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Abstract: Nuclear factor-κB (NF-κB) has been described as one of the most important molecules
linking inflammation to cancer. More recently, it has become clear that NF-κB is also involved in the
regulation of immune checkpoint expression. Therapeutic approaches targeting immune checkpoint
molecules, enabling the immune system to initiate immune responses against tumor cells, constitute
a key breakthrough in cancer treatment. This review discusses recent evidence for an association
of NF-κB and immune checkpoint expression and examines the therapeutic potential of inhibitors
targeting either NF-κB directly or molecules involved in NF-κB regulation in combination with
immune checkpoint blockade.
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1. Introduction

In recent years, inflammation has been more and more accepted as a hallmark of cancer and is
known to play an essential role at all stages of tumorigenesis [1]. Inflammation can contribute to
tumor initiation, promotion, metastasis, invasion, and angiogenesis [2]. Nuclear factor-κB (NF-κB),
an essential transcription factor necessary for the upregulation of genes important for inflammatory
responses, is one of the most important molecules linking inflammation to cancer [3]. The mammalian
NF-κB family consists of five members: p50 (NF-κB1), p52 (NF-κB2), RelA (p65), RelB, and c-Rel [4].
NF-κB activation occurs via two signaling pathways, the canonical and the non-canonical pathway.
The canonical pathway mediates activation of p50, RelA, and c-Rel, whereas the non-canonical pathway
induces p52 and RelB [5]. The canonical pathway is triggered by a variety of inflammatory signals
(e.g., proinflammatory cytokines, viruses, Toll-like receptors, antigen-receptors) and leads to rapid and
transient NF-κB activation [6,7] Upon stimulation, a trimeric IκB kinase (IKK) complex phosphorylates
other IκB family members sequestering NF-κB proteins. Phosphorylation of IκB proteins leads to
their ubiquitination and proteasomal degradation, resulting in the release and nuclear translocation of
the canonical NF-κB members. In the nucleus, NF-κB proteins can activate genes controlling innate
immunity and inflammation [5,7]. In contrast, activation of the non-canonical pathway is slow and
persistent and typically induced by ligands of the tumor necrosis factor receptor family [5]. Following
stimulation, activation of IKKα leads to phosphorylation and proteasomal degradation of p100,
which sequesters RelB. Subsequently, nuclear translocation of RelB and p52 activates genes involved in
development of secondary lymphoid organs as well as in B cell maturation and survival [5,7].

NF-κB is activated in cancer cells but also in the tumor microenvironment (TME) of most solid
tumors as well as in hematopoietic malignancies. Besides the direct effects of NF-κB in cancer
cells—including its modulation of cell cycle genes, apoptosis inhibitors, and invasive proteases—NF-κB
also affects gene expression in immune cells, which can result in both promotion and prevention of
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tumorigenesis [8–10]. The role of NF-κB in the anti-tumor immune response is ambivalent and depends
on the type of immune cells infiltrating the tumor and also on the TME [2,8]. On the one hand, NF-κB can
be activated by cytokines produced by tumor infiltrating immune cells rather than as a result of direct
mutations. In turn, NF-κB activates genes controlling several pro-tumorigenic processes such as cell
survival, proliferation, growth, angiogenesis, and invasion [2,11,12]. Additionally, NF-κB induces
the production of chemokines and cytokines that attract additional immune and inflammatory cells
resulting in a positive feed-forward loop to sustain tumor-associated inflammation [13,14]. On the other
hand, NF-κB has a key role in the development and function of regulatory T cells (Treg), which have
an immunosuppressive function to sustain self-tolerance and immune homeostasis [15–18]. Treg are
also known to suppress anti-tumor immune responses, which explains why NF-κB expression can be
associated with the inhibition of anti-tumor immune responses, if the majority of tumor infiltrating
cells are regulatory cells [8,19].

Suppression of effector immune functions in the TME is a central mechanism of tumor immune
escape. Under physiological conditions the so called immune checkpoints, including programmed
cell death protein 1 (PD-1) and T-lymphocyte-associated protein 4 (CTLA-4), are expressed among
others on activated T cells. The binding to their ligands PD-L1 or B7, respectively, lead to inhibition of
T cell activation, maintaining immune homeostasis and preventing autoimmunity [20–22]. Tumor cells
can evade the host immune system after upregulation of PD-L1 expression on tumor or infiltrating
immune cells in response to inflammatory signals in the TME leading to immunosuppression [22–24].
Consequently, the expression of PD-L1 on cancer cells is often associated with poor prognosis [25].
CTLA-4 shares its ligands B7-1 (CD80) and B7-2 (CD86) with the stimulatory receptor CD28.
CD28 provides co-stimulatory signals resulting in the activation of transcription factors such as
NF-κB, which are required for T cell activation and survival [26]. In contrast, interactions of the
ligands with CTLA-4 inhibit T cell responses, but the exact mechanisms are incompletely understood.
It is hypothesized that CTLA-4 engagement inhibits NF-κB activation, which might contribute to
the downregulation of T cell responses. [27]. Different possibilities have been raised to explain the
mechanisms of CTLA-4 function. One model supposes the competition between CTLA-4 and CD28
for ligand binding. Another concept discusses the process of transendocytosis, as CTLA-4 physically
captures the B7 ligands resulting in their removal from antigen presenting cells [28,29].

The concept of immune checkpoint inhibition aims to block PD-1/PD-L1 or CTLA4/B7 interactions
by using monoclonal antibodies. This leads to the activation of T cells in the TME and finally to the
targeting of tumor cells by releasing effector cytokines and cytotoxic granules [30–33]. The NF-κB
signaling pathway is also involved in regulation of immune checkpoint expression in tumor cells,
as NF-κB can induce PD-L1 expression thereby promoting T cell suppression and consequently
tumorigenesis [34–43]. Additionally, PD-L1 expression on tumor cells regulates several cell-intrinsic
mechanisms promoting tumor cell growth, metastasis, and resistance to Fas-ligand as well as
chemotherapy-induced apoptosis [44–46]. Moreover, expression of PD-L1 on tumor cells induces their
enhanced uptake of glucose from the TME leading to metabolic restriction of T cells, which in turn
impairs their anti-tumor immune function and drives tumor progression [47].

This review mainly focusses on the role of NF-κB associated with tumor immune checkpoint
expression and examines its therapeutic potential for cancer treatment, particularly in combination
with immune checkpoint blockade therapies.

2. NF-κB and Tumor Immune Checkpoint Expression

Recently, two independent CRISPR/Cas9-applying studies revealed the NF-κB-dependent
signaling pathway among others responsible for the expression of immune evasion genes [48,49].
Among several known immune checkpoint/evasion molecules CTLA-4 and PD-L1 achieved most central
clinical relevance for treatment of cancer. The contribution of CTLA-4 and PD-L1 in suppression of
immune responses is quite diverse due to the fact that the expression of these molecules is differentially
regulated during an ongoing immune response [34]. The expression of PD-L1 depends on various factors.
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In order to optimize anti-PD-1/PD-L1 therapies, the understanding of PD-L1 controlling mechanisms
is highly important. Since the human PD-L1 promoter encompasses numerous potential NF-κB
binding sites, an involvement of NF-κB in PD-L1 gene regulation was suggested [39,42,50,51]. Indeed,
besides epigenetic processes, NF-κB has been shown to regulate transcriptional and posttranslational
PD-L1 expression through different mechanisms. NF-κB either directly regulates the expression of
the PD-L1 gene or increases PD-L1 protein expression by enhancing PD-L1 protein stability [19].
By which mechanism NF-κB-mediates PD-L1 upregulation depends on the molecules regulating
NF-κB activation. The presence of inflammatory cytokines, like interferon γ (IFNγ), interleukin-17
(IL-17) or tumor necrosis factor α (TNFα), but also oncogenes or tumor suppressors can activate the
NF-κB-dependent pathway leading to PD-L1 upregulation and maintenance of immune checkpoint
blockade [38,52–55].

2.1. Transcriptional Regulation of PD-L1 Expression by NF-κB

2.1.1. Regulation of PD-L1 Expression by Activation of NF-κB upon Toll-Like Receptor- or Cytokine
Receptor-Mediated Signaling

One mechanism of PD-L1 upregulation in immune and cancer cells depends on Toll-like receptor
(TLR)-mediated signaling pathways [50,56,57]. Signal transduction via pathogen-associated molecular
patterns (PAMPs) and TLRs results in the nuclear translocation of various transcription factors,
including NF-κB, and binding of these to the PD-L1 promoter thereby inducing transcription and
translation of PD-L1 [34]. In solid tumors, upregulated PD-L1 expression via TLR signaling was
shown for bladder cancer and gastric cancer [57,58]. A recent study of Li and colleagues reveals
that lipopolysaccharide (LPS), a PAMP recognized by TLR-4, increases NF-κB activation, which in
turn contributes to PD-L1 upregulation in gastric cancer cells. Furthermore they show that NF-κB
regulates PD-L1 gene transcription through p65-binding to the PD-L1 promoter thereby increasing
PD-L1 expression [58].

Also, IFNs have been shown to regulate PD-L1 expression on tumor and non-tumor cells, whereby
IFNγ seems to be the strongest inducer. IFNα was shown to be able to activate PD-L1 expression
in hepatocytes, myeloid cells, dendritic cells (DCs), and some cancer cell types in vitro [54,59–61].
An involvement of IFNβ signaling was suggested for various cancer cell lines via interferon regulatory
factor 9-dependent and independent pathways [62,63]. In addition, IFNβ was reported to enhance
PD-L1 expression on monocytes and DCs in vitro and in multiple sclerosis patients in vivo [64].
Although IFNα and IFNβ have been described to activate and signal via the NF-κB pathway, it seems
that they mainly induce PD-L1 expression through the Janus kinase (JAK)/signal transducer and
activation of transcription (STAT) pathway [65,66]. Studies in dermal fibroblasts revealed that
IFNγ induces nuclear translocation of NF-κB thereby increasing PD-L1 promoter activity and gene
expression [67]. Gowrishankar and colleagues additionally showed that IFNγ-inducible expression of
PD-L1 is dependent on NF-κB in human melanoma cells. The inducible expression of PD-L1 could
be downregulated either pharmacologically using inhibitors of NF-κB signaling or genetically by
siRNA mediated NF-κB silencing [37]. However, the exact mechanisms by which IFNγ regulates
NF-κB and subsequently PD-L1 remain to be determined. IFNγ was already reported to induce
PD-L1 gene expression via STAT family transcription factors [68,69]. It is described that IFNγ receptor
signaling involves STAT transcription factors, which after entry into the nucleus activate transcription
of a number of genes. An involvement of STAT3 in PD-L1 upregulation has been reported and there is
evidence for crosstalk between STAT3 and NF-κB [14]. Consequently, Gowrishankar et al. investigated
an involvement of STAT3 on PD-L1 expression in their study. Inhibition and knockdown of STAT3 had
only minor effects on PD-L1 expression suggesting that their observed NF-κB effects were independent
of STAT3 [37]. In Epstein–Barr virus (EBV)-positive nasopharyngeal carcinomas PD-L1 expression can
be further increased due to the cooperative action of the EBV-associated latent membrane protein 1
(LMP1) and IFNγ. [70]. LMP1 has been described as an activator of the NF-κB pathway [71]. Recently,
LMP1 was found to mediate PD-L1 upregulation, which was associated with activation of STAT3, AP-1,
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and NF-κB [70]. Inhibition of NF-κB effectively suppressed LMP-1 induced expression of PD-L1 in a
dose dependent manner in nasopharyngeal carcinoma cells [70]. Moreover, IFNγ upregulated PD-L1
expression in cooperation with LMP-1 [70]. Also in hepatocellular carcinoma (HCC) cells an IFNγ

induced PD-L1 expression was observed [53]. In line with Gowrishankar et al., Li and colleagues
report that the induction of IFNγ was associated with activation of NF-κB. However, their results
rather suggest a strong contribution of the JAK/STAT1 pathway to PD-L1 expression in HCC cells.
Furthermore, the authors described a synergistic induction PD-L1 expression by IFNγ together with
TNFα. It was postulated that TNFα upregulates expression of IFNγ receptors trough the NF-κB
pathway resulting in enhanced IFNγ signaling in HCC cells thereby promoting tumor growth [53].

TNFα was also described to regulate PD-L1 expression trough NF-κB signaling activation in
human prostate and colon cancer cells [55]. Since it has been shown that TNFα and IL-17 cooperatively
induce expression of downstream genes, Wang and colleagues investigated a possible synergism of
TNFα and IL-17 to induce PD-L1 expression [55,72]. However, they observed that both TNFα and IL-17
upregulated PD-L1 via NF-κB but rather individually than cooperatively in human prostate and colon
cancer cells [55]. For non-small-cell lung carcinoma (NSCLC), a model in which PD-L1 expression is
regulated by DNA methylation and NF-κB during the process of epithelial to mesenchymal transition
was described. According to that, PD-L1 expression is controlled simultaneously by DNA methylation
and NF-κB signaling. PD-L1 expression required both, demethylation of the PD-L1 promoter, which can
be induced by TGFβ treatment as well as the TNFα-dependent activation of the NF-κB pathway and
the subsequent recruitment of NF-κB to the PD-L1 promoter, in order to promote the expression of the
demethylated PD-L1 promoter [73].

