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Abstract

:

Raf kinase inhibitor protein (RKIP), an important modulator of intracellular signalling pathways, is commonly downregulated in multiple cancers. This reduction, or loss of expression, is correlated not only with the presence of metastasis, contributing to RKIP’s classification as a metastasis suppressor, but also with tumour aggressiveness and poor prognosis. Recent findings suggest a strong involvement of RKIP in the modulation of tumour microenvironment components, particularly by controlling the infiltration of specific immune cells and secretion of pro-metastatic factors. Additionally, RKIP interaction with multiple signalling molecules seems to potentiate its function as a regulator of inflammatory processes, mainly through stimulation of anti- or pro-inflammatory cytokines. Furthermore, RKIP is involved in the modulation of immunotherapeutic drugs response, through diverse mechanisms that sensitize cells to apoptosis. In the present review, we will provide updated information about the role of RKIP as an inflammatory and immune modulator and its potential implications in cancer will be addressed.
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1. Introduction


Raf kinase inhibitor protein (RKIP), also known as phosphatidylethanolamine-binding protein 1 (PEBP1), is a highly conserved, small (23 kDa), cytosolic protein originally purified from bovine brain [1,2]. This protein is widely expressed in normal human tissues, being recognized as having an important role in multiple physiological processes, such as spermatogenesis, neural development, cardiac output and membrane biosynthesis [2,3].



This multifunctional capacity of RKIP is associated with its involvement in the modulation of several signalling pathways (Reviewed at [4,5,6,7,8]). This protein was first described as a regulator of the Raf–MEK–ERK pathway, acting as its endogenous inhibitor. RKIP binds specifically to Raf-1 kinase, preventing its kinetic activity through the dissociation of the Raf-1/MEK complex, functioning as a competitive inhibitor of MEK phosphorylation [7,8,9]. Additionally, RKIP can indirectly interfere with upstream activators of Raf-1, such as G-protein coupled receptors (GPCR). Thus, when RKIP is phosphorylated by protein kinase C (PKC), it is released from Raf-1 and associates with G protein-coupled receptor kinase 2 (GRK2), an inhibitor of GPCR [10]. This association between phosphorylated RKIP and GRK2, not only leads to an enhanced GPCR activation, but also contributes to the overactivation of MAPK, since Raf-1 will no longer be inhibited by RKIP, ultimately leading to the activation of downstream targets. Therefore, RKIP will influence the cell’s response to growth factor stimuli [7]. Furthermore, RKIP can also act as a negative modulator of nuclear factor kappa B (NF-κB) signalling. This antagonizing effect of RKIP is exerted by its association with upstream kinases NIK, TAK, IKKα, and IKKβ, inhibiting their kinase activity, ultimately resulting in elimination of the IkappaB α (IκBα) phosphorylation and degradation, avoiding NF-κB translocation to the nucleus and consequently the transcription of several genes with anti-apoptotic features [11]. Moreover, RKIP also blocks signal transducer and activator of transcription 3 (STAT3) activation, by preventing its phosphorylation by upstream kinases, controlling the transcription of genes related to cell growth, apoptosis, survival and differentiation, [12,13]. Besides acting as an endogenous inhibitor in several signalling pathways, RKIP can also act as a positive modulator, as it is able to activate glycogen synthase kinase-3β (GSK3β) signalling, by preventing the phosphorylation of GSK3β inhibitory residue mediated by p38 MAPK and consequently stabilizing GSK3β expression [14].



