD-L1/PD-1 and the diagnosis to select patients eligible for ICB (Figure 1).

3-1. Exosomal PD-L1

Recently, the presence of exosomal PD-L1 was reported in various cancer types. For
example, in a head and neck squamous cell carcinoma (HNSCC) model, PD-L1-positive
exosomes purified from plasma of 40 HNSCC patients suppressed T-cell activity, and the
levels of exosomal PD-L1 associated with HNSCC progression (Theodoraki et al., 2018).
Yang et al. reported the presence of exosome with bioactive PD-L1 and demonstrated that
administration of concentrated PD-L1-positive exosomes promoted tumor growth in an
immunocompetent breast tumor mouse model. Consistently, blocking exosome secretion
improved the therapeutic efficacy of anti-PD-L1 therapy was improved (Yang et al., 2018).
Another study demonstrated enhanced secretion of PD-L1-positive exosomes mediated by
IFN-vy signaling in a melanoma model. Importantly, it appears that the levels of exosomal
PD-L1 varied based on the stage of anti-tumor immunity, suggesting that exosomal PD-L1
has potential to serve as a biomarker for patient selection of PD-L1/PD-1 therapy and
indicator of clinical outcome (Chen et al., 2018). Recently, Poggio et al. found that
circulating PD-L1-positive exosomes can systemically inhibit anti-tumor immunity.
Consistent with the results in breast cancer models (Yang et al., 2018), genetic ablation of
exosomal PD-L1 or blockage of exosome secretion suppressed tumor growth via antitumor
immunity in prostate cancer models. Remarkably, blockage of exosome secretion attenuated
exosomal PD-L1-mediated inhibition of T-cell activity in the lymph nodes, suggesting that
circulating exosomal PD-L1 has systemic and substantial functions in adaptive immunity in
cancer (Poggio et al., 2019).
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3-2. Soluble PD-L1 (sPD-L1)

The existence of soluble PD-L1 (sPD-L1) has been reported by Okuma et al. Specifically,
patients with advanced lung cancer had much higher levels of sPD-L1 in the plasma than did
normal subjects, and such high levels of sSPD-L1 are significantly related to poor prognosis
(Okuma et al., 2017). Those findings provide some evidence to show that sSPD-L1 in patients
with NSCLC can have bioactivity to suppress T-cell immunity. In patients with low plasma
sPD-L1 levels, 59% demonstrated response to anti-PD-1 therapy nivolumab whereas in
patients with high plamsa sPD-L1, only 25% responded. Furthermore, the overall survival
also exhibited a strong negative correlation with plasma sPD-L1 level (Okuma et al., 2018).
Interestingly, in a melanoma model, Zhou et al. identified four PD-L1 splicing variants that
lack the transmembrane domain and can be secreted. Moeover, the secretion of SPD-L1 was
upregulated under IFNa, IFN+y, and TNFa treatment. The activities of both CD4* and CD8*
T cells were suppresed by three of the four splicing variants /n vitro. (Zhou et al., 2017).
Consistently, five PD-L1 splicing variants were found to be secreted in NSCLC (Gong et al.,
2019). Among them, two splicing variants (v229 and v242) were highly detected in patients
with NSCLC who were resistant to anti-PD-L1 therapy, and effectively neutralized the
activity of PD-L1 antibody through binding competition. (Gong et al., 2019). These results
strongly supported the notion that sPD-L1 harbors systemic functions in T-cell immunity
suppression in the bloodstream as well as tumor tissues. Further studies are warranted to
validate those findings /n vivo.

