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Abstract: Innovations in cancer immunotherapy have resulted in the development of several novel
immunotherapeutic strategies that can disrupt immunosuppression. One key advancement lies in
immune checkpoint inhibitors (ICIs), which have shown significant clinical efficacy and increased
survival rates in patients with various therapy-resistant cancers. This immune intervention consists
of monoclonal antibodies directed against inhibitory receptors (e.g., PD-1) on cytotoxic CD8 T cells
or against corresponding ligands (e.g., PD-L1/PD-L2) overexpressed on cancer cells and other cells
in the tumor microenvironment (TME). However, not all cancer cells respond—there are still poor
clinical responses, immune-related adverse effects, adaptive resistance, and vulnerability to ICIs in a
subset of patients with cancer. This challenge showcases the heterogeneity of cancer, emphasizing the
existence of additional immunoregulatory mechanisms in many patients. Therefore, it is essential
to investigate PD-L1’s interaction with other oncogenic genes and pathways to further advance
targeted therapies and address resistance mechanisms. Accordingly, our aim was to investigate the
mechanisms governing PD-L1 expression in tumor cells, given its correlation with immune evasion,
to uncover novel mechanisms for decreasing PD-L1 expression and restoring anti-tumor immune
responses. Numerous studies have demonstrated that the upregulation of Raf Kinase Inhibitor
Protein (RKIP) in many cancers contributes to the suppression of key hyperactive pathways observed
in malignant cells, alongside its broadening involvement in immune responses and the modulation
of the TME. We, therefore, hypothesized that the role of PD-L1 in cancer immune surveillance may
be inversely correlated with the low expression level of the tumor suppressor Raf Kinase Inhibitor
Protein (RKIP) expression in cancer cells. This hypothesis was investigated and we found several
signaling cross-talk pathways between the regulations of both RKIP and PD-L1 expressions. These
pathways and regulatory factors include the MAPK and JAK/STAT pathways, GSK3β, cytokines
IFN-γ and IL-1β, Sox2, and transcription factors YY1 and NFκB. The pathways that upregulated
PD-L1 were inhibitory for RKIP expression and vice versa. Bioinformatic analyses in various human
cancers demonstrated the inverse relationship between PD-L1 and RKIP expressions and their
prognostic roles. Therefore, we suspect that the direct upregulation of RKIP and/or the use of
targeted RKIP inducers in combination with ICIs could result in a more targeted anti-tumor immune
response—addressing the therapeutic challenges related to PD-1/PD-L1 monotherapy alone.

Keywords: immune evasion; cancer; RKIP; PD-L1; cross-talk; targeted therapy

1. Introduction

The immune system contributes significantly to safeguarding the body against infec-
tions, foreign antigens and grafts, and cancer through various mechanisms. Integral to this
system, for cancer, are the innate and adaptive immune responses. The innate cell-mediated
response activates non-specific immune responses in the presence of foreign antigens and
occurs independently of specific recognition [1,2]. This system hosts primarily a population
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of natural killer (NK) cells, Gamma delta (γδ) T cells, and dendritic cells and macrophages
that can affect tumor cells’ viability. They can also process cancer cell antigens and present
these antigens on major histocompatibility complexes’ classes I and II (MHC I; MHCII)
molecules to both T and B cells [1,3,4]. In contrast, the adaptive immune response can uti-
lize both B cells and T cells to induce a specific antibody response and a cytotoxic immune
response, respectively [5]. Despite these above defenses, cancer cells can still circumvent
the immune response by various mechanisms, such as downregulating MHC I molecules
to silence antigen presentation [5], or recruiting M2-like tumor-associated macrophages
(TAMS) to promote tumorigenesis [6]. Furthermore, cancer cells can acquire a resistant
phenotype or create an immunosuppressive TME that decreases the anti-tumor efficacy of
T cells, which can lead to primary drug resistance and decreased immune surveillance [4,7].
The TME is complex and harbors many immune suppressive cells such as regulatory
T cells (Tregs), TAMs, myeloid-derived suppressor cells (MDSCs), etc., that inhibit the CD8+
T cells anti-tumor cytotoxicity and cytokine production [8,9]. Moreover, interactions be-
tween tumor cells and the TME can induce the upregulation of checkpoint receptors
(e.g., PD-1, LAG3, TIM3, etc.) and their corresponding ligands [10]. This can lead to the
inactivation and exhaustion of CD8+ T cells, resulting in immune evasion [10,11].

Thus, over the past decades, many cancer immunotherapies have made significant
advances under clinical applications. Examples include the chimeric antigen receptor
(CAR) T cell therapy that has been successfully FDA approved for CD19 lymphomas [12]
and BCMA in multiple myelomas [13]. In addition, genetically engineered T cells known
as tumor-infiltrating lymphocytes (TIL ACT) can cause tumor regression in several types
of cancers including melanoma, cervical squamous cell carcinoma, and cholangiocarci-
noma through the incorporation of tumor-recognizing receptors [14,15]. However, a more
widely used immunotherapy is immune checkpoint inhibitors (ICIs), which are mono-
clonal antibodies that can block interactions between immune checkpoint proteins and
prevent cancer cells from evading immune surveillance [1]. ICIs can target checkpoint
receptors using various antibodies capable of recognizing them on both naïve and cy-
totoxic T cells, as well as against their corresponding ligands [16]. Immune checkpoint
receptors are crucial regulators of the anti-cancer immune response and consist of a range
of co-inhibitory receptors and their corresponding ligands. Specifically, the discovery of
singular receptors was reported, namely, cytotoxic T lymphocyte antigen 4 (CTLA-4) [17]
and the subsequent breakthroughs with the programed cell death 1 (PD-1) receptor (CD279)
and its ligands PD-L1 (CD274) and PD-L2 (CD273) [18,19]. PD-1 is a cell surface receptor
primarily found on tumor-infiltrating cells, regulating T cells and preventing them from
attacking healthy cells [20]. PD-L1 is a type I transmembrane protein mainly expressed on
antigen-presenting cells and tumor cells, serving as the ligand for PD-1 and activating this
coreceptor. When the PD-1/PD-L1 axis is activated, it serves to protect against excessive
immune responses and autoimmune reactions [21]. However, tumor cells have the capacity
to exploit this mechanism, transmitting signals that upregulate PD-1 on the CD8 T cells,
effectively blocking T cell effector functions and permitting immune evasion [5,10,22].

Raf Kinase Inhibitor Protein (RKIP) belongs to the phosphatidylethanolamine-binding
protein (PEBP) family. RKIP is a dynamic cytosolic protein widely expressed in many
normal human tissues (brain, testis, epididymis, liver, kidney, etc.) [23]. It has important
roles in various physiological processes, including cardiac and neurological outputs, sper-
matogenesis, and membrane biosynthesis [24]. Importantly, RKIP was first reported by
Yeung et al., as the first protein that inhibits the Raf/Mek pathway [25]. Since then, RKIP
has been reported to be involved in the regulation of many signaling pathways that govern
cellular growth, division, migration, and apoptosis [26,27]. As a result, RKIP plays a pivotal
role in the pathogenesis and development of many types of cancers, being characterized as
a tumor suppressor, an immune modulator [28], a cancer biomarker [29], and a crucial ther-
apeutic target [23]. This growing understanding of RKIP’s molecular roles is instrumental
in the development of targeted immunotherapies, offering potential avenues to improve
the body’s natural defenses against cancer.
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The objective and scope of this review are to examine the various cross-talks between
RKIP and PD-L1, focusing on how their expressions correlate in cancer. Investigations into
such cross-talks offer new insights into the potential development of future immunothera-
peutic interventions that target the potential RKIP-PD-L1 axis to combat cancer’s immune
evasion strategies. Below, we present the role of the PD-L1 pathway in cancer immune eva-
sion, the role of RKIP in anti-tumor immune activation, the signaling cross-talks between
RKIP and PD-L1 expressions, and targeted therapeutic strategies to avoid immune evasion.

1.1. The PD-L1/PD-1 Pathway in Immune Evasion

The interaction between PD-L1 and PD-1 on anti-tumor CD8 T cells results in a signal-
ing process that leads to reduced T cell function and T cell exhaustion as well as reduction
in the synthesis of inflammatory cytokines [30]. PD-1 is unique from the CD28 superfam-
ily, although it was initially considered a member of that family due to some structural
similarities. While CD28, CTLA-4, and ICOS have Src homology (SH2)-binding motifs
and SH3-binding motifs in their cytoplasmic tails, PD-1 lacks these motifs [31]. Instead,
the intracellular domain of PD-1 contains distinct phosphorylation sites at its N-terminal
and C-terminal amino acid residues, specifically in the immunoreceptor tyrosine-based
inhibitory motif (ITIM) and the immunoreceptor tyrosine-based switch motif (ITSM), re-
spectively [32]. These motifs are highly conserved amino acid sequences that can recruit Src
homology domains 1 and/or 2 containing phosphatases (SHP1 and SHP2) that can inhibit
cellular activation [33]. Additionally, PD-1 exists as a monomer, while CD28, ICOS, and
CTLA4 exist as dimers. These differences set PD-1 apart from the CD28 superfamily, with
potential implications for its distinct regulatory functions. When PD-1 on T cells interacts
with PD-L1 on tumor cells, it undergoes phosphorylation at specific tyrosine residues
within its intracellular domain that activates a signaling cascade. Upon binding with PD-
L1, the ITSM tyrosine residue (Y248) is phosphorylated, resulting in the recruitment and
binding of SHP2 [18,34]. Patsoukis et al. identified a mechanism whereby SHP2 can bridge
phosphorylated ITSM-Y248 residues via its N-SH2 and C-SH2 domains, to form a PD-1
dimer in live cells. Interactions between SHP2 and ITSM-Y248 can dephosphorylate key
signaling kinases and counteract positive signals (CD-3ζ and ZAP70) that occur through
the activation of the T cell receptor (TCR) and CD28 receptors, leading to the suppression
of T cell functions and the development of T cell exhaustion [18,35,36]. Furthermore, this
process results in the downstream inhibition of various pathways, including the phos-
phoinositide 3-kinase/protein kinase (PI3K/AKT) and Ras/MEK/ERK/MAPK pathways,
which are key regulators of T cell metabolism [35,37,38]. Specifically, within the PI3K/AKT
pathway, PD-1 has the capability to inhibit casein kinase 2 (CK2) and downregulate the
phosphatase and tensin homolog (PTEN), while increasing phosphatase activity [31]. This
downregulation of PTEN is associated with the unchecked cell growth and division often
observed in cancer development [39]. Over time, the signaling pathway of PD-1/PD-L1
ultimately results in the reduced activation of transcription factors (TFs) such as activator
protein 1 (AP1), nuclear factor of activated T cells (NFAT), and nuclear factor kappa B
(NF-κB) (Figure 1). These also counteract with favorable signals that promote T cell activa-
tion, proliferation, effector functions, and survival [40]. In the past years, Tang et al. [30],
and Wang et al. [41], reported that PD-L1 is upregulated by cytokines such as interferon-γ
(IFNγ), tumor necrosis factor alpha (TNFα), and interleukin-6 (IL-6) on APCs in the TME
and lymph nodes to inhibit T cell activation. PD-L1 upregulation can also be enhanced by
reducing microRNA expressions in tumor cells such as miR-200, miR-34a, miR-152, and
miR-424 [42,43]. As a result, through many mechanisms and transcriptional control, cancer
cells can upregulate PD-L1/PD-L2, enhancing their ability to suppress T cells and hinder
the host’s immune responses.
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Figure 1. A pathway depicting the activation of the PD-1 pathway via PD-L1. Activation via PD-L1
will phosphorylate the ITSM region, triggering the recruitment of SHP2. The interactions with SHP2
and ITSM lead to the inhibition of positive signals (CD-3ζ and ZAP70) that occur through the T cell
receptor (TCR). These inhibitory signals will lead to the suppression of the Ras/MEK/ERK/MAPK
and the PI3K/AKT pathways. Eventually, the inhibition of those pathways will lead to the down-
stream suppression of transcription factors AP-1, NFAT, and NF-κB in the nucleus. These will affect T
cell activation and survival, effector function, and cellular proliferation.

1.2. PD-L1 and Inactivation of CD8+ T Cells

The first indication of the PD-L1/PD-1 pathway’s involvement in immune evasion
dates back to 2002, when researchers found that the overexpression of PD-L1 could diminish
the cytolytic activity of T cells, thus promoting tumorigenesis and immune evasion [44].
These discoveries prompted further investigations into PD-L1/PD-1 in the inactivation
and exhaustion of CD8+ T cells [11]. CD8+ T cells play a vital role in controlling the
growth of tumors and responding to chronic viral infections [45]. However, in cancer, CD8+
T cells can become exhausted and they progressively lose their ability to carry out their
effector functions, resulting in cell apoptosis and dysfunction [11,46]. A key feature of these
exhausted T cells is the elevated and prolonged expression of PD-1. According to Liu et al.,
this elevated expression is stimulated by tumor-repopulating cells (TRCs) in CD8+ T cells
through a transcellular pathway involving kynurenine (Kyn) and the aryl hydrocarbon
receptor (AhR) [47]. CD8+ T cells, via the production of IFNγ, stimulate the release of
substantial amounts of Kyn from TRCs. This Kyn is then transferred into neighboring CD8+
T cells using transporters SLC7A8 and PAT4. Kyn activates AhR, leading to the upregulation
of PD-1 expression. This Kyn-AhR pathway has been validated in both tumor-bearing mice
and patients with cancer, and blocking this pathway enhances the effectiveness of adoptive
T cell therapy against tumors [47]. Additionally, it is known that PD-1 is also expressed
during the naïve-to-effector CD8 T cell transition, not only on exhausted T cells [48,49].
However, Ahn et al. discovered that PD-1 was rapidly upregulated by TCR signaling upon
T cell activation even before cell division. Importantly, when they blocked PD-1/PD-L1
interaction during the early phase, it significantly enhanced CD8 T cell effector function
and viral clearance. These further demonstrated that PD-1 expression on early activated T
cells has an inhibitory role in T cell immunity.
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1.3. Clinical Implications of the PD-1/PD-L1 Axis

The mechanisms and signal transduction pathways mentioned above demonstrate
how PD-L1 expression on tumor cells and binding with PD-1 on CD8 T cells play a sig-
nificant role in immune evasion and tumor progression. In the context of cancer, the
PD-L1/PD-1 axis becomes crucial. Developments of ICIs blocking PD-1 and PD-L1 in-
teractions can restore the functional abilities of CD8+ T cells in the TME, resulting in
improved control of viral replication and tumor growth. Therapeutic antibodies target-
ing PD-L1 include atezolizumab, avelumab, and durvalumab [50]. For PD-1, antibodies
such as nivolumab, pembrolizumab, and cemiplimab have been developed, showing
promising outcomes in clinical trials for various cancer types [50,51]. This approach helps
restore the balance in anti-tumor immune responses and has achieved response rates rang-
ing from 10% to 40% in clinical settings [16]. Currently, atezolizumab, nivolumab, and
pembrolizumab have received approval from the FDA for treating multiple cancer types,
including melanoma, small cell lung cancer (SCLC), non-small cell lung cancer (NSCLC),
renal cell carcinoma (RCC), head and neck squamous cell carcinomas (HNSCCs), classical
Hodgkin lymphomas (cHLs), and Merkel cell carcinoma [52].