Due to its important role as a modulator of intracellular signalling pathways that control several cellular processes, the deregulated expression of RKIP is implicated in several pathologies, including cancer [4,6]. The first association between RKIP and cancer was established in prostate metastatic cell lines, in which cellular RKIP expression levels were lower when compared to primary tumour cell lines [15]. It was also demonstrated that when RKIP expression was re-established in metastatic cells, their invasion capacity was inhibited, but the growth of the primary tumour was not affected [15]. This suggested that RKIP may not have a fundamental role in the primary tumour, but instead has great importance as a metastasis suppressor. In accordance, loss or reduction of RKIP expression is associated with malignancy and poor prognosis in several tumour types, as reported by our [16,17,18,19,20,21,22] and other groups [4,5,18,23,24,25,26]. Biologically, RKIP is a multifunctional protein in carcinogenesis, regulating cellular growth [27,28], motility [29,30], epithelial-to-mesenchymal transition (EMT) [31] and invasion [32]. Notably, it was also recognised that RKIP downregulation leads to inhibition of apoptosis and development of resistance to conventional cytotoxic drugs in tumour cells [5,33]. Furthermore, RKIP has an important role as a negative regulator of autophagy, by directly interfering with LC3-interaction region (LIR) motif, hampering autophagosome formation under starvation conditions [34]. Although the studies on this issue are scarce, they have hypothesized that RKIP’s regulation of cellular maintenance, chemo-immune resistance and EMT is driven by autophagy [35,36,37]. Interestingly, as recently reviewed by Wang et al. [35], RKIP and autophagy can both regulate the metastatic progression through EMT modulation, and curiously, they described that the RKIP/autophagy axis could be important to prevent oncogenic activation, cooperating to decrease cell cycle re-entry and re-establishment of genome stability [35].



Actually, one of the hot topics of research on cancer field is the belief that the tumor-immune system communications form the basis for disease pathophysiology and, at the same time, targets for therapeutic intervention [38,39]. The disease landscape emerging from these multi-factorial interactions is orchestrated by the three compartments, i.e., the cancer, the immune system, and the host. The outputs are numerous and include mainly: immunity that might control cancer and chronic inflammation that can be linked with tissue remodeling processes [40,41]. Inflammation is a hallmark of cancer and is mediated by immune cells attracted to or residing at sites of neoplastic transformation [42,43]. In what concerns the involvement of RKIP protein in the immuno-oncology topic, there is already some disperse information that strongly suggest a role for RKIP in the modulation of tumour microenvironment components, specifically in controlling the infiltration of specific immune cells and secretion of pro-metastatic factors [44,45]. Moreover, emerging data has been showing that RKIP, through interactions with numerous signalling molecules, may exert multiple functions during inflammatory processes [46]. RKIP is further reported to be involved in the modulation of the response to immunotherapeutic drugs and immuno-mediated cytotoxicity, by functioning as an apoptosis inducer, causing re-sensitization of resistant tumour cells and host immunosurveillance [47,48].



Hence, in the following sections we will provide an overview and updated information about RKIP function as an inflammatory and immune modulator and, accordingly, we will discuss its implications in oncological diseases.




2. RKIP and Inflammation


Some studies have shown that RKIP could be a modulator of the inflammatory process through interaction with numerous signalling molecules that together regulate immune system response to inflammation mainly by the production of anti- or pro-inflammatory cytokines (Figure 1).



As mentioned before, RKIP is a known inhibitor of ERK/MAPK and NF-κB pathways, both of which are considered of great importance in inflammation [49,50]. Consequently, interactions of RKIP with them are likely to have an impact on ERK/MAPK and NF-κB-associated inflammatory processes. For instance, in rheumatoid arthritis, an NF-κB-associated chronic systemic inflammatory disease, overexpression of RKIP in fibroblast-like synoviocytes significantly decreases the expression of inflammatory cytokines (Figure 1). These effects are consistent with an enhanced ability of RKIP to inhibit NF-κB signalling [51]. Similarly, an interaction of RKIP with NF-κB has been suggested to occur in primary Sjögren’s syndrome (pSS), an autoimmune disorder characterized by an epithelial injury surrounded by dense lymphocytic infiltrates. The authors showed that upregulation of RKIP decreased NF-κB activity and contributed to the downregulation of inflammatory cytokines and chemokines (Figure 1). On the other hand, RKIP silencing significantly activated NF-κB signalling and increased expression and release of pro-inflammatory mediators. Interestingly, RKIP expression in salivary gland epithelial cells (SGEC) from pSS patients was reported to be significantly lower than that of healthy SGEC, supporting a role for RKIP in the suppression of NF-κB activation in pSS [52].