Perspectives and future directions

Inhibiting PD-L1 expression in tumor cells enhances immunosurveillance and reduces PD-
L1-driven non-immune checkpoint function that attenuates DNA damage response and
repair (Tu et al., 2019; Zou et al., 2016). Downregulating PD-L1 expression on the APCs
and DCs also enhances the response rates to ICB combination therapy (Lin et al., 2018;
Tang et al., 2018). The mechanisms discussed in this review provide many potential
strategies to inhibit PD-L1 expression and its immune evasion function. However, the
current clinical outcomes suggest that blockade of PD-L1/PD-1 pathway is not sufficient to
restore anti-tumor immunity due to the presence of other immune checkpoints that also
promote tumor immune escape in the TME or tumor-draining lymph nodes (Zou et al.,
2016). Therefore, combined approaches comprised of oncogenic pathway inhibitors and
immune checkpoint neutralizing antibodies (e.g., CTLA-4 and Tim-3) may increase the
response rates. Interestingly, several different kinase-targeting therapies were reported to
upregulate PD-L1 in the clinic and in mouse models by increasing the ability of tumor cells
to evade immune response, leading to drug resistance (Li et al., 2019; Zhang et al., 2018a).
Thus, neutralizing the upregulated PD-L1 by antibody has the potential to re-sensitize tumor
cells to those kinase inhibitors.

In this regard, PD-L1-related inhibitors/activators have been largely defined in previous
cancer studies, and these agents may be considered for use as adjuvants for current ICB. For
instance, Li et al. showed that tyrosine kinase inhibitor (TKI) targeting EGFR (upstream
signaling of PD-L1) improves the efficacy of PD-1 blockade in immunocompetent
syngeneic mouse models (Li et al., 2016). In addition, Cha et al. proposed the use of
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metformin, which activates AMPK and subsequently induces ERAD of PD-L1, as an
adjuvant to enhance the efficacy of CTLA-4 blockade (Cha et al., 2018). Another approach
to consider is targeting interleukin-6 (IL-6), an upstream signaling of PD-L1, such as the
anti-1L-6 and anti-TIM3 antibody combination reported by Chan et al (Chan et al., 2019).
Another study demonstrated improved therapeutic efficacy when combining c-Met inhibitor
with anti-PD-1 (Li et al., 2019). Moreover, the combined therapy of histone deacetylase
(HDAC) inhibitors and PD-1 antibody decreases the tumor growth and increases the survival
rate in a melanoma mouse model (Woods et al., 2015). On the other hand, PD-L1
glycosylation can also be targeted as reported by Hsu et al. in which etoposide inhibits the
transcription level of STT3 (a glycosyltransferase of PD-L1) and sensitizes cancer cells to
Tim-3 blockade (Hsu et al., 2018). Additionally, inhibition of CDK4/6 by palbociclib
upregulates and CSN5 by curcumin downregulates the stability of PD-L1, leading to
increased therapeutic effect of anti-PD-1 and anti-CTLA-4 therapy, respectively (Lim et al.,
2016; Zhang et al., 2018a). Furthermore, analyzing potential candidates from CRISPR
screens or PD-L1-interacting kinases may also lead to the discovery of novel mechanisms of
PD-L1 regulation in tumor cells (Burr et al., 2017; Chan et al., 2019; Mezzadra et al., 2017).

Although extensive studies have evaluated various combination therapies with ICB, the
benefits of those combination therapies have been limited, and in some cases, the side effects
have increased (Kourie and Klastersky, 2016). One of the main reasons for the unsatisfactory
outcomes is that the initial diagnosis may not be adequate to qualify patients for
combination therapy. Cancers are known to accumulate abnormalities at multiple stages of
progression involving regulators of PD-L1 expression. Furthermore, many factors which can
affect PD-L1 expression levels are dynamically changed depending on the stage of anti-
tumor immunity. Therefore, it is necessary to classify active regulatory pathways of PD-L1
in the TME and the stage of anti-tumor immunity to establish a diagnostic process that
specifies the active pathways in individual patient specimens. In doing so, this could provide
important information to determine the combination of adjuvant and ICB individually. These
patient-tailored combination therapies are expected to significantly improve prognosis.