2. RKIP Properties and Immune Activation

RKIP was first isolated from a bovine brain, and termed phosphatidylethanolamine-
binding protein 1 (PEBP1) due to its interaction with phosphatidylethanolamine (PE) [53].
More than a decade later, Yeung et al. discovered a breakthrough in the function of the
protein, revealing its ability to inhibit Raf-1 in the mitogen-activated protein kinase (MAPK)
pathway, earning its RKIP name [25]. Since then, researchers have elucidated RKIP’s role in
many signaling cascades beyond MAPK [54–57], along with a growing number of studies
examining the loss of RKIP expression in many types of cancer [29,55,58].

Structurally, RKIP is a small cytosolic protein (23 kDa), with a highly conserved
binding pocket [59]. The pocket comprises 16 amino acid residues and can host various
nucleotides such as non-lipid organic compounds and phospholipids [56,60]. Through
this flexible pocket, RKIP/Raf-1 interaction can exist in discrete states that allosterically
regulate functional switching to trigger specific signaling cascades [61]. This allows for
RKIP to switch protein partners, as well as change its function. For example, it has been
established that phosphorylation at the Ser153 residue by PKC transforms RKIP from
a state that binds to Raf (RKIPRaf) to one that binds to G Protein-Coupled Receptor
Kinase 2 (GRK2) termed RKIPGRK2 [62]. These two states are modulated through a novel
phosphorylation-induced salt bridge theft. In its unphosphorylated form, RKIP possesses
a lysine at position 157, engaging in a salt bridge with negatively charged amino acids
(D134 and E135) on an adjacent region of the protein. Upon phosphorylation at S153,
a strong negative charge is induced and enables the nearby serine to compete with the
negatively charged residues in the neighboring salt bridge. This competition results in
the phosphorylated serine ‘stealing’ the positively charged lysine and forming a new salt
bridge [57,63]. This newly established salt bridge induces the functional alteration in
RKIP as previously described. Additionally, researchers reaffirm the existence of a third
state, termed RKIPKin, that interacts with kinases responsible for phosphorylating RKIP
based on experiments involving the RKIP loop mutant P74L [59,61]. Thus, these multiple
discrete states of RKIP provide the molecular basis for its multifunctional role in regulating
oncogenesis and function as a tumor suppressor.

2.1. RKIP Signaling Pathways

RKIP was the first identified endogenous inhibitor of the Raf-1-MEK-ERK pathway,
a major hyperactive pathway in cancer. It achieved this by employing two mechanisms:
(1) binding to the N-region of the Raf-1 kinase domain, thereby inhibiting Ser338 and
Tyr340/341 phosphorylation and preventing Raf-1 activation, and (2) dissociating the
Raf-1/MEK complex, through competitive inhibition with MEK phosphorylation [64,65].
MAPK signaling plays a significant role in regulating cell proliferation, differentiation, and
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survival [66]. Thereby, its heightened activation in cancer cells is linked to the initiation of
metastasis and resistance to therapeutic interventions [67].

In contrast to the unphosphorylated RKIP form, upregulated phosphorylated RKIP
(pRIKP) functions by competitively inhibiting survival signals and apoptosis in cancer
cells [68,69]. Following phosphorylation at Ser153, RKIP dissociates from Raf-1 and forms
a complex with GRK2, an inhibitor of G protein-coupled receptors (GPCRs) [62,70]. This is
carried out indirectly by disrupting upstream activators of Raf-1. Due to the release of Raf-1
from RKIP inhibition, the interaction between phosphorylated RKIP and GRK2 not only
augments GPCR activation but also contributes to the hyperactivation of the MAPK path-
way [28]. Hence, certain cancer types like colon and gastric cancers and multiple myeloma
overexpress pSer153 RKIP, correlating with an unfavorable prognosis [71–73]. However, it
has been shown that pRKIP can also activate PKA signaling, leading to its emerging role in
preventing cardiac failure through the upregulation of β-adrenoceptor/PKA signaling [57].

Another major pathway mediated by RKIP is inhibiting the signaling of the NF–
κB pathway through interactions with various upstream kinases including transforming
growth factor β-activated kinase 1 (TAK-1), NF-κB-inducing kinase (NIK), and the IκB
kinase alpha and beta (IKKα and IKKβ), resulting in the elimination of the IkappaB α (IκBα)
phosphorylation and degradation, preventing NF-κB translocation to the nucleus [74].
Through the inhibition of NF–κB, RKIP hinders antiapoptotic genes and facilitates the de-
repression of proapoptotic genes through the NF-kB/Snail/Yin Yang 1 (YY1)/RKIP/PTEN
dysregulated loop [54,75]. This favors the promotion of cell death and malignant cells’
sensitization to apoptosis by various chemotherapeutic and immunotherapeutic drugs [76].
The inhibition of this pathway also leads to downstream suppression of gene products in
the epithelial–mesenchymal transition (EMT), tumor invasion, and cell metastasis [77,78].

RKIP also has activities with other key hallmarks of cancer, such as the inhibition
of the signal transducer and activator of transcription 3, STAT3. It can carry out this by
blocking upstream kinases such as Janus kinases 1 and 2 (JAK1, JAK2) and inhibiting phos-
phorylation. JAK1 and JAK2 phosphorylate STAT3 at Tyr705, resulting in the translocation
of activated STAT3 dimers to the nucleus. The constitutive activation of STAT3 is linked
to tumor invasion, angiogenesis, and cell metastasis [79,80]. Moreover, STAT3 has also
emerged as a pivotal factor in inflammation-mediated cancer, metabolism, cancer stem
cells (CSCs), and the formation of pre-metastatic niches [81,82].

It is important to emphasize that the role of RKIP extends beyond inhibition within
the signaling pathways. Recent research affirms that RKIP, through the modulation of
diverse protein–protein interactions, plays a more intricate role in fine-tuning cell signal-
ing [83], autoimmune inflammation [84], and immune resistance [85], serving as a prognos-
tic/diagnostic biomarker [69,86], and regulating cross-talk between various pathways [72].
Recent investigations have also revealed its widening impact on cancer, influencing mi-
tochondrial functions, DNA methylation, chromatin modulation, and the regulation of
autophagy [82,87]

2.2. Cross-Talks between RKIP and PD-L1

The significance of RKIP in the immune response and its influence on the TME have
been expanding. In addition to mediating pathways crucial in the immune response, RKIP
also plays a direct role in the infiltration of specific immune cells, such as TAMs [55,88]. It
also participates in pro-inflammatory signaling [89], and regulating tumor re-sensitivity
to apoptosis [28]. In contrast to the role of PD-L1 in immune evasion, RKIP’s emerging
role as an immune modulator, regulating crucial pathways in immune surveillance and
suppression, led us to propose that there exists—directly or indirectly—signaling cross-
talks between RKIP and PD-L1 expressions in cancer cells. Below, we will present the
various cross-talk pathways that we have compiled and we investigated their relationships
between RKIP and PD-L1 (Figure 2).
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Figure 2. Cross-talks between RKIP and PD-L1 signaling pathways. (A) The pathway depicts
various cross-talks between RKIP and PD-L1. The activation of the ERK/MAPK pathways lead
to an increased production of cytokines IFN-γ and IL-1β, upregulating PD-L1 expression. RKIP
inhibits this pathway, suppressing downstream signaling and PD-L1 expression. Moreover, RKIP
inhibits SOX2 through ERK inhibition and also inhibits the JAK/STAT pathway, both of which
contribute to PD-L1 upregulation. Additionally, RKIP activates GSK3β signaling, promoting PD-L1
degradation. (B) A pathway depicting the dysregulated loop NFκB/Snail/YY1/RKIP/PTEN. High
RKIP expression inhibits NF-κB, leading to the downregulation of Snail and YY1 expressions, while
promoting PTEN and downregulating the PI3K/AKT pathway, leading to reduced PD-L1 regulation.
Downregulation is represented by the red blocking arrows, while upregulation is represented by the
black arrows. Black arrows upregulating PD-L1 leads to tumor-inducing signaling, while the arrows
mediated by RKIP seeks to show RKIP’s prevention of dysregulated signaling.

2.3. Cross-Talk via the MAPK Pathway

In the MAPK pathway, there is an indirect regulation between RKIP and PD-L1
expressions. Recent investigations by Jha et al. have reported that PD-L1 is regulated
by JAK2-STAT3 and MAPK-AP1 signaling pathways [90]. Both of these pathways are
also regulated by RKIP, whereby RKIP acts as an endogenous inhibitor [71,83]. The study
used human tissue samples from cases of oral squamous cell carcinoma (OSCC), where
a heightened expression of PD-L1 was observed in both tumors and cisplatin-resistant
SCC4/9 cells. An analysis of PD-L1 mRNA and protein levels revealed a positive correlation
with various transcription factors (AP1, STAT3, and NFκB) in tumor samples, which
led to the conclusion that JAK2-STAT3/MAPK-AP1 pathways are primary regulators of
PD-L1 expression [90]. Additionally, knockdown of PD-L1 alone reduced invasion and drug
resistance, whereas the combinational inhibition of PD-L1, MAPK, and JAK-STAT promoted
cell death, suggesting further cross-talks among these molecules/pathways [90]. Multiple
other studies have also confirmed the MAPK and PD-L1 axis [91–93]. In summary, RKIP and
PD-L1 can interact with each other via MAPK signaling and various downstream factors.
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2.4. Cross-Talk via Cytokines IL-1β and IFN-γ

In a recent study by Hirayama et al., they have shown that inhibitors of MAPK sig-
naling blocked the upregulation of PD-L1 by cytokines interleukin-1 beta (IL-1β) and
IFN-γ [94]. The study revealed that IL-1β is abundant in macrophages present in the TME
of NSCLC, and IL-1β expression alone upregulates PD-L1 expression in certain NSCLC
cell lines. Importantly, their findings also showed that the concurrent activation of IFN-γ
and IL-1β achieved the highest increase in PD-L1 expression in a significant portion of
(NSCLC) cell lines. They concluded that the activation of the MAPK and ERK signaling
pathways in this synergistic effect is crucial for PD-L1 upregulation, and that the use of
MAPK inhibitors, SB203580 (p38 inhibitor), SP600125 (JNK inhibitor), and U0126 (inhibitor
of the ERK kinase MEK), efficiently blocked this response [94]. Although these inhibitors
are synthetic, it offers a similar framework to understand RKIP’s potential regulation of
PD-L1 as an endogenous inhibitor within the ERK-MEK/MAPK pathways and additional
interactions with PD-L1 via cytokines in the TME. In fact, RKIP has been shown to be highly
expressed in epithelial cells, where it can prevent the IL-1β-induced stimulation of protein
arginine methyltransferase 1 (PRMT1) expression in the context of lung inflammation [95].
RKIP has also been shown to curb IFN-γ synthesis by CD8+ T cells during serial TCR
triggering in the systemic inflammatory response syndrome (SIRS) [96]. The inhibition
of RKIP, using locostatin (inhibitor of RKIP), also led to a significantly diminished IFN-γ
response in SIRS [89,96]. As mentioned earlier, there has also been numerous investiga-
tions into the PD-L1/IFN-γ axis, revealing IFN-γ as a major inducer in the expression of
PD-L1 [41,42,97,98]. As a result, possible interactions between cytokines IL-1β and IFN-γ
with RKIP in the regulation of PD-L1 via MAPK signaling are a key node to consider for
potential cross-talks.

2.5. Cross-Talk via GSK3β

Glycogen synthase kinase-3β (GSK3β) is a multifunctional serine/threonine kinase
that regulates major cellular pathways [99], including downregulating oncogenic pathways
such as the Wnt signaling, EMT, and cyclin D1 activation to suppress tumor progres-
sion [100,101]. GSK3β is involved in the phosphorylation of PD-L1, via residues T180 and
S184 of PD-L1, promoting the ubiquitin-dependent degradation of PD-L1 [42]. Importantly,
it has been shown that RKIP can bind to GSK3 proteins and maintain GSK3β protein levels
and its active form [72,100]. The depletion of RKIP increased the oxidative-stress-mediated
activation of the p38 MAPK pathway, causing the inactivation of GSK3β by phosphoryla-
tion at the inhibitory T390 residue [100]. As such, RKIP can positively modulate GSK3β
signaling and prevent its degradation. This provides a negative relationship between RKIP
and PD-L1 as GSK3β-mediated phosphorylation causes degradation of PD-L1.

2.6. Cross-Talk via the Sox2 Oncogene

We posit the existence of an indirect regulatory relationship between RKIP and PD-
L1 mediated by the sex-determining region Y-box 2 (SOX2). SOX2 is an oncogene that
plays a pivotal role in cancer cell progression and resistance against various therapeutic
interventions. Its overexpression has been associated with the control of key malignant
cell features such as proliferation, migration, invasion, metastasis, EMT, sphere and colony
formation, tumor initiation, and resistance to apoptosis [102].

In the context of PD-L1 regulation, studies have indicated that the depletion of SOX2
results in reduced PD-L1 expression. Zhong et al. conducted in vitro and in vivo assays,
revealing a SOX2 binding site in the promoter region of PD-L1. This binding was confirmed
through the direct interaction of SOX2 with the PD-L1 promoter via the consensus SOX2
motif [103]. Subsequent investigations demonstrated that SOX2 promotes the transcrip-
tional activity of the PD-L1 promoter region through this motif [103]. Regarding RKIP’s
interaction with SOX2, Cho et al. reported that RKIP induces the nuclear export of SOX2,
resulting in a reduction in SOX2 expression [104]. This process is proposed to occur through
the inhibition of ERK by RKIP. Consequently, an inverse relationship between RKIP and
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PD-L1 is proposed, which is mediated through SOX2. Through the modulation of the SOX2
gene, the upregulation of RKIP leads to a decrease in SOX2 expression, ultimately resulting
in reduced PD-L1 expression. Additionally, studies have substantiated the existence of
cross-talks between RKIP and various cancer stem cell factors including SOX2 [105,106].

2.7. Cross-Talk via YY1 and NFκB

Ying Yang (YY1) serves as a pivotal transcription factor in tumor development, with
its overexpression strongly correlating with various malignant processes such as can-
cer metastasis, EMT transition, drug resistance, and unfavorable prognoses [107]. No-
tably, a complex interplay exists among RKIP, YY1, and NFκB, via the dysregulated
NFκB/Snail/YY1/RKIP/PTEN resistance-driver loop. Within this loop, increased RKIP
expression suppresses NF-κB, which inhibits YY1 via Snail and induces PTEN expression
to suppress PI3K/AKT [54,75,108]. This is highly significant, as YY1 has been shown to
promote PD-L1 expression through various pathways [109]. Specifically, YY1 can act as a
negative regulator of p53, which inhibits the expression of miR-34a downstream of p53,
leading to an increase in PD-L1 expression by binding to the PD-L1 3′UTR [43]. YY1 has
also been shown to activate the PI3K/AKT pathway and enhance PD-L1 expression by
suppressing PTEN through p53 [43,109]. Furthermore, NFκB has also been reported to
directly induce PD-L1 gene transcription by binding to its promoter, validated by ChIP-
PCR and luciferase assays [110–112]. In addition to the transcriptional role NFκB plays,
its activation was also shown to be critical in PD-L1 regulation in multiple cancer lines
including melanoma [113], meningioma [114], and gastric cancer [115]. Because of these
relationships, promoting RKIP could potentially diminish both YY1 and NFκB expressions,
thereby increasing PTEN expression and preventing a further stimulation of the PI3K/AKT
pathway and PD-L1 expression.

