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Abstract

:

Prostate cancer is the most common type of cancer and the leading cause of cancer deaths among men in many countries. Preventing progression is a major concern for prostate cancer patients on active surveillance, patients with recurrence after radical therapies, and patients who acquired resistance to systemic therapies. Inflammation, which is induced by various factors such as infection, microbiome, obesity, and a high-fat diet, is the major etiology in the development of prostate cancer. Inflammatory cells play important roles in tumor progression. Various immune cells including tumor-associated neutrophils, tumor-infiltrating macrophages, myeloid-derived suppressor cells, and mast cells promote prostate cancer via various intercellular signaling. Further basic studies examining the relationship between the inflammatory process and prostate cancer progression are warranted. Interventions by medications and diets to control systemic and/or local inflammation might be effective therapies for prostate cancer progression. Epidemiological investigations and basic research using human immune cells or mouse models have revealed that non-steroidal anti-inflammatory drugs, metformin, statins, soy isoflavones, and other diets are potential interventions for preventing progression of prostate cancer by suppressing inflammation. It is essential to evaluate appropriate indications and doses of each drug and diet.
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1. Introduction


Prostate cancer is the most common type of cancer and the leading cause of cancer deaths among men in many countries [1]. The patients with late stage disease, who exhibit poorly differentiated cancer cells, local invasion or metastatic lesion, have a poor prognosis. Although the patients with an early stage of the disease have a good prognosis after several treatments including radical prostatectomy, radiation therapy and hormonal therapy, these treatments have raised concerns about the various complications [2,3,4]. In order to avoid the complications, active surveillance has been one of the treatment options for early stage prostate cancer patients [5,6]. The prostate cancer patients with recurrence after radical prostatectomy and radiation therapy or patients who acquired resistance to systemic therapy have worried about disease progression. It is particularly important for these patients to suppress the progression of prostate cancer. Prostate cancer has a long natural history from the diagnosis to the death caused by cancer progression. The median survival was more than 12 years after diagnosis of localized prostate cancer at mean 67 years old [7], and more than 2 years even after diagnosis of metastatic prostate cancer at median 70 years old [8]. Thus, the progression of prostate cancer could be affected by the environmental factors, lifestyles, and chronic diseases.



Inflammation is the major etiology behind the development of prostate cancer. Acute or chronic inflammation can result in not only carcinogenesis but also progression of prostate cancer [9,10,11,12]. Inflammation in prostate cancer is linked to various factors including infection [13], microbiome [14], obesity [15], and high-fat diet (HFD) [16]. Inflammatory cells consist of innate immune cells and acquired immune cells. Innate immune cells are the main players in early phase of the inflammation and affect tumor progression via intercellular signaling including cytokines and chemokines [17].



Lifestyle, especially dietary habits, is the basis of chronic systemic inflammation, which also constitutes a risk for diabetes mellitus, cardiovascular disease, neurodegenerative diseases, and certain cancers including breast, colon, and pancreas cancer [18]. Chronic systemic inflammation results from the effects of dietary pattern and components on gut microbiota [19]. Dietary pattern can activate pro-inflammatory response in the prostate and modulate prostate cancer progression [20,21,22]. The gut microbiome could have indirect interactions with prostate cancers by altering the immune system. The urinary microbiome inducing chronic prostatic inflammation, and the presence of pro-inflammatory bacteria might cause prostate cancer progression [23]. Although it remains unclear how chronic systemic inflammation affects the local inflammation and cancer development in prostate, the relationship among dietary components, gut microbiome, and immune cells are thought to play major roles in the cascade.



It has been reported that the drugs and diets that suppress the inflammatory responses or modulating immune status have clinical benefits for prostate cancer patients (Table 1). Although some drugs show promise in epidemiological studies [24], any one drug is unlikely to be effective for preventing progression in all prostate cancer patients.



In this review, we discuss the immune cells and intercellular signaling that promote prostate cancer progression. We also discuss recent findings pertaining to drugs and diets that may prevent prostate cancer progression by controlling the inflammation (Figure 1).




2. Immune Cells and Intercellular Signaling Promoting Prostate Cancer Progression


2.1. Neutrophils


Neutrophils are short-lived cells with a circulating half-life of less than 24 h [39] and primarily work as an antibacterial immune response. The cytokines secreted by tumor cells, such as granulocyte colony-stimulating factor (G-CSF), interleukin (IL)1β, IL6 or tumor necrosis factor (TNF), have been suggested to extend their lifespan [40,41]. Chemokines secreted from tumor cells also attract neutrophils in the blood to the tumor microenvironment, where they become tumor-associated neutrophils (TANs). TANs can be immunosuppressive, and stimulate tumor cell proliferation and angiogenesis (N2 TANs). However, they can also inhibit tumor growth (N1 TANs) [40]. TANs are also reported to play important roles on the metastatic cascade [41]. The administration of the tyrosine kinase inhibitor cabozantinib resulted in the clearance of invasive prostate cancer of Pten/Tp53-deficient (prostate-specific knockout) mouse model by recruiting neutrophils to the tumor [42].



Although murine neutrophils differ from human neutrophils in terms of surface markers and genetic diversity [43], evidence suggested that neutrophils play an important role in progression of human prostate cancers. The peripheral blood neutrophil-lymphocyte ratio is associated with a high Gleason score and a poor prognosis in early stage prostate cancer [44,45], and is also a prognostic factor for response to abiraterone and docetaxel treatment in late stage castration-resistant prostate cancer [46,47]. Other studies have shown that neutrophils in both peripheral blood and prostate are predictive factors for prostate biopsy results [48,49]. While correlative studies suggest a role for neutrophils in human prostate cancer, further research is needed to confirm their ability to drive disease progression.




