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Abstract

:

Gut microbiome (GM) and its either pro-tumorigenic or anti-tumorigenic role is intriguing and constitutes an evolving landscape in translational oncology. It has been suggested that these microorganisms may be involved in carcinogenesis, cancer treatment response and resistance, as well as predisposition to adverse effects. In melanoma patients, one of the most immunogenic cancers, immune checkpoint inhibitors (ICI) and MAPK-targeted therapy—BRAF/MEK inhibitors—have revolutionized prognosis, and the study of the microbiome as a modulating factor is thus appealing. Although BRAF/MEK inhibitors constitute one of the main backbones of treatment in melanoma, little is known about their impact on GM and how this might correlate with immune re-induction. On the contrary, ICI and their relationship to GM has become an interesting field of research due to the already-known impact of immunotherapy in modulating the immune system. Immune reprogramming in the tumor microenvironment has been established as one of the main targets of microbiome, since it can induce immunosuppressive phenotypes, promote inflammatory responses or conduct anti-tumor responses. As a result, ongoing clinical trials are evaluating the role of fecal microbiota transplant (FMT), as well as the impact of using dietary supplements, antibiotics and probiotics in the prediction of response to therapy. In this review, we provide an overview of GM’s link to cancer, its relationship with the immune system and how this may impact response to treatments in melanoma patients. We also discuss insights about novel therapeutic approaches including FMT, changes in diet and use of probiotics, prebiotics and symbiotics. Finally, we hypothesize on the possible pathways through which GM may impact anti-tumor efficacy in melanoma patients treated with targeted therapy, an appealing subject of which little is known.
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1. Introduction


1.1. Epidemiology and Risk Factors of Cutaneous Melanoma


Cutaneous melanoma is a malignant proliferation of melanocytes with an increasing incidence over the last few years, probably because of higher sun exposure, longer survival in elderly patients and changes in lifestyle [1]. Before the era of immunotherapy and MAPK-directed therapy, melanoma was one of the deadliest cancers. However, a dramatic decline in mortality of nearly 30% has been seen since 2011, due to the appraisal of new therapeutic agents [2].



Ultraviolet radiation (RUV) is the main risk factor. As a result, melanoma constitutes a highly immunogenic tumor. The “UV mutational signature”, described in The Cancer Genome Atlas, is characterized by an increased number of translocations C>T in pyrimidines, which generates a high tumor mutational burden (TMB) [3,4]. The TMB is defined by the number of somatic mutations in the coding region of the genome or exome, and a high TMB results in an increasing number of neoantigens and immunogenicity of the tumor microenvironment (TME) [5]. The consequent inflammatory TME generated in this situation has proven to be an effective predictive biomarker for immunotherapy [6,7]. This has brought around immune checkpoint inhibitors (ICI) as successful therapies with nearly 40–60% objective response rates, a scenario previously unknown in metastatic melanoma [8,9,10]. Considering another major improvement in survival in melanoma, MAPK-directed therapies have also been under the spotlight over the last few decades. The oncogenic driver BRAF mutation, present in nearly 50% of melanomas—mostly young patients— has been described as inducing changes that facilitate tumor immune escape by the production of immunosuppressive cytokines, down regulation of Major Histocompatibility Complex I (MHC I) and recruitment of regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs) [11,12,13]. Thus, immune therapeutic agents and targeted BRAF inhibition therapy have become the mainstream in melanoma’s evolving landscape, as a higher amount of neoantigens present in these patients induces better responses to immune checkpoint inhibitors, and targeting BRAF pathway appears to have a favorable impact on immune surveillance in TME.




1.2. Gut and Skin Microbiome


The human microbiome is known to have an impact on cancer initiation, progression and response to treatments as well as modulation of the immune system and appearance of adverse effects [14]. However, although gut microbiota (GM) is being extensively studied and a link to cancer has already been established, the association of the skin microbiome, although potentially relevant, has not been extensively explored yet [15]. Therefore, in this review we will focus on gut microbiome. Table 1 summarizes the reported evidence on the association of gut and skin microbiome with cancer and drug response.




1.3. The Influence of Gut Microbiota on the Response to Cancer Treatments


The GM is a huge group of germs that inhabit the human intestine from birth. Although it is still not well-known nor understood, GM has been linked to various diseases, including diabetes mellitus, metabolic syndrome, autoimmune diseases and cancer [32,33,34,35]. Gut Microbiota has also been reported as a predictive biomarker of response to chemotherapy, radiotherapy, immunotherapy and targeted therapy [36,37,38,39,40]. It is known to be modified by certain drugs; for example, in patients treated with citalopram that present an enrichment of Enterobacteriaceae, or those using antibiotics or proton-pump inhibitors where Bacteroides are predominant. At the same time, GM is fundamental for drug metabolism, reducing, decarboxylating, demethylating and deaminating components, influencing drug response and related toxicity. Indeed, GM-mediated deamination of 5-fluorocytosine to 5-fluorouracil increases the toxicity while reducing the affinity of the drug in colorectal patients [41,42,43]. A recent article published by Lung-Ngai Ting et al. reviewed the pharmaco–microbiomic interactions between microbiota, ICI and chemotherapy, highlighting the modulatory effect of GM in pharmacokinetics and pharmacodynamics, impacting on the efficacy and on the toxicity profiles [44]. This opens a completely new avenue in the characterization of the disruptors of efficiency and the determinants of drug toxicity.




1.4. Current Treatments in Metastatic Melanoma and Gut Microbiota


The availability of new treatments in melanoma and the better understanding of the underlying molecular mechanisms have made it easier to improve the management and quality of life of these patients. However, there is still much to gain as resistance to treatments eventually develops, a major problem that has not yet been solved. Gut Microbiota constitutes a current focus of research in the field of precision medicine. In relation to immunotherapy, GM has been described as playing a key role in immune homeostasis and in oncogenesis [45,46,47,48]. Indeed, response to ICI, development of resistance, as well as predisposition to immune-related adverse events (irAE) appear to be linked to the presence of certain bacteria in the gut [49]. This influence is being largely investigated in order to deepen the comprehension of the complex interaction between what seem to be key pathways in molecular oncology. While the association between ICI and microbiome has been well described, it remains to be assessed for MAPK-directed therapy (BRAF/MEK inhibitors—BRAF/MEKi), which is nowadays one of the key elements in melanoma treatment. This is worth highlighting, considering that nearly 50% of melanoma patients have BRAF mutations and can be treated with these drugs, benefiting from a 64–76% objective response rate and a 5-year overall survival rate of 31–35% [50,51,52]. However, it should be noted that these patients will eventually develop resistance to targeted therapy after 12–14 months of treatment, through either MAPK-dependent pathways, such as mutations in NRAS or MEK, or MAPK-independent pathways, such as upregulation of platelet-derived growth factor (PDGF) receptors or insulin growth factor (IGF) receptors in the PI3K-mTOR signaling pathway [53]. In view of this, unveiling new ways of increasing response rates and discovering new therapeutic targets becomes an urgent need.



In this review, we will describe the interaction between GM, the immune system and BRAF/MEK-targeted therapy in the context of how they collectively impact anti-tumor efficacy. We will also analyze the relationship between ICI and microbiota, which may contribute to the yet-unstudied connection between GM and BRAF/MEKi. Our group is currently trying to define the role that gut microbiota may have in the outcome of metastatic melanoma BRAF-mutated patients treated with BRAF/MEKi.





2. Gut Microbiome and Cancer


The human microbiome is known to vary among individuals and also within a person over time, and has been described as influencing the progression of various diseases, from inflammatory bowel disease to major depressive disorders to cancer [54,55]. It is well known that some microorganisms in the human body can promote certain types of cancer, such as Helicobacter pylori in gastric cancer or Human Papillomavirus in cervical cancer [56,57]. Of note, preclinical models have shown that GM plays a fundamental role in initiation and progression of cancer, thus making it appealing as a therapeutic target that could change our daily clinical practice [58]. Changes in diet, use of antibiotics as well as other drugs, probiotics or lifestyle habits, impact the microbiome composition [36]. Therefore, the disease model has changed from a simplistic one to a more complex, intricate network of actors where the microbiome and the immune system may play a leading role in the response to treatments [59]. The influence of GM on cancer therapies, the immune system and carcinogenesis is illustrated in Figure 1.



2.1. Gut Microbiota and Carcinogenesis


The mechanisms by which GM may promote carcinogenesis have been proposed in numerous studies. A review published by Knippel et al. introduced these mechanisms: direct DNA damage by bacterial toxins, inflammation due to interaction between host cells and chronic infections, generation of metabolites and the inhibition of anti-tumoral immune responses [59]. An example of this is the secretion of a toxin by Bacteroides fragilis that induces the cleavage of E-cadherin, which in turn favors transcription by translocating ß-catenin to the nucleus and causes colonic hyperplasia. Fusobacterium nucleatum also acts in this pathway by linking E-cadherin to an adhesin called FadA, releasing ß-catenin [60]. This state of chronic inflammation exerted by some microorganisms and genotoxic toxins, including cytolethal distending toxin produced by Gram-negative bacteria and colibactin released by Enterobacteriaceae, favors tumorigenesis by mediated genotoxicity with reactive oxygen species, direct DNA damage and genomic instability [61]. The metabolism of some nutrients undergone by gut bacteria can also generate carcinogenic products such as aromatic amines, acetaldehyde or sulfide [62].



The tumor whose link to microbiome is best established is colorectal cancer (CRC), probably due to its high incidence and added to the fact that dietary habits have a well-known correlation with colon carcinogenesis and GM composition. The mechanisms proposed to participate in colorectal carcinogenesis are the alteration of the intestinal epithelial barrier, the production of genotoxins and the secretion of toxic metabolites by pathogenic bacteria [63]. Herbert et al. introduced the idea that microbial interventions could be beneficial in CRC, and although there are studies where it seems to be a plausible method to increase anti-tumor effects, there is still an urgent need to clarify its benefit in clinical models and daily practice [64,65].



As regards other tumors, microbiome has also been proposed to play a multi-factorial role in breast cancer: modulating metabolism of chemotherapeutic drugs, regulating tumor initiation and progression, and influencing therapy response and resistance [47]. In endometrial cancer it has been suggested that it may be involved in the body response to treatment and the presence of adverse events [66]. In preclinical mice models of pancreatic cancer, it was seen that Escherichia coli and Enterococcus introduced orally migrated to the pancreas and modified its microenvironment, and those animals who were treated with antibiotics also had a higher number of migrated bacteria in TME [67].




2.2. Evidence of Gut Microbiota and Melanoma Carcinogenesis


Concerning melanoma, Mekadim et al. identified associations between dysbiosis in skin microbiota, GM and melanoma progression in porcine models [14]. Changes in gut microbiota from early stages to metastatic disease were described by Vitali et al., who observed an abundance of Prevotella copri and yeasts of the Saccharomycetales species in melanoma patients compared to controls [68]. A review recently published by Makaranka et al. managed to describe the current evidence regarding the carcinogenic and anti-tumoral properties of GM in melanoma, emphasizing its connection with response to radiotherapy, chemotherapy and ICI and the impact that diet and probiotics may have in this scenario [69]. As an example, GM has been reported to trigger the immune system to strengthen the abscopal effect caused by radiotherapy, apart from promoting radiotherapy-adverse effects such as mucositis, colitis and bone marrow failure [70]. Moreover, chemotherapeutic agents, such as cyclophosphamide and cisplatin, appear to alter the composition of GM by stimulating the translocation of Gram-positive bacteria into secondary lymphoid organs, with the consequent induction of pathogenic Th17 cells and memory Th1 responses. Indeed, the use of antibiotics has been associated in preclinical mice models with resistance to cyclophosphamide [71]. Cisplatin efficacy also appeared to be reduced by antibiotic administration by a similar mechanism involving Th17 cells and oxygen-reactive species [19].