The activation of immune cells is tightly controlled by PD-1/PD-L1 interaction between
immune cells, immune cells and tumor cells, or secreted PD-L1 and immune cells. The
expression of PD-L1 and its PTM affect this association and subsequently the immune
suppression signaling via PD-1. Therefore, accurate quantification of PD-L1 expression in
the tumor or serum/plasma may be optimized for current anti-PD-1/PD-L1 cancer therapy.
The tumor glyco-code is recognized as a novel signature for immunotherapy (Rodrlguez et
al., 2018), and specific glycan structure of PD-L1 (gPD-L1) can be targeted by antibody and
detected by immunohistochemical (IHC) staining in TNBC samples (Li et al., 2018). On this
basis of the results by Li et al., it would be interesting to further compare the sensitivity of
current IHC method and detection via anti-gPD-L1 antibody in tumor samples. Given that
the interaction of PD-1/PD-L1 relies on the glycan structure, the results from gPD-L1
staining is likely to more accurately represent the “levels of functional PD-L1” for
immunosuppression in the TME. The levels of exosomal PD-L1 or sPD-L1 in serum are also
reported to reflect the tumor malignancy in patients (Chen et al., 2018; Gong et al., 2019;
Okuma et al., 2017; Theodoraki et al., 2018; Zhou et al., 2017). Importantly, Chen et al.
demonstrated that exosomal PD-L1 levels differ based on the stage of anti-tumor immunity
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after ICB treatment, suggesting that exosomal PD-L1 level may be used not only as a
biomarker to select patients receiving anti-PD-L1 / PD-1 therapy but also as an indicator for
treatment response (Chen et al., 2018). Since the positive correlation between tumor PD-L1
and exosomal PD-L1 has not yet been validated and that sSPD-L1 derived from the secretory
pathway via alternative splicing is different from membrane PD-L1, current IHC diagnosis
cannot rule out the secretion of exosomal PD-L1 and sPD-L1 into serum even if PD-L1 is
negative in the tumor tissues. Therefore, the expression of PD-L1 in the tumor and serum/
plasma should be collectively considered for diagnosis.

In addition, because the glycan structure is required to maintain the stability of PD-L1 and
its engagement with PD-1 (Li et al., 2016), the exosomal PD-L1 or sPD-L1 is expected to
also be highly glycosylated. Thus, determining the gPD-L1 level in serum from patients with
cancers may provide a valuable biomarker for estimating the status of immunosuppression.
Current studies suggest the possibility that both exosomal PD-L1 and sPD-L1 have
bioactivity to suppress T-cell immunity systemically (Gong et al., 2019; Poggio et al., 2019;
Zhou et al., 2017). Considering that systemic immunosuppression directly provides a niche
for cancer metastasis, this approach may also can be used as a parameter to predict the risk
of metastasis in patients with cancers.

Concluding remarks

In this review, we summarized the mechanisms that regulate PD-L1 through multiple
processes. Overexpression of PD-L1 in different cell types, such as tumor cells, APCs, and
macrophage, is recognized as a major player suppressing anti-tumor immunity in the TME
and tumor-draining lymph nodes in a variety of cancer types, and high levels of PD-L1 are
associated with increased response to ICB targeting PD-L1/PD-1. Therefore, furthering our
understanding of the regulatory mechanisms of PD-L1 expression in different cell types in
patients with cancers has the potential to improve the efficacy of ICB targeting PD-L1/PD-1
and/or overcome resistance to ICB. Moreover, activators and/or inhibitors of PD-L1
identified from mechanistic studies may have potential to increase the benefits in
combination with inhibitors against other immune checkpoints.
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Figure 1. The regulatory mechanism of PD-L1 expression.
The precise and complex regulation of PD-L1 expression includes genomic alteration,

transcriptional regulation, post-transcriptional and post-translational modifications, and
exosomal transport. Me: methylation, AC: acetylation
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Figure 2. Post-translational modifications (PTM) of PD-L1.
After translation, the activity and stability of PD-L1 are regulated by various PTM.

Glycosylation and palmitoylation are essential to maintain the stability of PD-L1. In
addition, glycosylation affects the binding between PD-L1 and PD-1. In contrast, poly-
ubiquitination is a negative regulator that induces PD-L1 degradation. Phosphorylation
regulates PD-L1 level through cross-talk with the glycosylation and poly-ubiquitination.
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