2.1.2. Control of PD-L1 Expression by NF-κB and Oncogene- or Tumor Suppressor Mediated
Transcriptional Regulation

After activation of NF-κB p65 via cytokine receptor or TLR-signaling, its binding to specific
promoter elements is influenced by many factors. B cell lymphoma 3 (Bcl3), a proto-oncogene and IκB
family member is mainly nuclear and contains a transactivation domain. Depending on the composition
of NF-κB subunits and transcriptional regulators present at NF-κB responsive promoter elements,
Bcl3 activates or represses NF-κB-driven transactivation [74]. Besides hematopoietic malignancies,
Bcl3 is upregulated in many types of solid cancers [51,75–81]. Recently it has been shown that Bcl3
promotes constitutive as well as INFγ-induced PD-L1 expression in ovarian cancer cells. Analyses
at molecular level revealed that the PD-L1 promoter is constitutively occupied by the transcriptional
co-activator p300 in ovarian cancer cells [51]. After activation of the IFNγ signaling pathway,
Bcl3 expression increases and enables NF-κB p65 acetylation and its p300-dependent recruitment to the
PD-L1 promoter, resulting in enhanced PD-L1 gene transcription and expression [51]. These findings are
in line with previous reports demonstrating a p300-mediated acetylation of NF-κB p65 at Lys-314/315,
leading to TNFα-induced NF-κB-dependent gene expression [82,83].

In triple negative breast cancer (TNBC) cells, the upregulation of PD-L1 expression was shown
to be Mucin1 (MUC1)-dependent [40]. The oncogene MUC1 is a transmembrane glycoprotein and
overexpressed in a variety of tumors of epithelial origin [84]. The MUC1 cytoplasmic domain
integrates multiple signaling pathways associated with cancer development and maintenance.
Previously, a MUC1-dependent activation of NF-κB was described in several cancer entities. Besides
activating signaling pathways leading to the activation and nuclear translocation of NF-κB, MUC1 also
directly binds to NF-κB thereby driving the transcription of NF-κB target genes [85–87]. In TNBC,
MUC1 cytoplasmic domain drives PD-L1 upregulation by Myc- and NF-κB-dependent mechanism [40].
The cytoplasmic domain of MUC1 promotes signaling events finally leading to the direct binding
of Myc and NF-κB to the respective binding sites of the PD-L1 promoter, an essential prerequisite
for PD-L1 gene expression. The authors postulated a potential cross-talk of these two transcription
factors [40].
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Recently, a previously unrecognized tumor suppressor function of the retinoblastoma protein
(RB) was described [42]. Cyclin-dependent kinase (CDK) 4/6-dependent phosphorylation of RB
at serine 249 and threonine 252 (S249/T252) facilitates RB to interact with NF-κB p65, leading to
inhibition of NF-κB activity and consequently to suppression of PD-L1 gene expression. In contrast,
radiation- or CDK4/6-induced inhibition of RB S249/T252 phosphorylation decreased the association
of RB to NF-κB p65 and consequently increased the binding of NF-κB p65 to the PD-L1 promoter,
which further leads to an upregulation of PD-L1 transcription and expression. Importantly, a transient
upregulation of PD-L1 expression after radiotherapy, lasting several days post irradiation was
observed [88]. Therefore, the reported radiation-therapy-induced upregulation of PD-L1 mRNA and
PD-L1 cell surface expression is possibly mediated by a radiation-dependent decrease of S249/T252 RB
phosphorylation, which enables NF-κB p65 dependent PD-L1 gene transcription [42,89–92].

2.1.3. Regulation of PD-L1 Expression by NF-κB and Epidermal Growth Factor Receptor Signaling

The relationship between epidermal growth factor receptor (EGFR) mutation and regulation of
PD-L1 expression is still controversially discussed, since results of various studies are inconsistent
or even contradictory. Thus, several studies suggested an association of PD-L1 overexpression with
activating EGFR mutations [93–95], while others observed that patients with EGFR mutations have
decreased PD-L1 expression or that PD-L1 expression is associated with EGFR wildtype status [96–98].

Recently, Guo and colleagues described a stronger expression of PD-L1 expression in EGFR
mutant NSCLC cells in comparison to non-mutant EGFR NSCLC, which was associated with increased
expression levels of phospho-IκBα and hypoxia-induced factor 1α (HIF-1α) [43]. Therefore, the authors
postulated a potential interplay between NF-κB and HIF-1α in the regulation of PD-L1 expression [43].
Indeed, a direct binding of NF-κB to the HIF-1α promoter, and vice versa, a HIF-1α-dependent NF-κB
activity were reported [99–102]. However, whether such a mechanism plays a role in the regulation of
PD-L1 expression in EGFR mutant cancer cells remains to be elucidated. Lin and colleagues suggested
a link between EGFR, NF-κB signaling, and PD-L1 expression. These authors demonstrated an
upregulation of NF-κB expression in EGFR-mutant versus EGFR-wildtype cells and an association of
EGFR activation with high PD-L1 expression. Moreover, EGFR-tyrosine kinase inhibitors (EGFR-TKI)
reduced PD-L1 expression by inhibiting NF-κB in EGFR mutant NSCLC [103]. However, further
studies are required to elucidate the interplay between EGFR and NF-κB signaling regarding the
regulation of PD-L1 expression.

All of the above-described results suggest that extrinsic stimuli, acting via TLRs or cytokine
receptors, but also oncogenes and tumor suppressors either directly activate NF-κB or induce
downstream effector molecules finally activating NF-κB. Activation of NF-κB triggers its nuclear
translocation enabling its binding to the PD-L1 promoter. Subsequent NF-κB-mediated transcription
and translation of PD-L1 contributes to the observed PD-L1 upregulation and immune evasion in
various types of cancer (Figure 1).
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like receptor (TLR)- and cytokine receptor-signaling induce NF-κB activation and trigger its nuclear 
translocation enabling its binding to the PD-L1 promoter [34,55,67]. TLR- and tumor necrosis factor 
receptor (TNFR)-signaling activate the canonical NF-κB pathway by signaling via the IκB kinase (IKK) 
complex [7]. The exact mechanisms by which interferon γ (IFNγ) and interleukin-17 (IL-17) activate 
NF-κB are not completely understood. Aberrant expression of the oncogenes B cell lymphoma 3 (Bcl3) 
and mucin1 (MUC1) or epidermal growth factor receptor (EGFR) mutations are also described to 
induce NF-κB-mediated PD-L1 transcription [40,51,103]. NF-κB post-translationally regulates PD-L1 
expression by inducing transcription of the COP9 signalosome complex subunit 5 (COPS5) gene 
encoding the fifth element of the COP9 signalosome (CSN5), which deubiquitinates and therefore 
stabilizes PD-L1 [38]. All of these mechanisms lead to high PD-L1 expression on tumor cells thereby 
contributing to tumor immune escape. Arrows indicate paths to NF-κB activation, dotted arrows 
indicate protein translation and translocation, T-bars indicate inhibition. Figure 1 was created with 
BioRender.com. 
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involved in the transcriptional regulation of PD-L1 by NF-κB. Beyond that, EGFR signaling seems to 
be involved in regulation of posttranslational PD-L1 expression. Upon EGFR stimulation, PD-L1 is 
glycosylated at four residues resulting in its stabilization in breast cancer cells [104]. In the absence 
of glycosylation, PD-L1 is phosphorylated by glycogen synthase kinase 3-beta leading to 
ubiquitination and subsequent degradation [104]. The same group also shows that PD-L1 stability is 
maintained by the de-ubiquitination of PD-L1 by the fifth element of the COP9 signalosome (CSN5) 
protein [38]. Mechanistically, in breast cancer cells, Lim and colleagues revealed that TNFα induced 
NF-κB p65 activation, which in turn binds to the COPS5 gene promoter leading to enhanced 

Figure 1. Transcriptional and posttranslational regulation of programmed-death ligand 1 (PD-L1) by
Nuclear factor-κB (NF-κB). Nuclear factor κB (NF-κB) is involved in transcriptional and posttranslational
regulation of programmed-death ligand 1 (PD-L1) in immune and tumor cells. Toll-like receptor (TLR)-
and cytokine receptor-signaling induce NF-κB activation and trigger its nuclear translocation enabling
its binding to the PD-L1 promoter [34,55,67]. TLR- and tumor necrosis factor receptor (TNFR)-signaling
activate the canonical NF-κB pathway by signaling via the IκB kinase (IKK) complex [7]. The exact
mechanisms by which interferon γ (IFNγ) and interleukin-17 (IL-17) activate NF-κB are not completely
understood. Aberrant expression of the oncogenes B cell lymphoma 3 (Bcl3) and mucin1 (MUC1) or
epidermal growth factor receptor (EGFR) mutations are also described to induce NF-κB-mediated
PD-L1 transcription [40,51,103]. NF-κB post-translationally regulates PD-L1 expression by inducing
transcription of the COP9 signalosome complex subunit 5 (COPS5) gene encoding the fifth element
of the COP9 signalosome (CSN5), which deubiquitinates and therefore stabilizes PD-L1 [38]. All of
these mechanisms lead to high PD-L1 expression on tumor cells thereby contributing to tumor immune
escape. Arrows indicate paths to NF-κB activation, dotted arrows indicate protein translation and
translocation, T-bars indicate inhibition. Figure 1 was created with BioRender.com.

2.2. Posttranslational Regulation of PD-L1 Expression by NF-κB

Besides its direct effect on the induction of PD-L1 gene expression by binding to the PD-L1
promoter, NF-κB can also increase PD-L1 protein expression by enhancing PD-L1 protein stability.

As described in the previous section, EGFR-mediated signal transduction is postulated to be
involved in the transcriptional regulation of PD-L1 by NF-κB. Beyond that, EGFR signaling seems to
be involved in regulation of posttranslational PD-L1 expression. Upon EGFR stimulation, PD-L1 is
glycosylated at four residues resulting in its stabilization in breast cancer cells [104]. In the absence of
glycosylation, PD-L1 is phosphorylated by glycogen synthase kinase 3-beta leading to ubiquitination
and subsequent degradation [104]. The same group also shows that PD-L1 stability is maintained
by the de-ubiquitination of PD-L1 by the fifth element of the COP9 signalosome (CSN5) protein [38].
Mechanistically, in breast cancer cells, Lim and colleagues revealed that TNFα induced NF-κB p65
activation, which in turn binds to the COPS5 gene promoter leading to enhanced transcription of CSN5
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having de-ubiquitination activity. Direct binding of CSN5 to PD-L1 leads to removal of PD-L1-bound
ubiquitin preventing its proteasomal degradation. The resulting increase in PD-L1 protein stability
contributes to tumor immune evasion [38] (Figure 1). Furthermore, in nasopharyngeal carcinoma,
a contribution of STAT3 to CSN5 expression was identified and Liu et al. revealed a cooperative binding
of NF-κB p65 and STAT3 to the CSN5 promoter. Mechanistically, CC-chemokine ligand 5, secreted
by macrophages, induced formation of NF-κB p65/STAT3 complexes binding to the CSN5 promoter
enhancing CSN5 transcription leading to PD-L1 de-ubiquitination and stabilization in colorectal cancer
cells [105,106]. While transcriptional regulation of PD-L1 via NF-κB has been reported in multiple
studies, posttranslational regulation of PD-L1 is poorly understood so far. As outlined above, a few
studies provide evidence for NF-κB to regulate PD-L1 protein stability via CSN5, but further studies are
required to understand whether NF-κB is involved in other posttranslational regulatory mechanisms
of PD-L1 expression.

3. NF-κB as Therapeutic Target in Cancer

Because of its key role in tumorigenesis, NF-κB becomes a promising target for cancer therapy.
As a consequence, enormous effort has been invested to identify and develop NF-κB pathway inhibitors
for cancer treatment. The current NF-κB inhibitors mainly include naturally occurring or synthetic
compounds. The major steps of the NF-κB pathway targeted by these compounds include the inhibition
of IKK, inhibition of the proteasome as well as the prevention of nuclear translocation of the NF-κB
protein and its binding to DNA [107,108]. However, use of these systemic and unspecific NF-κB
inhibitors is associated with adverse side effects like systemic inflammation or immunodeficiency due
to the pivotal role of NF-κB in both innate and adaptive immunity [109]. In order to minimize systemic
toxicity and immunosuppression a more targeted approach including cell-type- and/or subunit-specific
inhibition of NF-κB should be considered. NF-κB inhibitors for cancer therapy have been thoroughly
reviewed elsewhere [108,110,111]. As outlined in the previous section, NF-κB is involved in the
transcriptional and posttranslational regulation of PD-L1 expression. Physiologically, PD-1/PD-L1
signaling negatively regulates T cell mediated immune responses to prevent autoimmunity and to
induce peripheral T cell tolerance. PD-1 is predominantly expressed on memory T cells and PD-L1
on various cell types including antigen-presenting cells, T cells, B cells, monocytes, or epithelial
cells [112]. Tumor cells can exploit the PD-1/PD-L1 signaling pathway to evade anti-tumor immune
responses [113,114]. PD-1 is highly expressed on tumor-infiltrating lymphocytes and tumor cells often
upregulate PD-L1 expression facilitating the immunologic response escape [115]. As described in
Section 2, PD-L1 expression can be induced by inflammatory cytokines or cancer cell-autonomous
mechanisms like mutation dependent oncogenic signaling [116]. Interaction of PD-1/PD-L1 in the
TME promotes tumor survival and progression. As a result, PD-L1 expression is generally associated
with poor prognosis in numerous malignancies [25,117,118]. Immune checkpoint inhibitors, especially
anti-PD-1 or anti-PD-L1 antibodies, aim to disrupt PD-1/PD-L1 signaling in the TME thereby reversing
T cell suppression and enhancing anti-tumor immunity [33,112]. Treatment with immune checkpoint
inhibitors generated durable responses and extended survival, but not all patients benefit from immune
checkpoint therapies.

Since NF-κB can regulate transcriptional and posttranslational PD-L1 expression, as outlined in
Section 2, we now focus on the potential of combinatorial treatment of NF-κB inhibitors with immune
checkpoint blockade as new promising strategy in order to increase patients’ response rates.