3. Gut Microbiome and Immune System


Nearly 4 × 1013 microbial cells are present in the human body, and almost 95% of these live in the gut. The immune-regulating role of GM and the influence of the GM and dysbiosis in disease and treatment outcomes are the predominant objects of studies in the GM field [15]. An example of this was described in preclinical models by Sivan et al., who found that mice had different anti-tumor immune responses depending on their microbiome [19]. Also, the modulation by GM of CD8+ T cells, T helper 1 (Th1) and tumor-associated myeloid cells has been evidenced in preclinical mice models, where antibiotics and the absence of microorganisms exerted a negative effect on ICI response [72]. On the other hand, it was also reported that certain bacteria acting on innate and adaptive immunity may cause a favorable microenvironment for tumor initiation and progression [73]. This shows the complex interconnection between GM and immunity, which comprises macrophages, monocytes, dendritic cells, antimicrobial peptides and lymphoid cells, among others [74]. This duality is what makes it more intriguing when trying to apply GM on therapeutics.



3.1. Innate Immunity


Innate immunity is the first barrier that confronts external threats, being that the intestine is one of its main players. It has been described that breast milk containing bacteria such as Lactobacillus and Bifidobacterium may have a crucial role in the development of this barrier in neonates [75]. Moreover, GM is known to modify the host’s response to vaccine immunity. This is of particular importance as gut dysbiosis is impaired in the elderly, which predisposes them to various diseases, a key point to take into consideration in the current COVID19 pandemic as the immunity provided by the vaccination may also be diminished in this subgroup of patients [76].



It is interesting to highlight the immunological footprints on which all this knowledge is based, being that the Complement is one of the key players in innate immunity. The Complement includes three pathways: the classical, the alternative and the mannose-binding lectin (MBL), which are activated either by antibody-dependent or independent mechanisms, such as recognition of certain components of the walls of microorganisms by C1, C3 and MBL. These pathways converge in the cleavage of C3 into C3a and C3b, which ultimately results in the formation of the membrane attack complex leading to cell lysis. This mechanism, which has been known for more than a century, was initially classified as an effector against tumor growth due to the fact that modifications in tumor cell membranes are recognized and triggered by the immune response [77]. However, there is a controversy about the final outcome of its activation. Taking into account the effects of chronic inflammation on the tumor microenvironment, new hypotheses have been developed in the search for complement inhibitor therapies, breaking apart the current search for activation of these pathways [78,79,80].



Pio et al. already described in 2013 that the Complement might exacerbate chronic inflammation, thus stimulating an immunosuppressive microenvironment, apart from inducing angiogenesis and cancer-promoting signaling pathways [77]. Markiewski et al. verified the role of C5a in tumor growth [81]. On the other hand, Bulla et al. also demonstrated that C1q deficiency in mice correlated with a lower probability of tumor progression and metastasis compared to wild-type mice [82]. In the wake of these findings, many studies discuss the need to shed light on the relationship between the Complement and the tumor microenvironment [79,83,84]. However, they all emphasize that these findings are part of the tumor microenvironment, and not part of the tumor cells themselves. This reinforces the importance not only of mutations but of a microenvironment that favors tumor development and progression.



Moreover, it is also worth highlighting the key role of neutrophils, main actors in innate immunity, mediating a suppressive immune response in TME. This is accomplished by the generation of reactive oxygen species, the secretion of immunosuppressive cytokines, the formation of neutrophil extracellular traps involved in cancer migration and invasion and the expression of PDL1, among others, all of which lead to immune tolerance and T lymphocyte anergy [85,86].



Once the link between innate immunity and cancer has been reviewed, it seems interesting to highlight a few studies evaluating the impact of GM on complement activation in other daily-life scenarios, such as the induction of preterm birth or neovascular age-related macular degeneration [87,88]. Chehoud et al. demonstrated that variations in the skin microbiota alter complement gene expression and vice versa by associating C5a receptor signaling to the diversity and composition of skin microbiota [89]. There are not many more studies on the subject, which highlights the need for further research on the impact of microbiome and cancer.




3.2. Adaptive Immunity


Adaptive immunity, as described before, also appears to be modified by the GM, by interacting with dendritic cells, macrophages and lymphocytes. It is worth mentioning the induction and diversification of B cells, the production of antibodies, mainly IgA, the influence on the response of CD4+ cells and the secretion of pro-inflammatory cytokines [90,91]. In a study of pancreatic cancer and microbiome, it was shown that removal of dysbiotic and immune-suppressive GM, such as bacteria from genera Firmicutes, Proteobacteria, Actinobacteria or Bacteroidetes, generated high levels of TNFα and IFNγ expression potentiating Th1 CD4+ cells and cytotoxic CD8+ T cells and increasing the anti-tumoral response [92]. This highlights the oncogenic role that certain bacteria may have in cancer.




3.3. Gut Microbiota, Chronic Inflammation and Effects over Tumor Microenvironment


Additionally, GM’s production of metabolites, for example butyrate and propionate, can stimulate the release of certain cytokines such as IL-6 or TNFα. As a result, immunosuppressive Tregs are stimulated, which favors an inflamed TME. Chronic inflammation has long been described as contributing to initiation and progression of cancer. This is a result of induced mutations, avoidance of apoptosis in cells, stimulation of angiogenesis and generation of adaptive responses, all of which confer tumor cells a survival advantage [47,93,94]. The immune reprogramming in TME has been established as one of the main targets of the microbiome, and not only by promoting these inflammatory responses, but also by inducing immunosuppressive phenotypes or even conducting anti-tumor responses. As a result, ongoing clinical trials are evaluating the role of fecal microbiota transplant (FMT), dietary supplements and impact of use of antibiotics and probiotics as predictors of response to ICI and other treatments [36,92]. It would also be appealing to understand the result of these interventions in patients treated with MAPK inhibitors to enhance therapeutic approaches.



In summary, although GM is already known to modulate innate and adaptive immunity, disentangling the specific mechanisms that link the alterations of these immunities and the drug response rates is a major need for the development of GM-based therapeutic strategies.





4. Gut Microbiome and Immune Checkpoint Inhibitors


GM and its immune-modulating role in patients treated with ICI has been and continues to be extensively studied. It has been reported that patients receiving antibiotics prior to or during treatment with ICI have a worse prognosis with a decrease in progression-free survival and overall survival. On the contrary, FMT may improve treatment response [36]. However, it must be highlighted that the techniques used for transplantation may transfer immunosuppressive and pathogenic microbes, so the effectiveness of these procedures needs to be studied in depth and validated [95].



4.1. Gut Microbiota Influencing Response to Immune Checkpoint Inhibitors


A previous study reported that patients who have a GM rich in Clostridiales, Ruminococcaceae or Faecalibacterium have higher levels of CD4+ and CD8+ T cells thus generating a better response to immunotherapy [29]. On the other hand, predominance of Bacteroidales in the gut is related to a majority of Tregs and myeloid-derived suppressor cells (MDSC), with poorer response to ICI [14]. Sivan et al. reported the Bifidobacterium’s association to antitumor activity by augmented dendritic cell function and activation of CD8+ T cell response in the tumor microenvironment (TME) [19]. These findings support the idea of the modulating role of GM in patients treated with ICI.



Roviello et al. reviewed the impact of GM on the efficacy of ICI, associating certain microorganisms of the phylum Firmicutes (Clostridiales, Enterococcus faecium, Faecalibacterium prausnitzii, Gemmiger formicilis, Lactobacilllus, Ruminococcus), Bacteroidetes (Alistipes, Bacteroides caccae), Actinobacteria (Collinsella aerofaciens, Bifidobacterium longum), Proteabacteria (Klebsiella pneumoniae) and Verrucomicrobia (Akkermansia muciniphila) with immune checkpoint responders, and, on the other hand, Firmicutes (Faecalibacterium prausnitzii, Roseburia intestinalis, Ruminococcus obeum), Bacteroidetes (Bacteroides thetaiotaomicron, Parabacteroides distasonis) and Proteabacteria (Escherichia coli) with non-responder patients [96].




4.2. Gut Microbiota and Immune Checkpoint Inhibitors in Melanoma


Baruch et al. conducted a clinical trial to evaluate FMT and re-induction of anti-PD1 immunotherapy in 10 melanoma patients who were refractory to ICI, and demonstrated a clinical response in three of those patients [97,98]. These may be suggestive of a modulation of the immune system by the GM, but uncertainty exists on whether that clinical response could be due to a delayed reaction to previous anti-PD1 therapies [36]. Based on these findings, there were several groups who examined a potential association between GM and clinical response to ICIs, demonstrating different microbiota composition between responders and non-responders [37]. An example of this was a study carried out on 42 stool samples taken from metastatic melanoma patients before immunotherapy treatment, which showed that bacterial species in responders included Bifidobacterium longum, Collinsella aerofaciens, and Enterococcus faecium, whereas non responders had a predominance of Ruminococcus obeum and Roseburia intestinalis. The responder profile was also associated with an increase in Batf3-lineage dendritic cells and Th1, evidencing immune activation and supporting the hypothesis that responder-associated bacteria may have an impact on innate and adaptive immunity [44].



Kumar et al. published a review summarizing the impact of microbiome on response to immunotherapy, apart from discussing the role of dietary habits on melanoma progression and treatment. They described that certain germs including Actinobacteria spp., Bacteroides thetaiotaomicron and massiliensis, Bifidobacterium adolescentis, longum and pseudolongum, Enterococcus faecium, Faecalibacterium prausnitzii, Lactobacillus spp., Klebsiella pneumoniae, Parabacteroides merdae, had beneficial effects on melanoma, while Bacteroidales, Roseburia intestinalis, Escherichia coli, Actynomyces odontolyticus, Peptostreptococcaceae and Proteobacteria had a negative impact on melanoma’s clinical evolution [15].



It is worth noting that although the microbiome composition is beginning to be seen as a predictive biomarker for immunotherapy, a combination of multiple biomarkers could be better to predict the efficacy of this treatment, as for now none of the biomarkers studied—PDL1, tumor mutational burden, tumor infiltrating lymphocytes—possesses high enough sensitivity and specificity to predict response rate [99].



To summarize, the increasing evidence of the correlation of the immunotherapy response with the presence of certain bacteria in the gut leads us to think that they are potential predictive biomarkers. However, the fact that the response in different types of cancer was associated to different bacteria, as well as contrasting responses to treatment depending on the context, reveals a complex connection that still needs to be uncovered.





5. Mapk Therapy and Immune System


The MAPK pathway, shown in Figure 2, is the result of a kinases cascade activation that, after several phosphorylations, leads to cell proliferation and survival through growth factors. The kinases RAF, MEK and ERK are also known as MAPKKK, MAPKK and MAPK because of their function as enzymes that transfer phosphate groups. The MAPK pathway plays an essential role in promoting TME inflammation and evading the immune system, as a result of paracrine and autocrine secretion of tumor growth factors and cytokines, apart from maintenance of proliferation and reduced apoptosis in cancer cells [100]. The most studied molecule of the pathway, KRAS, was found to cause immunosuppression by several mechanisms, for example upregulation of PDL1, infiltration of MDSCs in TME, stimulation of Tregs by secretion of IL-10 and TGF-β1, or downregulation of MHC-I, which impairs the recognition of tumor associated antigens and neoantigens by CD8+ T cells [101,102,103]. Moreover, the alteration of signaling between cells induced by this pathway through impaired CD40:CD40L blocks maturation of antigen- presenting cells and activation of CD8+ T cells [104].