2.8. Analyses of the Correlation between RKIP and PD-L1 Expressions in Human Cancers
by Bioinformatics

To further investigate the cross-talks between RKIP and PD-L1, and explore their ex-
pressions within different types of cancer, we utilized multiple databases and bioinformatics
programs to investigate such cross-talks.

Using the TISIDB (an integrated repository portal for tumor–immune-system interac-
tions) [116], higher RKIP expression corresponded to a significant lower PD-L1 expression
in 12 different cancer types. Specifically, the cancer types are colon adenocarcinoma
(COAD), stomach adenocarcinoma (STAD), uterine corpus endometrial carcinoma (UCEC),
head and neck squamous cell carcinoma (HNSC), Liver Hepatocellular Carcinoma (LIHC),
Skin Cutaneous Melanoma (SKCM), Mesothelioma (MESO), thyroid carcinoma (THCA),
Sarcoma (SARC), rectum adenocarcinoma (READ), prostate adenocarcinoma (PRAD), and
bladder urothelial carcinoma (BLCA) (Figure 3). In all of these cancer types, the Spearman
correlation (rho) was negative with significant p-values that reached statistical significance
below the threshold of 0.01 (Figure 3). As mentioned earlier, cancer cells evade tumor
surveillance by upregulating PD-L1, so the negative relationship between PD-L1 and RKIP
provides further evidence of cross-talk in these gene products. Given RKIP’s inhibitory
roles in tumorigenesis and immune regulation, this provides a potential basis for the
RKIP-mediated suppression of PD-L1 in malignant cells.

Using the gene expression profiling interactive analysis (GEPIA) [117], which derives
molecular data from the Cancer Genome Atlas Program (TCGA), we found a significant
negative regulation (p < 0.05) between RKIP and PD-L1 in 8 out of 34 cancer types pro-
vided, namely BLCA, BRCA, COAD, HNSC, cervical squamous cell carcinoma (CESC),
esophageal carcinoma (ESCA), LUAD, and thyroid carcinoma (THCA) (Figure 4A). Mean-
while, Pheochromocytoma and Paraganglioma (PCPG), ovarian serous cystadenocarcinoma
(OV), pancreatic adenocarcinoma (PAAD), and Uveal Melanoma (UVM) showed a posi-
tive correlation between RKIP and PD-L1 (Figure 4B). Interestingly, part of the data show
positive relationships between PD-L1 and RKIP in four different types of cancer. This
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could be because various tumor types are heterogeneous in their makeup and different
signaling pathways can influence the overall cross-talks and correlations. Another plausible
possibility is that in some cancers, the expression of RKIP is in its inactivated form, namely
pRKIP [68,69]. In this state, RKIP expression will no longer lead to a negative correlation.
The analyses in Figure 4A,B were based on the expression of RKIP and did not discriminate
between active and inactive forms of RKIP.
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Figure 3. Negative correlation between RKIP expression and PD-L1 expression in different types of
cancer. The graphs and data were derived and produced using TISIDE (Accessed January 2024). RKIP
and PD-L1 alternative names (PEBP1/CD274) were used. The Spearman R (correlation coefficient),
p-values, and number of samples for the individual correlations are indicated.

To further explore its prognostic roles in different types of cancer, we also looked at
the survival prognosis with RKIP. Using TISIDB, we observed that higher expression levels
of RKIP showed longer survival rates for CESC, KIRC, KIRP, LGG, LUAD, Mesothelioma
(MESO), PAAD, and UVM (Figure 5).

Next, we also looked at dysregulation in the expression levels of both PD-L1 and RKIP
in both tumor and normal samples of 31 different tumors. The GEPIA analysis revealed that
PD-L1 expression levels were significantly dysregulated in Lymphoid Neoplasm Diffuse
Large B cell Lymphoma (DLBC), LUAD, lung squamous cell carcinoma (LUSC), Thymoma
(THYM), and Uterine Carcinosarcoma (UCS) (Figure 6A). The same analysis was performed
with RKIP, where RKIP expression showed similar trends of dysregulation as PD-L1 in
DBLC and THYM. It was also dysregulated in Sarcoma (SARC), PCPG, KIRH, and CHOL
(Figure 6B). These findings imply the potential of shared immunoregulatory mechanisms
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between RKIP and PD-L1 across these cancers, which may contribute to similar patterns of
dysregulated expression.
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Finally, we also looked at RKIP and PD-L1 at the transcriptional level, exploring what
transcription factors bind to downstream or upstream regulatory sequences. We employed
the motifmap-RNA database [118–120], which provides a genome-wide map of regulatory
motif sites. We have found five similar motifs that allow for the same transcription factors
(TFs) to bind between PD-L1 and RKIP. We have highlighted those TFs, as well as the
locations, corresponding binding scores (BLS and BBLS), and Z-scores (Supplementary
Table S1). Most notably, HMG IY may function as a promoter-specific accessory factor
for NF-kappa B transcriptional activity [121], while the LEF1 has shown an important
regulation in Wnt signaling [122]. Focusing on these TFs may reveal important implications
in the regulation of cancer invasion and metastasis at the transcriptional level between
PD-L1 and RKIP.
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LUAD, LUSC, THYM, and UCS. (A) shows tumor expression is significantly different compared to
normal tissues with PD-L1. (B) RKIP dysregulation in DLBC, THYM, SARC, PCPG, KIRH, and CHOL.
(B) shows tumor expression is significantly different compared to normal tissues with RKIP. The box
plots shown in pink represent tumor expression levels while the grey box plots represent expression
levels in normal tissues. The relative expression levels were first log2(TPM+1)-transformed and the
log2FC was defined as the median (tumor)–median (normal), where TPM is the transcript count per
million. Graphs are produced using GEIPA with data from TCGA.

2.9. Potential Therapeutic Strategies Targeting RKIP and PD-L1
RKIP Inducers

RKIP upregulation can be induced through several synthetic, semi-synthetic, and
natural drugs, as well as specific proteins and microRNAs. Notably, studies have inves-
tigated the effects of natural agents such as epigallocatechin gallate (EGCG) and ginseng
extract (Panax quinquefolius L.) [123,124]. EGCG, a polyphenol derived from green tea, is
known for its ability to inhibit NF-κB activity in various human malignancies [125]. In a
study conducted by Kim et al., compelling results indicated that EGCG also upregulates
RKIP expression by modulating histone deacetylation, leading to the inhibition of Snail
expression and decreased NF-κB nuclear translocation in the AsPC-1 human pancreatic
adenocarcinoma cell line [124]. Additionally, the administration of ginseng extract has
been correlated with a significant increase in RKIP mRNA and protein expression. This
is accompanied by a concurrent decrease in phospho-ERK1/2 and -MEK1/2 levels, as
well as pRaf-1 in breast carcinoma cells [123]. These findings suggest that ginseng may
effectively inhibit cancer cell proliferation by upregulating RKIP expression, leading to the
suppression of the MAPK pathway.

In the past years, several semi-synthetic drugs have also been shown to upregulate
RKIP expression. Specifically, Rituximab [126], Didymin [127], and Dihydroartemisinin
(DHA) are included [128]. DHA is derived from artemisinin, a globally recognized anti-
malaria drug. It has also demonstrated the capacity to hinder tumor growth while demon-
strating low toxicity to normal cells [129]. In a study by Hu et al., they showed that DHA
can induce apoptosis of cervical cancer cells via the upregulation of RKIP in HeLa cells.
Their findings also highlighted a significant inhibition of tumor growth in xenografted
mice bearing Hela or Caski tumors [128].

Didymin, a citrus-derived natural compound, has shown to induce apoptosis in
neuroblastoma by upregulating RKIP and inhibiting N-Myc [127]. Furthermore, in the
context of hepatic injury, Didymin has been observed to enhance RKIP expression by
inhibiting the MAPK and NF-κB signaling pathways, thereby influencing inflammatory
responses [130].

In a recent study by Cho et al., they investigated a novel chemical, Nf18001, that can
induce RKIP and inhibit tumor growth while promoting Schwannoma cell maturation
under a neurofibromatosis type 2 (NF2)-deficient condition. Nf18001 acts by selectively
inhibiting the RKIP–TβR1 (transforming growth factor-β receptor 1) network, a previously
established axis responsible for mediating tumor growth [131], through the degradation
of the SOX2 gene. The findings strongly indicate that selective RKIP inducers could hold
promise for treating both NF2 syndrome and an NF2-deficient malignant peripheral nerve
sheath tumor (MPNST) [104].

Nitric oxide (NO) donors, like DETA/NO, have also shown the capability to en-
hance RKIP expression by inhibiting the NF-κB/YY1/Snail regulatory circuit, leading to
heightened sensitivity to tumor chemo-immuno-sensitization and the inhibition of EMT
and metastasis [75,132]. NPI-0052, a proteasome inhibitor, can also induce RKIP expres-
sion [108]. Inhibitors of PKCα can also prevent the phosphorylation of RKIP, activating
RKIP anti-tumor activities. In fact, a few PKC inhibitors have already been used in preclini-
cal and clinical studies, such as LXS196 (NCT02601378), Staurosporine (NCT00082017), and
ruboxistaurin (NCT00133952) to name a few.
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2.10. PD-L1 Inhibitors

In clinical settings, it has been demonstrated that immune checkpoint inhibitors (ICIs)
targeting the PD-1/PD-L1 axis offer greater beneficial effects for patients with advanced or
metastatic cancer compared to conventional therapies [133]. Most notably, some promising
advancements include a novel PD-L1 aptamer, a short single strand of DNA that is smaller
than the PD-L1 antibody, which can efficiently bind to PD-L1 with less hindrance by antigen
glycosylation [134]. In addition, the role for novel small-molecule therapeutics has been an
attractive target for combination with existing immune checkpoint inhibitors and/or other
agents. For example, a peptide-based molecule inhibitor named AUNP-12 shows potential
in mitigating immunotherapy-related adverse events (irAEs) due to its metabolic half-
life [135]. Furthermore, in addition to the FDA-approved anti-PD-L1s/PD-1s mentioned
earlier, there has also been a great number of emerging PD-L1 immunotherapies that have
been extensively reviewed [51,136,137]. We have also collated a summary table with PD-L1
inhibitors and RKIP inducers (Table 1).

Table 1. Various Agents Targeting RKIP and PD-L1. The below table lists the various agents, RKIP
inducers, and PD-L1 mAbs that have been reported to target RKIP and PD-L1. Abbreviations:
Epigallocatechin gallate (EGCG) and Dihydroartemisinin (DHA).

RKIP Inducers Mechanisms References

EGCG Upregulates RKIP expression by modulating histone
deacetylation. Also inhibits Snail and NF-κB activity. [123–125]

Didymin Induces apoptosis by upregulating RKIP and
inhibiting N-Myc. [127]

DHA Induces apoptosis of cervical cancer cells via
upregulation of RKIP in HeLa cells. [128]

Nf18001 Inhibitions of the RKIP– TβR1 network. [131]

DETA/NO Enhances RKIP expression by inhibiting the
NF-κB/YY1/Snail regulatory circuit. [75,132]

NPI-0052 Proteasome inhibitor. [108]

Ginseng Extract Correlations with a significant increase in RKIP
mRNA and protein expression. [123]

PD-L1 mAbs Mechanism References

Aavelumab Binds to PD-L1, preventing the interaction between
PD-L1 and PD-1. [50–52]

Atezolizumab Binds to PD-L1, preventing the interaction between
PD-L1 and PD-1. [50–52]

Durvalumab Binds to PD-L1, preventing the interaction between
PD-L1 and PD-1. [50–52]

2.11. Combining Targeting Both RKIP and PD-L1

To date, many preclinical and clinical studies have emerged to target the PD-1/PD-L1
axis [137]. Despite ongoing effort, patients still exhibit primary resistance, failing to respond
to conventional monoclonal antibodies (mAbs) targeting the PD-1/PD-L1 pathway [138].
These mAbs have also been shown to exhibit a poor penetration of tumor tissues, immune-
related adverse effects, and vulnerability to drug resistance [139]. In addition, some may
also develop adaptive resistance or even resistance after relapse [138]. As a result, the use
of a combined therapy involving anti-PD-1/PD-L1 immunotherapy is a crucial alternative
for enhanced efficacy compared to monotherapy. This leads us to consider the combination
of RKIP inducers and PD-L1 inhibitors as a therapeutic approach.

As previously discussed, Nf18001 exhibits the capability to induce RKIP chemically
and promote the degradation of Sox2, thereby influencing the TGF-β signaling pathway
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through the modulation of the RKIP–TβR1 network [104]. In parallel, the bispecific an-
tibody (bsAb) YM101, innovatively developed by Wu et al., is designed to concurrently
target PD-L1 and transforming growth factor-beta (TGF-β) [140]. TGF-β assumes a role as
a negative regulator in advanced tumors, exerting suppressive effects on T cell cytotoxicity,
impeding the antigen presentation of dendritic cells and fostering the differentiation of
Tregs [141]. Our proposition is to investigate a combined therapeutic approach involv-
ing both Nf18001 and YM101 that arises from the potential synergistic or additive effects
that may emerge from their respective mechanisms of action. Nf18001, by modulating the
RKIP-TβR1 network [131], can influence TGF-β signaling, while YM101 can simultaneously
target PD-L1 and TGF-β. Considering the immunosuppressive functions of TGF-β in ad-
vanced tumors, the combination of Nf18001 and YM101 holds promise as a comprehensive
strategy to enhance anti-tumor immune responses and possibly promote T cell infiltration
into tumor centers. Further research is warranted to elucidate and validate the potential
additive effect between these drugs as well as their preclinical and clinical safeties and
efficacies. The consideration of other bsAbs and RKIP inducers targeting other hyperactive
pathways such as MAPK, PI3K/AKT, etc., is also worth investigating.

In addition, the consideration of natural RKIP inducers such as flavonoid Didymin
with current PD-1/PD-L1 mAbs can be a cost-effective and efficient way to enhance anti-
tumor responses. Didymin has already been shown to inhibit neuroblastoma growth
in vivo and in vitro, induce apoptosis, and influence several cellular regulators such as
vimentin, cyclin D1, and N-MYC through the upregulation of RKIP [127]. As mentioned
earlier, RKIP has been shown to influence these factors through the stabilization of GSK3β
signaling, subsequently affecting the stabilization of cyclin D1, N-MYC, and factors that
influence EMT transition such as β-catenin, Snail, and Slug [100]. MYC and N-MYC have
also been shown to exert control over PD-L1 expression in neuroblastoma, both in in vitro
and in vivo settings [142]. Past studies have shown positive PD-L1 expression with Snail
and vimentin H scores [143]. Given these connections between RKIP and PD-L1 through
EMT factors and N-MYC, the combination of anti-PD-L1s and Didymin can be effective
against treatments of neuroblastoma or other types of cancers. Further targeted experiments
are necessary to validate these associations. Nevertheless, Didymin is non-toxic to normal
tissues and has already shown benefits in the treatment of neuroblastoma and NSCLC [144];
given this, a personalized combined treatment may be worth consideration.