3.1. Natural Compounds

There is increasing interest in investigating non-toxic natural compounds with fewer side effects
for the treatment of cancer. Several studies indicate that some natural compounds can inhibit
NF-κB and might be useful adjuvants for immune-based cancer therapy. One natural compound,
which may have the potential to function as an efficient agent to treat cancer associated with
inflammation is curcumin. Curcumin, a polyphenol derived from the plant Curcuma longa, is known to
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inhibit the NF-κB signaling pathway by different mechanisms, e.g., by inhibiting IKK activity [119].
Moreover, curcumin monotherapy has already been evaluated for multiple types of cancer showing
low toxicity [120]. Additionally, curcumin has also been shown to inhibit CSN5-associated kinase
activity [121]. CSN5 deubiquitinates PD-L1 thereby preventing its proteasomal degradation. Inhibition
of CSN5 by curcumin was shown to destabilize PD-L1 resulting in diminished PD-L1 expression
in various cancer cells thereby enhancing anti-tumor immunity (Figure 2). [38,121]. Furthermore,
inhibition of CSN5 by curcumin sensitizes inflammation-induced tumors to anti-CTLA4 therapy
in various murine tumor models [38]. A recent study by Xiao et al. demonstrates that combined
therapy of NF-κB inhibitor curcumin together with PD-1 blockade significantly improved antitumor
immunotherapeutic effect both in vitro and in vivo. The treatment inhibited tumor growth and
prolonged survival in a melanoma mouse model [122]. Interestingly, they applied both curcumin
and anti-PD-1 monoclonal antibody (mAb) through nanotechnology. Because of its pH sensitivity,
the nanodrug is released in the acidic TME. On site, the nanodrug leaves anti-PD-1 mAb to block PD-1
on anti-tumor T cells and generates a new curcumin-encapsulated nanodrug that can be taken up by
tumor cells or tumor associated macrophages [122]. The nanodrug has high therapeutic potential since
it showed low side effects in vivo and can simultaneously restore tumor killing of cytotoxic T cells and
inhibit the NF-κB pathway to recruit anti-tumor T cells into the TME.
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Figure 2. Combinatorial treatment approach of Nuclear factor-κB (NF-κB) inhibition and immune
checkpoint blockade. Co-administration of nuclear factorκB (NF-κB) inhibitors and checkpoint blockade
seems to be a promising approach to increase cancer patients’ response rates. NF-κB inhibition to reduce
programmed-death ligand 1 (PD-L1) expression on tumor cells in combination with anti-PD-1/PD-L1
antibodies could be especially effective to enhance anti-tumor immunity. Curcumin and celecoxib can
reduce PD-L1 levels by blocking IκB kinase (IKK) activity and consequently the NF-κB pathway [119,123].
Curcumin can also inhibit the fifth element of the COP9 signalosome (CSN5)-associated kinase activity
leading to PD-L1 destabilization [38]. Blocking of oncogenic epidermal growth factor receptor (EGFR)
signaling by EGFR-tyrosine kinase inhibitors (EGFR-TKIs) can attenuate NF-κB activity and reduce
PD-L1 expression [103]. Combinatorial treatment of EGFR-TKIs and immune checkpoint blockade
might prolong duration of response and prevent resistance [124,125]. Tumor necrosis factor α (TNFα)
inhibition can reduce adverse events and increase efficacy of immune checkpoint blockade [126].
Arrows indicate paths to NF-κB activation, dotted arrows indicate protein translation and translocation,
T-bars indicate inhibition. Figure 2 was created with BioRender.com.
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Another well-studied natural compound is the grape-derived stilbenoid resveratrol, characterized
by anti-inflammatory, immunomodulatory, and anti-cancer properties [127,128]. Using preclinical
tumor models, several studies revealed that resveratrol prevents tumorigenesis by modulating multiple
pathways dysregulated in cancer [129,130]. Recently, the stilbenoids resveratrol and piceatannol were
shown to upregulate PD-L1 expression via HDAC3/p300-mediated NF-κB signaling in breast and
colon cancer cells [41]. In this study, treatment with resveratrol or piceatannol resulted in subcellular
translocation and nuclear accumulation of NF-κB p65. Furthermore, the increase of PD-L1 expression
was attenuated after administration of an IKK inhibitor, suggesting an involvement of NF-κB in the
resveratrol- and piceatannol-induced PD-L1 expression [41]. These observations emphasize stilbenoids
like resveratrol and piceatannol an interesting therapeutic option to render tumors more sensitive to
immune checkpoint inhibitors. On the other hand, prolonged treatment with resveratrol or piceatannol
could also promote tumor immune evasion, which underlines the need for more studies especially to
determine appropriate dosage levels and treatment periods. Nonetheless, the findings described in this
section unveil the co-administration of natural NF-κB inhibitors with checkpoint blockade therapies as
a new promising therapeutic option.

3.2. Pentoxifylline

Another confirmation for such a combinatorial treatment approach is the finding that inhibitors
of the NF-κB subunit c-Rel can potentiate anti-PD-1 therapy. Grinberg-Bleyer et al. show that
NF-κB c-Rel regulates Treg function and that c-Rel activity in Treg restricts anti-tumor immune
responses. Additionally, they prove that use of the c-Rel inhibitor pentoxifylline (PTXF) in combination
with anti-PD-1 antibodies increases the number of tumor infiltrating T cells and potentiates the
beneficial effects of PD-1 blockade in a melanoma mouse model [19]. Further advantages of PTXF
are its c-Rel specificity, not affecting other NF-κB subunits, and the well tolerability in patients [131].
Inhibition of NF-κB would not only be beneficial regarding PD-L1 expression on tumor cells but also
impair the generation and maintenance of tumor associated activated Treg contributing largely to an
immunosuppressed TME [19].

3.3. TNFα Inhibitors

To increase patients’ response rates to immune checkpoint blockade, the combination therapy of
anti-PD-L1 together with anti-CTLA-4 blockers has become a promising treatment approach in recent
years, which results in strong and sustained responses [132,133]. However, dual checkpoint inhibition
frequently caused autoimmune adverse events in clinical trials [134]. To overcome these side effects
and to enhance efficacy of dual checkpoint inhibition, targeting TNFα directly or NF-κB activity could
be a promising approach. Initially, it seemed paradoxical that the treatment of patients with anti-TNFα
antibodies in order to alleviate the immune-related side effects of a checkpoint immunotherapy led to
a general improvement of the treatment response. Immune-related adverse events caused by immune
checkpoint blockade are commonly treated with TNF inhibitors [135]. Whether this anti-TNF treatment
affects the anti-tumor immune response was relatively unknown. Recently, Perez-Ruiz et al. reported
that the prophylactic blockade of TNFα before the start of combined checkpoint inhibition of PD-1
and CTLA-4 can prevent autoimmune adverse effects and additionally enhance anti-tumor treatment
efficacy in mouse models [126]. Colorectal cancer mice receiving anti-TNF treatment in addition to
double checkpoint blockade had an advantage in tumor rejection and survival compared to mice treated
with double checkpoint blockade alone. Moreover, anti-TNF treatment enhanced the effect of double
checkpoint blockade leading to increased numbers of tumor infiltrating T cells. In accordance with this
study, Bertrand et al. reported a potentiation of anti-PD-1 treatment efficacy by TNF-antibodies and
that TNF signaling impairs the accumulation of tumor infiltrating T cells in mouse melanoma [136].
Colitis is one of the most frequent adverse events associated with dual checkpoint inhibition [137].
In a xenograft-versus-host model of colitis double checkpoint inhibition worsened autoimmunity and
inflammation, which was markedly reduced by TNF inhibition [126]. Consequently, prophylactic
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TNF blockade might allow higher doses of checkpoint inhibitors thereby increasing their anti-tumor
effects (Figure 2). In addition, Wei et al. demonstrated that macrophage inflammatory responses,
including TNFα signaling, elicited NF-κB signaling generating PD-L1+ cancer cells. Macrophage
depletion inhibited cancer growth mediated by NF-κB signaling and potentiated immune checkpoint
blockade [138]. These results suggest a therapeutic strategy combining immune checkpoint treatment
and NF-κB inhibition either directly or indirectly by inhibiting TNFα or by depleting macrophages.

3.4. Cyclooxygenase 2 Inhibitors

Another approach to target NF-κB for cancer therapy is the use of cyclooxygenase-2 (COX-2)
inhibitors. Andrographolide (Andro), a diterpenoid lactone extracted from Andrographis paniculata,
has been reported to be of therapeutic effect in various cancers showing less adverse effects [139].
In a breast cancer model, Andro has been shown to significantly inhibit acetylation of NF-κB p50
mediated by the transcriptional co-activator p300 histone acetyltransferase. Abrogation of acetylation
prevents NF-κB binding to the COX-2 promotor thereby suppressing its expression. COX-2 suppression
by Andro resulted in the inhibition of tumor growth and tumor angiogenesis in a murine breast cancer
model (Figure 2) [140]. Celecoxib is another well described specific inhibitor of COX-2, which has also
been shown to inhibit IKK activity and to have anti-tumor effects in various human cancers [123,141].
Zuo and colleagues showed that celecoxib inhibits expression of NF-κB in a concentration dependent
manner in pancreatic cancer cells. Furthermore, NF-κB inhibition resulted in a distinct reduction of
proliferation and invasion of pancreatic cancer cells [142]. COX-2 inhibition has been described in
combinatorial therapy with immune checkpoint blockade in several studies. Li and colleagues used
an alginate hydrogel system to deliver celecoxib and an anti-PD-1 mAb to tumor local regions [143].
This combination treatment generated potent anti-tumor effects, including inhibited tumor growth,
extended survival, and complete tumor regression in both a melanoma and a metastatic breast cancer
model. In addition, celecoxib and anti-PD-1 mAb synergistically increased levels of both CD4+ INFγ+

and CD8+ INFγ+ T cells within the tumor but also in spleen and draining lymph nodes. At the same time,
dual delivery of celecoxib and anti-PD-1 mAb abrogated immunosuppressive mechanisms by reducing
Tregs and myeloid derived suppressor cells in the tumor. Furthermore, the combined utilization of these
two drugs inhibited angiogenesis and inflammation in their analyzed melanoma mouse model [143].
In line with the above described results, Zelenay et al. also report that celecoxib significantly synergizes
with anti-PD-1 treatment in melanoma and colorectal cancer cells. Additionally, they show that
anti-PD-1 mAb in combination with aspirin, which blocks both COX-1 and COX-2, is even more potent
in promoting rapid tumor regression than with celecoxib [144]. In summary, the combinational therapy
of COX inhibitors, suppressing NF-κB expression, and anti-PD-1 mAb simultaneously targets the
immunosuppressive and inflammatory TME and might represent a novel anti-cancer treatment option.
COX-2 expression might also constitute a useful biomarker of unresponsiveness to immunotherapy
and might help to predict treatment outcome.

3.5. EGFR-Tyrosine Kinase Inhibitors

As outlined in Section 2, EGFR mutations were reported as genetic drivers of PD-L1 expression
thereby contributing to tumor immune escape. [43]. EGFR-TKIs have been identified to reduce
PD-L1 expression by inhibiting NF-κB. EGFR-TKIs reduced PD-L1 expression in both EGFR-TKIs
sensitive and acquired-resistant NSCLC in vitro and in vivo [103]. EGFR seems to induce PD-L1
expression through the NF-κB signaling pathway, since NF-κB expression in mutant NSCLC was
higher compared to wildtype NSCLC. In addition, EGFR-TKI gefitinib reduced PD-L1 expression by
attenuating NF-κB activity in tumors [103]. These findings give rise to the speculation that treatment
with EGFR-TKIs in combination with PD-1/PD-L1 inhibition might be beneficial for patients with
EGFR-TKI acquired-resistance of NSCLC (Figure 2). On the other hand, patients with EGFR-TKI
sensitive NSCLC might rather benefit from combinatorial treatment with anti-CTLA-4 antibody,
since anti-PD-L1 antibodies can only be efficient in tumor cells with high PD-L1 expression [103].
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EGFR-TKIs significantly improve clinical outcome of NSCLC patients with EGFR mutation, but almost
all patients develop resistance [145–147]. Reports indicate that activation of oncogenic EGFR pathway
upregulates PD-L1 expression and enhances susceptibility of tumors to PD-1/PD-L1 blockade treatment
in preclinical models [93,148,149]. Since immune checkpoint inhibitors mainly show durable response
rates in NSCLC patients, a combinatorial treatment of PD-L1/PD-1 blockade and EGFR-TKIs might be
a promising strategy to prolong duration of response and to delay or even prevent resistance [124,125].
Consequently, combination of PD-1/PD-L1 blockade with different EGFR-TKIs was tested in several
clinical trials with quite variable results. Some phase III studies could not observe synergistic effects
or survival benefits, whereas other early-phase trials reported promising efficacy but at the same
time a high incidence of adverse events [125,150,151]. Since the number of patients studied is still
limited and only few immune checkpoint inhibitors have been studied in combination with EGFR-TKIs,
further studies are required to evaluate whether patients might benefit from this combinational
treatment approach.