5.1. BRAF/MEK Inhibition and Tumor Microenvironment


Once considering the immunosuppressive effects of the MAPK pathway, it can be hypothesized that BRAF/MEK inhibition, although not designed to target the immune system, influences the tumor-immune microenvironment and anti-tumor immune responses [105]. This has already been described in the literature, and justifies the synergic response seen when combining ICI and BRAF/MEKi [106]. Trojaniello et al. concluded that the co-administration of these drugs could induce tumor regression as well as prolong the immune response thanks to ICI [107]. Consistently, Devji et al. demonstrated an increase in overall survival without implying an important number of adverse effects [108]. There were various studies that also confirmed promising results of this combination, but taking into account an increase in “manageable” adverse reactions [109,110,111,112].



Another important point to take into account is the action of targeted therapy in TME. Several studies have also demonstrated that increasing T cell infiltrates in TME appear in patients with metastatic melanoma treated with BRAF/MEKi, enhancing a favorable anti-tumor microenvironment and decreasing immunosuppressive markers, which implies a higher survival rate [113,114,115,116]. Even though an intact immune system is essential for a good response to directed therapy, T lymphocytes in TME are critical to maintain the therapeutic effects of BRAF/MEK inhibitors [117].




5.2. BRAF/MEK Inhibition and Immunity


Focusing on BRAF/MEKi and their effects on immunity, a review by Kuske et al. exposed that BRAF inhibition caused a paradoxical activation of the MAPK pathway by increased phosphorylation of ERK in CD4+ and CD8+ T cells thus potentiating the immune response, while MEK inhibition apparently did not influence lymphocyte functions in vivo [117]. Erkes et al. agreed that BRAF inhibition also increases MHC expression and CD4+ and CD8+ T cell-response, but highlighted that MEK inhibition appears to act on T cell receptor (TCR)-mediated apoptosis [118]. Overall, BRAF inhibition seems to have a well-established anti-tumoral function, and while MEK seems to have activity over T cell function in vitro, controversy is seen when using in vivo models.



When considering targeted therapy’s action over the immune system, it has been described as increasing CD8+ T cell infiltrates and antigen expression, as well as decreasing immunosuppressive cytokines. Markers of immune exhaustion, such as PD-1 or TIM-1, appear to be upregulated as a mechanism that modulates the immune system even before resistance to iBRAF/MEK appears [119]. During treatment in preclinical and clinical models, PDL-1 is also upregulated, suggesting an acquired resistance to BRAF/MEK inhibition [113,120]. Interestingly, Berciano et al. have described how targeted therapy can induce immune re-induction by measuring changes in expression of genes involved in immune response. The fact that there are genes that may play a role in maintaining response to BRAF/MEK inhibitors, and others that are involved in resistance at progression by escaping immune surveillance, may help us understand the intrinsic pathways between immune system, targeted therapy and GM. Of mention, genes such as C-X-C Motif Chemokine Ligand 10 (CXCL10) and Serpin Family G Member 1 (SERPING1), regulators of T cells and classical complement pathway, respectively, appear to be upregulated in metastatic melanoma treated with iBRAF/MEK, thus suggesting an immunomodulatory role of these genes which may postulate them as possible therapeutic targets to enhance response to targeted therapy [121]. It is worth mentioning that as there are genes of immune re-induction and markers of immune exhaustion expressed during iBRAF/MEK treatment, combination therapy with ICI seems an appealing setting, and it has already begun to show interesting synergic responses with better progression-free survival and durability of response, yet with increasing levels of toxicity [122]. Other combinations of immunotherapeutic drugs and iBRAF/MEK should be explored, considering the entangled bond between these agents, microbiome and the immune system.



Overall, the activity of iBRAF/MEK in immunity and TME seems to play an interesting role in response to treatment, which may help us enhance effectiveness of targeted therapy and search for new pathways that can be triggered to reduce the development of resistance.





6. Gut Microbiome and Mapk Inhibitors


Although the association between GM and BRAF/MEKi has not been described, it is an interesting field of research that needs to be unfolded, considering that it represents one of the main therapies in melanoma patients and that it may help us have a better understanding of molecular pathways, the immune system and microbiome. The outcomes that changes in diet and use of antibiotics, probiotics or FMT may lead to in carcinogenesis and response to therapy may help us deepen our comprehension of how to approach patients with BRAF-mutated melanoma. Apart from this, analyzing GM in cancer patients may determine responders and non-responders, so as to enhance other strategies. Defining the constitution of the GM could become an easier and more innocuous procedure if confirmed as a predictive or prognostic biomarker.



When focusing on the relationship between MAPK inhibitors and GM, although it has not yet been described in melanoma patients, it has already been studied in other types of cancer. Trivieri et al. analyzed fecal samples of 33 colorectal cancer (CRC) patients classified in BRAF-mutated or wild-type, and 13 healthy subjects. Patients with BRAF mutations were characterized by an abundance of Fusobacteria, Prevotella enoteca, Prevotella dentalis, Hungateiclostridium saccincola, Sutterella megalosphaeroides, Stenotrophomonas maltophilia and Victivallales bacterium. Interestingly, they also analyzed xenogeneic BRAF-mutated CRC models, which showed a higher microbial diversity than BRAF wild-type CRC controls. The BRAF-mutated microbiota signature was closer to healthy controls than the wild-type CRC model. The reason why patients with this mutation present with a more eubiotic condition is still not known, but it has been hypothesized that gut dysbiosis may have an influence only in the development of conventional CRC, or that fewer microorganisms in BRAF-mutated carriers are sufficient to initiate an oncogenic pathway [123]. Other studies showed that Porphyromonas gingivalis promotes proliferation of CRC in vitro by the activation of the MAPK pathway, and that Leuconostoc mesenteroides promotes apoptosis by modulating NF-κB, AKT, PTEN and MAPK [124,125]. Figure 3 illustrates the relationship between the MAPK pathway, the immune system and gut microbiota.AQUI.




7. Gut Microbiome and Interventions


Dietary interventions, such as prebiotics, probiotics, symbiotics or the use of antibiotics as a way of modulating GM have gained interest in the past few years, due to the increased knowledge acquired about the relationship between GM and cancer.



7.1. Prebiotics, Probiotics and Symbiotics


Prebiotics are substances present in food that confer a health advantage to the host by modulating microbiota, mainly stimulating the growth of beneficial bacteria [126]. The most studied include fructooligosaccharides and inulin [127]. It seems that these components stimulate differentiation of colonic cells, thus inhibiting the formation of pre-neoplastic lesions [128].



Probiotics are living organisms that provide a beneficial outcome when administered, and contribute to a better microbial balance [129]. Examples of these are Lactobacillus and Bifidobacterium, commonly used as probiotics. It has been described that apart from maintaining homeostasis they can modulate response to treatment, such as Clostridium butyricum, which was seen to potentiate the efficacy of nivolumab and ipilimumab in patients with kidney cancer [130]. Moreover, it appears that they may induce better tolerance by reducing adverse effects, as reported by Wang et al. with the administration of Bifidobacterium in mice [131].



Symbiotics are combinations of prebiotics and probiotics. The use of this interesting combination appears to be more effective than the monotherapy, and it is already being studied in depth. Dos Santos Cruz et al. found that microbiota had a better antiproliferative and anti-carcinogenic function when using symbiotics compared to probiotics on a colorectal carcinogenesis model [132]. Dey et al. described the reduced incidence of adverse effects of chemotherapy and the antitumoral impact of symbiotic formulations administered in humans [133].




7.2. Fecal Microbiota Transplantation


Another interesting approach that has several active clinical trials ongoing is the FMT; considering only melanoma patients, these include NCT04577729, NCT04988841, NCT05251389 and NCT03819296 [134]. Fecal Microbiota Transplantation involves removing fecal matter from a donor and transplanting it into the bowel of a patient in order to provide a health benefit, and it is already being used in recurrent Clostridium difficile infections, as well as being tested in other diseases such as irritable bowel syndrome, metabolic disorders and cancer [135]. Gopalakrishnan et al. described that mice who had FMT from anti-PD1 melanoma responders, which were abundant in Faecalibacterium, had a decrease in tumor growth and this correlated with an increase in CD8+ T cells and innate immune cells in TME. On the other hand, mice with FMT from non-responders had an abundance of Th17 cells and Tregs, suggesting an immunosuppressive response [29]. Apart from modulating the immune system, it has been described that FMT can increase survival rates in mice with cancer undergoing radiation therapy, as well as diminishing adverse effects from anti-cancer therapies such as chemotherapies or tyrosine kinase inhibitors [136].




7.3. Dietary Habits


Although GM remains quite stable during life, there are certain factors that can modulate it, such as diseases, dietary habits and the environment, which may predispose the host not only to cancer but also to metabolic diseases such as diabetes and obesity [16,137,138]. A Mediterranean diet, compared to a high-calorie Western diet, impacts on the gut microbiome and on the host’s health. It is known to increase beneficial bacteria, including Lactobacillus or Faecalibacterium, stimulating an anti-inflammatory environment and reducing oxidative stress [139]. Moreover, nutrients included in this type of diet have an antioxidant effect and exert a protective, anti-proliferative action, and have been found to decrease certain types of cancer such as breast, gastric, upper digestive and respiratory tract cancers [140].




7.4. Antibiotics


Antibiotics also appear to have a role in this scenario. Although they have long been and are still being used for cancer treatment—examples include adriamycin, epirubicin or bleomycin—in certain cases they may have a pro-tumoral effect by stimulating chronic inflammation, inducing genotoxicity and diminishing immune response [141]. In addition, antibiotics disrupt GM that can have an impact on adverse effects due to reduced metabolism of treatments in the gut, or even reduce the efficacy of certain chemotherapies by reducing cytotoxic T cell response [133].



In summary, treatment possibilities in cancer seem to imply not only cytotoxic agents, immunotherapy and targeted therapies, but also interventions in dietary habits. However, there is still much to gain on this subject as evidence, although increasing, is still scarce.





8. Conclusions


Gut microbiome has become an interesting subject in the past few years due to the increasing knowledge of its impact on immunity, carcinogenesis and response to treatments. Its role as a “modulator of immunity” makes it a plausible option for searching for new therapeutic strategies, considering that tumor cells lead to an immunosuppressive phenotype. This can be enhanced with first-line treatments already used in clinical practice in metastatic melanoma, but the fact that resistance develops in most patients makes it challenging to find new pathways that can overturn this. The most interesting evidence sheds light on the link between responders to ICI and certain bacteria, thus reinforcing the idea that certain interventions and even FMT might seem appealing to potentiate favorable results in patients. On the other hand, although the association between BRAF/MEKi and GM in melanoma has not been described in previous studies, the role that both have in modulating the immune system demonstrates indirect signs of a possible correlation between them. As a result, the study of the composition of the GM in these patients could help us understand and probably predict responses to targeted therapy. This brings up the hypothesis that the GM may be used as a predictive biomarker of response to targeted therapy, considering the available evidence that establishes a link between microbiome and response and toxicity to ICI and also to other drugs in pharmacokinetic and pharmacodynamic terms. Future studies are pending to confirm this association and clarify the landscape in this matter.