Additionally, it was described that the flavone didymin, isolated from Origanum vulgare, significantly ameliorated liver injury in mice by in part reducing the levels of pro-inflammatory cytokines, such as TNF-α, IL-6 and IL-1β (Figure 1). Didymin also enhanced RKIP expression, resulting in inhibition of the MAPK and NF-κB signalling pathways, which also contributed to its anti-inflammatory effect [53]. Furthermore, a study showed a decreased RKIP expression and increased NF-κB activation in renal tissues of rats with diabetic nephropathy (Figure 1), again supporting an inhibitory role for RKIP in NF-κB mediated inflammatory responses. Also, the authors proposed that Rituximab, a chimeric mouse anti-human CD20 monoclonal antibody, might promote RKIP expression as well, increasing the sensitivity of the renal tissues to this drug [54]. With the upregulation of RKIP, induced by Rituximab, NF-κB pathway is inhibited, hampering the pathological mechanism of diabetic nephropathy.



In addition, RKIP seems to have different roles in the modulation of several inflammatory diseases. For example, in lung inflammation, RKIP is capable of regulating the cell type and signalling specific expression of the enzyme protein arginine methyltransferase 1 (PRMT1). More precisely, RKIP was found to be highly expressed in epithelial cells, preventing IL-1β-induced stimulation of PRMT1 expression [55]. RKIP also mediates autoimmune inflammation, since its deficiency in mice ameliorates the symptoms of experimental autoimmune encephalomyelitis (EAE), an experimental model for multiple sclerosis (Figure 1). Specifically, it was found that RKIP plays a main role in Th17-mediated immune responses by positively regulating IL-17-induced pro-inflammatory cytokine and chemokine expression. RKIP seems to directly interact with IL-17R and Act1 to promote the formation of an IL-17R-Act1 complex, resulting in enhanced MAPK- and P65-mediated NF-κB activation and downstream cytokine production (Figure 1) [56]. Moreover, RKIP plays an important role in controlling mast cell mediated allergic responses, specifically by negatively regulating mast cell activation. It was described that RKIP-deficient mast cells showed greater activation than wild-type mast cells and, consistently, RKIP deficiency in mast cells rendered mice more sensitive to allergic responses and ovalbumin-induced airway inflammation. Mechanistically, RKIP interacts with PI3K, preventing it from binding to GRB2-associated binding protein 2 (Gab2), and eventually inhibiting the activation of the PI3K/AKT/NF-κB complex and its downstream signalling [57].



Focusing on the regulation of neural development, the role of RKIP in microglial cells stimulated with 1-methyl-4-phenylpyridinium (MPP+) and its underlying mechanism in Parkinson’s disease was investigated. The findings indicated that RKIP suppresses apoptosis and inflammation in MPP+-treated microglial cells through the inactivation of NF-κB and MEK/ERK signalling pathways (Figure 1) [58]. Additionally, a study by Wang et al. reported that RKIP expression was dramatically reduced by erythrocyte lysate treatment in microglia, and restoration of RKIP distinctly inhibited microglia inflammation through inhibition of the NF-κB signalling pathway in erythrocyte lysis-treated microglial cells [59].