3. Clinical Trials

To date, RKIP’s clinical role has been largely unexplored, with a few trials poten-
tially addressing RKIP upregulation indirectly by using agents that induce RKIP, namely
NPI-0052, EGCG, and Rituximab. On the contrary, there has been extensive clinical tri-
als conducted with anti-PD-L1s (atezolizumab, durvalumab, and avelumab) and PD-1s
(pembrolizumab, nivolumab, and cemiplimab). Table 2 delineates clinical trials utilizing
PD-L1/PD-1 mAbs alongside other interventions targeting critical pathways that are regu-
lated by RKIP, such as MAPK or PI3K/AKT (Table 2). The first two trials (NCT03149029
and NCT02027961) utilize PD-1/PD-L1 mAbs with Dabrafenib (BRAF inhibitor) and Tram-
etinib (ERK inhibitor) to inactivate MAPK signaling in melanoma [91]. In relation to
these therapeutics, RKIP not only inhibits Raf-1 in MAPK/ERK signaling [145], but has
also been shown to inhibit BRAF activity in certain cellular contexts [146], including one
where RKIP downregulates BRAF activity in melanoma cell lines independent of its action
with Raf-1 [147]. The fourth trial listed (NCT05253131) also targets the MAPK pathway,
using MEK inhibitors Selumetinib and Bromodomain with durvalumab. The third trial
combined pembrolizumab and GSK2636771 (PI3K-Beta Inhibitor) to target the PI3K signal-
ing pathway (NCT03131908). In relation to RKIP, mechanistically, RKIP has been shown
to interact with the p85 subunit of PI3K in mast cell inhibition, preventing binding of
GRB2-associated binding protein 2 (Gab2), and subsequently inhibiting the activation of
the PI3K/Akt/NF-κB complex [148]. In addition, RKIP can also suppress PI3K indirectly
through the dysregulated NFκB/Snail/YY1/RKIP/PTEN loop mentioned earlier [54].
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Table 2. Clinical trials. The table lists clinical trials using PD-1/PD-L1 mAbs with other interventions
designed to target two major pathways: MAPK and PI3K. Refer to paper for complete descriptions of
relationships with RKIP.

Type of Malignancy Phase Interventions Relation to RKIP NCT Reference

Melanoma 2
Pembrolizumab
Dabrafenib
Trametinib

Trial targets the MAPK pathway
using ERK and BRAF inhibitors.
RKIP can inhibit MAPK/ERK
signaling via Raf-1 [139]. RKIP
expression can also inhibit BRAF
in melanoma cell line [141].

NCT03149029

Melanoma 1
Durvalumab
Dabrafenib
Trametinib

Trial targets the MAPK pathway
using ERK and BRAF inhibitors.
RKIP can inhibit MAPK/ERK
signaling via Raf-1 [139]. RKIP
expression can also inhibit BRAF
in melanoma cell line [141].

NCT02027961

Refractory Melanoma
and Other Malignant
Neoplasms of Skin

1/2
GSK2636771
(PI3K-Beta Inhibitor)
Pembrolizumab

Trial targets the PI3K pathway.
RKIP interacts with PI3K,
preventing it from binding to
GRB2-associated binding protein
2 (Gab2) [142].

NCT03131908

Sarcomas Including
Malignant Peripheral
Nerve Sheath Tumors

1/2
Selumetinib and
Bromodomain (MEK
inhibitors)
Durvalumab

Trial targets the MAPK pathway.
RKIP inhibits MAPK and MEK
signaling via Raf-1 [139].

NCT05253131

Additionally, we have collated available trials highlighting RKIP inducers, namely
NPI-0052 and EGCG (Table 3). As mentioned earlier, NPI-0052 has been shown to induce
RKIP expression in prostate cancer cell lines [108] while EGCG has been shown to induce
RKIP in pancreatic adenocarcinoma [124]. In addition, both EGCG and NPI-0052 can inhibit
NF-kB, potentially modulating PD-L1 expression via the PI3K/Akt pathway [149,150]. The
clinical trials listed have used EGCG or NPI-0052 as therapeutic agents among other
interventions in a multitude of malignant cancers, providing a basis for their safety
and efficacy.

Table 3. Clinical trials using RKIP inducers. The table lists clinical trials using RKIP inducers NPI-0052
and EGCG, with some in combination with other interventions. (Refer to text.)

Type of Malignancy Phase Interventions Relation to RKIP NCT Reference
Solid Tumors,
Lymphomas,
Leukemias, and
Multiple Myeloma

1 NPI-0052,
Dexamethasone

NPI-0052 has been shown to
induce RKIP [108]. NCT00629473

Grade IV Malignant
Glioma 1

NPI-0052, Radiotherapy (RT),
Temozolomide (TMZ), and
Optune

NPI-0052 has been shown to
induce RKIP [108]. NCT02903069

Glioblastoma 3 NPI-0052, RT, TMZ NPI-0052 has been shown to
induce RKIP [108]. NCT03345095

Multiple Myeloma 2 NPI-0052 NPI-0052 has been shown to
induce RKIP [108]. NCT00461045

Prostate Cancer 2 EGCG EGCG has been shown to induce
RKIP [124]. NCT00676780

Breast Cancer 2 EGCG EGCG has been shown to induce
RKIP [124]. NCT00917735

Bladder Cancer 2 EGCG EGCG has been shown to induce
RKIP [124]. NCT00666562
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4. Discussion

Due to the upregulation of checkpoint ligands, the suppression of antigen presentation,
irreversible CD8+ T cell exhaustion, and an immunosuppressive TME, malignant cells can
escape immune surveillance and further the development of tumorigenesis [151]. In this
review, we examined two crucial gene products and their expressions in the context of
immune evasion: PD-L1 overexpression and RKIP under-expression. PD-L1 is a crucial
immune checkpoint ligand, with inhibitory roles in CD8+ T cell effector functions. An
elevated expression of PD-L1 in tumors has been reported to strongly correlate with
an advanced disease state and unfavorable prognosis [40]. We have examined possible
indirect and direct relationships between PD-L1 and RKIP through cross-talks with GSK3β,
MAPK, and JAK-STAT signaling; the SOX2 oncogene; transcription factors YY1 and NF-κB;
and cytokines IL-1β and IFN-γ. Our results have highlighted the existence of inhibitory
relationships between PD-L1 and RKIP, indicating that increased RKIP levels may lead
to decreased PD-L1 expression. Our bioinformatic analyses have also revealed inverse
relationships between PD-L1 and RKIP in many different types of cancer. Accordingly,
we have highlighted potential novel strategies to induce RKIP and downregulate the
expression of PD-L1 by several interventions. We will briefly summarize these relationships
below, as well as provide future perspectives into PD-L1 and RKIP at the transcriptional
levels. These relationships will provide further insights and limitations for other key
therapeutic approaches.

As cancer requires the constitutive expression and activation of TFs, a key aim is to
deduce which TFs are actively promoting aberrant gene expression and cancer malignancy.
We have established the role of RKIP with the TFs YY1 and NF-kB, allowing an indirect
suppression of PD-L1 expression via PTEN and the PI3K/Akt pathway. Interestingly, one
study has also indicated that YY1 can interact with the RKIP promoter region through seven
distinct binding sequences, with relative binding scores ranging from 80.4% to 87.5% [152].
Given these connections, it may be possible that YY1 can regulate both RKIP and PD-L1
at the transcription levels in addition to an indirect cross-talk via the PI3K/Akt pathway.
Since YY1 has the regulatory control over 7% of human genes [153], it is an extremely
important node to consider for future clinical interventions.

We have also highlighted the inverse relationship between RKIP and PD-L1 via GSK-
3β, influencing the canonical Wnt signaling. As reported by Al Mulla et al., RKIP has
been shown to positively regulate GSK-3β kinase, and RKIP downregulation elevated the
protein levels of β-catenin, Snail, SLUG, and cyclin D1 [100]. Snail has also been shown to
induce PD-L1 through the Snail-driven activation of the Wnt pathway in lung cancer cells.
Where, mechanistically, a drug named resveratrol can stabilize Snail, allowing the Snail
inhibition of the transcription of Axin2. This destabilizes GSK-3β kinase and eventually
allows accumulated β-catenin to form a complex with transcription factors like TCF/LEF
and bind to the PD-L1 promoter [154]. These results also correlate with our observations
of conserved motif sites for LEF1 on both RKIP and PD-L1 sequences. This indicates that
Snail can positively regulate PD-L1 and inhibit RKIP expressions at the transcriptional
level, possibly via the activation of Wnt signaling in order to promote the β-catenin–LEF1
complex for subsequent binding to the PD-L1 promoter. These results may also explain
why the PD-L1-positive rate was much higher in patients with mesenchymal phenotypes
compared to those with epithelial phenotypes [143]. Consequently, it implies that patients
exhibiting mesenchymal phenotypes may be more responsive to PD-L1 immunotherapy.
Thus, future considerations should explore the role of how TFs can also influence the EMT
in cell plasticity and immune evasion.

Noteworthily, HIF-1 has also been reported to affect both the RKIP and PD-L1 gene
products transcriptionally. PD-L1 upregulation under hypoxia was directly dependent on
hypoxia-inducible factor-1α (HIF-1α)—where it increased PD-L1 expression on macrophages,
dendritic cells, and tumor cells [155]. Thus, the interaction of RKIP with HIF-1α can protect
against pancreatic cancer metastasis by inhibiting its hypoxia function [156]. Therefore,
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cancer hypoxia regulation via RKIP might be a crucial axis to target hypoxia-induced EMT
and subsequent metabolic reprogramming.

We have also proposed novel strategies to combine PD-L1 mAbs with RKIP inducers.
Specifically, we have proposed to combine the RKIP inducer Nf18001 and the bispecific
antibody, YM101, due to similarities in TGF-β signaling. We have also proposed to combine
Didymin with PD-L1 mAbs due to implications between RKIP and PD-L1 through EMT
factors, GSK3β signaling, and N-MYC in treatments of neuroblastoma. Both of these
dual approaches have the potential to overcome resistance mechanisms that arise from
single-agent therapies and improve treatment outcomes in patients with cancer. It could
also offer an additive or synergistic effect by targeting both the immune checkpoint and
upstream regulators of PD-L1 expression. It is important to note that this is one such
example of similar combinations, and further studies are needed to affirm the preclinical
efficacy and safety of such an approach. However, given the wide variation of PD-L1
expression levels in cancers among different populations, some patients may exhibit low
or even absent PD-L1 expression with their cancers [157,158]. In such cases, attempting to
achieve therapeutic responses by directly reducing PD-L1 expression may prove ineffective.

Nevertheless, targeting RKIP could have broader implications beyond PD-L1 reg-
ulation. RKIP is involved in various signaling pathways, including MAPK, which is
responsible for over 40% of all human cancer cases [159]. Therefore, RKIP induction strate-
gies could have pleiotropic effects on tumor biology, making it an attractive therapeutic
target for cancer treatment. If used in combination with existing PD-L1/PD-1 mAbs, this
could provide an enhanced treatment approach for patients developing resistance or not
responding to monotherapies. Moving forward, utilizing the therapeutic role of RKIP as an
intervention is an extremely promising aspect in the field of cancer immunology.

5. Conclusions

The field of immunotherapies is ever expanding with ongoing efforts to implement
checkpoint inhibitor agents for a subset of patients with cancer across various cancer types.
However, there is still a concerning need for new therapeutic strategies to address unre-
sponsive cases. Our investigation revealed interrelated pathways between the expression
levels of PD-L1 and RKIP, where RKIP upregulation plays a role in the suppression of PD-L1
expression directly or indirectly in cancer cells. Consequently, targeting RKIP directly or
modulating the associated cross-talk pathways can potentially reduce PD-L1 expression
and prevent tumorigenesis. This, in turn, could render resistant malignant cells susceptible
to the combined effects of checkpoint inhibitors and RKIP inducers. Therefore, this com-
bined approach can enhance CD8+ T cell anti-tumor responses and immune surveillance,
while downregulating major hyperactive pathways present in malignant cells.
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Abbreviations

RKIP Raf Kinase Inhibitor Protein
ICIs Immune checkpoint inhibitors
TME Tumor microenvironment
PD-1 Programmed cell death 1 receptor
PD-L1 and PD-L2 Programmed cell death ligand 1 and 2
PEBP Phosphatidylethanolamine-binding protein
MAPK Mitogen-activated protein kinase
SOX2 Sex determining region Y-box 2
ITIM Immunoreceptor tyrosine-based inhibitory motif
ITSM Immunoreceptor tyrosine-based switch motif
SHP1 and SHP2 Src homology domain 1 and/or 2 containing phosphatases
NF-κB Nuclear factor kappa B
PI3K Phosphoinositide 3-kinase/protein kinase
PTEN Phosphatase and tensin homolog
IFNγ Interferon-γ
pRKIP Phosphorylated RKIP
TAK-1 Growth factor β-activated kinase 1
GSK3β Glycogen synthase kinase-3β
mAbs Monoclonal antibodies
TGFβ Transforming growth factor-beta
EGCG Epigallocatechin gallate
JAK1 and JAK2 Janus kinases 1 and 2
STAT3 Signal transducer and activator of transcription 3
IL-1β Interleukin-1 beta

References
1. Abbott, M.; Ustoyev, Y. Cancer and the Immune System: The History and Background of Immunotherapy. Semin. Oncol. Nurs.

2019, 35, 150923. [CrossRef] [PubMed]
2. Olszanski, A.J. Principles of Immunotherapy. J. Natl. Compr. Cancer Netw. 2015, 13, 670–672. [CrossRef] [PubMed]
3. Woo, S.-R.; Corrales, L.; Gajewski, T.F. Innate Immune Recognition of Cancer. Annu. Rev. Immunol. 2015, 33, 445–474. [CrossRef]

[PubMed]
4. Lee, M.Y.; Jeon, J.W.; Sievers, C.; Allen, C.T. Antigen Processing and Presentation in Cancer Immunotherapy. J. Immunother. Cancer

2020, 8, e001111. [CrossRef] [PubMed]
5. Vesely, M.D.; Kershaw, M.H.; Schreiber, R.; Smyth, M. Natural Innate and Adaptive Immunity to Cancer. Annu. Rev. Immunol.

2011, 29, 235–271. [CrossRef] [PubMed]
6. Chen, Y.; Song, Y.; Du, W.; Gong, L.; Chang, H.; Zou, Z. Tumor-Associated Macrophages: An Accomplice in Solid Tumor

Progression. J. Biomed. Sci. 2019, 26, 78. [CrossRef] [PubMed]
7. Chen, C.; Wang, Z.; Ding, Y.; Qin, Y. Tumor Microenvironment-Mediated Immune Evasion in Hepatocellular Carcinoma. Front.