In conclusion, this review has summarized the available evidence on the association of GM and immunity in the context of metastatic melanoma’s first-line treatments. The impact of ICI and targeted therapy on the immune system and its link to the gut microbiome brings to light pathways involved in carcinogenesis and resistance to treatments, as well as revealing key actors that play a fundamental role in responders. Identifying the bacteria that influence response to treatments may provide new strategies that enhance the approach to melanoma patients. This could be useful for identifying new predictive and prognostic biomarkers that could contribute to a better prognosis of these patients. Furthermore, melanoma being one of the most immunogenic tumors due to its high TMB makes the immune system an appealing target to work on, and ICI have already proven a point in this scenario. Future perspectives will undoubtedly focus on precision medicine, highlighting the role of the immune system and molecular pathways in cancer, as oncology has become a multifactorial disease that is not only influenced by tumor cells and their microenvironment, but also by host factors such as microbiome, received treatments, dietary habits and other external and internal components of which there is still much to unveil.







Author Contributions


Conceptualization M.G. and M.-A.B.-G.; methodology M.G. and M.-A.B.-G.; investigation, M.G., M.-A.B.-G., B.V.-G., E.P.-R., A.R.-D., I.B. and M.I.Q.-O.; resources M.G., M.-A.B.-G., B.V.-G., E.P.-R., J.O., R.L.-V., A.R.-D., I.B. and M.I.Q.-O.; data curation, M.G., M.-A.B.-G., B.V.-G., E.P.-R., J.O., R.L.-V., A.R.-D., I.B. and M.I.Q.-O.; writing—original draft preparation, M.G. and M.-A.B.-G.; writing—review and editing, M.G., M.-A.B.-G., B.V.-G., E.P.-R., J.O., R.L.-V., A.R.-D., I.B. and M.I.Q.-O.; visualization, M.G., M.-A.B.-G., B.V.-G., E.P.-R., A.R.-D., I.B. and M.I.Q.-O.; supervision, M.G., M.-A.B.-G., B.V.-G., E.P.-R., J.O., R.L.-V., A.R.-D., I.B. and M.I.Q.-O.; funding acquisition, M.-A.B.-G., E.P.-R., J.O., R.L.-V., A.R.-D., I.B. and M.I.Q.-O. All authors have read and agreed to the published version of the manuscript.




Funding


The work is funded by Novartis Farmaceutica S.A.-FIMABIS Contract (to M.-A.B.-G.). M.G. is completing a doctoral thesis at the University of Malaga, in the Medical School, Instituto de Salud Carlos III through the project PI18/01592 (to I.B.) (Co-funded by the European Regional Development Fund/European Social Fund “A way to make Europe”/“Investing in your future”); Sistema Andaluz de Salud, through the projects SA 0263/2017, Nicolás Monarde (to I.B.), an PI-0121-2020 (to I.B. and E.P.-R.); Consejería de Transformación económica, Industria, Conocimiento y Universidades through the projects CV20-62050 and PY20_01326 (to I.B.); Spanish Group of Melanoma (Award to Best Research Project 2020) (to I.B.); Fundación Bancaria Unicaja through the project C19048 (to I.B.).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We would like to thank our colleagues at the Medical Oncology Intercenter Unit, the patients, and the pharmacy industry without whom treatments and research would not be possible.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Grupo Español de Melanoma. Qué es el melanoma—GEM [Internet]. Available online: https://www.groupgem.es/que-es-el-melanoma/ (accessed on 25 May 2022).

	



Saginala, K.; Barsouk, A.; Aluru, J.S.; Rawla, P.; Barsouk, A. Epidemiology of Melanoma. Med. Sci. 2021, 9, 63. [Google Scholar] [CrossRef]

	



Pham, T.V.; Boichard, A.; Goodman, A.; Riviere, P.; Yeerna, H.; Tamayo, P.; Kurzrock, R. Role of ultraviolet mutational signature versus tumor mutation burden in predicting response to immunotherapy. Mol. Oncol. 2020, 14, 1680–1694. [Google Scholar] [CrossRef]

	



The Cancer Genome Atlas Network. Genomic Classification of Cutaneous Melanoma. Cell 2015, 161, 1681–1696. [Google Scholar] [CrossRef] [PubMed]

	



Wang, P.; Chen, Y.; Wang, C. Beyond Tumor Mutation Burden: Tumor Neoantigen Burden as a Biomarker for Immunotherapy and Other Types of Therapy. Front. Oncol. 2021, 11, 672677. [Google Scholar] [CrossRef] [PubMed]

	



Kang, K.; Xie, F.; Mao, J.; Bai, Y.; Wang, X. Significance of Tumor Mutation Burden in Immune Infiltration and Prognosis in Cutaneous Melanoma. Front. Oncol. 2020, 10, 573141. [Google Scholar] [CrossRef] [PubMed]

	



McGrail, D.; Pilié, P.; Rashid, N.; Voorwerk, L.; Slagter, M.; Kok, M.; Jonasch, E.; Khasraw, M.; Heimberger, A.; Lim, B.; et al. High tumor mutation burden fails to predict immune checkpoint blockade response across all cancer types. Ann. Oncol. 2021, 32, 661–672. [Google Scholar] [CrossRef]

	



Robert, C.; Ribas, A.; Schachter, J.; Arance, A.; Grob, J.-J.; Mortier, L.; Daud, A.; Carlino, M.S.; McNeil, C.M.; Lotem, M.; et al. Pembrolizumab versus ipilimumab in advanced melanoma (KEYNOTE-006): Post-hoc 5-year results from an open-label, multicentre, randomised, controlled, phase 3 study. Lancet Oncol. 2019, 20, 1239–1251. [Google Scholar] [CrossRef]

	



Wolchok, J.D.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, J.-J.; Rutkowski, P.; Lao, C.D.; Cowey, C.L.; Schadendorf, D.; Wagstaff, J.; Dummer, R.; et al. CheckMate 067: 6.5-year outcomes in patients (pts) with advanced melanoma. J. Clin. Oncol. 2021, 39, 9506. [Google Scholar] [CrossRef]

	



Robert, C.; Long, G.V.; Brady, B.; Dutriaux, C.; Di Giacomo, A.M.; Mortier, L.; Rutkowski, P.; Hassel, J.C.; McNeil, C.M.; Kalinka, E.A.; et al. Five-Year Outcomes With Nivolumab in Patients with Wild-Type BRAF Advanced Melanoma. J. Clin. Oncol. 2020, 38, 3937–3946. [Google Scholar] [CrossRef] [PubMed]

	



Spathis, A.; Katoulis, A.; Damaskou, V.; Liakou, A.; Kottaridi, C.; Leventakou, D.; Sgouros, D.; Mamantopoulos, A.; Rigopoulos, D.; Karakitsos, P.; et al. BRAF mutation status in primary, recurrent, and metastatic malignant melanoma and its relation to histopathological parameters. Dermatol. Pract. Concept. 2019, 9, 54–62. [Google Scholar] [CrossRef]

	



Ascierto, P.A.; Kirkwood, J.M.; Grob, J.-J.; Simeone, E.; Grimaldi, A.M.; Maio, M.; Palmieri, G.; Testori, A.; Marincola, F.M.; Mozzillo, N. The role of BRAF V600 mutation in melanoma. J. Transl. Med. 2012, 10, 85. [Google Scholar] [CrossRef]

	



Lelliott, E.J.; McArthur, G.A.; Oliaro, J.; Sheppard, K.E. Immunomodulatory Effects of BRAF, MEK, and CDK4/6 Inhibitors: Implications for Combining Targeted Therapy and Immune Checkpoint Blockade for the Treatment of Melanoma. Front. Immunol. 2021, 12, 661737. [Google Scholar] [CrossRef]

	



Mekadim, C.; Skalnikova, H.K.; Cizkova, J.; Cizkova, V.; Palanova, A.; Horak, V.; Mrazek, J. Dysbiosis of skin microbiome and gut microbiome in melanoma progression. BMC Microbiol. 2022, 22, 63. [Google Scholar] [CrossRef]

	



Kumar, P.; Brazel, D.; DeRogatis, J.; Valerin, J.B.G.; Whiteson, K.; Chow, W.A.; Tinoco, R.; Moyers, J.T. The cure from within? a review of the microbiome and diet in melanoma. Cancer Metastasis Rev. 2022, 41, 261–280. [Google Scholar] [CrossRef]

	



Mizuhashi, S.; Kajihara, I.; Sawamura, S.; Kanemaru, H.; Makino, K.; Aoi, J.; Makino, T.; Masuguchi, S.; Fukushima, S.; Ihn, H. Skin microbiome in acral melanoma: Corynebacterium is associated with advanced melanoma. J. Dermatol. 2020, 48, e15–e16. [Google Scholar] [CrossRef]

	



Naik, S.; Bouladoux, N.; Wilhelm, C.; Molloy, M.J.; Salcedo, R.; Kastenmuller, W.; Deming, C.; Quinones, M.; Koo, L.; Conlan, S.; et al. Compartmentalized Control of Skin Immunity by Resident Commensals. Science 2012, 337, 1115–1119. [Google Scholar] [CrossRef]

	



Nakatsuji, T.; Chen, T.H.; Butcher, A.M.; Trzoss, L.L.; Nam, S.-J.; Shirakawa, K.T.; Zhou, W.; Oh, J.; Otto, M.; Fenical, W.; et al. A commensal strain of Staphylococcus epidermidis protects against skin neoplasia. Sci. Adv. 2018, 4, eaao4502. [Google Scholar] [CrossRef]

	



Sivan, A.; Corrales, L.; Hubert, N.; Williams, J.B.; Aquino-Michaels, K.; Earley, Z.M.; Benyamin, F.W.; Lei, Y.M.; Jabri, B.; Alegre, M.-L.; et al. Commensal Bifidobacterium promotes antitumor immunity and facilitates anti-PD-L1 efficacy. Science 2015, 350, 1084–1089. [Google Scholar] [CrossRef]

	



Bessell, C.A.; Isser, A.; Havel, J.J.; Lee, S.; Bell, D.R.; Hickey, J.W.; Chaisawangwong, W.; Bieler, J.G.; Srivastava, R.; Kuo, F.; et al. Commensal bacteria stimulate antitumor responses via T cell cross-reactivity. JCI Insight 2020, 5, e135597. [Google Scholar] [CrossRef]

	



Vétizou, M.; Pitt, J.M.; Daillère, R.; Lepage, P.; Waldschmitt, N.; Flament, C.; Rusakiewicz, S.; Routy, B.; Roberti, M.P.; Duong, C.P.M.; et al. Anticancer immunotherapy by CTLA-4 blockade relies on the gut microbiota. Science 2015, 350, 1079–1084. [Google Scholar] [CrossRef]

	



Miller, P.L.; Carson, T.L. Mechanisms and microbial influences on CTLA-4 and PD-1-based immunotherapy in the treatment of cancer: A narrative review. Gut Pathog. 2020, 12, 43. [Google Scholar] [CrossRef] [PubMed]

	