RKIP also has a particularly important role in driving the production of type I and type II interferons. In fact, RKIP showed to be critical for enhancing type II interferon production in CD8+ systemic inflammatory response syndrome (SIRS) T cells after serial triggering of the T cell receptor (TCR) with staphylococcal enterotoxin A (SEA) (Figure 2A). On a molecular level, the authors showed that this effect was not due to differences in T cell expansion or production of IL-10, an anti-inflammatory cytokine, but instead RKIP plays a role in the signalling machinery downstream of the TCR [60]. RKIP is also an important positive regulator of TANK-binding kinase 1 (TBK1) activation and type I interferon production in innate immunity. Upon viral infection, RKIP is phosphorylated at serine 109 (S109) by TBK1, which enhances the interaction between these two molecules and in turn promotes TBK1 autophosphorylation (S172). In contrast, RKIP deficiency inhibits intracellular double-stranded RNA- or DNA-induced type I interferon production (Figure 2B). These findings revealed a positive feedback loop between RKIP and TBK1 that is essential for type I interferon production in anti-viral innate immunity [61]. Besides, RKIP preferentially positively regulates the TLR3-mediated immune response in macrophages. It was shown that RKIP deficiency remarkably impaired polyinosinic:polycytidylic acid-induced TBK1/IRF3 and MAPK kinase 3 (MKK3)/p38 activation, and significantly inhibited Poly(I:C)-induced pro-inflammatory cytokine production in macrophages (Figure 2B). In addition, RKIP-deficient mice produced fewer pro-inflammatory cytokines and type I interferons and were more resistant to Poly(I:C)-induced death. It was further demonstrated that Poly(I:C) treatment induces RKIP phosphorylation at S109, being this action required for RKIP to promote TLR3-mediated signalling and inflammation [62].



Recently, it was demonstrated that RKIP also plays a relevant role in mediating human and mouse colitis by promoting inflammation and mediating intestinal epithelial cell apoptosis. The results showed that RKIP deficiency protects from colitis and inhibits infiltration of acute-phase immune cells and reduces production of pro-inflammatory cytokines and chemokines [63]. Mechanistically, RKIP enhances the induction of P53-upregulated modulator of apoptosis by interacting with TGF-β-activated kinase 1 (TAK1) and promoting TAK1-mediated NF-κB activation. This is supported by the observation that TAK1 activation is positively correlated with the expression of RKIP in human clinical samples [64]. Furthermore, a study showed that RKIP could be important in the regulation of Na-dependent amino acid absorption during chronic intestinal inflammation. The authors show that leukotriene D4 (LTD4) inhibits Na-alanine cotransport in intestinal epithelial cells by decreasing the affinity of the cotransporter ASCT1 by PKC-mediated phosphorylation of RKIP and leading to an activation of protein kinase A (PKA) pathway [63].



Altogether, these findings highlight the importance of RKIP’s role in inflammatory processes and its potential clinical applicability in therapeutic approaches for inflammatory diseases. In a study, inhibition of RKIP using the small molecule inhibitor locostatin led to a significantly diminished IFN-γ response in SIRS [60]. Locostatin alkylates a histidine residue (His68), a highly conserved residue in RKIP’s ligand-binding pocket, preventing RKIP from binding to its ligands and inhibiting RKIP functions [65]. Thus, this inhibitory effect of locostatin on RKIP associated with a decrease in IFN-γ suggested the potential of RKIP as a therapeutic target in inflammatory diseases.



Regarding cancer, inflammation has shown to be a critical component of tumour progression, fostering proliferation survival and migration through the recruitment of inflammatory and/or immune cells [66]. Little is known about the link between RKIP and inflammation in neoplastic context, however, given RKIP’s role in inflammatory processes through the modulation of signalling pathways, such as ERK/MAPK and NF-κB pathways, that are known to be widely deregulated in several malignancies (Figure 1 and Figure 2), it is possible that RKIP’s role in cancer can also be mediated by inflammation. It was already reported in breast and prostate cancer cell lines, that IL-6-mediated STAT3 activation showed to be RKIP-dependent as it was demonstrated by the lack of STAT3 activation in a human breast carcinoma cell line overexpressing RKIP and a significant enhancement of activation in cells with RKIP knockdown [12]. Additionally, RKIP was found to interact with tumour necrosis factor receptor 19 (TROY) in glio ma cell lines, an interaction that was enhanced by fetal bovine serum (FBS) exposure. Disruption of the TROY/RKIP interaction reduced the glioma development in xenografted mice [67]. Altogether, such findings suggest that RKIP may potentially exert its tumour suppressor function through the modulation of inflammatory factors.