Immunol. 2023, 14, 1133308. [CrossRef] [PubMed]
8. Hanahan, D.; Coussens, L.M. Accessories to the Crime: Functions of Cells Recruited to the Tumor Microenvironment. Cancer Cell

2012, 21, 309–322. [CrossRef] [PubMed]
9. Pitt, J.M.; Marabelle, A.; Eggermont, A.; Soria, J.-C.; Kroemer, G.; Zitvogel, L. Targeting the Tumor Microenvironment: Removing

Obstruction to Anticancer Immune Responses and Immunotherapy. Ann. Oncol. 2016, 27, 1482–1492. [CrossRef]
10. Jin, H.-T.; Anderson, A.C.; Tan, W.G.; West, E.E.; Ha, S.-J.; Araki, K.; Freeman, G.J.; Kuchroo, V.K.; Ahmed, R. Cooperation of

Tim-3 and PD-1 in CD8 T-Cell Exhaustion during Chronic Viral Infection. Proc. Natl. Acad. Sci. USA 2010, 107, 14733–14738.
[CrossRef]

11. Raskov, H.; Orhan, A.; Christensen, J.P.; Gögenur, I. Cytotoxic CD8+ T Cells in Cancer and Cancer Immunotherapy. Br. J. Cancer
2021, 124, 359–367. [CrossRef]

12. Yin, Z.; Zhang, Y.; Wang, X. Advances in Chimeric Antigen Receptor T-Cell Therapy for B-Cell Non-Hodgkin Lymphoma. Biomark.
Res. 2021, 9, 58. [CrossRef] [PubMed]

13. Maalej, K.M.; Merhi, M.; Inchakalody, V.P.; Mestiri, S.; Alam, M.; Maccalli, C.; Cherif, H.; Uddin, S.; Steinhoff, M.; Marincola, F.M.;
et al. CAR-Cell Therapy in the Era of Solid Tumor Treatment: Current Challenges and Emerging Therapeutic Advances. Mol.
Cancer 2023, 22, 20. [CrossRef]

14. Granhøj, J.S.; Witness Præst Jensen, A.; Presti, M.; Met, Ö.; Svane, I.M.; Donia, M. Tumor-Infiltrating Lymphocytes for Adoptive
Cell Therapy: Recent Advances, Challenges, and Future Directions. Expert Opin. Biol. Ther. 2022, 22, 627–641. [CrossRef]

15. Met, Ö.; Jensen, K.M.; Chamberlain, C.A.; Donia, M.; Svane, I.M. Principles of Adoptive T Cell Therapy in Cancer. Semin.
Immunopathol. 2019, 41, 49–58. [CrossRef] [PubMed]

https://doi.org/10.1016/j.soncn.2019.08.002
https://www.ncbi.nlm.nih.gov/pubmed/31526550
https://doi.org/10.6004/jnccn.2015.0199
https://www.ncbi.nlm.nih.gov/pubmed/25995426
https://doi.org/10.1146/annurev-immunol-032414-112043
https://www.ncbi.nlm.nih.gov/pubmed/25622193
https://doi.org/10.1136/jitc-2020-001111
https://www.ncbi.nlm.nih.gov/pubmed/32859742
https://doi.org/10.1146/annurev-immunol-031210-101324
https://www.ncbi.nlm.nih.gov/pubmed/21219185
https://doi.org/10.1186/s12929-019-0568-z
https://www.ncbi.nlm.nih.gov/pubmed/31629410
https://doi.org/10.3389/fimmu.2023.1133308
https://www.ncbi.nlm.nih.gov/pubmed/36845131
https://doi.org/10.1016/j.ccr.2012.02.022
https://www.ncbi.nlm.nih.gov/pubmed/22439926
https://doi.org/10.1093/annonc/mdw168
https://doi.org/10.1073/pnas.1009731107
https://doi.org/10.1038/s41416-020-01048-4
https://doi.org/10.1186/s40364-021-00309-5
https://www.ncbi.nlm.nih.gov/pubmed/34256851
https://doi.org/10.1186/s12943-023-01723-z
https://doi.org/10.1080/14712598.2022.2064711
https://doi.org/10.1007/s00281-018-0703-z
https://www.ncbi.nlm.nih.gov/pubmed/30187086


Cells 2024, 13, 864 20 of 25

16. 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, 328rv4. [CrossRef]

17. Rowshanravan, B.; Halliday, N.; Sansom, D.M. CTLA-4: A Moving Target in Immunotherapy. Blood 2018, 131, 58–67. [CrossRef]
[PubMed]

18. 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]

19. Okazaki, T.; Honjo, T. PD-1 and PD-1 Ligands: From Discovery to Clinical Application. Int. Immunol. 2007, 19, 813–824. [CrossRef]
20. Ribas, A.; Wolchok, J.D. Cancer Immunotherapy Using Checkpoint Blockade. Science 2018, 359, 1350–1355. [CrossRef]
21. Zhang, K.; Kong, X.; Li, Y.; Wang, Z.; Zhang, L.; Xuan, L. PD-1/PD-L1 Inhibitors in Patients with Preexisting Autoimmune

Diseases. Front. Pharmacol. 2022, 13, 854967. [CrossRef] [PubMed]
22. Patel, S.P.; Kurzrock, R. PD-L1 Expression as a Predictive Biomarker in Cancer Immunotherapy. Mol. Cancer Ther. 2015, 14,

847–856. [CrossRef] [PubMed]
23. Zeng, L.; Imamoto, A.; Rosner, M.R. Raf Kinase Inhibitory Protein (RKIP): A Physiological Regulator and Future Therapeutic

Target. Expert Opin. Ther. Targets 2008, 12, 1275–1287. [CrossRef] [PubMed]
24. Klysik, J.; Theroux, S.J.; Sedivy, J.M.; Moffit, J.S.; Boekelheide, K. Signaling Crossroads: The Function of Raf Kinase Inhibitory

Protein in Cancer, the Central Nervous System and Reproduction. Cell. Signal. 2008, 20, 1–9. [CrossRef] [PubMed]
25. Yeung, K.; Seitz, T.; Li, S.; Janosch, P.; McFerran, B.; Kaiser, C.; Fee, F.; Katsanakis, K.D.; Rose, D.W.; Mischak, H.; et al. Suppression

of Raf-1 Kinase Activity and MAP Kinase Signalling by RKIP. Nature 1999, 401, 173–177. [CrossRef] [PubMed]
26. Guo, C.; Xu, H.; Zhou, Y.; Wu, Z.; Jiang, B.; Chen, H.; Lin, D. Cefotetan-Bound Human RKIP Involves in Ras/Raf1/MEK/ERK

Signaling Pathway. Acta Biochim. Biophys. Sin. 2022, 54, 1917–1923. [CrossRef] [PubMed]
27. Papale, M.; Netti, G.S.; Stallone, G.; Ranieri, E. Understanding Mechanisms of RKIP Regulation to Improve the Development of

New Diagnostic Tools. Cancers 2022, 14, 5070. [CrossRef] [PubMed]
28. Gabriela-Freitas, P.; Pinheiro, J.; Raquel-Cunha, A.; Cardoso-Carneiro, D. Martinho, O. RKIP as an Inflammatory and Immune

System Modulator: Implications in Cancer. Biomolecules 2019, 9, 769. [CrossRef]
29. Lamiman, K.; Keller, J.M.; Mizokami, A.; Zhang, J.; Keller, E.T. Survey of Raf Kinase Inhibitor Protein (RKIP) in Multiple Cancer

Types. Crit. Rev. Oncog. 2014, 19, 455–468. [CrossRef]
30. 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]
31. Boussiotis, V.A.; Chatterjee, P.; Li, L. Biochemical Signaling of PD-1 on T Cells and Its Functional Implications. Cancer J. 2014, 20,

265–271. [CrossRef] [PubMed]
32. Patsoukis, N.; Duke-Cohan, J.S.; Chaudhri, A.; Aksoylar, H.-I.; Wang, Q.; Council, A.; Berg, A.; Freeman, G.J.; Boussiotis, V.A.

Interaction of SHP-2 SH2 Domains with PD-1 ITSM Induces PD-1 Dimerization and SHP-2 Activation. Commun. Biol. 2020, 3, 128.
[CrossRef] [PubMed]

33. Xu, X.; Masubuchi, T.; Cai, Q.; Zhao, Y.; Hui, E. Molecular Features Underlying Differential SHP1/SHP2 Binding of Immune
Checkpoint Receptors. eLife 2021, 10, e74276. [CrossRef] [PubMed]

34. Okazaki, T.; Maeda, A.; Nishimura, H.; Kurosaki, T.; Honjo, T. PD-1 Immunoreceptor Inhibits B Cell Receptor-Mediated Signaling
by Recruiting Src Homology 2-Domain-Containing Tyrosine Phosphatase 2 to Phosphotyrosine. Proc. Natl. Acad. Sci. USA 2001,
98, 13866–13871. [CrossRef] [PubMed]

35. Boussiotis, V.A.; Patsoukis, N. Effects of PD-1 Signaling on Immunometabolic Reprogramming. Immunometabolism 2022, 4, 220007.
[CrossRef] [PubMed]

36. Hofmeyer, K.A.; Jeon, H.; Zang, X. The PD-1/PD-L1 (B7-H1) Pathway in Chronic Infection-Induced Cytotoxic T Lymphocyte
Exhaustion. J. Biomed. Biotechnol. 2011, 2011, 451694. [CrossRef] [PubMed]

37. Siska, P.J.; Rathmell, J.C. T Cell Metabolic Fitness in Antitumor Immunity. Trends Immunol. 2015, 36, 257–264. [CrossRef] [PubMed]
38. Yokosuka, T.; Takamatsu, M.; Kobayashi-Imanishi, W.; Hashimoto-Tane, A.; Azuma, M.; Saito, T. Programmed Cell Death 1

Forms Negative Costimulatory Microclusters That Directly Inhibit T Cell Receptor Signaling by Recruiting Phosphatase SHP2. J.
Exp. Med. 2012, 209, 1201–1217. [CrossRef]

39. Papa, A.; Pandolfi, P.P. The PTEN–PI3K Axis in Cancer. Biomolecules 2019, 9, 153. [CrossRef] [PubMed]
40. Wu, X.; Gu, Z.; Chen, Y.; Chen, B.; Chen, W.; Weng, L.; Liu, X. Application of PD-1 Blockade in Cancer Immunotherapy. Comput.

Struct. Biotechnol. J. 2019, 17, 661–674. [CrossRef]
41. Tang, H.; Liang, Y.; Anders, R.A.; Taube, J.M.; Qiu, X.; Mulgaonkar, A.; Liu, X.; Harrington, S.M.; Guo, J.; Xin, Y.; et al. PD-L1 on

Host Cells Is Essential for PD-L1 Blockade–Mediated Tumor Regression. J. Clin. Investig. 2018, 128, 580–588. [CrossRef] [PubMed]
42. Cha, J.-H.; Chan, L.-C.; Li, C.-W.; Hsu, J.L.; Hung, M.-C. Mechanisms Controlling PD-L1 Expression in Cancer. Mol. Cell 2019, 76,

359–370. [CrossRef] [PubMed]
43. Cortez, M.A.; Ivan, C.; Valdecanas, D.; Wang, X.; Peltier, H.J.; Ye, Y.; Araujo, L.; Carbone, D.P.; Shilo, K.; Giri, D.K.; et al. PDL1

Regulation by P53 via miR-34. JNCI J. Natl. Cancer Inst. 2016, 108, djv303. [CrossRef]
44. Iwai, Y.; Ishida, M.; Tanaka, Y.; Okazaki, T.; Honjo, T.; Minato, N. Involvement of PD-L1 on Tumor Cells in the Escape from Host

Immune System and Tumor Immunotherapy by PD-L1 Blockade. Proc. Natl. Acad. Sci. USA 2002, 99, 12293–12297. [CrossRef]
[PubMed]

https://doi.org/10.1126/scitranslmed.aad7118
https://doi.org/10.1182/blood-2017-06-741033
https://www.ncbi.nlm.nih.gov/pubmed/29118008
https://doi.org/10.1186/s12943-018-0928-4
https://www.ncbi.nlm.nih.gov/pubmed/30646912
https://doi.org/10.1093/intimm/dxm057
https://doi.org/10.1126/science.aar4060
https://doi.org/10.3389/fphar.2022.854967
https://www.ncbi.nlm.nih.gov/pubmed/35370736
https://doi.org/10.1158/1535-7163.MCT-14-0983
https://www.ncbi.nlm.nih.gov/pubmed/25695955
https://doi.org/10.1517/14728222.12.10.1275
https://www.ncbi.nlm.nih.gov/pubmed/18781826
https://doi.org/10.1016/j.cellsig.2007.07.003
https://www.ncbi.nlm.nih.gov/pubmed/17706925
https://doi.org/10.1038/43686
https://www.ncbi.nlm.nih.gov/pubmed/10490027
https://doi.org/10.3724/abbs.2022188
https://www.ncbi.nlm.nih.gov/pubmed/36789691
https://doi.org/10.3390/cancers14205070
https://www.ncbi.nlm.nih.gov/pubmed/36291854
https://doi.org/10.3390/biom9120769
https://doi.org/10.1615/CritRevOncog.2014011987
https://doi.org/10.1016/j.imlet.2017.02.006
https://doi.org/10.1097/PPO.0000000000000059
https://www.ncbi.nlm.nih.gov/pubmed/25098287
https://doi.org/10.1038/s42003-020-0845-0
https://www.ncbi.nlm.nih.gov/pubmed/32184441
https://doi.org/10.7554/eLife.74276
https://www.ncbi.nlm.nih.gov/pubmed/34734802
https://doi.org/10.1073/pnas.231486598
https://www.ncbi.nlm.nih.gov/pubmed/11698646
https://doi.org/10.20900/immunometab20220007
https://www.ncbi.nlm.nih.gov/pubmed/35371563
https://doi.org/10.1155/2011/451694
https://www.ncbi.nlm.nih.gov/pubmed/21960736
https://doi.org/10.1016/j.it.2015.02.007
https://www.ncbi.nlm.nih.gov/pubmed/25773310
https://doi.org/10.1084/jem.20112741
https://doi.org/10.3390/biom9040153
https://www.ncbi.nlm.nih.gov/pubmed/30999672
https://doi.org/10.1016/j.csbj.2019.03.006
https://doi.org/10.1172/JCI96061
https://www.ncbi.nlm.nih.gov/pubmed/29337303
https://doi.org/10.1016/j.molcel.2019.09.030
https://www.ncbi.nlm.nih.gov/pubmed/31668929
https://doi.org/10.1093/jnci/djv303
https://doi.org/10.1073/pnas.192461099
https://www.ncbi.nlm.nih.gov/pubmed/12218188


Cells 2024, 13, 864 21 of 25

45. McLane, L.M.; Abdel-Hakeem, M.S.; Wherry, E.J. CD8 T Cell Exhaustion during Chronic Viral Infection and Cancer. Annu. Rev.
Immunol. 2019, 37, 457–495. [CrossRef]

46. Dolina, J.S.; Van Braeckel-Budimir, N.; Thomas, G.D.; Salek-Ardakani, S. CD8+ T Cell Exhaustion in Cancer. Front. Immunol. 2021,
12, 715234. [CrossRef] [PubMed]

47. Liu, Y.; Liang, X.; Dong, W.; Fang, Y.; Lv, J.; Zhang, T.; Fiskesund, R.; Xie, J.; Liu, J.; Yin, X.; et al. Tumor-Repopulating Cells Induce
PD-1 Expression in CD8+ T Cells by Transferring Kynurenine and AhR Activation. Cancer Cell 2018, 33, 480–494.e7. [CrossRef]
[PubMed]

48. Ahn, E.; Araki, K.; Hashimoto, M.; Li, W.; Riley, J.L.; Cheung, J.; Sharpe, A.H.; Freeman, G.J.; Irving, B.A.; Ahmed, R. Role of PD-1
during Effector CD8 T Cell Differentiation. Proc. Natl. Acad. Sci. USA 2018, 115, 4749–4754. [CrossRef] [PubMed]