3.6. CDK4/6 Inhibitors

As described in a previous section, CDK4/6 dependent phosphorylation of Rb induces complex
formation of Rb and NF-κB p65, thereby inhibiting NF-κB DNA binding blocking PD-L1 expression [42].
Radiotherapy or CDK4/6 inhibitors abolish Rb phosphorylation, with the aim to induce cell
cycle arrest in tumor cells, which undesirably also contributes to tumor immune evasion by
enhancing PD-L1 expression [42]. Recently, a RB-derived S249/T252 phosphorylation-mimetic peptide,
which can overcome undesired tumor immune evasion induced by radiotherapy or CDK4/6 inhibitors,
was described [42,152]. Mechanistically, the peptide binds to NF-κB p65 preventing its binding
to the PD-L1 promoter consequently suppressing PD-L1 expression. Co-treatment of the peptide
and radiotherapy strongly inhibited tumor growth and increased numbers of tumor-infiltrating
T cells [42,152]. Moreover, CDK4/6 inhibitors were found to increase tumor immunogenicity via
RB1-dependent mechanisms [153]. CDK4/6 inhibitors increased capacity of tumor cells to present
antigen and reduced levels of immunosuppressive Treg in breast cancer models [153]. Findings of
Zhang et al. demonstrate that CDK4 regulates PD-L1 stability through cullin 3-SPOP via proteasomal
degradation. CDK4 negatively regulates PD-L1 stability by phosphorylating cullin 3-SPOP, an E3
ubiquitin ligase, leading to PD-L1 ubiquitination and degradation [154]. CDK4/6 inhibition increased
PD-L1 levels and markedly enhanced tumor regression and improved overall survival in combination
with anti-PD-L1 immunotherapy in murine tumor models [154]. Consequently, CDK4/6 inhibitors
seem to have the potential to enhance susceptibly of tumors to immune checkpoint blockade.

4. Conclusions and Outlook

Although immune checkpoint blockade has yielded promising clinical results, there are still a
significant number of tumor patients that do not benefit from such an approach alone. NF-κB has
been shown to regulate transcriptional and posttranslational PD-L1 expression thereby contributing to
tumor immune evasion. Consequently, NF-κB inhibition can augment immune checkpoint blockade
leading to better patient responses. Downregulation of PD-L1 expression on tumor cells with NF-κB
inhibitors in combination with anti-PD-1/PD-L1 antibodies could be especially effective to reverse T
cell suppression and enhance anti-tumor immunity. The compounds inhibiting the NF-κB pathway
described above are featured by low toxicity and selective inhibition of NF-κB signaling components
preventing side effects caused by systemic NF-κB inhibition. In addition, inhibitors—such as curcumin,
PTXF, or celecoxib—have already been shown to be beneficial for the outcome of immune checkpoint
blockade. An additional advantage is that most of the here described compounds are already approved
agents and could be further assessed in combination with immune checkpoint blockade in clinical
trials. Furthermore, different delivery systems like nanodrugs or hydrogel for application of anti-PD-1
mAb together with NF-κB inhibitors have already been tested. Those tested delivery systems revealed
promising results in delivery efficacy and tolerability in preclinical models. Taken together, the current
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state of research presented in this review suggests co-administration of NF-κB inhibitors together with
checkpoint blockade as a new promising approach for cancer treatment. Further investigations will be
necessary to evaluate suitable combinations of NF-κB modulators and immune checkpoint inhibitors
to get further insights into optimal dosage, treatment schedule, efficacy, and possible adverse events.
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Abbreviations

NF-κB Nuclear factor κB
IKK IκB kinase
Perez-Ruiz T-lymphocyte associated protein
B7 Ligand for CTLA-4
Treg Regulatory T cell
PD-1 Programmed cell death protein 1
PD-L1 programmed-death ligand 1
TME Tumor microenvironment
IFN Interferon
IL-17 Interleukin-17
TNFα Tumor necrosis factor α
TLR Toll-like receptor
PAMPs Pathogen-associated molecular patterns
LPS Lipopolysaccharide
DC Dendritic cell
JAK Janus kinase
STAT Signal transducer and activation of transcription
EBV Epstein–Barr virus
LMP1 Latent membrane protein 1
HCC Hepatocellular carcinoma cells
NSCLC Non-small cell lung carcinoma
Bcl3 B cell lymphoma 3
Muc1 Mucin1
RB Retinoblastoma
CDK Cyclin-dependent kinase
EGFR Epidermal growth factor receptor
HIF-1α Hypoxia-induced factor 1α
EGFR-TKI EGFR-tyrosine kinase inhibitors
CSN5 Fifth element of the COP9 signalosome
COP9 Constitutive photomorphogenesis 9
COPS5 COP9 signalosome complex subunit 5
mAb Monoclonal antibody
PTXF Pentoxifylline
COX-2 Cyclooxygenase-2
Andro Andrographolide

References

1. Taniguchi, K.; Karin, M. NF-κB, inflammation, immunity and cancer: Coming of age. Nat. Rev. Immunol.
2018, 18, 309–324. [CrossRef] [PubMed]

2. Grivennikov, S.I.; Greten, F.R.; Karin, M. Immunity, Inflammation, and Cancer. Cell 2010, 140, 883–899.
[CrossRef] [PubMed]

http://dx.doi.org/10.1038/nri.2017.142
http://www.ncbi.nlm.nih.gov/pubmed/29379212
http://dx.doi.org/10.1016/j.cell.2010.01.025
http://www.ncbi.nlm.nih.gov/pubmed/20303878


Int. J. Mol. Sci. 2020, 21, 3949 13 of 20

3. Karin, M.; Greten, F.R. NF-κB: Linking inflammation and immunity to cancer development and progression.
Nat. Rev. Immunol. 2005, 5, 749–759. [CrossRef] [PubMed]

4. Hayden, M.S.; Ghosh, S. Shared principles in NF-kappaB signaling. Cell 2008, 132, 344–362. [CrossRef]
[PubMed]

5. Sun, S.-C. The non-canonical NF-κB pathway in immunity and inflammation. Nat. Rev. Immunol. 2017, 17,
545–558. [CrossRef]

6. Liu, T.; Zhang, L.; Joo, D.; Sun, S.-C. NF-κB signaling in inflammation. Signal Transduct. Target. Ther. 2017, 2,
17023. [CrossRef]

7. Bonizzi, G.; Karin, M. The two NF-κB activation pathways and their role in innate and adaptive immunity.
Trends Immunol. 2004, 25, 280–288. [CrossRef]

8. Pires, B.R.B.; Silva, R.C.M.C.; Ferreira, G.M.; Abdelhay, E. NF-kappaB: Two Sides of the Same Coin. Genes
2018, 9, 24. [CrossRef]

9. Xia, Y.; Shen, S.; Verma, I.M. NF-κB, an active player in human cancers. Cancer Immunol. Res. 2014, 2, 823–830.
[CrossRef]

10. Karin, M. Nuclear factor-κB in cancer development and progression. Nature 2006, 441, 431–436. [CrossRef]
11. Park, M.H.; Hong, J.T. Roles of NF-κB in Cancer and Inflammatory Diseases and Their Therapeutic

Approaches. Cells 2016, 5, 15. [CrossRef] [PubMed]
12. Baud, V.; Karin, M. Is NF-κB a good target for cancer therapy? Hopes and pitfalls. Nat. Rev. Drug Discov.

2009, 8, 33–40. [CrossRef] [PubMed]
13. Yu, H.; Pardoll, D.; Jove, R. STATs in cancer inflammation and immunity: A leading role for STAT3. Nat. Rev.

Cancer 2009, 9, 798–809. [CrossRef] [PubMed]
14. Grivennikov, S.I.; Karin, M. Dangerous liaisons: STAT3 and NF-κB collaboration and crosstalk in cancer.

Cytokine Growth Factor Rev. 2010, 21, 11–19. [CrossRef] [PubMed]
15. Gerondakis, S.; Siebenlist, U. Roles of the NF-kappaB pathway in lymphocyte development and function.

Cold Spring Harb. Perspect. Biol. 2010, 2, a000182. [CrossRef] [PubMed]
16. Oh, H.; Ghosh, S. NF-κB: Roles and regulation in different CD4+ T-cell subsets. Immunol. Rev. 2013, 252,

41–51. [CrossRef] [PubMed]
17. Nishikawa, H.; Sakaguchi, S. Regulatory T cells in tumor immunity. Int. J. Cancer 2010, 127, 759–767.

[CrossRef]
18. Sakaguchi, S. Naturally Arising CD4+ Regulatory T Cells for Immunologic Self-Tolerance and Negative

Control of Immune Responses. Annu. Rev. Immunol. 2004, 22, 531–562. [CrossRef]
19. Grinberg-Bleyer, Y.; Oh, H.; Desrichard, A.; Bhatt, D.M.; Caron, R.; Chan, T.A.; Schmid, R.M.; Klein, U.;

Hayden, M.S.; Ghosh, S. NF-κB c-Rel Is Crucial for the Regulatory T Cell Immune Checkpoint in Cancer. Cell
2017, 170, 1096–1108.e1013. [CrossRef]

20. Topalian, S.L.; Weiner, G.J.; Pardoll, D.M. Cancer Immunotherapy Comes of Age. J. Clin. Oncol. 2011, 29,
4828–4836. [CrossRef]

21. Dong, H.; Strome, S.E.; Salomao, D.R.; Tamura, H.; Hirano, F.; Flies, D.B.; Roche, P.C.; Lu, J.; Zhu, G.;
Tamada, K.; et al. Tumor-associated B7-H1 promotes T-cell apoptosis: A potential mechanism of immune
evasion. Nat. Med. 2002, 8, 793–800. [CrossRef] [PubMed]

22. Chen, S.; Crabill, G.A.; Pritchard, T.S.; McMiller, T.L.; Wei, P.; Pardoll, D.M.; Pan, F.; Topalian, S.L. Mechanisms
regulating PD-L1 expression on tumor and immune cells. J. Immunother. Cancer 2019, 7, 305. [CrossRef]
[PubMed]

23. Taube, J.M.; Young, G.D.; McMiller, T.L.; Chen, S.; Salas, J.T.; Pritchard, T.S.; Xu, H.; Meeker, A.K.; Fan, J.;
Cheadle, C.; et al. Differential Expression of Immune-Regulatory Genes Associated with PD-L1 Display
in Melanoma: Implications for PD-1 Pathway Blockade. Clin. Cancer Res. 2015, 21, 3969–3976. [CrossRef]
[PubMed]

24. Seidel, J.A.; Otsuka, A.; Kabashima, K. Anti-PD-1 and Anti-CTLA-4 Therapies in Cancer: Mechanisms of
Action, Efficacy, and Limitations. Front. Oncol. 2018, 8, 86. [CrossRef]

25. Kythreotou, A.; Siddique, A.; Mauri, F.A.; Bower, M.; Pinato, D.J. PD-L1. J. Clin. Pathol. 2018, 71, 189–194.
[CrossRef]

26. Rowshanravan, B.; Halliday, N.; Sansom, D.M. CTLA-4: A moving target in immunotherapy. Blood 2018, 131,
58–67. [CrossRef]

http://dx.doi.org/10.1038/nri1703
http://www.ncbi.nlm.nih.gov/pubmed/16175180
http://dx.doi.org/10.1016/j.cell.2008.01.020
http://www.ncbi.nlm.nih.gov/pubmed/18267068
http://dx.doi.org/10.1038/nri.2017.52
http://dx.doi.org/10.1038/sigtrans.2017.23
http://dx.doi.org/10.1016/j.it.2004.03.008
http://dx.doi.org/10.3390/genes9010024
http://dx.doi.org/10.1158/2326-6066.CIR-14-0112
http://dx.doi.org/10.1038/nature04870
http://dx.doi.org/10.3390/cells5020015
http://www.ncbi.nlm.nih.gov/pubmed/27043634
http://dx.doi.org/10.1038/nrd2781
http://www.ncbi.nlm.nih.gov/pubmed/19116625
http://dx.doi.org/10.1038/nrc2734
http://www.ncbi.nlm.nih.gov/pubmed/19851315
http://dx.doi.org/10.1016/j.cytogfr.2009.11.005
http://www.ncbi.nlm.nih.gov/pubmed/20018552
http://dx.doi.org/10.1101/cshperspect.a000182
http://www.ncbi.nlm.nih.gov/pubmed/20452952
http://dx.doi.org/10.1111/imr.12033
http://www.ncbi.nlm.nih.gov/pubmed/23405894
http://dx.doi.org/10.1002/ijc.25429
http://dx.doi.org/10.1146/annurev.immunol.21.120601.141122
http://dx.doi.org/10.1016/j.cell.2017.08.004
http://dx.doi.org/10.1200/JCO.2011.38.0899
http://dx.doi.org/10.1038/nm730
http://www.ncbi.nlm.nih.gov/pubmed/12091876
http://dx.doi.org/10.1186/s40425-019-0770-2
http://www.ncbi.nlm.nih.gov/pubmed/31730010
http://dx.doi.org/10.1158/1078-0432.CCR-15-0244
http://www.ncbi.nlm.nih.gov/pubmed/25944800
http://dx.doi.org/10.3389/fonc.2018.00086
http://dx.doi.org/10.1136/jclinpath-2017-204853
http://dx.doi.org/10.1182/blood-2017-06-741033


Int. J. Mol. Sci. 2020, 21, 3949 14 of 20

27. Harlin, H.; Hwang, K.W.; Palucki, D.A.; Kim, O.; Thompson, C.B.; Boothby, M.; Alegre, M.L. CTLA-4
engagement regulates NF-kappaB activation in vivo. Eur. J. Immunol. 2002, 32, 2095–2104. [CrossRef]

28. Qureshi, O.S.; Zheng, Y.; Nakamura, K.; Attridge, K.; Manzotti, C.; Schmidt, E.M.; Baker, J.; Jeffery, L.E.;
Kaur, S.; Briggs, Z.; et al. Trans-endocytosis of CD80 and CD86: A molecular basis for the cell-extrinsic
function of CTLA-4. Science 2011, 332, 600–603. [CrossRef]

29. Soskic, B.; Qureshi, O.S.; Hou, T.; Sansom, D.M. A transendocytosis perspective on the CD28/CTLA-4
pathway. Adv. Immunol. 2014, 124, 95–136.