Frankel, A.E.; Coughlin, L.A.; Kim, J.; Froehlich, T.W.; Xie, Y.; Frenkel, E.P.; Koh, A.Y. Metagenomic Shotgun Sequencing and Unbiased Metabolomic Profiling Identify Specific Human Gut Microbiota and Metabolites Associated with Immune Checkpoint Therapy Efficacy in Melanoma Patients. Neoplasia 2017, 19, 848–855. [Google Scholar] [CrossRef] [PubMed]

	



Wind, T.T.; Gacesa, R.; Vila, A.V.; De Haan, J.J.; Jalving, M.; Weersma, R.K.; Hospers, G.A. Gut microbial species and metabolic pathways associated with response to treatment with immune checkpoint inhibitors in metastatic melanoma. Melanoma Res. 2020, 30, 235–246. [Google Scholar] [CrossRef] [PubMed]

	



Chaput, N.; Lepage, P.; Coutzac, C.; Soularue, E.; Le Roux, K.; Monot, C.; Boselli, L.; Routier, E.; Cassard, L.; Collins, M.; et al. Baseline gut microbiota predicts clinical response and colitis in metastatic melanoma patients treated with ipilimumab. Ann. Oncol. 2017, 28, 1368–1379, Erratum in Ann. Oncol. 2019, 30, 2012. [Google Scholar] [CrossRef] [PubMed]

	



Tanoue, T.; Morita, S.; Plichta, D.R.; Skelly, A.N.; Suda, W.; Sugiura, Y.; Narushima, S.; Vlamakis, H.; Motoo, I.; Sugita, K.; et al. A defined commensal consortium elicits CD8 T cells and anti-cancer immunity. Nature 2019, 565, 600–605. [Google Scholar] [CrossRef] [PubMed]

	



Mager, L.F.; Burkhard, R.; Pett, N.; Cooke, N.C.A.; Brown, K.; Ramay, H.; Paik, S.; Stagg, J.; Groves, R.A.; Gallo, M.; et al. Microbiome-derived inosine modulates response to checkpoint inhibitor immunotherapy. Science 2020, 369, 1481–1489. [Google Scholar] [CrossRef]

	



Matson, V.; Fessler, J.; Bao, R.; Chongsuwat, T.; Zha, Y.; Alegre, M.-L.; Luke, J.J.; Gajewski, T.F. The commensal microbiome is associated with anti–PD-1 efficacy in metastatic melanoma patients. Science 2018, 359, 104–108. [Google Scholar] [CrossRef]

	



Gopalakrishnan, V.; Spencer, C.N.; Nezi, L.; Reuben, A.; Andrews, M.C.; Karpinets, T.V.; Prieto, P.A.; Vicente, D.; Hoffman, K.; Wei, S.C.; et al. Gut microbiome modulates response to anti–PD-1 immunotherapy in melanoma patients. Science 2018, 359, 97–103. [Google Scholar] [CrossRef]

	



McCulloch, J.A.; Davar, D.; Rodrigues, R.R.; Badger, J.H.; Fang, J.R.; Cole, A.M.; Balaji, A.K.; Vetizou, M.; Prescott, S.M.; Fernandes, M.R.; et al. Intestinal microbiota signatures of clinical response and immune-related adverse events in melanoma patients treated with anti-PD-1. Nat. Med. 2022, 28, 545–556. [Google Scholar] [CrossRef]

	



Limeta, A.; Ji, B.; Levin, M.; Gatto, F.; Nielsen, J. Meta-analysis of the gut microbiota in predicting response to cancer immunotherapy in metastatic melanoma. JCI Insight 2020, 5, e140940. [Google Scholar] [CrossRef] [PubMed]

	



Moreno-Indias, I.; Cardona, F.; Tinahones, F.J.; Queipo-Ortuño, M.I. Impact of the gut microbiota on the development of obesity and type 2 diabetes mellitus. Front. Microbiol. 2014, 5, 190. [Google Scholar] [CrossRef]

	



Cano-Ortiz, A.; Laborda-Illanes, A.; Plaza-Andrades, I.; Del Pozo, A.M.; Cuadrado, A.V.; De Mora, M.R.C.; Leiva-Gea, I.; Sanchez-Alcoholado, L.; Queipo-Ortuño, M.I. Connection between the Gut Microbiome, Systemic Inflammation, Gut Permeability and FOXP3 Expression in Patients with Primary Sjögren’s Syndrome. Int. J. Mol. Sci. 2020, 21, 8733. [Google Scholar] [CrossRef] [PubMed]

	



Leiva-Gea, I.; Sánchez-Alcoholado, L.; Martín-Tejedor, B.; Castellano-Castillo, D.; Moreno-Indias, I.; Urda-Cardona, A.; Tinahones, F.J.; Fernández-García, J.C.; Queipo-Ortuño, M.I. Gut Microbiota Differs in Composition and Functionality between Children with Type 1 Diabetes and MODY2 and Healthy Control Subjects: A Case-Control Study. Diabetes Care 2018, 41, 2385–2395. [Google Scholar] [CrossRef]

	



Sanchez-Alcoholado, L.; Castellano-Castillo, D.; Jordán-Martínez, L.; Moreno-Indias, I.; Cardila-Cruz, P.; Elena, D.; Muñoz-Garcia, A.J.; Queipo-Ortuño, M.I.; Navarro, M.F.J. Role of Gut Microbiota on Cardio-Metabolic Parameters and Immunity in Coronary Artery Disease Patients with and without Type-2 Diabetes Mellitus. Front. Microbiol. 2017, 8, 1936. [Google Scholar] [CrossRef]

	



Pérez-Ruiz, E.; Jiménez-Castro, J.; Berciano-Guerrero, M.-A.; Valdivia, J.; Estalella-Mendoza, S.; Toscano, F.; Artacho, M.R.D.L.B.; Garrido-Siles, M.; Martínez-Bautista, M.J.; Roldan, R.V.; et al. Impact of intestinal dysbiosis-related drugs on the efficacy of immune checkpoint inhibitors in clinical practice. Clin. Transl. Oncol. 2020, 22, 1778–1785. [Google Scholar] [CrossRef]

	



Alexander, J.L.; Wilson, I.D.; Teare, J.; Marchesi, J.R.; Nicholson, J.K.; Kinross, J.M. Gut microbiota modulation of chemotherapy efficacy and toxicity. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 356–365. [Google Scholar] [CrossRef] [PubMed]

	



Shiao, S.L.; Kershaw, K.M.; Limon, J.J.; You, S.; Yoon, J.; Ko, E.Y.; Guarnerio, J.; Potdar, A.A.; McGovern, D.P.; Bose, S.; et al. Commensal bacteria and fungi differentially regulate tumor responses to radiation therapy. Cancer Cell 2021, 39, 1202–1213.e6. [Google Scholar] [CrossRef] [PubMed]

	



Wong, C.W.; Yost, S.E.; Lee, J.S.; Gillece, J.D.; Folkerts, M.; Reining, L.; Highlander, S.K.; Eftekhari, Z.; Mortimer, J.; Yuan, Y. Analysis of Gut Microbiome Using Explainable Machine Learning Predicts Risk of Diarrhea Associated with Tyrosine Kinase Inhibitor Neratinib: A Pilot Study. Front. Oncol. 2021, 11, 604584. [Google Scholar] [CrossRef] [PubMed]

	



Sepich-Poore, G.D.; Zitvogel, L.; Straussman, R.; Hasty, J.; Wargo, J.A.; Knight, R. The microbiome and human cancer. Science 2021, 371, eabc4552. [Google Scholar] [CrossRef] [PubMed]

	



Ervin, S.M.; Redinbo, M.R. The Gut Microbiota Impact Cancer Etiology through “Phase IV Metabolism” of Xenobiotics and Endobiotics. Cancer Prev. Res. 2020, 13, 635–642. [Google Scholar] [CrossRef]

	



Harris, B.E.; Manning, B.W.; Federle, T.W.; Diasio, R.B. Conversion of 5-fluorocytosine to 5-fluorouracil by human intestinal microflora. Antimicrob. Agents Chemother. 1986, 29, 44–48. [Google Scholar] [CrossRef] [PubMed]

	



Vermes, A.; Kuijper, E.J.; Guchelaar, H.-J.; Dankert, J. An in vitro Study on the Active Conversion of Flucytosine to Fluorouracil by Microorganisms in the Human Intestinal Microflora. Chemotherapy 2003, 49, 17–23. [Google Scholar] [CrossRef] [PubMed]

	



Ting, N.L.-N.; Lau, H.C.-H.; Yu, J. Cancer pharmacomicrobiomics: Targeting microbiota to optimise cancer therapy outcomes. Gut 2022, 71, 1412–1425. [Google Scholar] [CrossRef] [PubMed]

	



Wu, H.J.; Wu, E. The role of gut microbiota in immune homeostasis and autoimmunity. Gut Microbes 2012, 3, 4–14. [Google Scholar] [CrossRef] [PubMed]

	



Grochowska, M.; Perlejewski, K.; Laskus, T.; Radkowski, M. The Role of Gut Microbiota in Gastrointestinal Tract Cancers. Arch. Immunol. Ther. Exp. 2022, 70, 7. [Google Scholar] [CrossRef]

	



Laborda-Illanes, A.; Sanchez-Alcoholado, L.; Dominguez-Recio, M.E.; Jimenez-Rodriguez, B.; Lavado, R.; Comino-Méndez, I.; Alba, E.; Queipo-Ortuño, M.I. Breast and Gut Microbiota Action Mechanisms in Breast Cancer Pathogenesis and Treatment. Cancers 2020, 12, 2465. [Google Scholar] [CrossRef] [PubMed]

	



Xu, J.-Y.; Liu, M.-T.; Tao, T.; Zhu, X.; Fei, F.-Q. The role of gut microbiota in tumorigenesis and treatment. Biomed. Pharmacother. 2021, 138, 111444. [Google Scholar] [CrossRef]

	



Usyk, M.; Pandey, A.; Hayes, R.B.; Moran, U.; Pavlick, A.; Osman, I.; Weber, J.S.; Ahn, J. Bacteroides vulgatus and Bacteroides dorei predict immune-related adverse events in immune checkpoint blockade treatment of metastatic melanoma. Genome Med. 2021, 13, 160. [Google Scholar] [CrossRef]

	



Long, G.V.; Flaherty, K.T.; Stroyakovskiy, D.; Gogas, H.; Levchenko, E.; de Braud, F.; Larkin, J.; Garbe, C.; Jouary, T.; Hauschild, A.; et al. Dabrafenib plus trametinib versus dabrafenib monotherapy in patients with metastatic BRAF V600E/K-mutant melanoma: Long-term survival and safety analysis of a phase 3 study. Ann. Oncol. 2017, 28, 1631–1639. [Google Scholar] [CrossRef] [PubMed]

	



Ascierto, P.A.; McArthur, G.A.; Dréno, B.; Atkinson, V.; Liszkay, G.; Di Giacomo, A.M.; Mandalà, M.; Demidov, L.; Stroyakovskiy, D.; Thomas, L.; et al. Cobimetinib combined with vemurafenib in advanced BRAF(V600)-mutant melanoma (coBRIM): Updated efficacy results from a randomised, double-blind, phase 3 trial. Lancet Oncol. 2016, 17, 1248–1260. [Google Scholar] [CrossRef]

	



Dummer, R.; Ascierto, P.A.; Gogas, H.J.; Arance, A.; Mandala, M.; Liszkay, G.; Garbe, C.; Schadendorf, D.; Krajsova, I.; Gutzmer, R.; et al. Encorafenib plus binimetinib versus vemurafenib or encorafenib in patients with BRAF-mutant melanoma (COLUMBUS): A multicentre, open-label, randomised phase 3 trial. Lancet Oncol. 2018, 19, 603–615. [Google Scholar] [CrossRef]