49. Wherry, E.J.; Ha, S.-J.; Kaech, S.M.; Haining, W.N.; Sarkar, S.; Kalia, V.; Subramaniam, S.; Blattman, J.N.; Barber, D.L.; Ahmed, R.
Molecular Signature of CD8+ T Cell Exhaustion during Chronic Viral Infection. Immunity 2007, 27, 670–684. [CrossRef]

50. Gong, J.; Chehrazi-Raffle, A.; Reddi, S.; Salgia, R. Development of PD-1 and PD-L1 Inhibitors as a Form of Cancer Immunotherapy:
A Comprehensive Review of Registration Trials and Future Considerations. J. Immunother. Cancer 2018, 6, 8. [CrossRef]

51. Jiang, Y.; Chen, M.; Nie, H.; Yuan, Y. PD-1 and PD-L1 in Cancer Immunotherapy: Clinical Implications and Future Considerations.
Hum. Vaccines Immunother. 2019, 15, 1111–1122. [CrossRef]

52. Winer, A.; Ghatalia, P.; Bubes, N.; Anari, F.; Varshavsky, A.; Kasireddy, V.; Liu, Y.; El-Deiry, W.S. Dual Checkpoint Inhibition with
Ipilimumab plus Nivolumab After Progression on Sequential PD-1/PDL-1 Inhibitors Pembrolizumab and Atezolizumab in a
Patient with Lynch Syndrome, Metastatic Colon, and Localized Urothelial Cancer. Oncologist 2019, 24, 1416–1419. [CrossRef]
[PubMed]

53. Bernier, I.; Jollés, P. Purification and Characterization of a Basic 23 kDa Cytosolic Protein from Bovine Brain. Biochim. Biophys.
Acta BBA-Protein Struct. Mol. Enzymol. 1984, 790, 174–181. [CrossRef]

54. Bonavida, B. RKIP-Mediated Chemo-Immunosensitization of Resistant Cancer Cells via Disruption of the NF-κB/Snail/YY1/RKIP
Resistance-Driver Loop. Crit. Rev. Oncog. 2014, 19, 431–445. [CrossRef]

55. Datar, I.; Qiu, X.; Ma, H.Z.; Yeung, M.; Aras, S.; De La Serna, I.; Al-Mulla, F.; Thiery, J.P.; Trumbly, R.; Fan, X.; et al. RKIP Regulates
CCL5 Expression to Inhibit Breast Cancer Invasion and Metastasis by Controlling Macrophage Infiltration. Oncotarget 2015, 6,
39050–39061. [CrossRef]

56. Deiss, K.; Kisker, C.; Lohse, M.J.; Lorenz, K. Raf Kinase Inhibitor Protein (RKIP) Dimer Formation Controls Its Target Switch from
Raf1 to G Protein-Coupled Receptor Kinase (GRK) 2. J. Biol. Chem. 2012, 287, 23407–23417. [CrossRef] [PubMed]

57. Lorenz, K.; Rosner, M.R. Harnessing RKIP to Combat Heart Disease and Cancer. Cancers 2022, 14, 867. [CrossRef] [PubMed]
58. Cardile, V.; Malaponte, G.; Loreto, C.; Libra, M.; Caggia, S.; Trovato, F.M.; Musumeci, G. Raf Kinase Inhibitor Protein (RKIP) and

Phospho-RKIP Expression in Melanomas. Acta Histochem. 2013, 115, 795–802. [CrossRef]
59. Granovsky, A.E.; Clark, M.C.; McElheny, D.; Heil, G.; Hong, J.; Liu, X.; Kim, Y.; Joachimiak, G.; Joachimiak, A.; Koide, S.; et al. Raf

Kinase Inhibitory Protein Function Is Regulated via a Flexible Pocket and Novel Phosphorylation-Dependent Mechanism. Mol.
Cell. Biol. 2009, 29, 1306–1320. [CrossRef]

60. Banfield, M.J.; Barker, J.J.; Perry, A.C.; Brady, R.L. Function from Structure? The Crystal Structure of Human Phosphatidylethanolamine-
Binding Protein Suggests a Role in Membrane Signal Transduction. Structure 1998, 6, 1245–1254. [CrossRef]

61. Skinner, J.J.; Rosner, M.R. RKIP Structure Drives Its Function: A Three-State Model for Regulation of RKIP. Crit. Rev. Oncog. 2014,
19, 483–488. [CrossRef] [PubMed]

62. Lorenz, K.; Lohse, M.J.; Quitterer, U. Protein Kinase C Switches the Raf Kinase Inhibitor from Raf-1 to GRK-2. Nature 2003, 426,
574–579. [CrossRef] [PubMed]

63. Skinner, J.J.; Wang, S.; Lee, J.; Ong, C.; Sommese, R.; Sivaramakrishnan, S.; Koelmel, W.; Hirschbeck, M.; Schindelin, H.; Kisker, C.;
et al. Conserved Salt-Bridge Competition Triggered by Phosphorylation Regulates the Protein Interactome. Proc. Natl. Acad. Sci.
USA 2017, 114, 13453–13458. [CrossRef]

64. Park, S.; Rath, O.; Beach, S.; Xiang, X.; Kelly, S.M.; Luo, Z.; Kolch, W.; Yeung, K.C. Regulation of RKIP Binding to the N-region of
the Raf-1 Kinase. FEBS Lett. 2006, 580, 6405–6412. [CrossRef] [PubMed]

65. Trakul, N.; Menard, R.E.; Schade, G.R.; Qian, Z.; Rosner, M.R. Raf Kinase Inhibitory Protein Regulates Raf-1 but Not B-Raf Kinase
Activation. J. Biol. Chem. 2005, 280, 24931–24940. [CrossRef] [PubMed]

66. Liu, F.; Yang, X.; Geng, M.; Huang, M. Targeting ERK, an Achilles’ Heel of the MAPK Pathway, in Cancer Therapy. Acta Pharm.
Sin. B 2018, 8, 552–562. [CrossRef] [PubMed]

67. Yesilkanal, A.E.; Rosner, M.R. Raf Kinase Inhibitory Protein (RKIP) as a Metastasis Suppressor: Regulation of Signaling Networks
in Cancer. Crit. Rev. Oncog. 2014, 19, 447–454. [CrossRef]

68. Huerta-Yepez, S.; Yoon, N.K.; Hernandez-Cueto, A.; Mah, V.; Rivera-Pazos, C.M.; Chatterjee, D.; Vega, M.I.; Maresh, E.L.; Horvath,
S.; Chia, D.; et al. Expression of Phosphorylated Raf Kinase Inhibitor Protein (pRKIP) Is a Predictor of Lung Cancer Survival.
BMC Cancer 2011, 11, 259. [CrossRef]

69. Li, S.; Liu, T.; Mo, W.; Hou, Q.; Zhou, Y.; Liu, M.; He, Z.; Liu, Z.; Chen, Q.; Wang, H.; et al. Prognostic Value of Phosphorylated
Raf Kinase Inhibitory Protein at Serine 153 and Its Predictive Effect on the Clinical Response to Radiotherapy in Nasopharyngeal
Carcinoma. Radiat. Oncol. 2016, 11, 121. [CrossRef]

70. Zaravinos, A.; Bonavida, B.; Chatzaki, E.; Baritaki, S. RKIP: A Key Regulator in Tumor Metastasis Initiation and Resistance to
Apoptosis: Therapeutic Targeting and Impact. Cancers 2018, 10, 287. [CrossRef]

https://doi.org/10.1146/annurev-immunol-041015-055318
https://doi.org/10.3389/fimmu.2021.715234
https://www.ncbi.nlm.nih.gov/pubmed/34354714
https://doi.org/10.1016/j.ccell.2018.02.005
https://www.ncbi.nlm.nih.gov/pubmed/29533786
https://doi.org/10.1073/pnas.1718217115
https://www.ncbi.nlm.nih.gov/pubmed/29654146
https://doi.org/10.1016/j.immuni.2007.09.006
https://doi.org/10.1186/s40425-018-0316-z
https://doi.org/10.1080/21645515.2019.1571892
https://doi.org/10.1634/theoncologist.2018-0686
https://www.ncbi.nlm.nih.gov/pubmed/31444293
https://doi.org/10.1016/0167-4838(84)90221-8
https://doi.org/10.1615/CritRevOncog.2014011929
https://doi.org/10.18632/oncotarget.5176
https://doi.org/10.1074/jbc.M112.363812
https://www.ncbi.nlm.nih.gov/pubmed/22610096
https://doi.org/10.3390/cancers14040867
https://www.ncbi.nlm.nih.gov/pubmed/35205615
https://doi.org/10.1016/j.acthis.2013.03.003
https://doi.org/10.1128/MCB.01271-08
https://doi.org/10.1016/S0969-2126(98)00125-7
https://doi.org/10.1615/CritRevOncog.2014012001
https://www.ncbi.nlm.nih.gov/pubmed/25597357
https://doi.org/10.1038/nature02158
https://www.ncbi.nlm.nih.gov/pubmed/14654844
https://doi.org/10.1073/pnas.1711543114
https://doi.org/10.1016/j.febslet.2006.10.054
https://www.ncbi.nlm.nih.gov/pubmed/17097642
https://doi.org/10.1074/jbc.M413929200
https://www.ncbi.nlm.nih.gov/pubmed/15886202
https://doi.org/10.1016/j.apsb.2018.01.008
https://www.ncbi.nlm.nih.gov/pubmed/30109180
https://doi.org/10.1615/CritRevOncog.2014012000
https://doi.org/10.1186/1471-2407-11-259
https://doi.org/10.1186/s13014-016-0696-5
https://doi.org/10.3390/cancers10090287


Cells 2024, 13, 864 22 of 25

71. Cross-Knorr, S.; Lu, S.; Perez, K.; Guevara, S.; Brilliant, K.; Pisano, C.; Quesenberry, P.J.; Resnick, M.B.; Chatterjee, D. RKIP
Phosphorylation and STAT3 Activation Is Inhibited by Oxaliplatin and Camptothecin and Are Associated with Poor Prognosis in
Stage II Colon Cancer Patients. BMC Cancer 2013, 13, 463. [CrossRef] [PubMed]

72. Shvartsur, A.; Givechian, K.B.; Garban, H.; Bonavida, B. Overexpression of RKIP and Its Cross-Talk with Several Regulatory Gene
Products in Multiple Myeloma. J. Exp. Clin. Cancer Res. 2017, 36, 62. [CrossRef] [PubMed]

73. Touboul, R.; Baritaki, S.; Zaravinos, A.; Bonavida, B. RKIP Pleiotropic Activities in Cancer and Inflammatory Diseases: Role in
Immunity. Cancers 2021, 13, 6247. [CrossRef] [PubMed]

74. Yeung, K.C.; Rose, D.W.; Dhillon, A.S.; Yaros, D.; Gustafsson, M.; Chatterjee, D.; McFerran, B.; Wyche, J.; Kolch, W.; Sedivy, J.M.
Raf Kinase Inhibitor Protein Interacts with NF-κB-Inducing Kinase and TAK1 and Inhibits NF-κB Activation. Mol. Cell. Biol. 2001,
21, 7207–7217. [CrossRef]

75. Bonavida, B.; Baritaki, S. Dual Role of NO Donors in the Reversal of Tumor Cell Resistance and EMT: Downregulation of the
NF-κB/Snail/YY1/RKIP Circuitry. Nitric Oxide 2011, 24, 1–7. [CrossRef] [PubMed]

76. Escara-Wilke, J.; Yeung, K.; Keller, E.T. Raf Kinase Inhibitor Protein (RKIP) in Cancer. Cancer Metastasis Rev. 2012, 31, 615–620.
[CrossRef] [PubMed]

77. Cessna, H.; Baritaki, S.; Zaravinos, A.; Bonavida, B. The Role of RKIP in the Regulation of EMT in the Tumor Microenvironment.
Cancers 2022, 14, 4596. [CrossRef] [PubMed]

78. Wu, K.; Bonavida, B. The Activated NF-κB-Snail-RKIP Circuitry in Cancer Regulates Both the Metastatic Cascade and Resistance
to Apoptosis by Cytotoxic Drugs. Crit. Rev. Oncog. 2009, 29, 241–254.

79. Kujawski, M.; Kortylewski, M.; Lee, H.; Herrmann, A.; Kay, H.; Yu, H. Stat3 Mediates Myeloid Cell–Dependent Tumor
Angiogenesis in Mice. J. Clin. Investig. 2008, 118, 3367–3377. [CrossRef]

80. 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]

81. Priceman, S.J.; Kujawski, M.; Shen, S.; Cherryholmes, G.A.; Lee, H.; Zhang, C.; Kruper, L.; Mortimer, J.; Jove, R.; Riggs, A.D.; et al.
Regulation of Adipose Tissue T Cell Subsets by Stat3 Is Crucial for Diet-Induced Obesity and Insulin Resistance. Proc. Natl. Acad.
Sci. USA 2013, 110, 13079–13084. [CrossRef] [PubMed]

82. Yu, H.; Lee, H.; Herrmann, A.; Buettner, R.; Jove, R. Revisiting STAT3 Signalling in Cancer: New and Unexpected Biological
Functions. Nat. Rev. Cancer 2014, 14, 736–746. [CrossRef]

83. Vandamme, D.; Herrero, A.; Al-Mulla, F.; Kolch, W. Regulation of the MAPK Pathway by Raf Kinase Inhibitory Protein. Crit. Rev.
Oncog. 2014, 19, 405–415. [CrossRef] [PubMed]

84. Lin, W.; Wang, N.; Zhou, K.; Su, F.; Jiang, Y.; Shou, J.; Liu, H.; Ma, C.; Qian, Y.; Wang, K.; et al. RKIP Mediates Autoimmune
Inflammation by Positively Regulating IL-17R Signaling. EMBO Rep. 2018, 19, e44951. [CrossRef]

85. Bach, V.N.; Ding, J.; Yeung, M.; Conrad, T.; Odeh, H.N.; Cubberly, P.; Figy, C.; Ding, H.-F.; Trumbly, R.; Yeung, K.C. A Negative
Regulatory Role for RKIP in Breast Cancer Immune Response. Cancers 2022, 14, 3605. [CrossRef]

86. Christofi, T.; Zaravinos, A. RKIP in Human Diseases and Its Potential as a Prognostic Indicator and Therapeutic Target. In
Prognostic and Therapeutic Applications of RKIP in Cancer; Elsevier: Amsterdam, The Netherlands, 2020; pp. 337–356. ISBN
978-0-12-819612-0.