In summary, it is evident that RKIP has an important role in inflammation, either by regulating important signalling pathways, such as ERK/MAPK and NF-κB pathways, or by regulating pro-inflammatory cytokine production. However, much remains to be understood regarding the mechanisms by which RKIP regulates inflammation in neoplastic context. Hence, further investigation in this area is needed for the development of new therapeutic approaches targeting RKIP inflammatory function.




3. RKIP and Tumour Microenvironment


Recent findings suggest that RKIP’s anti-metastatic properties can also be mediated through the modulation of components of tumour microenvironment. The interaction between metastasis suppressors and components of the microenvironment has been evident in recent years. However, little is known about how the metastasis suppressors regulate the tumour microenvironment, and the importance of this regulation to metastasis suppression [44,68]. The tumour microenvironment consists of different cell populations, besides cancer and cancer stem cells, that collectively control and support tumour progression and metastasis. Among them are infiltrating immune cells, such as tumour-associated macrophages (TAMs) and myeloid cells, that are known to add a more invasive and pro-tumoural phenotype to tumour cells by secreting angiogenic and growth factors [69].



Within tumour microenvironment, cancer stem cells (CSCs) are tumour cells that have self-renewal properties, clonal tumour initiation capacity, and clonal long-term repopulation potential [70]. A recent study suggested that RKIP expression levels may be involved in the regulation of the cancer stem cell phenotype. In this latter study, the existence of a crosstalk in the signalling pathways between RKIP and several cancer stem cell transcription factors, namely Oct4, KLF4, Sox2 and Nanog, was assembled. The findings revealed that there is a direct correlation between RKIP expression and the expression of each of the above transcription factors, however this needs to be experimentally validated [71]. Moreover, Yang et al., comparing the expression of cluster of differentiation 44 (CD44), a well-studied tumour marker associated with gastric cancer stem cells, with RKIP expression under different pathological conditions, demonstrated that RKIP exhibited a negative effect on initial tumour development, and that the downregulation of RKIP in the advanced stages of cancer facilitated CD44 and peroxiredoxin 2 overexpression. These observations suggest that RKIP may play a role in gastric cancer stem cell expansion [72].



The first evidences of RKIP role in the modulation of tumour microenvironment were reported in 2015 by two groups, that separately demonstrated that RKIP controls TAMs’ infiltration in the breast cancer microenvironment, both in vitro and in vivo [44,45]. Frankenberger et al. demonstrated that RKIP expression in metastatic triple-negative breast tumours markedly reduces the number and metastatic potential of infiltrating TAMs, which by itself translated into a decrease in tumour cell invasiveness and secretion of pro-metastatic factors, namely progranulin (PRGN) and tumour necrosis factor receptor 2 (TNFR2). The underlying mechanism through which RKIP regulates TAM recruitment is an RKIP-mediated HMGA2 blockage, that in turn results in a reduced expression of numerous macrophage chemotactic factors, such as chemokine ligand 5 (CCL5) [44]. Almost simultaneously, Datar et al. demonstrated, using an orthotopic breast cancer model, that ectopic expression of RKIP significantly decreased tumour vasculature, macrophage infiltration and lung metastases, by inhibiting the expression of CCL5. These results were in accordance with the in vitro analysis that showed that RKIP hinders breast cancer cell invasion by inhibiting expression of the chemokine CCL5. Beyond this, they established for the first time an inverse correlation between RKIP and CCL5 expression levels in clinical human breast cancer samples [45]. Taken together, both studies identified the significance of RKIP as an important novel negative regulator of tumour microenvironment, at least by blocking the recruitment of pro-metastatic macrophages, through regulation of chemokines expression.