	



Frank, D.N.; St Amand, A.L.; Feldman, R.A.; Boedeker, E.C.; Harpaz, N.; Pace, N.R. Molecular-phylogenetic characterization of microbial community imbalances in human inflammatory bowel diseases. Proc. Natl. Acad. Sci. USA 2007, 104, 13780–13785. [Google Scholar] [CrossRef]

	



Zheng, P.; Zeng, B.; Zhou, C.; Liu, M.; Fang, Z.; Xu, X.; Zeng, L.; Chen, J.; Fan, S.; Du, X.; et al. Gut microbiome remodeling induces depressive-like behaviors through a pathway mediated by the host’s metabolism. Mol. Psychiatry 2016, 21, 786–796. [Google Scholar] [CrossRef] [PubMed]

	



Takahashi-Kanemitsu, A.; Knight, C.T.; Hatakeyama, M. Molecular anatomy and pathogenic actions of Helicobacter pylori CagA that underpin gastric carcinogenesis. Cell. Mol. Immunol. 2019, 17, 50–63. [Google Scholar] [CrossRef]

	



Liao, J.B. Viruses and Human Cancer. Yale J. Biol. Med. 2006, 79, 115–122. [Google Scholar]

	



Bhatt, A.P.; Redinbo, M.R.; Bultman, S.J. The role of the microbiome in cancer development and therapy. CA A Cancer J. Clin. 2017, 67, 326–344. [Google Scholar] [CrossRef]

	



Gilbert, J.A.; Blaser, M.J.; Caporaso, J.G.; Jansson, J.; Lynch, S.V.; Knight, R. Current understanding of the human microbiome. Nat. Med. 2018, 24, 392–400. [Google Scholar] [CrossRef]

	



Knippel, R.J.; Drews, J.; Sears, C.L. The cancer microbiome: Recents higlights and knowlegde gaps. Cancer Discov. 2021, 11, 2378–2395. [Google Scholar] [CrossRef]

	



Fulbright, L.E.; Ellermann, M.; Arthur, J.C. The microbiome and the hallmarks of cancer. PLoS Pathog. 2017, 13, e1006480. [Google Scholar] [CrossRef]

	



Schawabe, R.F.; Jobin, C. The mircobiome and cancer. Nat. Rev. Cancer 2013, 13, 800–812. [Google Scholar] [CrossRef]

	



Nicholson, J.K.; Holmes, E.; Kinross, J.; Burcelin, R.; Gibson, G.; Jia, W.; Pettersson, S. Host-Gut Microbiota Metabolic Interactions. Science 2012, 336, 1262–1267. [Google Scholar] [CrossRef]

	



Sánchez-Alcoholado, L.; Ramos-Molina, B.; Otero, A.; Laborda-Illanes, A.; Ordóñez, R.; Medina, J.A.; Gómez-Millán, J.; Queipo-Ortuño, M.I. The Role of the Gut Microbiome in Colorectal Cancer Development and Therapy Response. Cancers 2020, 12, 1406. [Google Scholar] [CrossRef]

	



Tilg, H.; Adolph, T.E.; Gerner, R.R.; Moschen, A.R. The inestinal Microbiota in colorectal cancer. Cancer Cell 2018, 33, 954–964. [Google Scholar] [CrossRef]

	



Tkach, S.; Dorofeyev, A.; Kuzenko, I.; Boyko, N.; Falalyeyeva, T.; Boccuto, L.; Scarpellini, E.; Kobyliak, N.; Abenavoli, L. Current Status and Future Therapeutic Options for Fecal Microbiota Transplantation. Medicina 2022, 58, 84. [Google Scholar] [CrossRef]

	



Boutriq, S.; González-González, A.; Plaza-Andrades, I.; Laborda-Illanes, A.; Sánchez-Alcoholado, L.; Peralta-Linero, J.; Domínguez-Recio, M.; Bermejo-Pérez, M.; Lavado-Valenzuela, R.; Alba, E.; et al. Gut and Endometrial Microbiome Dysbiosis: A New Emergent Risk Factor for Endometrial Cancer. J. Pers. Med. 2021, 11, 659. [Google Scholar] [CrossRef]

	



Pushalkar, S.; Hundeyin, M.; Daley, D.; Zambirinis, C.P.; Kurz, E.; Mishra, A.; Mohan, N.; Aykut, B.; Usyk, M.; Torres, L.E.; et al. The Pancreatic Cancer Microbiome Promotes Oncogenesis by Induction of Innate and Adaptive Immune Suppression. Cancer Discov. 2018, 8, 403–416. [Google Scholar] [CrossRef]

	



Vitali, F.; Colucci, R.; Di Paola, M.; Pindo, M.; De Filippo, C.; Moretti, S.; Cavalieri, D. Early melanoma invasivity correlates with gut fungal and bacterial profiles*. Br. J. Dermatol. 2021, 186, 106–116. [Google Scholar] [CrossRef]

	



Makaranka, S.; Scutt, F.; Frixou, M.; Wensley, K.E.; Sharma, R.; Greenhowe, J. The gut microbiome and melanoma: A review. Exp. Dermatol. 2022, 31, 1292–1301. [Google Scholar] [CrossRef]

	



Tonneau, M.; Elkrief, A.; Pasquier, D.; Del Socorro, T.P.; Chamaillard, M.; Bahig, H.; Routy, B. The role of the gut microbiome on radiation therapy efficacy and gastrointestinal complications: A systematic review. Radiother. Oncol. 2020, 156, 1–9. [Google Scholar] [CrossRef]

	



Viaud, S.; Saccheri, F.; Mignot, G.; Yamazaki, T.; Daillère, R.; Hannani, D.; Enot, D.P.; Pfirschke, C.; Engblom, C.; Pittet, M.J.; et al. The Intestinal Microbiota Modulates the Anticancer Immune Effects of Cyclophosphamide. Science 2013, 342, 971–976. [Google Scholar] [CrossRef]

	



Pflug, N.; Kluth, S.; Vehreschild, J.J.; Bahlo, J.; Tacke, D.; Biehl, L.; Eichhorst, B.; Fischer, K.; Cramer, P.; Fink, A.-M.; et al. Efficacy of antineoplastic treatment is associated with the use of antibiotics that modulate intestinal microbiota. OncoImmunology 2016, 5, e1150399. [Google Scholar] [CrossRef] [PubMed]

	



Lu, Y.; Yuan, X.; Wang, M.; He, Z.; Li, H.; Wang, J.; Li, Q. Gut microbiota influence immunotherapy responses: Mechanisms and therapeutic strategies. J. Hematol. Oncol. 2022, 15, 47. [Google Scholar] [CrossRef] [PubMed]

	



Jain, T.; Sharma, P.; Are, A.C.; Vickers, S.M.; Dudeja, V. New Insights Into the Cancer–Microbiome–Immune Axis: Decrypting a Decade of Discoveries. Front. Immunol. 2021, 12, 622064. [Google Scholar] [CrossRef]

	



Zheng, D.; Liwinski, T.; Elinav, E. Interaction between microbiota and immunity in health and disease. Cell Res. 2020, 30, 492–506. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Z.; Liu, X.; Wu, Y.; Peng, J.; Wei, H. Effect of the Microbiome on Intestinal Innate Immune Development in Early Life and the Potential Strategy of Early Intervention. Front. Immunol. 2022, 13, 3782. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, M.; James, M.M.; Kumawat, M.; Nabi, B.; Sharma, P.; Pal, N.; Shubham, S.; Tiwari, R.R.; Sarma, D.K.; Nagpal, R. Aging and Microbiome in the Modulation of Vaccine Efficacy. Biomedicines 2022, 10, 1545. [Google Scholar] [CrossRef]

	



Pio, R.; Ajona, D.; Lambris, J.D. Complement inhibition: A promising concept for cancer treatment. Semin Immunol. 2013, 25, 54–64. [Google Scholar] [CrossRef]

	



Ricklin, D.; Lambris, J.D. Complement-targeted therapeutics. Nat. Biotechnol. 2007, 25, 1265–1275. [Google Scholar] [CrossRef]

	



Ostrand-Rosenberg, S. Cancer and complement. Nat. Biotechnol. 2008, 26, 1348–1349. [Google Scholar] [CrossRef]

	



Markiewski, M.M.; DeAngelis, R.A.; Benencia, F.; Ricklin-Lichtsteiner, S.K.; Koutoulaki, A.; Gerard, C.; Coukos, G.; Lambris, J.D. Modulation of the anti-tumor immune response by complement. Nat. Immunol. 2008, 9, 1225–1235. [Google Scholar] [CrossRef]

	



Bulla, R.; Tripodo, C.; Rami, D.; Ling, G.S.; Agostinis, C.; Guarnotta, C.; Zorzet, S.; Durigutto, P.; Botto, M.; Tedesco, F. C1q acts in the tumour microenvironment as a cancer-promoting factor independently of complement activation. Nat. Commun. 2016, 7, 10346. [Google Scholar] [CrossRef] [PubMed]

	



Agostinis, C.; Vidergar, R.; Belmonte, B.; Mangogna, A.; Amadio, L.; Geri, P.; Borelli, V.; Zanconati, F.; Tedesco, F.; Confalonieri, M.; et al. Complement Protein C1q Binds to Hyaluronic Acid in the Malignant Pleural Mesothelioma Microenvironment and Promotes Tumor Growth. Front. Immunol. 2017, 8, 1559. [Google Scholar] [CrossRef] [PubMed]

	



Afshar-Kharghan, V. The role of the complement system in cancer. J. Clin. Investig. 2017, 127, 780–789. [Google Scholar] [CrossRef] [PubMed]

	



Aarts, C.E.M.; Hiemstra, I.H.; Béguin, E.P.; Hoogendijk, A.J.; Bouchmal, S.; Van Houdt, M.; Tool, A.T.J.; Mul, E.; Jansen, M.H.; Janssen, H.; et al. Activated neutrophils exert myeloid-derived suppressor cell activity damaging T cells beyond repair. Blood Adv. 2019, 3, 3562–3574. [Google Scholar] [CrossRef]

	



Furumaya, C.; Martinez-Sanz, P.; Bouti, P.; Kuijpers, T.W.; Matlung, H.L. Plasticity in Pro- and Anti-tumor Activity of Neutrophils: Shifting the Balance. Front. Immunol. 2020, 11, 2100. [Google Scholar] [CrossRef]

	



Dunn, A.B.; Dunlop, A.L.; Hogue, C.J.; Miller, A.; Corwin, E.J. The Microbiome and Complement Activation: A Mechanistic Model for Preterm Birth. Biol. Res. Nurs. 2017, 19, 295–307. [Google Scholar] [CrossRef]

	



Zysset-Burri, D.C.; Keller, I.; Berger, L.E.; Largiadèr, C.R.; Wittwer, M.; Wolf, S.; Zinkernagel, M.S. Associations of the intestinal microbiome with the complement system in neovascular age-related macular degeneration. NPJ Genomic. Med. 2020, 5, 34. [Google Scholar] [CrossRef]

	



Chehoud, C.; Rafail, S.; Tyldsley, A.S.; Seykora, J.T.; Lambris, J.D.; Grice, E.A. Complement modulates the cutaneous microbiome and inflammatory milieu. Proc. Natl. Acad. Sci. USA 2013, 110, 15061–15066. [Google Scholar] [CrossRef]