87. Wang, Y.; Bonavida, B. A New Linkage between the Tumor Suppressor RKIP and Autophagy: Targeted Therapeutics. Crit. Rev.
Oncog. 2018, 23, 281–305. [CrossRef]

88. Frankenberger, C.; Rabe, D.; Bainer, R.; Sankarasharma, D.; Chada, K.; Krausz, T.; Gilad, Y.; Becker, L.; Rosner, M.R. Metastasis
Suppressors Regulate the Tumor Microenvironment by Blocking Recruitment of Prometastatic Tumor-Associated Macrophages.
Cancer Res. 2015, 75, 4063–4073. [CrossRef]

89. Zhao, J.; Wenzel, S. Interactions of RKIP with Inflammatory Signaling Pathways. Crit. Rev. Oncog. 2014, 19, 497–504. [CrossRef]
[PubMed]

90. Jha, A.; Alam, M.; Kashyap, T.; Nath, N.; Kumari, A.; Pramanik, K.K.; Nagini, S.; Mishra, R. Crosstalk between PD-L1 and
Jak2-Stat3/MAPK-AP1 Signaling Promotes Oral Cancer Progression, Invasion and Therapy Resistance. Int. Immunopharmacol.
2023, 124, 110894. [CrossRef]

91. Ribas, A.; Algazi, A.; Ascierto, P.A.; Butler, M.O.; Chandra, S.; Gordon, M.; Hernandez-Aya, L.; Lawrence, D.; Lutzky, J.; Miller,
W.H.; et al. PD-L1 Blockade in Combination with Inhibition of MAPK Oncogenic Signaling in Patients with Advanced Melanoma.
Nat. Commun. 2020, 11, 6262. [CrossRef]

92. Stutvoet, T.S.; Kol, A.; De Vries, E.G.; De Bruyn, M.; Fehrmann, R.S.; Terwisscha Van Scheltinga, A.G.; De Jong, S. MAPK Pathway
Activity Plays a Key Role in PD-L1 Expression of Lung Adenocarcinoma Cells. J. Pathol. 2019, 249, 52–64. [CrossRef] [PubMed]

93. Yi, M.; Niu, M.; Xu, L.; Luo, S.; Wu, K. Regulation of PD-L1 Expression in the Tumor Microenvironment. J. Hematol. Oncol. 2021,
14, 10. [CrossRef]

94. Hirayama, A.; Tanaka, K.; Tsutsumi, H.; Nakanishi, T.; Yamashita, S.; Mizusaki, S.; Ishii, Y.; Ota, K.; Yoneshima, Y.; Iwama, E.; et al.
Regulation of PD-L1 Expression in Non–Small Cell Lung Cancer by Interleukin-1β. Front. Immunol. 2023, 14, 1192861. [CrossRef]

95. Liu, L.; Sun, Q.; Bao, R.; Roth, M.; Zhong, B.; Lan, X.; Tian, J.; He, Q.; Li, D.; Sun, J.; et al. Specific Regulation of PRMT1 Expression
by PIAS1 and RKIP in BEAS-2B Epithelia Cells and HFL-1 Fibroblasts in Lung Inflammation. Sci. Rep. 2016, 6, 21810. [CrossRef]

96. Wright, K.T.; Vella, A.T. RKIP Contributes to IFN-γ Synthesis by CD8+ T Cells after Serial TCR Triggering in Systemic Inflammatory
Response Syndrome. J. Immunol. 2013, 191, 708–716. [CrossRef] [PubMed]

https://doi.org/10.1186/1471-2407-13-463
https://www.ncbi.nlm.nih.gov/pubmed/24098947
https://doi.org/10.1186/s13046-017-0535-z
https://www.ncbi.nlm.nih.gov/pubmed/28476134
https://doi.org/10.3390/cancers13246247
https://www.ncbi.nlm.nih.gov/pubmed/34944867
https://doi.org/10.1128/MCB.21.21.7207-7217.2001
https://doi.org/10.1016/j.niox.2010.10.001
https://www.ncbi.nlm.nih.gov/pubmed/20933602
https://doi.org/10.1007/s10555-012-9365-9
https://www.ncbi.nlm.nih.gov/pubmed/22684368
https://doi.org/10.3390/cancers14194596
https://www.ncbi.nlm.nih.gov/pubmed/36230521
https://doi.org/10.1172/JCI35213
https://doi.org/10.1038/nrc2734
https://doi.org/10.1073/pnas.1311557110
https://www.ncbi.nlm.nih.gov/pubmed/23878227
https://doi.org/10.1038/nrc3818
https://doi.org/10.1615/CritRevOncog.2014011922
https://www.ncbi.nlm.nih.gov/pubmed/25597351
https://doi.org/10.15252/embr.201744951
https://doi.org/10.3390/cancers14153605
https://doi.org/10.1615/CritRevOncog.2018027211
https://doi.org/10.1158/0008-5472.CAN-14-3394
https://doi.org/10.1615/CritRevOncog.2014011950
https://www.ncbi.nlm.nih.gov/pubmed/25597359
https://doi.org/10.1016/j.intimp.2023.110894
https://doi.org/10.1038/s41467-020-19810-w
https://doi.org/10.1002/path.5280
https://www.ncbi.nlm.nih.gov/pubmed/30972766
https://doi.org/10.1186/s13045-020-01027-5
https://doi.org/10.3389/fimmu.2023.1192861
https://doi.org/10.1038/srep21810
https://doi.org/10.4049/jimmunol.1203486
https://www.ncbi.nlm.nih.gov/pubmed/23761631


Cells 2024, 13, 864 23 of 25

97. Ayers, M.; Lunceford, J.; Nebozhyn, M.; Murphy, E.; Loboda, A.; Kaufman, D.R.; Albright, A.; Cheng, J.D.; Kang, S.P.; Shankaran,
V.; et al. IFN-γ–Related mRNA Profile Predicts Clinical Response to PD-1 Blockade. J. Clin. Investig. 2017, 127, 2930–2940.
[CrossRef]

98. Qian, J.; Wang, C.; Wang, B.; Yang, J.; Wang, Y.; Luo, F.; Xu, J.; Zhao, C.; Liu, R.; Chu, Y. The IFN-γ/PD-L1 Axis between T Cells
and Tumor Microenvironment: Hints for Glioma Anti-PD-1/PD-L1 Therapy. J. Neuroinflamm. 2018, 15, 290. [CrossRef] [PubMed]

99. Wei, J.; Wang, J.; Zhang, J.; Yang, J.; Wang, G.; Wang, Y. Development of Inhibitors Targeting Glycogen Synthase Kinase-3β for
Human Diseases: Strategies to Improve Selectivity. Eur. J. Med. Chem. 2022, 236, 114301. [CrossRef]

100. Al-Mulla, F.; Bitar, M.S.; Al-Maghrebi, M.; Behbehani, A.I.; Al-Ali, W.; Rath, O.; Doyle, B.; Tan, K.Y.; Pitt, A.; Kolch, W. Raf Kinase
Inhibitor Protein RKIP Enhances Signaling by Glycogen Synthase Kinase-3β. Cancer Res. 2011, 71, 1334–1343. [CrossRef]

101. Wu, D.; Pan, W. GSK3: A Multifaceted Kinase in Wnt Signaling. Trends Biochem. Sci. 2010, 35, 161–168. [CrossRef]
102. Zhang, S.; Sun, Y. Targeting Oncogenic SOX2 in Human Cancer Cells: Therapeutic Application. Protein Cell 2020, 11, 82–84.

[CrossRef] [PubMed]
103. Zhong, F.; Cheng, X.; Sun, S.; Zhou, J. Transcriptional Activation of PD-L1 by Sox2 Contributes to the Proliferation of Hepatocellu-

lar Carcinoma Cells. Oncol. Rep. 2017, 37, 3061–3067. [CrossRef] [PubMed]
104. Cho, J.-H.; Park, S.; Kim, S.; Kang, S.-M.; Woo, T.-G.; Yoon, M.-H.; Lee, H.; Jeong, M.; Park, Y.H.; Kim, H.; et al. RKIP Induction

Promotes Tumor Differentiation via SOX2 Degradation in NF2-Deficient Conditions. Mol. Cancer Res. 2022, 20, 412–424. [CrossRef]
[PubMed]

105. Kang, H.; Ma, D.; Zhang, J.; Zhao, J.; Yang, M. MicroRNA-18a Induces Epithelial-Mesenchymal Transition like Cancer Stem Cell
Phenotype via Regulating RKIP Pathway in Pancreatic Cancer. Ann. Transl. Med. 2020, 8, 433. [CrossRef] [PubMed]

106. Lee, S.; Wottrich, S.; Bonavida, B. Crosstalks between Raf-Kinase Inhibitor Protein and Cancer Stem Cell Transcription Factors
(Oct4, KLF4, Sox2, Nanog). Tumor Biol. 2017, 39, 101042831769225. [CrossRef] [PubMed]

107. Sarvagalla, S.; Kolapalli, S.P.; Vallabhapurapu, S. The Two Sides of YY1 in Cancer: A Friend and a Foe. Front. Oncol. 2019, 9, 1230.
[CrossRef] [PubMed]

108. Baritaki, S.; Chapman, A.; Yeung, K.; Spandidos, D.A.; Palladino, M.; Bonavida, B. Inhibition of Epithelial to Mesenchymal
Transition in Metastatic Prostate Cancer Cells by the Novel Proteasome Inhibitor, NPI-0052: Pivotal Roles of Snail Repression and
RKIP Induction. Oncogene 2009, 28, 3573–3585. [CrossRef] [PubMed]

109. Hays, E.; Bonavida, B. YY1 Regulates Cancer Cell Immune Resistance by Modulating PD-L1 Expression. Drug Resist. Updates
2019, 43, 10–28. [CrossRef] [PubMed]

110. Cai, H.; Yan, L.; Liu, N.; Xu, M.; Cai, H. IFI16 Promotes Cervical Cancer Progression by Upregulating PD-L1 in Immunomicroen-
vironment through STING-TBK1-NF-kB Pathway. Biomed. Pharmacother. 2020, 123, 109790. [CrossRef]

111. 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]

112. 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] [PubMed]

113. 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] [PubMed]

114. Karimi, S.; Mansouri, S.; Mamatjan, Y.; Liu, J.; Nassiri, F.; Suppiah, S.; Singh, O.; Aldape, K.; Zadeh, G. Programmed Death
Ligand-1 (PD-L1) Expression in Meningioma; Prognostic Significance and Its Association with Hypoxia and NFKB2 Expression.
Sci. Rep. 2020, 10, 14115. [CrossRef]

115. Li, H.; Xia, J.; Zhu, F.; Xi, Z.; Pan, C.; Gu, L.; Tian, Y. LPS Promotes the Expression of PD-L1 in Gastric Cancer Cells through NF-κB
Activation. J. Cell. Biochem. 2018, 119, 9997–10004. [CrossRef] [PubMed]

116. Ru, B.; Wong, C.N.; Tong, Y.; Zhong, J.Y.; Zhong, S.S.W.; Wu, W.C.; Chu, K.C.; Wong, C.Y.; Lau, C.Y.; Chen, I.; et al. TISIDB: An
Integrated Repository Portal for Tumor–Immune System Interactions. Bioinformatics 2019, 35, 4200–4202. [CrossRef]

117. Tang, Z.; Kang, B.; Li, C.; Chen, T.; Zhang, Z. GEPIA2: An Enhanced Web Server for Large-Scale Expression Profiling and
Interactive Analysis. Nucleic Acids Res. 2019, 47, W556–W560. [CrossRef]

118. Daily, K.; Patel, V.R.; Rigor, P.; Xie, X.; Baldi, P. MotifMap: Integrative Genome-Wide Maps of Regulatory Motif Sites for Model
Species. BMC Bioinform. 2011, 12, 495. [CrossRef]

119. Liu, Y.; Sun, S.; Bredy, T.; Wood, M.; Spitale, R.C.; Baldi, P. MotifMap-RNA: A Genome-Wide Map of RBP Binding Sites.
Bioinformatics 2017, 33, 2029–2031. [CrossRef]

120. Xie, X.; Rigor, P.; Baldi, P. MotifMap: A Human Genome-Wide Map of Candidate Regulatory Motif Sites. Bioinformatics 2009, 25,
167–174. [CrossRef]

121. Maniatis, T. The High Mobility Group Protein HMG I(Y) Is Required for NF-KB-Dependent Virus Induction of the Human IFN-P
Gene. Cell 1992, 71, 777–789.

122. Clevers, H. Wnt/β-Catenin Signaling in Development and Disease. Cell 2006, 127, 469–480. [CrossRef]
123. King, M.; Murphy, L. American Ginseng (Panax quinquefolius L.) Extract Alters Mitogen-Activated Protein Kinase Cell Signaling

and Inhibits Proliferation of MCF-7 Cells. J. Exp. Ther. Oncol. 2007, 6, 147–155.
124. Kim, S.O.; Kim, M.R. (-)-Epigallocatechin 3-Gallate Inhibits Invasion by Inducing the Expression of Raf Kinase Inhibitor Protein

in AsPC-1 Human Pancreatic Adenocarcinoma Cells through the Modulation of Histone Deacetylase Activity. Int. J. Oncol. 2013,
42, 349–358. [CrossRef]

https://doi.org/10.1172/JCI91190
https://doi.org/10.1186/s12974-018-1330-2
https://www.ncbi.nlm.nih.gov/pubmed/30333036
https://doi.org/10.1016/j.ejmech.2022.114301
https://doi.org/10.1158/0008-5472.CAN-10-3102
https://doi.org/10.1016/j.tibs.2009.10.002
https://doi.org/10.1007/s13238-019-00673-x
https://www.ncbi.nlm.nih.gov/pubmed/31748974
https://doi.org/10.3892/or.2017.5523
https://www.ncbi.nlm.nih.gov/pubmed/28339084
https://doi.org/10.1158/1541-7786.MCR-21-0373
https://www.ncbi.nlm.nih.gov/pubmed/34728553
https://doi.org/10.21037/atm.2020.03.195
https://www.ncbi.nlm.nih.gov/pubmed/32395477
https://doi.org/10.1177/1010428317692253
https://www.ncbi.nlm.nih.gov/pubmed/28378634
https://doi.org/10.3389/fonc.2019.01230
https://www.ncbi.nlm.nih.gov/pubmed/31824839
https://doi.org/10.1038/onc.2009.214
https://www.ncbi.nlm.nih.gov/pubmed/19633685
https://doi.org/10.1016/j.drup.2019.04.001
https://www.ncbi.nlm.nih.gov/pubmed/31005030
https://doi.org/10.1016/j.biopha.2019.109790
https://doi.org/10.1371/journal.pone.0061602
https://doi.org/10.1158/0008-5472.CAN-17-1636
https://www.ncbi.nlm.nih.gov/pubmed/29263152
https://doi.org/10.1371/journal.pone.0123410
https://www.ncbi.nlm.nih.gov/pubmed/25844720
https://doi.org/10.1038/s41598-020-70514-z
https://doi.org/10.1002/jcb.27329
https://www.ncbi.nlm.nih.gov/pubmed/30145830
https://doi.org/10.1093/bioinformatics/btz210
https://doi.org/10.1093/nar/gkz430
https://doi.org/10.1186/1471-2105-12-495
https://doi.org/10.1093/bioinformatics/btx087
https://doi.org/10.1093/bioinformatics/btn605
https://doi.org/10.1016/j.cell.2006.10.018
https://doi.org/10.3892/ijo.2012.1686


Cells 2024, 13, 864 24 of 25

125. Suhail, M.; Rehan, M.; Tarique, M.; Tabrez, S.; Husain, A.; Zughaibi, T.A. Targeting a Transcription Factor NF-κB by Green Tea
Catechins Using in Silico and in Vitro Studies in Pancreatic Cancer. Front. Nutr. 2023, 9, 1078642. [CrossRef]