Furthermore, in a broader study, Bainer et al. demonstrated, using species-specific RNA sequencing in a xenograft TNBC (Triple-negative breast cancer) mouse model, that gene expression in metastatic breast tumours is largely correlated with gene expression in local stroma of both mouse xenografts and human patients. In addition, changes in stromal gene expression elicited by tumours with or without RKIP expression is a better predictor of breast cancer subtype and patient survival than tumour gene expression [73]. In a recent study, Buschow et al. revealed that RKIP expression, during immunotherapy of metastatic melanoma with dendritic cell (DC) vaccination, positively correlated with gene signatures involved in effective T cell responses, but inversely correlated with genes associated with myeloid cell infiltration and inflammation, such as STAT3, Notch1, and MAPK1 signalling members [74]. Besides that, RKIP inversely correlated with the myeloid/lymphoid-ratio and was suppressed in patients suffering from chronic inflammatory disease, suggesting that RKIP may be indicative of a skewing of the (DC-vaccine-triggered) immune response towards chronic inflammation/myeloid immune suppression rather than towards an effective anti-tumour response [74]. Similarly, it was demonstrated in gastric cardiac adenocarcinoma tissues that negative RKIP expression was correlated with lower T cell-mediated immune function in the tumour microenvironment and increased lymph node metastasis, possibly by a mechanism of NF-κB hyperactivity [75]. Moreover, in chronic lymphocytic leukemia (CLL), inhibition of RKIP by locostatin led to a decreased expression of the chemokine receptor CXCR4 and reduced the migratory capacity of CLL cells toward stroma-derived factor 1a (SDF-1a), being these effects of locostatin possibly mediated by the binding of GRK2 to MEK1 and AKT [76]. Altogether, these observations highlight the importance of exploiting RKIP’s microenvironmental functions in order to develop novel therapeutic approaches for cancer patients.




4. RKIP and Cancer Immunomodulation


Tumour cells frequently develop therapeutic resistance, resulting in a poorer overall survival. In many cases, therapeutic resistance is concomitant with increased capacity of tumour cells escaping to host immunosurveillance. One approach to overcome this problem has been to identify pathways that regulate resistance and develop means to disrupt these pathways in order to re-sensitize resistant cells to death.



In that sense, RKIP has been identified as an important modulator of tumour cells therapy response via multiple interactions with signalling modules [33]. As an example, in the Yousuf et al. study, it was reported that RKIP overexpression results in the reduction of STAT3 activation mediated by IL-6 and c-Src, which resulted in sensitization of the cells to microtubule inhibitors (MTI)-induced apoptosis (Figure 3) [12]. In fact, some agents have already been reported as able to induct RKIP expression, resulting in the reversal of resistance and sensitization to TNF-related apoptosis-inducing ligand (TRAIL) and Fas ligand (Fas-L)-mediated apoptosis, two important mechanisms for tumour cells death by the immune system [47,48,77,78,79]. Baritaki et al. reported that treatment of tumour cells with various chemotherapeutic drugs not only inhibits NF-κB activity but also sensitizes the cells to TRAIL-induced apoptosis concurrently with upregulation of death receptor 5 (DR5) expression and inhibition of the transcription repressor Yin Yang 1 (YY1) [77]. Interestingly, a different study showed that RKIP induction resulted in the inhibition of YY1 and sensitization to TRAIL-mediated apoptosis alongside with upregulation of DR5, while treatment of tumour cells with RKIP small interfering RNA (siRNA) reversed tumour cell sensitization to TRAIL [48]. These results suggest that the underlying mechanism of RKIP-induced sensitization to TRAIL is inhibition of NF-κB and YY1 and augmentation of DR5 expression by RKIP (Figure 3).



Furthermore, the proteasome inhibitor NPI-0052 showed to sensitize cells to TRAIL-mediated apoptosis by inhibiting both NF-κB and Snail and inducing RKIP expression. The authors corroborated the direct role of NF-κB inhibition in sensitization by treatment with DHMEQ (Dehydroxymethylepoxyquinomicin), a NF-κB inhibitor, which mimicked NPI-0052 in the inhibition of NF-κB and Snail, along with upregulation of RKIP and sensitization to TRAIL (Figure 3). Also, treatment with Snail siRNA reversed resistance and induced RKIP overexpression. Likewise, RKIP overexpression mimicked treatment with Snail siRNA or NPI-0052 in sensitization of cells to TRAIL apoptosis, concomitant with suppression of the anti-apoptotic gene Bcl-xL (Figure 3). In contrast, treatment with RKIP siRNA reversed the sensitization to TRAIL [80].