	



Zhao, Q.; Elson, C.O. Adaptive immune education by gut microbiota antigens. Immunology 2018, 154, 28–37. [Google Scholar] [CrossRef]

	



Honda, K.; Littman, D.R. The microbiota in adaptive immune homeostasis and disease. Nature 2016, 535, 75–84. [Google Scholar] [CrossRef]

	



Derosa, L.; Routy, B.; Desilets, A.; Daillère, R.; Terrisse, S.; Kroemer, G.; Zitvogel, L. Microbiota-Centered Interventions: The Next Breakthrough in Immuno-Oncology? Cancer Discov. 2021, 11, 2396–2412. [Google Scholar] [CrossRef] [PubMed]

	



Multhoff, G.; Molls, M.; Radons, J. Chronic Inflammation in Cancer Development. Front. Immunol. 2012, 2, 98. [Google Scholar] [CrossRef] [PubMed]

	



Shacter, E.; Weitzman, S.A. Chronic inflammation and cancer. Oncology (Williston Park) 2002, 16, 217–226, 229; discussion 230–232. [Google Scholar] [PubMed]

	



Chilakapati, S.R.; Ricciuti, J.; Zsiros, E. Microbiome and cancer immunotherapy. Curr. Opin. Biotechnol. 2020, 65, 114–117. [Google Scholar] [CrossRef]

	



Roviello, G.; Iannone, L.F.; Bersanelli, M.; Mini, E.; Catalano, M. The gut microbiome and efficacy of cancer immunotherapy. Pharmacol. Ther. 2021, 231, 107973. [Google Scholar] [CrossRef] [PubMed]

	



Baruch, E.N.; Youngster, I.; Ben-Betzalel, G.; Ortenberg, R.; Lahat, A.; Katz, L.; Adler, K.; Dick-Necula, D.; Raskin, S.; Bloch, N.; et al. Fecal microbiota transplant promotes response in immunotherapy-refractory melanoma patients. Science 2021, 371, 602–609. [Google Scholar] [CrossRef] [PubMed]

	



Baruch, E.N.; Gaglani, T.; Wargo, J.A. Fecal microbiota transplantation as a mean of overcoming immunotherapy-resistant cancers—Hype or hope? Ther. Adv. Med. Oncol. 2021, 13, 175883592110458. [Google Scholar] [CrossRef] [PubMed]

	



Garutti, M.; Bonin, S.; Buriolla, S.; Bertoli, E.; Pizzichetta, M.A.; Zalaudek, I.; Puglisi, F. Find the Flame: Predictive Biomarkers for Immu-notherapy in Melanoma. Cancers 2021, 13, 1819. [Google Scholar] [CrossRef]

	



Avery, T.Y.; Köhler, N.; Zeiser, R.; Brummer, T.; Ruess, D.A. Onco-immunomodulatory properties of pharmacological interference with RAS-RAF-MEK-ERK pathway hyperactivation. Front. Oncol. 2022, 12, 931774. [Google Scholar] [CrossRef]

	



Coelho, M.A.; de Carné Trécesson, S.; Rana, S.; Zecchin, D.; Moore, C.; Molina-Arcas, M.; East, P.; Spencer-Dene, B.; Nye, E.; Barnouin, K.; et al. Oncogenic RAS Signaling Promotes Tumor Immunoresistance by Stabilizing PD-L1 mRNA. Immunity 2017, 47, 1083–1099.e6. [Google Scholar] [CrossRef] [PubMed]

	



Bradley, S.D.; Chen, Z.; Melendez, B.; Talukder, A.; Khalili, J.S.; Rodriguez-Cruz, T.; Liu, S.; Whittington, M.; Deng, W.; Li, F.; et al. BRAFV600E Co-opts a Conserved MHC Class I Internalization Pathway to Diminish Antigen Presentation and CD8+ T-cell Recognition of Melanoma. Cancer Immunol. Res. 2015, 3, 602–609. [Google Scholar] [CrossRef]

	



Hamarsheh, S.; Groß, O.; Brummer, T.; Zeiser, R. Immune modulatory effects of oncogenic KRAS in cancer. Nat. Commun. 2020, 11, 5439. [Google Scholar] [CrossRef] [PubMed]

	



Ho, P.-C.; Meeth, K.M.; Tsui, Y.-C.; Srivastava, B.; Bosenberg, M.W.; Kaech, S.M. Immune-Based Antitumor Effects of BRAF Inhibitors Rely on Signaling by CD40L and IFNγ. Cancer Res. 2014, 74, 3205–3217. [Google Scholar] [CrossRef] [PubMed]

	



Adams, R.; Coumbe, J.E.M.; Coumbe, B.G.T.; Thomas, J.; Willsmore, Z.; Dimitrievska, M.; Yasuzawa-Parker, M.; Hoyle, M.; Ingar, S.; Geh, J.L.C.; et al. BRAF inhibitors and their immunological effects in malignant melanoma. Expert Rev. Clin. Immunol. 2022, 18, 347–362. [Google Scholar] [CrossRef]

	



Homet Moreno, B.; Mok, S.; Comin-Anduix, B.; Hu-Lieskovan, S.; Ribas, A. Combined treatment with dabrafenib and trametinib with immune-stimulating antibodies for BRAF mutant melanoma. Oncoimmunology 2015, 5, e1052212. [Google Scholar] [CrossRef]

	



Trojaniello, C.; Vitale, M.G.; Ascierto, P.A. Triplet combination of BRAF, MEK and PD-1/PD-L1 blockade in melanoma: The more the better? Curr. Opin. Oncol. 2021, 33, 133–138. [Google Scholar] [CrossRef]

	



Devji, T.; Levine, O.; Neupane, B.; Beyene, J.; Xie, F. Systemic Therapy for Previously Untreated Advanced BRAF-Mutated Melanoma: A Systematic Review and Network Meta-Analysis of Randomized Clinical Trials. JAMA Oncol. 2017, 3, 366–373. [Google Scholar] [CrossRef] [PubMed]

	



Rozeman, E.A.; Blank, C.U. Combining checkpoint inhibition and targeted therapy in melanoma. Nat. Med. 2019, 25, 879–882. [Google Scholar] [CrossRef] [PubMed]

	



Ribas, A.; Lawrence, D.; Atkinson, V.; Agarwal, S.; Miller, W.H.; Carlino, M.S.; Fisher, R.; Long, G.V.; Hodi, F.S.; Tsoi, J.; et al. Combined BRAF and MEK inhibition with PD-1 blockade immunotherapy in BRAF-mutant melanoma. Nat. Med. 2019, 25, 936–940. [Google Scholar] [CrossRef]

	



Sullivan, R.J.; Hamid, O.; Gonzalez, R.; Infante, J.R.; Patel, M.R.; Hodi, F.S.; Lewis, K.D.; Tawbi, H.A.; Hernandez, G.; Wongchenko, M.J.; et al. Atezolizumab plus cobimetinib and vemurafenib in BRAF-mutated melanoma patients. Nat. Med. 2019, 25, 929–935. [Google Scholar] [CrossRef] [PubMed]

	



Ascierto, P.A.; Ferrucci, P.F.; Fisher, R.; Del Vecchio, M.; Atkinson, V.; Schmidt, H.; Schachter, J.; Queirolo, P.; Long, G.V.; Di Giacomo, A.M.; et al. Dabrafenib, trametinib and pembrolizumab or placebo in BRAF-mutant melanoma. Nat. Med. 2019, 25, 941–946. [Google Scholar] [CrossRef] [PubMed]

	



Frederick, D.T.; Piris, A.; Cogdill, A.P.; Cooper, Z.A.; Lezcano, C.; Ferrone, C.R.; Mitra, D.; Boni, A.; Newton, L.P.; Liu, C.; et al. BRAF Inhibition Is Associated with Enhanced Melanoma Antigen Expression and a More Favorable Tumor Microenvironment in Patients with Metastatic Melanoma. Clin. Cancer Res. 2013, 19, 1225–1231. [Google Scholar] [CrossRef] [PubMed]

	



Wargo, J.A.; Cogdill, A.; Dang, P.; Gupta, R.; Piris, A.; Boni, A.; Garber, H.R.; Ott, H.; Newton, L.P.; Flaherty, K.T.; et al. Abstract 958: Treatment with a selective inhibitor of BRAFV600E increases melanocyte antigen expression and CD8 T cell infiltrate in tumors of patients with metastatic melanoma. Cancer Res. 2011, 71, 958. [Google Scholar] [CrossRef]

	



Wilmott, J.S.; Long, G.V.; Howle, J.R.; Haydu, L.E.; Sharma, R.N.; Thompson, J.F.; Kefford, R.F.; Hersey, P.; Scolyer, R.A. Selective BRAF Inhibitors Induce Marked T-cell Infiltration into Human Metastatic Melanoma. Clin. Cancer Res. 2012, 18, 1386–1394. [Google Scholar] [CrossRef]

	



Gata, V.A.; Lisencu, C.I.; Vlad, C.I.; Piciu, D.; Irimie, A.; Achimas-Cadariu, P. Tumor infiltrating lymphocytes as a prognostic factor in malignant melanoma. Review of the literature. J. BUON 2017, 22, 592–598. [Google Scholar] [PubMed]

	



Kuske, M.; Westphal, D.; Wehner, R.; Schmitz, M.; Beissert, S.; Praetorius, C.; Meier, F. Immunomodulatory effects of BRAF and MEK inhibitors: Implications for Melanoma therapy. Pharmacol. Res. 2018, 136, 151–159. [Google Scholar] [CrossRef] [PubMed]

	



Erkes, D.A.; Cai, W.; Sanchez, I.M.; Purwin, T.J.; Rogers, C.; Field, C.O.; Berger, A.C.; Hartsough, E.J.; Rodeck, U.; Alnemri, E.S.; et al. Mutant BRAF and MEK Inhibitors Regulate the Tumor Immune Microenvironment via Pyroptosis. Cancer Discov. 2020, 10, 254–269. [Google Scholar] [CrossRef]

	



Kelley, M.C. Immune Responses to BRAF-Targeted Therapy in Melanoma: Is Targeted Therapy Immunotherapy? Crit. Rev. Oncog. 2016, 21, 83–91. [Google Scholar] [CrossRef] [PubMed]

	



Liu, L.; Mayes, P.A.; Eastman, S.; Shi, H.; Yadavilli, S.; Zhang, T.; Yang, J.; Seestaller-Wehr, L.; Zhang, S.-Y.; Hopson, C.; et al. The BRAF and MEK Inhibitors Dabrafenib and Trametinib: Effects on Immune Function and in Combination with Immunomodulatory Antibodies Targeting PD-1, PD-L1, and CTLA-4. Clin. Cancer Res. 2015, 21, 1639–1651. [Google Scholar] [CrossRef] [PubMed]

	



Berciano-Guerrero, M.-A.; Lavado-Valenzuela, R.; Moya, A.; Delacruz-Merino, L.; Toscano, F.; Valdivia, J.; Castellón, V.; Henao-Carrasco, F.; Sancho, P.; Onieva-Zafra, J.-L.; et al. Genes Involved in Immune Reinduction May Constitute Biomarkers of Response for Metastatic Melanoma Patients Treated with Targeted Therapy. Biomedicines 2022, 10, 284. [Google Scholar] [CrossRef] [PubMed]