126. Jazirehi, A.R.; Bonavida, B. Cellular and Molecular Signal Transduction Pathways Modulated by Rituximab (Rituxan, Anti-CD20
mAb) in Non-Hodgkin’s Lymphoma: Implications in Chemosensitization and Therapeutic Intervention. Oncogene 2005, 24,
2121–2143. [CrossRef] [PubMed]

127. Singhal, J.; Nagaprashantha, L.D.; Vatsyayan, R.; Ashutosh; Awasthi, S.; Singhal, S.S. Didymin Induces Apoptosis by Inhibiting
N-Myc and Upregulating RKIP in Neuroblastoma. Cancer Prev. Res. 2012, 5, 473–483. [CrossRef]

128. Hu, C.; Zhou, L.; Cai, Y. Dihydroartemisinin Induces Apoptosis of Cervical Cancer Cells via Upregulation of RKIP and
Downregulation of Bcl-2. Cancer Biol. Ther. 2014, 15, 279–288. [CrossRef] [PubMed]

129. Yu, R.; Jin, G.; Fujimoto, M. Dihydroartemisinin: A Potential Drug for the Treatment of Malignancies and Inflammatory Diseases.
Front. Oncol. 2021, 11, 722331. [CrossRef]

130. Huang, Q.; Bai, F.; Nie, J.; Lu, S.; Lu, C.; Zhu, X.; Zhuo, L.; Lin, X. Didymin Ameliorates Hepatic Injury through Inhibition of
MAPK and NF-κB Pathways by up-Regulating RKIP Expression. Int. Immunopharmacol. 2017, 42, 130–138. [CrossRef]

131. Cho, J.-H.; Oh, A.-Y.; Park, S.; Kang, S.; Yoon, M.-H.; Woo, T.-G.; Hong, S.-D.; Hwang, J.; Ha, N.-C.; Lee, H.-Y.; et al. Loss of
NF2 Induces TGFβ Receptor 1–Mediated Noncanonical and Oncogenic TGFβ Signaling: Implication of the Therapeutic Effect of
TGFβ Receptor 1 Inhibitor on NF2 Syndrome. Mol. Cancer Ther. 2018, 17, 2271–2284. [CrossRef] [PubMed]

132. Bonavida, B.; Garban, H. Nitric Oxide-Mediated Sensitization of Resistant Tumor Cells to Apoptosis by Chemo-Immunotherapeutics.
Redox Biol. 2015, 6, 486–494. [CrossRef] [PubMed]

133. Chen, Y.-L.; Chang, M.-C.; Cheng, W.-F. Metronomic Chemotherapy and Immunotherapy in Cancer Treatment. Cancer Lett. 2017,
400, 282–292. [CrossRef]

134. Huang, M.; Yang, J.; Wang, T.; Song, J.; Xia, J.; Wu, L.; Wang, W.; Wu, Q.; Zhu, Z.; Song, Y.; et al. Homogeneous, Low-volume,
Efficient, and Sensitive Quantitation of Circulating Exosomal PD-L1 for Cancer Diagnosis and Immunotherapy Response
Prediction. Angew. Chem. 2020, 59, 4800–4805. [CrossRef] [PubMed]

135. Wu, Q.; Jiang, L.; Li, S.; He, Q.; Yang, B.; Cao, J. Small Molecule Inhibitors Targeting the PD-1/PD-L1 Signaling Pathway. Acta
Pharmacol. Sin. 2021, 42, 1–9. [CrossRef] [PubMed]

136. Bagchi, S.; Yuan, R.; Engleman, E.G. Immune Checkpoint Inhibitors for the Treatment of Cancer: Clinical Impact and Mechanisms
of Response and Resistance. Annu. Rev. Pathol. Mech. Dis. 2021, 16, 223–249. [CrossRef]

137. Chen, S.; Zhang, Z.; Zheng, X.; Tao, H.; Zhang, S.; Ma, J.; Liu, Z.; Wang, J.; Qian, Y.; Cui, P.; et al. Response Efficacy of PD-1 and
PD-L1 Inhibitors in Clinical Trials: A Systematic Review and Meta-Analysis. Front. Oncol. 2021, 11, 562315. [CrossRef] [PubMed]

138. Sharma, P.; Hu-Lieskovan, S.; Wargo, J.A.; Ribas, A. Primary, Adaptive, and Acquired Resistance to Cancer Immunotherapy. Cell
2017, 168, 707–723. [CrossRef] [PubMed]

139. Yin, S.; Chen, Z.; Chen, D.; Yan, D. Strategies Targeting PD-L1 Expression and Associated Opportunities for Cancer Combination
Therapy. Theranostics 2023, 13, 1520–1544. [CrossRef] [PubMed]

140. Yi, M.; Zhang, J.; Li, A.; Niu, M.; Yan, Y.; Jiao, Y.; Luo, S.; Zhou, P.; Wu, K. The Construction, Expression, and Enhanced Anti-Tumor
Activity of YM101: A Bispecific Antibody Simultaneously Targeting TGF-β and PD-L1. J. Hematol. Oncol. 2021, 14, 27. [CrossRef]

141. Wan, Y.Y.; Flavell, R.A. ‘Yin-Yang’ Functions of TGF-β and Tregs in Immune Regulation. Immunol. Rev. 2007, 220, 199–213.
[CrossRef]

142. Melaiu, O.; Mina, M.; Chierici, M.; Boldrini, R.; Jurman, G.; Romania, P.; D’Alicandro, V.; Benedetti, M.C.; Castellano, A.; Liu, T.;
et al. PD-L1 Is a Therapeutic Target of the Bromodomain Inhibitor JQ1 and, Combined with HLA Class I, a Promising Prognostic
Biomarker in Neuroblastoma. Clin. Cancer Res. 2017, 23, 4462–4472. [CrossRef]

143. Kim, S.; Koh, J.; Kim, M.-Y.; Kwon, D.; Go, H.; Kim, Y.A.; Jeon, Y.K.; Chung, D.H. PD-L1 Expression Is Associated with
Epithelial-to-Mesenchymal Transition in Adenocarcinoma of the Lung. Hum. Pathol. 2016, 58, 7–14. [CrossRef] [PubMed]

144. Singhal, S.S.; Singhal, S.; Singhal, P.; Singhal, J.; Horne, D.; Awasthi, S. Didymin: An Orally Active Citrus Flavonoid for Targeting
Neuroblastoma. Oncotarget 2017, 8, 29428–29441. [CrossRef]

145. Molina, J.R.; Adjei, A.A. The Ras/Raf/MAPK Pathway. J. Thorac. Oncol. 2006, 1, 7–9. [CrossRef] [PubMed]
146. Zeng, L.; Ehrenreiter, K.; Menon, J.; Menard, R.; Kern, F.; Nakazawa, Y.; Bevilacqua, E.; Imamoto, A.; Baccarini, M.; Rosner,

M.R. RKIP Regulates MAP Kinase Signaling in Cells with Defective B-Raf Activity. Cell. Signal. 2013, 25, 1156–1165. [CrossRef]
[PubMed]

147. Park, S.; Yeung, M.L.; Beach, S.; Shields, J.M.; Yeung, K.C. RKIP Downregulates B-Raf Kinase Activity in Melanoma Cancer Cells.
Oncogene 2005, 24, 3535–3540. [CrossRef] [PubMed]

148. Lin, W.; Su, F.; Gautam, R.; Wang, N.; Zhang, Y.; Wang, X. Raf Kinase Inhibitor Protein Negatively Regulates FcεRI-Mediated
Mast Cell Activation and Allergic Response. Proc. Natl. Acad. Sci. USA 2018, 115, E9859–E9868. [CrossRef]

149. Lakshmi, S.P.; Reddy, A.T.; Kodidhela, L.D.; Varadacharyulu, N.C. The Tea Catechin Epigallocatechin Gallate Inhibits NF-
κB-Mediated Transcriptional Activation by Covalent Modification. Arch. Biochem. Biophys. 2020, 695, 108620. [CrossRef]
[PubMed]

150. Baritaki, S.; Yeung, K.; Palladino, M.; Berenson, J.; Bonavida, B. Pivotal Roles of Snail Inhibition and RKIP Induction by the
Proteasome Inhibitor NPI-0052 in Tumor Cell Chemoimmunosensitization. Cancer Res. 2009, 69, 8376–8385. [CrossRef]

151. Lei, Q.; Wang, D.; Sun, K.; Wang, L.; Zhang, Y. Resistance Mechanisms of Anti-PD1/PDL1 Therapy in Solid Tumors. Front. Cell
Dev. Biol. 2020, 8, 672. [CrossRef]

https://doi.org/10.3389/fnut.2022.1078642
https://doi.org/10.1038/sj.onc.1208349
https://www.ncbi.nlm.nih.gov/pubmed/15789036
https://doi.org/10.1158/1940-6207.CAPR-11-0318
https://doi.org/10.4161/cbt.27223
https://www.ncbi.nlm.nih.gov/pubmed/24335512
https://doi.org/10.3389/fonc.2021.722331
https://doi.org/10.1016/j.intimp.2016.11.028
https://doi.org/10.1158/1535-7163.MCT-17-1210
https://www.ncbi.nlm.nih.gov/pubmed/30135214
https://doi.org/10.1016/j.redox.2015.08.013
https://www.ncbi.nlm.nih.gov/pubmed/26432660
https://doi.org/10.1016/j.canlet.2017.01.040
https://doi.org/10.1002/anie.201916039
https://www.ncbi.nlm.nih.gov/pubmed/31912940
https://doi.org/10.1038/s41401-020-0366-x
https://www.ncbi.nlm.nih.gov/pubmed/32152439
https://doi.org/10.1146/annurev-pathol-042020-042741
https://doi.org/10.3389/fonc.2021.562315
https://www.ncbi.nlm.nih.gov/pubmed/33937012
https://doi.org/10.1016/j.cell.2017.01.017
https://www.ncbi.nlm.nih.gov/pubmed/28187290
https://doi.org/10.7150/thno.80091
https://www.ncbi.nlm.nih.gov/pubmed/37056572
https://doi.org/10.1186/s13045-021-01045-x
https://doi.org/10.1111/j.1600-065X.2007.00565.x
https://doi.org/10.1158/1078-0432.CCR-16-2601
https://doi.org/10.1016/j.humpath.2016.07.007
https://www.ncbi.nlm.nih.gov/pubmed/27473266
https://doi.org/10.18632/oncotarget.15204
https://doi.org/10.1016/S1556-0864(15)31506-9
https://www.ncbi.nlm.nih.gov/pubmed/17409820
https://doi.org/10.1016/j.cellsig.2013.02.005
https://www.ncbi.nlm.nih.gov/pubmed/23416466
https://doi.org/10.1038/sj.onc.1208435
https://www.ncbi.nlm.nih.gov/pubmed/15782137
https://doi.org/10.1073/pnas.1805474115
https://doi.org/10.1016/j.abb.2020.108620
https://www.ncbi.nlm.nih.gov/pubmed/33038311
https://doi.org/10.1158/0008-5472.CAN-09-1069
https://doi.org/10.3389/fcell.2020.00672


Cells 2024, 13, 864 25 of 25

152. Vivarelli, S.; Falzone, L.; Grillo, C.M.; Bonavida, B.; Crimi, C.; La Mantia, I.; Libra, M. Computational Analyses of YY1 and Its
Target RKIP Reveal Their Diagnostic and Prognostic Roles in Lung Cancer. Cancers 2022, 14, 922. [CrossRef] [PubMed]

153. Atchison, M.L.; Basu, A.; Zaprazna, K.; Papasani, M. Mechanisms of Yin Yang 1 in Oncogenesis: The Importance of Indirect
Effects. Crit. Rev. Oncog. 2011, 16, 143–161. [CrossRef] [PubMed]

154. Yang, M.; Li, Z.; Tao, J.; Hu, H.; Li, Z.; Zhang, Z.; Cheng, F.; Sun, Y.; Zhang, Y.; Yang, J.; et al. Resveratrol Induces PD-L1 Expression
through Snail-Driven Activation of Wnt Pathway in Lung Cancer Cells. J. Cancer Res. Clin. Oncol. 2021, 147, 1101–1113. [CrossRef]
[PubMed]

155. Noman, M.Z.; Desantis, G.; Janji, B.; Hasmim, M.; Karray, S.; Dessen, P.; Bronte, V.; Chouaib, S. PD-L1 Is a Novel Direct Target of
HIF-1α, and Its Blockade under Hypoxia Enhanced MDSC-Mediated T Cell Activation. J. Exp. Med. 2014, 211, 781–790. [CrossRef]
[PubMed]

156. Srivani, G.; Behera, S.K.; Dariya, B.; Chalikonda, G.; Alam, A.; Nagaraju, G.P. HIF-1α and RKIP: A Computational Approach for
Pancreatic Cancer Therapy. Mol. Cell. Biochem. 2020, 472, 95–103. [CrossRef] [PubMed]

157. Vrankar, M.; Kern, I.; Stanic, K. Prognostic Value of PD-L1 Expression in Patients with Unresectable Stage III Non-Small Cell
Lung Cancer Treated with Chemoradiotherapy. Radiat. Oncol. 2020, 15, 247. [CrossRef] [PubMed]

158. Xu, S.; Tian, M.; Zhang, X.; Qi, C.; Song, C. Distribution of PD-L1 Expression Level across Major Tumor Types. J. Clin. Oncol. 2020,
38, e15176. [CrossRef]

159. Yuan, J.; Dong, X.; Yap, J.; Hu, J. The MAPK and AMPK Signalings: Interplay and Implication in Targeted Cancer Therapy. J.
Hematol. Oncol. 2020, 13, 113. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/cancers14040922
https://www.ncbi.nlm.nih.gov/pubmed/35205667
https://doi.org/10.1615/CritRevOncog.v16.i3-4.20
https://www.ncbi.nlm.nih.gov/pubmed/22248052
https://doi.org/10.1007/s00432-021-03510-z
https://www.ncbi.nlm.nih.gov/pubmed/33471184
https://doi.org/10.1084/jem.20131916
https://www.ncbi.nlm.nih.gov/pubmed/24778419
https://doi.org/10.1007/s11010-020-03788-6
https://www.ncbi.nlm.nih.gov/pubmed/32562168
https://doi.org/10.1186/s13014-020-01696-z
https://www.ncbi.nlm.nih.gov/pubmed/33121520
https://doi.org/10.1200/JCO.2020.38.15_suppl.e15176
https://doi.org/10.1186/s13045-020-00949-4

	Introduction 
	The PD-L1/PD-1 Pathway in Immune Evasion 
	PD-L1 and Inactivation of CD8+ T Cells 
	Clinical Implications of the PD-1/PD-L1 Axis 

	RKIP Properties and Immune Activation 
	RKIP Signaling Pathways 
	Cross-Talks between RKIP and PD-L1 
	Cross-Talk via the MAPK Pathway 
	Cross-Talk via Cytokines IL-1 and IFN- 
	Cross-Talk via GSK3 
	Cross-Talk via the Sox2 Oncogene 
	Cross-Talk via YY1 and NFB 
	Analyses of the Correlation between RKIP and PD-L1 Expressions in Human Cancersby Bioinformatics 
	Potential Therapeutic Strategies Targeting RKIP and PD-L1 
	PD-L1 Inhibitors 
	Combining Targeting Both RKIP and PD-L1 

	Clinical Trials 
	Discussion 
	Conclusions 
	References