Collectively, these findings established that NF-κB/Snail/YY1/RKIP circuitry regulates tumour cell sensitivity to TRAIL-mediated apoptosis. Nevertheless, RKIP-induced inhibition of the Raf/MEK/ERK pathway may also be involved in sensitization, since this pathway was reported to abrogate the apoptotic signalling by death receptors, including TRAIL [81]. Thus, there is evidence that RKIP may serve as an immune surveillance cancer gene, and its low expression or absence in tumours allows them to escape host immune cytotoxic cells.



Importantly, RKIP demonstrated a significant role in the modulation of immunomodulatory drugs response, through diverse mechanisms that sensitize cells to apoptosis. Some antibodies, such as the immunomodulators Rituximab and LFB-R603, have been reported as capable of sensitizing cells to apoptosis through mechanisms involving RKIP upregulation [47,82,83]. It was described that Rituximab sensitizes non-Hodgkin’s lymphoma B cells to paclitaxel-induced apoptosis, due to its ability to interrupt the ERK1/2 signalling pathway, which is concomitant with Bcl-xL downregulation (Figure 3). Looking further into the molecular mechanism, the authors observed that rituximab inhibits ERK1/2 pathway, not only through the upregulation of RKIP, but also through the potentiation of RKIP/Raf-1 association [47,83]. Moreover, Rituximab-mediated chemosensitization could also be due to inhibition of the constitutive NF-κB pathway, which is partly responsible for the regulation of Bcl-xL expression. Rituximab upregulates RKIP expression, potentiating the association between RKIP and the inhibitory NF-κB upstream kinases [47,84].



Similarly, two other monoclonal antibodies targeting CD-20, LFB-R603 and BM-ca, showed the same results [82,85]. LFB-R603 is able to sensitize non-Hodgkin’s lymphoma B cells to apoptosis mediated by TRAIL. The underlying mechanism of sensitization is an inhibitory effect of LFB-R603 on the constitutively activated NF-κB and PI3K/AKT survival pathways. LFB-R603-mediated NF-κB inhibition results in the downstream inhibition of Snail, concomitantly with the derepression of RKIP and phosphatase and tensin homolog (PTEN). Given that PTEN is an endogenous inhibitor of PI3K/AKT, suppressed by Snail, it was suggested that RKIP-mediated inhibition of NF-κB/Snail signalling may cause PI3K/AKT suppression in consequence of PTEN induction. Hence, LFB-R603 is responsible for the sensitization to TRAIL-mediated apoptosis through the regulation of NF-κB/Snail/RKIP/PTEN circuitry [82]. Concerning BM-ca, it was reported that following treatment with this antibody, the P38 MAPK and NF-κB pathways are inhibited, resulting in the inhibition of Snail transcription and derepression of RKIP (Figure 3). Derepression of RKIP, in turn, accentuates the inhibition of NF-κB and Snail, manifested by the inhibition of anti-apoptotic gene products and induction of pro-apoptotic gene products, leading to sensitization to drug-induced apoptosis [85].



Summarizing, there is accumulating evidence supporting a new role for RKIP in the regulation of the immune response, in addition to its previously identified metastatic suppressor role. Since the levels of RKIP are low in most tumours, its induction may inhibit metastasis and sensitize cells to both chemotherapeutic and immunomodulatory drugs.