	



Dixon-Douglas, J.R.; Patel, R.P.; Somasundram, P.M.; McArthur, G.A. Triplet Therapy in Melanoma—Combined BRAF/MEK Inhibitors and Anti-PD-(L)1 Antibodies. Curr. Oncol. Rep. 2022, 24, 1071–1079. [Google Scholar] [CrossRef]

	



Trivieri, N.; Pracella, R.; Cariglia, M.G.; Panebianco, C.; Parrella, P.; Visioli, A.; Giani, F.; Soriano, A.A.; Barile, C.; Canistro, G.; et al. BRAFV600E mutation impinges on gut microbial markers defining novel biomarkers for serrated colorectal cancer effective therapies. J. Exp. Clin. Cancer Res. 2020, 39, 285. [Google Scholar] [CrossRef]

	



Mu, W.; Jia, Y.; Chen, X.; Li, H.; Wang, Z.; Cheng, B. Intracellular Porphyromonas gingivalis Promotes the Proliferation of Colorectal Cancer Cells via the MAPK/ERK Signaling Pathway. Front. Cell. Infect. Microbiol. 2020, 10, 584798. [Google Scholar] [CrossRef]

	



Zununi Vahed, S.; Barzegari, A.; Rahbar Saadat, Y.; Goreyshi, A.; Omidi, Y. Leuconostoc mesenteroides-derived anticancer pharmaceuticals hinder inflammation and cell survival in colon cancer cells by modulating NF-κB/AKT/PTEN/MAPK pathways. Biomed. Pharmacother. 2017, 94, 1094–1100. [Google Scholar] [CrossRef]

	



Pineiro, M.; Asp, N.G.; Reid, G.; Macfarlane, S.; Morelli, L.; Brunser, O.; Tuohy, K. FAO Technical Meeting on Prebiotics. J. Clin. Gastroenterol. 2008, 42, S156–S159. [Google Scholar] [CrossRef]

	



Liong, M.-T. Roles of Probiotics and Prebiotics in Colon Cancer Prevention: Postulated Mechanisms and In-vivo Evidence. Int. J. Mol. Sci. 2008, 9, 854–863. [Google Scholar] [CrossRef]

	



Reddy, B.S. Possible mechanisms by which pro- and prebiotics influence colon carcinogenesis and tumor growth. J. Nutr. 1999, 129, 1478S–1482S. [Google Scholar] [CrossRef]

	



Macfarlane, G.T.; Macfarlane, S. Manipulating the Indigenous Microbiota in Humans: Prebiotics, Probiotics, and Synbiotics; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2013; pp. 315–338. [Google Scholar] [CrossRef]

	



Dizman, N.; Meza, L.; Bergerot, P.; Alcantara, M.; Dorff, T.; Lyou, Y.; Frankel, P.; Cui, Y.; Mira, V.; Llamas, M.; et al. Nivolumab plus ipilimumab with or without live bacterial supplementation in metastatic renal cell carcinoma: A randomized phase 1 trial. Nat. Med. 2022, 28, 704–712. [Google Scholar] [CrossRef]

	



Wang, F.; Yin, Q.; Chen, L.; Davis, M.M. Bifidobacterium can mitigate intestinal immunopathology in the context of CTLA-4 blockade. Proc. Natl. Acad. Sci. USA 2018, 115, 157–161. [Google Scholar] [CrossRef]

	



Dos Santos Cruz, B.C.; da Silva Duarte, V.; Dias, R.S.; Bernardes, A.L.; de Paula, S.O.; Ferreira, C.L.D.L.F.; Peluzio, M.D.C.G. Synbiotic modulates intestinal microbiota metabolic pathways and inhibits DMH-induced colon tumorigenesis through c-myc and PCNA suppression. Food Res. Int. 2022, 158, 111379. [Google Scholar] [CrossRef]

	



Dey, P.; Chaudhuri, S.R. Cancer-Associated Microbiota: From Mechanisms of Disease Causation to Microbiota-Centric Anti-Cancer Approaches. Biology 2022, 11, 757. [Google Scholar] [CrossRef] [PubMed]

	



US National Library of Medicine. Available online: clinicaltrials.gov (accessed on 14 August 2022).

	



Biazzo, M.; Deidda, G. Fecal Microbiota Transplantation as New Therapeutic Avenue for Human Diseases. J. Clin. Med. 2022, 11, 4119. [Google Scholar] [CrossRef] [PubMed]

	



Cui, M.; Xiao, H.; Li, Y.; Zhou, L.; Zhao, S.; Luo, D.; Zheng, Q.; Dong, J.; Zhao, Y.; Zhang, X.; et al. Faecal microbiota trans-plantation protects against radiation-induced toxicity. EMBO Mol. Med. 2017, 9, 448–461. [Google Scholar] [CrossRef] [PubMed]

	



Serena, C.; Ceperuelo-Mallafré, V.; Keiran, N.; Queipo-Ortuño, M.I.; Bernal, R.; Gomez-Huelgas, R.; Urpi-Sarda, M.; Sabater, M.; Pérez-Brocal, V.; Andrés-Lacueva, C.; et al. Elevated circulating levels of succinate in human obesity are linked to specific gut microbiota. ISME J. 2018, 12, 1642–1657. [Google Scholar] [CrossRef] [PubMed]

	



Sánchez-Alcoholado, L.; Ordóñez, R.; Otero, A.; Plaza-Andrade, I.; Laborda-Illanes, A.; Medina, J.A.; Ramos-Molina, B.; Gómez-Millán, J.; Queipo-Ortuño, M.I. Gut Microbiota-Mediated Inflammation and Gut Permeability in Patients with Obesity and Colorectal Cancer. Int. J. Mol. Sci. 2020, 21, 6782. [Google Scholar] [CrossRef]

	



Nagpal, R.; Shively, C.A.; Register, T.C.; Craft, S.; Yadav, H. Gut microbiome-Mediterranean diet interactions in improving host health. F1000Research 2019, 8, 699. [Google Scholar] [CrossRef]

	



Del Chierico, F.; Vernocchi, P.; Dallapiccola, B.; Putignani, L. Mediterranean Diet and Health: Food Effects on Gut Microbiota and Disease Control. Int. J. Mol. Sci. 2014, 15, 11678–11699. [Google Scholar] [CrossRef]

	



Gao, Y.; Shang, Q.; Li, W.; Guo, W.; Stojadinovic, A.; Mannion, C.; Man, Y.-G.; Chen, T. Antibiotics for cancer treatment: A double-edged sword. J. Cancer 2020, 11, 5135–5149. [Google Scholar] [CrossRef]








[image: Ijms 23 11990 g001 550] 





Figure 1. Influence of some of the mentioned gut microbiomes on carcinogenesis, immune system and response to immune-checkpoint inhibitors (ICI), immune reprogramming on tumor microenvironment (TME), radiotherapy and chemotherapy. 
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Figure 2. MAPK pathway (left) and immunosuppressive role of KRAS (right) mediated by upregulation of PDL-1, increased Tregs and MDSCs in TME, and downregulation of MHC-I. 
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Figure 3. MAPK pathway and its correlation with gut microbiome and BRAF/MEK-targeted therapy. 
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Table 1. Evidence of the impact of skin and gut microbiome in cancer and response to treatment, and associated biomarkers. PFS: progression-free survival, OS: overall survival.
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Microbiome

	
Reference

	
Bacteria

	
Results

	
Biomarker






	
Skin

	
Mizuhashi, S., et al. [16]

	
Corynebacterium

	
Advanced stages (III/IV) acral melanoma

	
IL-17A




	
Naik, S., et al. [17]

	
Staphylococcous epidermidis

	
Normalizes IL-17A production, related with tumor growth and anti-tumor immunity

	
IL-17A




	
Nakatsuji, T., et al. [18]

	
Staphylococcous epidermidis

	
Reduces the incidence of UV-induced skin tumors

	
6-HAP (6-N-hydroxyaminopurine)




	
Gut

	
Sivan, A., et al. [19]

	
Bifidobacterium

	
Enhances anti-tumor response of anti PD-1

	
CD8+ T cells




	
Bessell, C.A., et al. [20]

	
Bifidobacterium

	
Enhances anti-tumor immunity by amplifying T cells

	
CD8+ T cell epitope SVY




	
Vétizou, M., et al. [21]

	
Bacteroides fragilis, B. thetaiotaomicron and, Burkholderia

	
Associated with response to anti-CTLA4

	
IL-12 induced T cell response




	
Miller, P.L., Carson, T.L. [22]

	
Bacteroides fragilis, Burkholderia cepacia and Faecalibacterium

	
Associated with response to anti-CTLA4

	
IL-12 induced T cell response




	
Frankel, A.E., et al. [23]

	
Bacteroides caccae, Streptococcus parasanguinis, Faecalibacterium prausnitzii, Holdemania filiformis, Bacteroides thetaiotamicron and Dorea formicigenerans

	
Associated with response to immune checkpoint blockade

	
Anacardic acid and other metabolites




	
Wind, T.T., et al. [24]

	
Streptococcus parasanguinis and Bacteroides massiliensis

	
Associated with PFS and OS, respectively, in response to immune checkpoint blockade

	
Aspartate, thiamine diphosphate, NAD/NADH, glycolysis, TCA and glyoxylate, and pyruvate pathways




	
Peptostreptococcaceae

	
Shorter PFS and OS

	
Peptidoglycan and methanogenesis pathways




	
Chaput, N., et al. [25]

	
Faecalibacterium and Firmicutes

	
Longer OS, PFS and immune-induced colitis when treated with anti-CTLA4

	
CD4+ T cells and higher increase in serum CD25 cells




	
Tanoue, T., et al. [26]

	
Bacteroides, Ruminococcaceae, Fusobacterium, Phascolarctobacterium, Eubacterium, Paraprevotella, Alistipes

	
Enhanced efficacy of ICI

	
Interferon-γ-producing CD8 T cells




	
Mager, L.F., et al. [27]

	
Bifidobacterium pseudolongum, Lactobacillus johnsonii, and Olsenella

	
Enhanced efficacy of ICI

	
Increased inosine and anti-tumor T cells




	
Matson, V., et al. [28]

	
Bifidobacterium longum, Collinsella aerofaciens, and Enterococcus faecium

	
Enhanced efficacy of ICI

	
SIY–specific CD8+ T cells




	
Gopalakrishnan, V., et al. [29]

	
Ruminococcaceae and Clostridiales

	
Responders to anti-PD-1

	
CD45+ and CD8+ immune T cells




	
Bacteroidales

	
Non responders to anti-PD-1

	
RORγT+ Th17, CD4+ FoxP3+ T cells, CD4+ IL-17+




	
McCulloch, J.A., et al. [30]

	
Actinobacteria, Lachnospiraceae, Ruminococcaceae

	
Responders to anti-PD-1

	
Protective membrane mucins (MUC13 and MUC20) and apolipoproteins (APOA1, APOA4 and APOB)




	
Bacteroidetes and Proteobacteria

	
Non responders to anti-PD-1

	
High neutrophil–lymphocyte ratio and proinflammatory cytoquines (ILB, CXCL8, SOD2)




	
Limeta, A., et al. [31]

	
Faecalibacterium and Barnesiella intestinihominis

	
Responders to anti-PD-1

	
Upregulation of inositol metabolism and vitamin B pathway




	
Bacteroides

	
Non responders to anti-PD-1

	
Upregulation of biosynthesis pathways
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