30. Darvin, P.; Toor, S.M.; Sasidharan Nair, V.; Elkord, E. Immune checkpoint inhibitors: Recent progress and
potential biomarkers. Exp. Mol. Med. 2018, 50, 165. [CrossRef]

31. Zou, W.; Wolchok, J.D.; Chen, L. PD-L1 (B7-H1) and PD-1 pathway blockade for cancer therapy: Mechanisms,
response biomarkers, and combinations. Sci. Transl. Med. 2016, 8, 328rv324. [CrossRef] [PubMed]

32. Kalbasi, A.; Ribas, A. Tumour-intrinsic resistance to immune checkpoint blockade. Nat. Rev. Immunol. 2020,
20, 25–39. [CrossRef] [PubMed]

33. Wei, S.C.; Duffy, C.R.; Allison, J.P. Fundamental Mechanisms of Immune Checkpoint Blockade Therapy.
Cancer Discov. 2018, 8, 1069–1086. [CrossRef] [PubMed]

34. Ritprajak, P.; Azuma, M. Intrinsic and extrinsic control of expression of the immunoregulatory molecule
PD-L1 in epithelial cells and squamous cell carcinoma. Oral Oncol. 2015, 51, 221–228. [CrossRef] [PubMed]

35. Huang, J.; Wang, K.; Xu, J.; Huang, J.; Zhang, T. Prognostic Significance of Circulating Tumor Cells in
Non-Small-Cell Lung Cancer Patients: A Meta-Analysis. PLoS ONE 2013, 8, e78070. [CrossRef]

36. Peng, J.; Hamanishi, J.; Matsumura, N.; Abiko, K.; Murat, K.; Baba, T.; Yamaguchi, K.; Horikawa, N.;
Hosoe, Y.; Murphy, S.K.; et al. Chemotherapy Induces Programmed Cell Death-Ligand 1 Overexpression via
the Nuclear Factor-κB to Foster an Immunosuppressive Tumor Microenvironment in Ovarian Cancer. Cancer
Res. 2015, 75, 5034–5045. [CrossRef]

37. Gowrishankar, K.; Gunatilake, D.; Gallagher, S.J.; Tiffen, J.; Rizos, H.; Hersey, P. Inducible but Not Constitutive
Expression of PD-L1 in Human Melanoma Cells Is Dependent on Activation of NF-κB. PLoS ONE 2015, 10,
e0123410. [CrossRef]

38. Lim, S.-O.; Li, C.-W.; Xia, W.; Cha, J.-H.; Chan, L.-C.; Wu, Y.; Chang, S.-S.; Lin, W.-C.; Hsu, J.-M.; Hsu, Y.-H.;
et al. Deubiquitination and Stabilization of PD-L1 by CSN5. Cancer Cell 2016, 30, 925–939. [CrossRef]

39. Bouillez, A.; Rajabi, H.; Jin, C.; Samur, M.; Tagde, A.; Alam, M.; Hiraki, M.; Maeda, T.; Hu, X.; Adeegbe, D.;
et al. MUC1-C integrates PD-L1 induction with repression of immune effectors in non-small-cell lung cancer.
Oncogene 2017, 36, 4037–4046. [CrossRef]

40. Maeda, T.; Hiraki, M.; Jin, C.; Rajabi, H.; Tagde, A.; Alam, M.; Bouillez, A.; Hu, X.; Suzuki, Y.; Miyo, M.;
et al. MUC1-C Induces PD-L1 and Immune Evasion in Triple-Negative Breast Cancer. Cancer Res. 2018, 78,
205–215. [CrossRef]

41. Lucas, J.; Hsieh, T.C.; Halicka, H.D.; Darzynkiewicz, Z.; Wu, J.M. Upregulation of PDL1 expression by
resveratrol and piceatannol in breast and colorectal cancer cells occurs via HDAC3/p300mediated NFkappaB
signaling. Int. J. Oncol. 2018, 53, 1469–1480. [PubMed]

42. Jin, X.; Ding, D.; Yan, Y.; Li, H.; Wang, B.; Ma, L.; Ye, Z.; Ma, T.; Wu, Q.; Rodrigues, D.N.; et al. Phosphorylated
RB Promotes Cancer Immunity by Inhibiting NF-κB Activation and PD-L1 Expression. Mol. Cell 2019, 73,
22–35.e26. [CrossRef] [PubMed]

43. Guo, R.; Li, Y.; Wang, Z.; Bai, H.; Duan, J.; Wang, S.; Wang, L.; Wang, J. Hypoxia-inducible factor-1alpha
and nuclear factor-kappaB play important roles in regulating programmed cell death ligand 1 expression
by epidermal growth factor receptor mutants in non-small-cell lung cancer cells. Cancer Sci. 2019, 110,
1665–1675. [CrossRef] [PubMed]

44. Azuma, T.; Yao, S.; Zhu, G.; Flies, A.S.; Flies, S.J.; Chen, L. B7-H1 is a ubiquitous antiapoptotic receptor on
cancer cells. Blood 2008, 111, 3635–3643. [CrossRef] [PubMed]

45. Clark, C.A.; Gupta, H.B.; Sareddy, G.; Pandeswara, S.; Lao, S.; Yuan, B.; Drerup, J.M.; Padron, A.;
Conejo-Garcia, J.; Murthy, K.; et al. Tumor-Intrinsic PD-L1 Signals Regulate Cell Growth, Pathogenesis,
and Autophagy in Ovarian Cancer and Melanoma. Cancer Res. 2016, 76, 6964–6974. [CrossRef] [PubMed]

46. Wu, X.; Li, Y.; Liu, X.; Chen, C.; Harrington, S.M.; Cao, S.; Xie, T.; Pham, T.; Mansfield, A.S.; Yan, Y.; et al.
Targeting B7-H1 (PD-L1) sensitizes cancer cells to chemotherapy. Heliyon 2018, 4, e01039. [CrossRef]

http://dx.doi.org/10.1002/1521-4141(200208)32:8&lt;2095::AID-IMMU2095&gt;3.0.CO;2-E
http://dx.doi.org/10.1126/science.1202947
http://dx.doi.org/10.1038/s12276-018-0191-1
http://dx.doi.org/10.1126/scitranslmed.aad7118
http://www.ncbi.nlm.nih.gov/pubmed/26936508
http://dx.doi.org/10.1038/s41577-019-0218-4
http://www.ncbi.nlm.nih.gov/pubmed/31570880
http://dx.doi.org/10.1158/2159-8290.CD-18-0367
http://www.ncbi.nlm.nih.gov/pubmed/30115704
http://dx.doi.org/10.1016/j.oraloncology.2014.11.014
http://www.ncbi.nlm.nih.gov/pubmed/25500094
http://dx.doi.org/10.1371/journal.pone.0078070
http://dx.doi.org/10.1158/0008-5472.CAN-14-3098
http://dx.doi.org/10.1371/journal.pone.0123410
http://dx.doi.org/10.1016/j.ccell.2016.10.010
http://dx.doi.org/10.1038/onc.2017.47
http://dx.doi.org/10.1158/0008-5472.CAN-17-1636
http://www.ncbi.nlm.nih.gov/pubmed/30066852
http://dx.doi.org/10.1016/j.molcel.2018.10.034
http://www.ncbi.nlm.nih.gov/pubmed/30527665
http://dx.doi.org/10.1111/cas.13989
http://www.ncbi.nlm.nih.gov/pubmed/30844110
http://dx.doi.org/10.1182/blood-2007-11-123141
http://www.ncbi.nlm.nih.gov/pubmed/18223165
http://dx.doi.org/10.1158/0008-5472.CAN-16-0258
http://www.ncbi.nlm.nih.gov/pubmed/27671674
http://dx.doi.org/10.1016/j.heliyon.2018.e01039


Int. J. Mol. Sci. 2020, 21, 3949 15 of 20

47. Chang, C.-H.; Qiu, J.; O’Sullivan, D.; Buck, M.D.; Noguchi, T.; Curtis, J.D.; Chen, Q.; Gindin, M.; Gubin, M.M.;
van der Windt, G.J.W.; et al. Metabolic Competition in the Tumor Microenvironment Is a Driver of Cancer
Progression. Cell 2015, 162, 1229–1241. [CrossRef]

48. Manguso, R.T.; Pope, H.W.; Zimmer, M.D.; Brown, F.D.; Yates, K.B.; Miller, B.C.; Collins, N.B.; Bi, K.;
LaFleur, M.W.; Juneja, V.R.; et al. In vivo CRISPR screening identifies Ptpn2 as a cancer immunotherapy
target. Nature 2017, 547, 413–418. [CrossRef]

49. Pan, D.; Kobayashi, A.; Jiang, P.; Ferrari de Andrade, L.; Tay, R.E.; Luoma, A.M.; Tsoucas, D.; Qiu, X.; Lim, K.;
Rao, P.; et al. A major chromatin regulator determines resistance of tumor cells to T cell–mediated killing.
Science 2018, 359, 770–775. [CrossRef]

50. Huang, G.; Wen, Q.; Zhao, Y.; Gao, Q.; Bai, Y. NF-κB Plays a Key Role in Inducing CD274 Expression in
Human Monocytes after Lipopolysaccharide Treatment. PLoS ONE 2013, 8, e61602. [CrossRef]

51. Zou, Y.; Uddin, M.M.; Padmanabhan, S.; Zhu, Y.; Bu, P.; Vancura, A.; Vancurova, I. The proto-oncogene Bcl3
induces immune checkpoint PD-L1 expression, mediating proliferation of ovarian cancer cells. J. Biol. Chem.
2018, 293, 15483–15496. [CrossRef] [PubMed]

52. Imai, D.; Yoshizumi, T.; Okano, S.; Itoh, S.; Ikegami, T.; Harada, N.; Aishima, S.; Oda, Y.; Maehara, Y. IFN-γ
Promotes Epithelial-Mesenchymal Transition and the Expression of PD-L1 in Pancreatic Cancer. J. Surg. Res.
2019, 240, 115–123. [CrossRef] [PubMed]

53. Li, N.; Wang, J.; Zhang, N.; Zhuang, M.; Zong, Z.; Zou, J.; Li, G.; Wang, X.; Zhou, H.; Zhang, L.; et al.
Cross-talk between TNF-α and IFN-γ signaling in induction of B7-H1 expression in hepatocellular carcinoma
cells. Cancer Immunol. Immunother. 2018, 67, 271–283. [CrossRef] [PubMed]

54. Garcia-Diaz, A.; Shin, D.S.; Moreno, B.H.; Saco, J.; Escuin-Ordinas, H.; Rodriguez, G.A.; Zaretsky, J.M.;
Sun, L.; Hugo, W.; Wang, X.; et al. Interferon Receptor Signaling Pathways Regulating PD-L1 and PD-L2
Expression. Cell Rep. 2017, 19, 1189–1201. [CrossRef]

55. Wang, X.; Yang, L.; Huang, F.; Zhang, Q.; Liu, S.; Ma, L.; You, Z. Inflammatory cytokines IL-17 and TNF-α
up-regulate PD-L1 expression in human prostate and colon cancer cells. Immunol. Lett. 2017, 184, 7–14.
[CrossRef]

56. Liu, J.; Hamrouni, A.; Wolowiec, D.; Coiteux, V.; Kuliczkowski, K.; Hetuin, D.; Saudemont, A.; Quesnel, B.
Plasma cells from multiple myeloma patients express B7-H1 (PD-L1) and increase expression after stimulation
with IFN-γ and TLR ligands via a MyD88-, TRAF6-, and MEK-dependent pathway. Blood 2007, 110, 296–304.
[CrossRef]

57. Qian, Y.; Deng, J.; Geng, L.; Xie, H.; Jiang, G.; Zhou, L.; Wang, Y.; Yin, S.; Feng, X.; Liu, J.; et al. TLR4 Signaling
Induces B7-H1 Expression Through MAPK Pathways in Bladder Cancer Cells. Cancer Investig. 2008, 26,
816–821. [CrossRef]

58. Li, H.; Xia, J.-Q.; Zhu, F.-S.; Xi, Z.-H.; Pan, C.-Y.; Gu, L.-M.; Tian, Y.-Z. LPS promotes the expression of PD-L1
in gastric cancer cells through NF-κB activation. J. Cell. Biochem. 2018, 119, 9997–10004. [CrossRef]

59. Mühlbauer, M.; Fleck, M.; Schütz, C.; Weiss, T.; Froh, M.; Blank, C.; Schölmerich, J.; Hellerbrand, C. PD-L1 is
induced in hepatocytes by viral infection and by interferon-α and -γ and mediates T cell apoptosis. J. Hepatol.
2006, 45, 520–528. [CrossRef]

60. Chen, L.; Zhang, Z.; Chen, W.; Zhang, Z.; Li, Y.; Shi, M.; Zhang, J.; Chen, L.; Wang, S.; Wang, F.-S. B7-H1
Up-Regulation on Myeloid Dendritic Cells Significantly Suppresses T Cell Immune Function in Patients
with Chronic Hepatitis B. J. Immunol. 2007, 178, 6634–6641. [CrossRef]

61. Bazhin, A.V.; von Ahn, K.; Fritz, J.; Werner, J.; Karakhanova, S. Interferon-α Up-Regulates the Expression
of PD-L1 Molecules on Immune Cells Through STAT3 and p38 Signaling. Front. Immunol 2018, 9, 2129.
[CrossRef] [PubMed]

62. Morimoto, Y.; Kishida, T.; Kotani, S.I.; Takayama, K.; Mazda, O. Interferon-β signal may up-regulate PD-L1
expression through IRF9-dependent and independent pathways in lung cancer cells. Biochem. Biophys. Res.
Commun. 2018, 507, 330–336. [CrossRef] [PubMed]