5. Conclusions


RKIP is a multifunctional protein that is involved in many physiological processes, being considered a well-established metastasis suppressor in several tumour types. Despite the well-defined roles for RKIP in cancer, its function within the immune system is little understood. In this review, the relationship between RKIP and the immune system was elucidated, and it was possible to establish that RKIP has a role in the modulation of components of the tumour microenvironment, mainly by controlling the infiltration of specific immune cells and secretion of pro-metastatic factors. Besides that, RKIP demonstrated to have an important role in inflammation, mainly through interactions with several signalling molecules and modulation of cytokines production, both in inflammatory pathologies and cancer. In addition, RKIP showed to be involved in the modulation of several immunomodulatory drugs, mainly by mechanism of cells sensitization to apoptosis. In conclusion, the role of RKIP as an immunomodulator is evident, however a better understanding of its function in the immune system and its implications in the neoplastic context can be relevant for the development of therapies targeting RKIP function in tumour microenvironment, inflammation and immunosurveillance.
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Figure 1. Raf kinase inhibitor protein (RKIP) as a modulator of signalling pathways involved in the regulation of inflammatory processes during different human pathologies. In rheumatoid arthritis, RKIP is constitutively expressed in fibroblast-like synoviocytes, being capable of decreasing the production of inflammatory cytokines and MMP’s through inhibition of ERK and NF-κB signalling. In diabetic nephropathy, Rituximab is able to upregulate RKIP, which in turn inhibits NF-κB pathway, leading to a drug sensitization. Likewise, in primary Sjögren’s syndrome (pSS), RKIP overexpression decreases NF-κB activity and subsequently contributes to the downregulation of inflammatory cytokines and chemokines, while RKIP silencing activates NF-κB signalling and increases the production of pro-inflammatory mediators. Didymin ameliorates liver injury through reduction of the levels of pro-inflammatory cytokines, and also by enhancing RKIP expression, thereby inhibiting MAPK and NF-κB signalling pathways. RKIP also plays a main role in Th17-mediated immune responses by positively regulating IL-17-induced pro-inflammatory cytokine and chemokine expression in experimental autoimmune encephalomyelitis (EAE). Specifically, RKIP promotes the formation of an IL-17R-Act1 complex, resulting in enhanced MAPK- and P65-mediated NF-κB activation and consequently triggering the production of pro-inflammatory cytokines and chemokines. This will ultimately promote disseminated CNS (central nervous system) inflammation, neuronal demyelination, and the development of EAE symptoms. In Parkinson’s disease, RKIP suppresses apoptosis and inflammation in MPP+-treated microglial cells through the inactivation of NF-κB and MEK/ERK signalling pathways. 
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Figure 2. Role of RKIP in interferons and pro-inflammatory cytokines production during inflammatory processes. (A) RKIP enhances the production of interferon-γ after triggering of the T cell receptor (TCR) with staphylococcal enterotoxin A (SEA) in CD8+ systemic inflammatory response syndrome (SIRS) T cells. (B) On the left side, upon viral infection, TBK1 phosphorylates RKIP at S109 in macrophages. The phosphorylation of RKIP enhances its interaction with TBK1 and in turn promotes TBK1 autophosphorylation at S172, thus triggering a positive feedback control of TBK1 activation, which is essential for type I interferon production in innate immunity. On the right side, RKIP is a positive regulator of the TLR-3-mediated immune response in macrophages, being required for TBK1-IRF3 and MKK3-p38 activation and the downstream production of type I interferon and proinflammatory cytokines. TLR3 activation induces phosphorylation of RKIP at S109 via TBK1. Phosphorylated RKIP promotes TBK1 activation and the interaction between TAK1 and MKK3, thus activating the downstream IRF3 and p38, respectively. 
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Figure 3. RKIP-mediated signalling accountable for drug-induced apoptosis sensitization in cancer cells. (A) Overexpression of RKIP leads to reduction of c-Src- and IL-6 -mediated signal transducer and activator of transcription 3 (STAT3) activation. Such will ultimately result in cell sensitization to Microtubule Inhibitors (MTI)-induced apoptosis. (B) Treatment of tumour cells with therapies such as chemotherapeutic drugs and monoclonal antibodies have as mechanism of action the upregulation of RKIP. This will result in the inhibition of pathways such as NF-κB and MAPK, which in turn will block proteins like Bcl-xL and transcription factors like Yin Yang 1 (YY1) and Snail, culminating in upregulation of death receptor 5 (DR5) expression and derepression of phosphatase and tensin homolog (PTEN), respectively. These events sensitize cells to drug-induced apoptosis, including through TNF-related apoptosis-inducing ligand (TRAIL)-induced apoptosis. Each colour represents the different groups of drugs. 
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