63. Jacquelot, N.; Yamazaki, T.; Roberti, M.P.; Duong, C.P.M.; Andrews, M.C.; Verlingue, L.; Ferrere, G.;
Becharef, S.; Vétizou, M.; Daillère, R.; et al. Sustained Type I interferon signaling as a mechanism of resistance
to PD-1 blockade. Cell Res. 2019, 29, 846–861. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cell.2015.08.016
http://dx.doi.org/10.1038/nature23270
http://dx.doi.org/10.1126/science.aao1710
http://dx.doi.org/10.1371/journal.pone.0061602
http://dx.doi.org/10.1074/jbc.RA118.004084
http://www.ncbi.nlm.nih.gov/pubmed/30135206
http://dx.doi.org/10.1016/j.jss.2019.02.038
http://www.ncbi.nlm.nih.gov/pubmed/30927618
http://dx.doi.org/10.1007/s00262-017-2086-8
http://www.ncbi.nlm.nih.gov/pubmed/29090321
http://dx.doi.org/10.1016/j.celrep.2017.04.031
http://dx.doi.org/10.1016/j.imlet.2017.02.006
http://dx.doi.org/10.1182/blood-2006-10-051482
http://dx.doi.org/10.1080/07357900801941852
http://dx.doi.org/10.1002/jcb.27329
http://dx.doi.org/10.1016/j.jhep.2006.05.007
http://dx.doi.org/10.4049/jimmunol.178.10.6634
http://dx.doi.org/10.3389/fimmu.2018.02129
http://www.ncbi.nlm.nih.gov/pubmed/30356906
http://dx.doi.org/10.1016/j.bbrc.2018.11.035
http://www.ncbi.nlm.nih.gov/pubmed/30446226
http://dx.doi.org/10.1038/s41422-019-0224-x
http://www.ncbi.nlm.nih.gov/pubmed/31481761


Int. J. Mol. Sci. 2020, 21, 3949 16 of 20

64. Schreiner, B.; Mitsdoerffer, M.; Kieseier, B.C.; Chen, L.; Hartung, H.-P.; Weller, M.; Wiendl, H. Interferon-β
enhances monocyte and dendritic cell expression of B7-H1 (PD-L1), a strong inhibitor of autologous T-cell
activation: Relevance for the immune modulatory effect in multiple sclerosis. J. Neuroimmunol. 2004, 155,
172–182. [CrossRef]

65. Du, Z.; Wei, L.; Murti, A.; Pfeffer, S.R.; Fan, M.; Yang, C.H.; Pfeffer, L.M. Non-conventional signal transduction
by type 1 interferons: The NF-kappaB pathway. J Cell Biochem 2007, 102, 1087–1094. [CrossRef]

66. de Weerd, N.A.; Nguyen, T. The interferons and their receptors—Distribution and regulation. Immunol. Cell
Biol. 2012, 90, 483–491. [CrossRef]

67. Lee, S.-K.; Seo, S.-H.; Kim, B.-S.; Kim, C.-D.; Lee, J.-H.; Kang, J.-S.; Maeng, P.J.; Lim, J.-S. IFN-gamma regulates
the expression of B7-H1 in dermal fibroblast cells. J. Dermatol. Sci. 2005, 40, 95–103. [CrossRef]

68. Kowanetz, M.; Zou, W.; Gettinger, S.N.; Koeppen, H.; Kockx, M.; Schmid, P.; Kadel, E.E.; Wistuba, I.; Chaft, J.;
Rizvi, N.A.; et al. Differential regulation of PD-L1 expression by immune and tumor cells in NSCLC and the
response to treatment with atezolizumab (anti–PD-L1). Proc. Natl. Acad. Sci. USA 2018, 115, E10119–E10126.
[CrossRef]

69. Thiem, A.; Hesbacher, S.; Kneitz, H.; di Primio, T.; Heppt, M.V.; Hermanns, H.M.; Goebeler, M.; Meierjohann, S.;
Houben, R.; Schrama, D. IFN-gamma-induced PD-L1 expression in melanoma depends on p53 expression. J.
Exp. Clin. Cancer Res. 2019, 38, 397. [CrossRef]

70. Fang, W.; Zhang, J.; Hong, S.; Zhan, J.; Chen, N.; Qin, T.; Tang, Y.; Zhang, Y.; Kang, S.; Zhou, T.; et al.
EBV-driven LMP1 and IFN-γ up-regulate PD-L1 in nasopharyngeal carcinoma: Implications for oncotargeted
therapy. Oncotarget 2014, 5, 12189–12202. [CrossRef]

71. Wang, L.W.; Jiang, S.; Gewurz, B.E. Epstein-Barr Virus LMP1-Mediated Oncogenicity. J. Virol. 2017, 91,
e01718-16. [CrossRef] [PubMed]

72. Ruddy, M.J.; Wong, G.C.; Liu, X.K.; Yamamoto, H.; Kasayama, S.; Kirkwood, K.L.; Gaffen, S.L. Functional
Cooperation between Interleukin-17 and Tumor Necrosis Factor-α Is Mediated by CCAAT/Enhancer-binding
Protein Family Members. J. Biol. Chem. 2004, 279, 2559–2567. [CrossRef] [PubMed]

73. Asgarova, A.; Asgarov, K.; Godet, Y.; Peixoto, P.; Nadaradjane, A.; Boyer-Guittaut, M.; Galaine, J.; Guenat, D.;
Mougey, V.; Perrard, J.; et al. PD-L1 expression is regulated by both DNA methylation and NF-kB during
EMT signaling in non-small cell lung carcinoma. OncoImmunology 2018, 7, e1423170. [CrossRef] [PubMed]

74. MaruYama, T. The nuclear IκB family of proteins controls gene regulation and immune homeostasis. Int.
Immunopharmacol. 2015, 28, 836–840. [CrossRef]

75. Thornburg, N.J.; Pathmanathan, R.; Raab-Traub, N. Activation of Nuclear Factor-κB p50 Homodimer/Bcl-3
Complexes in Nasopharyngeal Carcinoma. Cancer Res. 2003, 63, 8293–8301.

76. Puvvada, S.D.; Funkhouser, W.K.; Greene, K.; Deal, A.; Chu, H.; Baldwin, A.S.; Tepper, J.E.; O’Neil, B.H.
NF-kB and Bcl-3 Activation Are Prognostic in Metastatic Colorectal Cancer. Oncology 2010, 78, 181–188.
[CrossRef]

77. Maldonado, V.; Melendez-Zajgla, J. Role of Bcl-3 in solid tumors. Mol. Cancer 2011, 10, 152. [CrossRef]
78. Wakefield, A.; Soukupova, J.; Montagne, A.; Ranger, J.; French, R.; Muller, W.J.; Clarkson, R.W.E. Bcl3

Selectively Promotes Metastasis of ERBB2-Driven Mammary Tumors. Cancer Res. 2013, 73, 745–755.
[CrossRef]

79. Dimitrakopoulos, F.-I.D.; Antonacopoulou, A.G.; Kottorou, A.; Marousi, S.; Koukourikou, I.; Kalofonou, M.;
Panagopoulos, N.; Scopa, C.; Dougenis, D.; Papadaki, H.; et al. Variant of BCL3 gene is strongly associated
with five-year survival of non-small-cell lung cancer patients. Lung Cancer 2015, 89, 311–319. [CrossRef]

80. Urban, B.C.; Collard, T.J.; Eagle, C.J.; Southern, S.L.; Greenhough, A.; Hamdollah-Zadeh, M.; Ghosh, A.;
Poulsom, R.; Paraskeva, C.; Silver, A.; et al. BCL-3 expression promotes colorectal tumorigenesis through
activation of AKT signalling. Gut 2016, 65, 1151–1164. [CrossRef]

81. Zhao, H.; Wang, W.; Zhao, Q.; Hu, G.; Deng, K.; Liu, Y. BCL3 exerts an oncogenic function by regulating
STAT3 in human cervical cancer. OncoTargets 2016, 9, 6619–6629. [CrossRef] [PubMed]

82. Buerki, C.; Rothgiesser, K.M.; Valovka, T.; Owen, H.R.; Rehrauer, H.; Fey, M.; Lane, W.S.; Hottiger, M.O.
Functional relevance of novel p300-mediated lysine 314 and 315 acetylation of RelA/p65. Nucleic Acids Res.
2008, 36, 1665–1680. [CrossRef] [PubMed]

83. Rothgiesser, K.M.; Fey, M.; Hottiger, M.O. Acetylation of p65 at lysine 314 is important for late
NF-κB-dependent gene expression. BMC Genom. 2010, 11, 22. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jneuroim.2004.06.013
http://dx.doi.org/10.1002/jcb.21535
http://dx.doi.org/10.1038/icb.2012.9
http://dx.doi.org/10.1016/j.jdermsci.2005.06.008
http://dx.doi.org/10.1073/pnas.1802166115
http://dx.doi.org/10.1186/s13046-019-1403-9
http://dx.doi.org/10.18632/oncotarget.2608
http://dx.doi.org/10.1128/JVI.01718-16
http://www.ncbi.nlm.nih.gov/pubmed/28835489
http://dx.doi.org/10.1074/jbc.M308809200
http://www.ncbi.nlm.nih.gov/pubmed/14600152
http://dx.doi.org/10.1080/2162402X.2017.1423170
http://www.ncbi.nlm.nih.gov/pubmed/29721376
http://dx.doi.org/10.1016/j.intimp.2015.03.053
http://dx.doi.org/10.1159/000313697
http://dx.doi.org/10.1186/1476-4598-10-152
http://dx.doi.org/10.1158/0008-5472.CAN-12-1321
http://dx.doi.org/10.1016/j.lungcan.2015.06.006
http://dx.doi.org/10.1136/gutjnl-2014-308270
http://dx.doi.org/10.2147/OTT.S118184
http://www.ncbi.nlm.nih.gov/pubmed/27822067
http://dx.doi.org/10.1093/nar/gkn003
http://www.ncbi.nlm.nih.gov/pubmed/18263619
http://dx.doi.org/10.1186/1471-2164-11-22
http://www.ncbi.nlm.nih.gov/pubmed/20064247


Int. J. Mol. Sci. 2020, 21, 3949 17 of 20

84. Farahmand, L.; Merikhian, P.; Jalili, N.; Darvishi, B.; Majidzadeh, A.K. Significant Role of MUC1 in
Development of Resistance to Currently Existing Anti-cancer Therapeutic Agents. Curr. Cancer Drug Targets
2018, 18, 737–748. [CrossRef]

85. Ahmad, R.; Raina, D.; Joshi, M.D.; Kawano, T.; Ren, J.; Kharbanda, S.; Kufe, D. MUC1-C Oncoprotein
Functions as a Direct Activator of the Nuclear Factor-κB p65 Transcription Factor. Cancer Res. 2009, 69,
7013–7021. [CrossRef]

86. Ahmad, R.; Raina, D.; Trivedi, V.; Ren, J.; Rajabi, H.; Kharbanda, S.; Kufe, D. MUC1 oncoprotein activates
the IkappaB kinase beta complex and constitutive NF-kappaB signalling. Nat. Cell Biol. 2007, 9, 1419–1427.
[CrossRef]

87. Takahashi, H.; Jin, C.; Rajabi, H.; Pitroda, S.; Alam, M.; Ahmad, R.; Raina, D.; Hasegawa, M.; Suzuki, Y.;
Tagde, A.; et al. MUC1-C activates the TAK1 inflammatory pathway in colon cancer. Oncogene 2015, 34,
5187–5197. [CrossRef]

88. Wu, C.-T.; Chen, W.-C.; Chang, Y.-H.; Lin, W.-Y.; Chen, M.-F. The role of PD-L1 in the radiation response and
clinical outcome for bladder cancer. Sci. Rep. 2016, 6, 19740. [CrossRef]

89. Sato, H.; Niimi, A.; Yasuhara, T.; Permata, T.B.M.; Hagiwara, Y.; Isono, M.; Nuryadi, E.; Sekine, R.; Oike, T.;
Kakoti, S.; et al. DNA double-strand break repair pathway regulates PD-L1 expression in cancer cells. Nat.
Commun. 2017, 8, 1751. [CrossRef]

90. Permata, T.B.M.; Hagiwara, Y.; Sato, H.; Yasuhara, T.; Oike, T.; Gondhowiardjo, S.; Held, K.D.; Nakano, T.;
Shibata, A. Base excision repair regulates PD-L1 expression in cancer cells. Oncogene 2019, 38, 4452–4466.
[CrossRef]

91. Sun, L.L.; Yang, R.Y.; Li, C.W.; Chen, M.K.; Shao, B.; Hsu, J.M.; Chan, L.C.; Yang, Y.; Hsu, J.L.; Lai, Y.J.; et al.
Inhibition of ATR downregulates PD-L1 and sensitizes tumor cells to T cell-mediated killing. Am. J. Cancer
Res. 2018, 8, 1307–1316. [PubMed]

92. Vendetti, F.P.; Karukonda, P.; Clump, D.A.; Teo, T.; Lalonde, R.; Nugent, K.; Ballew, M.; Kiesel, B.F.;
Beumer, J.H.; Sarkar, S.N.; et al. ATR kinase inhibitor AZD6738 potentiates CD8+ T cell-dependent antitumor
activity following radiation. J. Clin. Investig. 2018, 128, 3926–3940. [CrossRef] [PubMed]

93. Azuma, K.; Ota, K.; Kawahara, A.; Hattori, S.; Iwama, E.; Harada, T.; Matsumoto, K.; Takayama, K.;
Takamori, S.; Kage, M.; et al. Association of PD-L1 overexpression with activating EGFR mutations in
surgically resected nonsmall-cell lung cancer. Ann. Oncol. 2014, 25, 1935–1940. [CrossRef] [PubMed]

94. Tang, Y.; Fang, W.; Zhang, Y.; Hong, S.; Kang, S.; Yan, Y.; Chen, N.; Zhan, J.; He, X.; Qin, T.; et al. The
association between PD-L1 and EGFR status and the prognostic value of PD-L1 in advanced non-small cell
lung cancer patients treated with EGFR-TKIs. Oncotarget 2015, 6. [CrossRef]

95. D’Incecco, A.; Andreozzi, M.; Ludovini, V.; Rossi, E.; Capodanno, A.; Landi, L.; Tibaldi, C.; Minuti, G.;
Salvini, J.; Coppi, E.; et al. PD-1 and PD-L1 expression in molecularly selected non-small-cell lung cancer
patients. Br. J. Cancer 2015, 112, 95–102. [CrossRef] [PubMed]

96. Dong, Z.-Y.; Zhang, J.-T.; Liu, S.-Y.; Su, J.; Zhang, C.; Xie, Z.; Zhou, Q.; Tu, H.-Y.; Xu, C.-R.; Yan, L.-X.;
et al. EGFR mutation correlates with uninflamed phenotype and weak immunogenicity, causing impaired
response to PD-1 blockade in non-small cell lung cancer. OncoImmunology 2017, 6, e1356145. [CrossRef]

97. Zhang, M.; Li, G.; Wang, Y.; Wang, Y.; Zhao, S.; Haihong, P.; Zhao, H.; Wang, Y. PD-L1 expression in lung
cancer and its correlation with driver mutations: A meta-analysis. Sci. Rep. 2017, 7, 10255. [CrossRef]

98. Takada, K.; Okamoto, T.; Shoji, F.; Shimokawa, M.; Akamine, T.; Takamori, S.; Katsura, M.; Suzuki, Y.;
Fujishita, T.; Toyokawa, G.; et al. Clinical Significance of PD-L1 Protein Expression in Surgically Resected
Primary Lung Adenocarcinoma. J. Thorac. Oncol. 2016, 11, 1879–1890. [CrossRef]

99. Jiang, K.; Sun, Y.; Wang, C.; Ji, J.; Li, Y.; Ye, Y.; Lv, L.; Guo, Y.; Guo, S.; Li, H.; et al. Genome-wide association
study identifies two new susceptibility loci for colorectal cancer at 5q23.3 and 17q12 in Han Chinese.
Oncotarget 2015, 6, 40327–40336. [CrossRef]

100. Yao, G.; Zhang, Q.; Doeppner, T.R.; Niu, F.; Li, Q.; Yang, Y.; Kuckelkorn, U.; Hagemann, N.; Li, W.;
Hermann, D.M.; et al. LDL suppresses angiogenesis through disruption of the HIF pathway via NF-κB
inhibition which is reversed by the proteasome inhibitor BSc2118. Oncotarget 2015, 6, 30251–30262. [CrossRef]

101. Mak, P.; Li, J.; Samanta, S.; Mercurio, A.M. ERβ regulation of NF-kB activation in prostate cancer is mediated
by HIF-1. Oncotarget 2015, 6, 40247–40254. [CrossRef] [PubMed]

http://dx.doi.org/10.2174/1568009617666170623113520
http://dx.doi.org/10.1158/0008-5472.CAN-09-0523
http://dx.doi.org/10.1038/ncb1661
http://dx.doi.org/10.1038/onc.2014.442
http://dx.doi.org/10.1038/srep19740
http://dx.doi.org/10.1038/s41467-017-01883-9
http://dx.doi.org/10.1038/s41388-019-0733-6
http://www.ncbi.nlm.nih.gov/pubmed/30094103
http://dx.doi.org/10.1172/JCI96519
http://www.ncbi.nlm.nih.gov/pubmed/29952768
http://dx.doi.org/10.1093/annonc/mdu242
http://www.ncbi.nlm.nih.gov/pubmed/25009014
http://dx.doi.org/10.18632/oncotarget.3694
http://dx.doi.org/10.1038/bjc.2014.555
http://www.ncbi.nlm.nih.gov/pubmed/25349974
http://dx.doi.org/10.1080/2162402X.2017.1356145
http://dx.doi.org/10.1038/s41598-017-10925-7
http://dx.doi.org/10.1016/j.jtho.2016.06.006
http://dx.doi.org/10.18632/oncotarget.5530
http://dx.doi.org/10.18632/oncotarget.4943
http://dx.doi.org/10.18632/oncotarget.5377
http://www.ncbi.nlm.nih.gov/pubmed/26450901


Int. J. Mol. Sci. 2020, 21, 3949 18 of 20

102. Walmsley, S.R.; Print, C.; Farahi, N.; Peyssonnaux, C.; Johnson, R.S.; Cramer, T.; Sobolewski, A.;
Condliffe, A.M.; Cowburn, A.S.; Johnson, N.; et al. Hypoxia-induced neutrophil survival is mediated
by HIF-1alpha-dependent NF-kappaB activity. J. Exp. Med. 2005, 201, 105–115. [CrossRef] [PubMed]

103. Lin, K.; Cheng, J.; Yang, T.; Li, Y.; Zhu, B. EGFR-TKI down-regulates PD-L1 in EGFR mutant NSCLC through
inhibiting NF-κB. Biochem. Biophys. Res. Commun. 2015, 463, 95–101. [CrossRef] [PubMed]

104. Li, C.W.; Lim, S.O.; Xia, W.; Lee, H.H.; Chan, L.C.; Kuo, C.W.; Khoo, K.H.; Chang, S.S.; Cha, J.H.; Kim, T.;
et al. Glycosylation and stabilization of programmed death ligand-1 suppresses T-cell activity. Nat. Commun.
2016, 7, 12632. [CrossRef]

105. Pan, Y.; Wang, S.; Su, B.; Zhou, F.; Zhang, R.; Xu, T.; Zhang, R.; Leventaki, V.; Drakos, E.; Liu, W.; et al.
Stat3 contributes to cancer progression by regulating Jab1/Csn5 expression. Oncogene 2017, 36, 1069–1079.
[CrossRef]

106. Liu, C.; Yao, Z.; Wang, J.; Zhang, W.; Yang, Y.; Zhang, Y.; Qu, X.; Zhu, Y.; Zou, J.; Peng, S.; et al.
Macrophage-derived CCL5 facilitates immune escape of colorectal cancer cells via the p65/STAT3-CSN5-PD-L1
pathway. Cell Death Differ. 2019. [CrossRef]

107. Lin, Y.; Bai, L.; Chen, W.; Xu, S. The NF-kappaB activation pathways, emerging molecular targets for cancer
prevention and therapy. Expert. Opin. Targets 2010, 14, 45–55. [CrossRef]

108. Shen, H.-M.; Tergaonkar, V. NFκB signaling in carcinogenesis and as a potential molecular target for cancer
therapy. Apoptosis 2009, 14, 348–363. [CrossRef]

109. Greten, F.R.; Arkan, M.C.; Bollrath, J.; Hsu, L.-C.; Goode, J.; Miething, C.; Göktuna, S.I.; Neuenhahn, M.;
Fierer, J.; Paxian, S.; et al. NF-κB Is a Negative Regulator of IL-1β Secretion as Revealed by Genetic and
Pharmacological Inhibition of IKKβ. Cell 2007, 130, 918–931. [CrossRef]

110. Gilmore, T.D.; Herscovitch, M. Inhibitors of NF-κB signaling: 785 and counting. Oncogene 2006, 25, 6887–6899.
[CrossRef]

111. Calzado, M.A.; Bacher, S.; Schmitz, M.L. NF-kappaB inhibitors for the treatment of inflammatory diseases
and cancer. Curr. Med. Chem. 2007, 14, 367–376. [CrossRef] [PubMed]

112. Akinleye, A.; Rasool, Z. Immune checkpoint inhibitors of PD-L1 as cancer therapeutics. J. Hematol. Oncol.
2019, 12, 92. [CrossRef] [PubMed]

113. Jiang, X.; Wang, J.; Deng, X.; Xiong, F.; Ge, J.; Xiang, B.; Wu, X.; Ma, J.; Zhou, M.; Li, X.; et al. Role of the tumor
microenvironment in PD-L1/PD-1-mediated tumor immune escape. Mol. Cancer 2019, 18, 10. [CrossRef]
[PubMed]

114. Kim, J.M.; Chen, D.S. Immune escape to PD-L1/PD-1 blockade: Seven steps to success (or failure). Ann.
Oncol. 2016, 27, 1492–1504. [CrossRef]

115. Zou, W.; Chen, L. Inhibitory B7-family molecules in the tumour microenvironment. Nat. Rev. Immunol. 2008,
8, 467–477. [CrossRef]

116. Nowicki, T.S.; Hu-Lieskovan, S.; Ribas, A. Mechanisms of Resistance to PD-1 and PD-L1 Blockade. Cancer J.
2018, 24, 47–53. [CrossRef]

117. Carlsson, J.; Sundqvist, P.; Kosuta, V.; Fält, A.; Giunchi, F.; Fiorentino, M.; Davidsson, S. PD-L1 Expression is
Associated With Poor Prognosis in Renal Cell Carcinoma. Appl. Immunohistochem. Mol. Morphol. 2020, 28,
213–220. [CrossRef]

118. Chang, Y.-L.; Yang, C.-Y.; Huang, Y.-L.; Wu, C.-T.; Yang, P.-C. High PD-L1 expression is associated with stage
IV disease and poorer overall survival in 186 cases of small cell lung cancers. Oncotarget 2017, 8, 18021–18030.
[CrossRef]

119. Jobin, C.; Bradham, C.A.; Russo, M.P.; Juma, B.; Narula, A.S.; Brenner, D.A.; Sartor, R.B. Curcumin Blocks
Cytokine-Mediated NF-κB Activation and Proinflammatory Gene Expression by Inhibiting Inhibitory Factor
I-κB Kinase Activity. J. Immunol. 1999, 163, 3474–3483.

120. Aggarwal, B.B.; Kumar, A.; Bharti, A.C. Anticancer potential of curcumin: Preclinical and clinical studies.
Anticancer Res. 2003, 23, 363–398.

121. Uhle, S.; Medalia, O.; Waldron, R.; Dumdey, R.; Henklein, P.; Bech-Otschir, D.; Huang, X.; Berse, M.;
Sperling, J.; Schade, R.; et al. Protein kinase CK2 and protein kinase D are associated with the COP9
signalosome. EMBO J. 2003, 22, 1302–1312. [CrossRef] [PubMed]

122. Xiao, Z.; Su, Z.; Han, S.; Huang, J.; Lin, L.; Shuai, X. Dual pH-sensitive nanodrug blocks PD-1 immune
checkpoint and uses T cells to deliver NF-kappaB inhibitor for antitumor immunotherapy. Sci. Adv. 2020, 6,
eaay7785. [CrossRef] [PubMed]

http://dx.doi.org/10.1084/jem.20040624
http://www.ncbi.nlm.nih.gov/pubmed/15630139
http://dx.doi.org/10.1016/j.bbrc.2015.05.030
http://www.ncbi.nlm.nih.gov/pubmed/25998384
http://dx.doi.org/10.1038/ncomms12632
http://dx.doi.org/10.1038/onc.2016.271
http://dx.doi.org/10.1038/s41418-019-0460-0
http://dx.doi.org/10.1517/14728220903431069
http://dx.doi.org/10.1007/s10495-009-0315-0
http://dx.doi.org/10.1016/j.cell.2007.07.009
http://dx.doi.org/10.1038/sj.onc.1209982
http://dx.doi.org/10.2174/092986707779941113
http://www.ncbi.nlm.nih.gov/pubmed/17305539
http://dx.doi.org/10.1186/s13045-019-0779-5
http://www.ncbi.nlm.nih.gov/pubmed/31488176
http://dx.doi.org/10.1186/s12943-018-0928-4
http://www.ncbi.nlm.nih.gov/pubmed/30646912
http://dx.doi.org/10.1093/annonc/mdw217
http://dx.doi.org/10.1038/nri2326
http://dx.doi.org/10.1097/PPO.0000000000000303
http://dx.doi.org/10.1097/PAI.0000000000000766
http://dx.doi.org/10.18632/oncotarget.14935
http://dx.doi.org/10.1093/emboj/cdg127
http://www.ncbi.nlm.nih.gov/pubmed/12628923
http://dx.doi.org/10.1126/sciadv.aay7785
http://www.ncbi.nlm.nih.gov/pubmed/32076650


Int. J. Mol. Sci. 2020, 21, 3949 19 of 20

123. Shishodia, S.; Koul, D.; Aggarwal, B.B. Cyclooxygenase (COX)-2 inhibitor celecoxib abrogates TNF-induced
NF-kappa B activation through inhibition of activation of I kappa B alpha kinase and Akt in human non-small
cell lung carcinoma: Correlation with suppression of COX-2 synthesis. J. Immun. 2004, 173, 2011–2022.
[CrossRef] [PubMed]

124. Topalian, S.L.; Hodi, F.S.; Brahmer, J.R.; Gettinger, S.N.; Smith, D.C.; McDermott, D.F.; Powderly, J.D.;
Carvajal, R.D.; Sosman, J.A.; Atkins, M.B.; et al. Safety, activity, and immune correlates of anti-PD-1 antibody
in cancer. N. Engl. J. Med. 2012, 366, 2443–2454. [CrossRef] [PubMed]

125. Ahn, M.-J.; Sun, J.-M.; Lee, S.-H.; Ahn, J.S.; Park, K. EGFR TKI combination with immunotherapy in non-small
cell lung cancer. Expert Opin. Drug Saf. 2017, 16, 465–469. [CrossRef] [PubMed]

126. Perez-Ruiz, E.; Minute, L.; Otano, I.; Alvarez, M.; Ochoa, M.C.; Belsue, V.; de Andrea, C.; Rodriguez-Ruiz, M.E.;
Perez-Gracia, J.L.; Marquez-Rodas, I.; et al. Prophylactic TNF blockade uncouples efficacy and toxicity in
dual CTLA-4 and PD-1 immunotherapy. Nature 2019, 569, 428–432. [CrossRef]

127. Berman, A.Y.; Motechin, R.A.; Wiesenfeld, M.Y.; Holz, M.K. The therapeutic potential of resveratrol: A review
of clinical trials. NPJ Precis. Oncol. 2017, 1, 1–9. [CrossRef]

128. Trung, L.Q.; An, D.T.T. Is Resveratrol a Cancer Immunomodulatory Molecule? Front. Pharmacol. 2018, 9.
[CrossRef]

129. Quoc Trung, L.; Espinoza, J.L.; Takami, A.; Nakao, S. Resveratrol induces cell cycle arrest and apoptosis in
malignant NK cells via JAK2/STAT3 pathway inhibition. PLoS ONE 2013, 8, e55183. [CrossRef]

130. Trung, L.Q.; Espinoza, J.L.; An, D.T.; Viet, N.H.; Shimoda, K.; Nakao, S. Resveratrol selectively induces
apoptosis in malignant cells with the JAK2V617F mutation by inhibiting the JAK2 pathway. Mol. Nutr. Food
Res. 2015, 59, 2143–2154. [CrossRef]

131. Wang, W.; Tam, W.F.; Hughes, C.C.W.; Rath, S.; Sen, R. c-Rel Is a Target of Pentoxifylline-Mediated Inhibition
of T Lymphocyte Activation. Immunity 1997, 6, 165–174. [CrossRef]

132. Rotte, A. Combination of CTLA-4 and PD-1 blockers for treatment of cancer. J. Exp. Clin. Cancer Res. 2019,
38, 255. [CrossRef] [PubMed]

133. Wei, S.C.; Anang, N.-A.A.S.; Sharma, R.; Andrews, M.C.; Reuben, A.; Levine, J.H.; Cogdill, A.P.; Mancuso, J.J.;
Wargo, J.A.; Pe’er, D.; et al. Combination anti–CTLA-4 plus anti–PD-1 checkpoint blockade utilizes cellular
mechanisms partially distinct from monotherapies. Proc. Natl. Acad. Sci. USA 2019, 116, 22699–22709.
[CrossRef] [PubMed]

134. Larkin, J.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, J.J.; Rutkowski, P.; Lao, C.D.; Cowey, C.L.; Schadendorf, D.;
Wagstaff, J.; Dummer, R.; et al. Five-Year Survival with Combined Nivolumab and Ipilimumab in Advanced
Melanoma. N. Engl. J. Med. 2019, 381, 1535–1546. [CrossRef]

135. Spain, L.; Diem, S.; Larkin, J. Management of toxicities of immune checkpoint inhibitors. Cancer Treat. Rev.
2016, 44, 51–60. [CrossRef]

136. Bertrand, F.; Montfort, A.; Marcheteau, E.; Imbert, C.; Gilhodes, J.; Filleron, T.; Rochaix, P.; Andrieu-Abadie, N.;
Levade, T.; Meyer, N.; et al. TNFα blockade overcomes resistance to anti-PD-1 in experimental melanoma.
Nat. Commun. 2017, 8, 2256. [CrossRef]

137. Postow, M.A.; Hellmann, M.D. Adverse Events Associated with Immune Checkpoint Blockade. N. Engl. J.
Med. 2018, 378, 1165. [CrossRef]

138. Wei, Y.; Zhao, Q.; Gao, Z.; Lao, X.-M.; Lin, W.-M.; Chen, D.-P.; Mu, M.; Huang, C.-X.; Liu, Z.-Y.; Li, B.; et al.
The local immune landscape determines tumor PD-L1 heterogeneity and sensitivity to therapy. J. Clin.
Investig. 2019, 129, 3347–3360. [CrossRef]

139. Mir, H.; Kapur, N.; Singh, R.; Sonpavde, G.; Lillard, J.W.; Singh, S. Andrographolide inhibits prostate cancer
by targeting cell cycle regulators, CXCR3 and CXCR7 chemokine receptors. Cell Cycle 2016, 15, 819–826.
[CrossRef]

140. Peng, Y.; Wang, Y.; Tang, N.; Sun, D.; Lan, Y.; Yu, Z.; Zhao, X.; Feng, L.; Zhang, B.; Jin, L.; et al. Andrographolide
inhibits breast cancer through suppressing COX-2 expression and angiogenesis via inactivation of p300
signaling and VEGF pathway. J. Exp. Clin. Cancer Res. 2018, 37, 248. [CrossRef]

141. Li, J.; Hao, Q.; Cao, W.; Vadgama, J.V.; Wu, Y. Celecoxib in breast cancer prevention and therapy. Cancer
Manag. Res. 2018, 10, 4653–4667. [CrossRef] [PubMed]

142. Zuo, C.; Hong, Y.; Qiu, X.; Yang, D.; Liu, N.; Sheng, X.; Zhou, K.; Tang, B.; Xiong, S.; Ma, M.; et al. Celecoxib
suppresses proliferation and metastasis of pancreatic cancer cells by down-regulating STAT3 / NF-kB and
L1CAM activities. Pancreatology 2018, 18, 328–333. [CrossRef] [PubMed]

http://dx.doi.org/10.4049/jimmunol.173.3.2011
http://www.ncbi.nlm.nih.gov/pubmed/15265936
http://dx.doi.org/10.1056/NEJMoa1200690
http://www.ncbi.nlm.nih.gov/pubmed/22658127
http://dx.doi.org/10.1080/14740338.2017.1300656
http://www.ncbi.nlm.nih.gov/pubmed/28271729
http://dx.doi.org/10.1038/s41586-019-1162-y
http://dx.doi.org/10.1038/s41698-017-0038-6
http://dx.doi.org/10.3389/fphar.2018.01255
http://dx.doi.org/10.1371/journal.pone.0055183
http://dx.doi.org/10.1002/mnfr.201500166
http://dx.doi.org/10.1016/S1074-7613(00)80423-9
http://dx.doi.org/10.1186/s13046-019-1259-z
http://www.ncbi.nlm.nih.gov/pubmed/31196207
http://dx.doi.org/10.1073/pnas.1821218116
http://www.ncbi.nlm.nih.gov/pubmed/31636208
http://dx.doi.org/10.1056/NEJMoa1910836
http://dx.doi.org/10.1016/j.ctrv.2016.02.001
http://dx.doi.org/10.1038/s41467-017-02358-7
http://dx.doi.org/10.1056/NEJMra1703481
http://dx.doi.org/10.1172/JCI127726
http://dx.doi.org/10.1080/15384101.2016.1148836
http://dx.doi.org/10.1186/s13046-018-0926-9
http://dx.doi.org/10.2147/CMAR.S178567
http://www.ncbi.nlm.nih.gov/pubmed/30464589
http://dx.doi.org/10.1016/j.pan.2018.02.006
http://www.ncbi.nlm.nih.gov/pubmed/29525378


Int. J. Mol. Sci. 2020, 21, 3949 20 of 20

143. Li, Y.; Fang, M.; Zhang, J.; Wang, J.; Song, Y.; Shi, J.; Li, W.; Wu, G.; Ren, J.; Wang, Z.; et al. Hydrogel dual
delivered celecoxib and anti-PD-1 synergistically improve antitumor immunity. Oncoimmunology 2015, 5,
e1074374. [CrossRef] [PubMed]

144. Zelenay, S.; van der Veen, A.G.; Böttcher, J.P.; Snelgrove, K.J.; Rogers, N.; Acton, S.E.; Chakravarty, P.;
Girotti, M.R.; Marais, R.; Quezada, S.A.; et al. Cyclooxygenase-Dependent Tumor Growth through Evasion
of Immunity. Cell 2015, 162, 1257–1270. [CrossRef] [PubMed]

145. Yu, H.A.; Arcila, M.E.; Rekhtman, N.; Sima, C.S.; Zakowski, M.F.; Pao, W.; Kris, M.G.; Miller, V.A.; Ladanyi, M.;
Riely, G.J. Analysis of Tumor Specimens at the Time of Acquired Resistance to EGFR-TKI Therapy in 155
Patients with EGFR-Mutant Lung Cancers. Clin. Cancer Res. 2013, 19, 2240–2247. [CrossRef]

146. Jänne, P.A.; Yang, J.C.; Kim, D.W.; Planchard, D.; Ohe, Y.; Ramalingam, S.S.; Ahn, M.J.; Kim, S.W.; Su, W.C.;
Horn, L.; et al. AZD9291 in EGFR inhibitor-resistant non-small-cell lung cancer. N. Engl. J. Med. 2015, 372,
1689–1699. [CrossRef] [PubMed]

147. Thress, K.S.; Paweletz, C.P.; Felip, E.; Cho, B.C.; Stetson, D.; Dougherty, B.; Lai, Z.; Markovets, A.; Vivancos, A.;
Kuang, Y.; et al. Acquired EGFR C797S mutation mediates resistance to AZD9291 in non-small cell lung
cancer harboring EGFR T790M. Nat. Med. 2015, 21, 560–562. [CrossRef]

148. Akbay, E.A.; Koyama, S.; Carretero, J.; Altabef, A.; Tchaicha, J.H.; Christensen, C.L.; Mikse, O.R.;
Cherniack, A.D.; Beauchamp, E.M.; Pugh, T.J.; et al. Activation of the PD-1 pathway contributes to
immune escape in EGFR-driven lung tumors. Cancer Discov. 2013, 3, 1355–1363. [CrossRef]

149. Chen, N.; Fang, W.; Zhan, J.; Hong, S.; Tang, Y.; Kang, S.; Zhang, Y.; He, X.; Zhou, T.; Qin, T.; et al. Upregulation
of PD-L1 by EGFR Activation Mediates the Immune Escape in EGFR-Driven NSCLC: Implication for Optional
Immune Targeted Therapy for NSCLC Patients with EGFR Mutation. J. Thorac. Oncol. 2015, 10, 910–923.
[CrossRef]

150. Gettinger, S.; Rizvi, N.; Chow, L.Q.; Borghaei, H.; Brahmer, J.R.; Juergens, R.; Shepherd, F.A.; Laurie, S.A.;
Gerber, D.E.; Goldman, J.; et al. Nivolumab (Anti-Pd-1; Bms-936558, Ono-4538) in Combination with
Platinum-Based Doublet Chemotherapy (Pt-Dc) or Erlotinib (Erl) in Advanced Non-Small Cell Lung Cancer
(Nsclc). Ann. Oncol. 2014, 25, iv363. [CrossRef]

151. Ahn, M.J.; Yang, J.; Yu, H.; Saka, H.; Ramalingam, S.; Goto, K.; Kim, S.W.; Yang, L.; Walding, A.; Oxnard, G.R.
136O: Osimertinib combined with durvalumab in EGFR-mutant non-small cell lung cancer: Results from the
TATTON phase Ib trial. J. Thorac. Oncol. 2016, 11, S115. [CrossRef]

152. Kim, S.J.; Asfaha, S.; Dick, F.A. CDK4 Inhibitors Thwart Immunity by Inhibiting Phospho-RB-NF-κB
Complexes. Mol. Cell 2019, 73, 1–2. [CrossRef] [PubMed]

153. Goel, S.; DeCristo, M.J.; Watt, A.C.; BrinJones, H.; Sceneay, J.; Li, B.B.; Khan, N.; Ubellacker, J.M.; Xie, S.;
Metzger-Filho, O.; et al. CDK4/6 inhibition triggers anti-tumour immunity. Nature 2017, 548, 471–475.
[CrossRef] [PubMed]

154. Zhang, J.; Bu, X.; Wang, H.; Zhu, Y.; Geng, Y.; Nihira, N.T.; Tan, Y.; Ci, Y.; Wu, F.; Dai, X.; et al. Cyclin D–CDK4
kinase destabilizes PD-L1 via cullin 3–SPOP to control cancer immune surveillance. Nature 2018, 553, 91–95.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1080/2162402X.2015.1074374
http://www.ncbi.nlm.nih.gov/pubmed/27057439
http://dx.doi.org/10.1016/j.cell.2015.08.015
http://www.ncbi.nlm.nih.gov/pubmed/26343581
http://dx.doi.org/10.1158/1078-0432.CCR-12-2246
http://dx.doi.org/10.1056/NEJMoa1411817
http://www.ncbi.nlm.nih.gov/pubmed/25923549
http://dx.doi.org/10.1038/nm.3854
http://dx.doi.org/10.1158/2159-8290.CD-13-0310
http://dx.doi.org/10.1097/JTO.0000000000000500
http://dx.doi.org/10.1093/annonc/mdu342.7
http://dx.doi.org/10.1016/S1556-0864(16)30246-5
http://dx.doi.org/10.1016/j.molcel.2018.12.012
http://www.ncbi.nlm.nih.gov/pubmed/30609388
http://dx.doi.org/10.1038/nature23465
http://www.ncbi.nlm.nih.gov/pubmed/28813415
http://dx.doi.org/10.1038/nature25015
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	NF-κB and its role in checkpoint control
	Annika C. Betzler, Marie-Nicole Theodoraki, Patrick J. Schuler, Johannes Döscher, Simon Laban, Thomas K. Hoffmann, Cornelia Brunner
	Nutzungsbedingungen / Terms of use:
	CC BY 4.0  

	Introduction 
	NF-B and Tumor Immune Checkpoint Expression 
	Transcriptional Regulation of PD-L1 Expression by NF-B 
	Regulation of PD-L1 Expression by Activation of NF-B upon Toll-Like Receptor- or Cytokine Receptor-Mediated Signaling 
	Control of PD-L1 Expression by NF-B and Oncogene- or Tumor Suppressor Mediated Transcriptional Regulation 
	Regulation of PD-L1 Expression by NF-B and Epidermal Growth Factor Receptor Signaling 

	Posttranslational Regulation of PD-L1 Expression by NF-B 

	NF-B as Therapeutic Target in Cancer 
	Natural Compounds 
	Pentoxifylline 
	TNF Inhibitors 
	Cyclooxygenase 2 Inhibitors 
	EGFR-Tyrosine Kinase Inhibitors 
	CDK4/6 Inhibitors 

	Conclusions and Outlook 
	References