2.2. Macrophages


Macrophages play important roles in promoting growth and bone metastasis of prostate cancer [50]. Monocyte chemotactic protein (MCP)-1/C-C motif ligand (CCL)2 secreted by prostate cancer cells and stromal cells recruits tumor-infiltrating macrophages and induces tumor progression [51,52]. Macrophages are one of the most abundant types of immune cells in the tumor microenvironments and divided into classic macrophages (M1) and alternative macrophages (M2). M1 macrophages act in microbiocidal and anti-tumor activity with the secretion of IL1β, IL12 and TNF-α, whereas M2 macrophages act in tissue remodeling, immune tolerance and tumor progression with the secretion of IL4, IL10 and transforming growth factor (TGF)-β [53,54]. Exposure of macrophages to IL4, CSF-1, granulocyte-macrophage colony-stimulating factor (GM-CSF) and TGF-β secreted by cancer cells polarize macrophages to the M2 phenotype, resulting in immunosuppressive microenvironments. Although obesity leads to a shift of the macrophage phenotype from M2 to M1 in the adipose tissues of mice [55], these macrophages also increased the expression of CD206, which is a surface marker of the M2 polarization phenotype [56]. In Pten-deficient model mice (<Pb-Cre+;Pten(fl/fl)>) of prostate cancer, the ratio of tumor-infiltrating macrophages expressing CD206 to ones expressing major histocompatibility complex (MHC) class II was increased, and IL6 secreted by tumor-infiltrating macrophages was elevated by HFD [25]. IL6 secreted by many cell types can promote cancer growth via phosphorylation of signal transducer and activator of transcription (STAT)-3 [57].



In humans, CD206-positive M2 tumor-infiltrating macrophages are associated with metastasis and poor prognosis [58], and were more abundant in the metastases of castration-resistant prostate cancer [59]. Tumor-infiltrating macrophages are partly derived from blood monocytes [60]. Peripheral blood monocyte fraction is increased in pathologically high-grade prostate cancer [61]. Peripheral high monocyte count, which reflects tumor-infiltrating macrophages [62], is a negative predictive factor for prostate cancer treated with hormonal therapy [63] and chemotherapy [64]. Circulating monocytes from prostate cancer patients may promote invasion of epithelial cells [65]. Detailed investigations of the roles of macrophages and monocytes in prostate cancer progression are needed.




2.3. Myeloid-Derived Suppressor Cells (MDSCs)


Myeloid-derived suppressor cells (MDSCs) are the immature myeloid cells that suppress anti-tumor immune responses in the tumor microenvironments. Inflammatory responses drive accumulation and activation of MDSCs [66]. MDSCs are a heterogeneous population and express a mixture of surface markers typical for myeloid cells, but lack the markers of lymphocytes, natural killer cells, macrophages and dendritic cells. MDSCs modulate the cytokine production of macrophages and promote tumor angiogenesis and metastasis [67]. MDSCs, which are characterized by the surface marker CD11b+Ly6C+Ly6G+ in mice, also inhibit T cells via arginase-1, inducible nitric oxide synthase (iNOS) and reactive oxygen species and induce regulatory T cells by IL10 and TGF-β. Reported inducers of MDSCs include lipopolysaccharide, CSF-1, GM-CSF, IL1β, IL6, IL13, and prostaglandin E2 (PGE2) [68]. In Pten-deficient model mice, MDSCs infiltration in tumor was increased and tumor growth was promoted by HFD [25]. C-X-C motif ligand (CXCL)5 secreted from prostate cancer cells attracts MDSCs expressing C-X-C chemokine receptor (CXCR)2, and the elimination of MDSCs or the blocking of CXCL5-CXCR2 signaling elicits antitumor responses in the Pten/Smad4-deficient mouse model [69]. In the transgenic adenocarcinoma of mouse prostate (TRAMP) model, IL23 secreted from MDSCs can activate the androgen receptor (AR) pathway, promoting cell survival and proliferation under androgen-deprived conditions, suggested a mechanism of MDSC-mediated resistance to castration [70]. MDSCs are divided into two major groups: The cells with a morphology and surface markers like monocytes (monocytic (M)-MDSCs, CD11b+Ly6ChighLy6G−) and the cells with those like neutrophils (polymorphonuclear (PMN)-MDSCs or granulocytic MDSCs, CD11b+Ly6Clow Ly6G+).



MDSCs were originally discovered in mice, and their counterparts in humans are not clearly defined. In humans, many studies report that the equivalent cells to PMN-MDSCs are defined as CD11b+CD14−CD15+ or CD11b+CD14−CD66b+, and that M-MDSCs are defined as CD11b+CD14+HLA-DR−/low CD15− [71]. Both PMN-MDSCs and M-MDSCs in peripheral blood from patients with prostate cancer were significantly increased compared with healthy donors, and were negatively associated with overall survival [72,73]. PMN-MDSCs in metastatic lymph nodes of prostate cancer exhibited a high degree of immunosuppressive activity [74]. Both peripheral blood and local MDSCs could be a new target in the prevention of prostate cancer progression.




2.4. Others


Mast cells have key roles in inflammation and allergy. Mast cells are known to release molecules to influence tumor growth [75]. Mast cells are heterogeneous population, and correlations between mast cell infiltration and prostate cancer prognosis have been controversial [76,77]. The numbers of tumor-infiltrating mast cells were not significantly different in Pten-deficient model mice between normal diet and HFD conditions [25]. Cross-talk between PMN-MDSCs and mast cells induce tumor-specific immunosuppression in TRAMP mice [78]. Further studies on the functions of mast cells in prostate cancer progression are warranted.



Other inflammatory and immune cells such as dendritic cells, natural killer (NK) cells, B cells and T cells could be also involved in the prostate cancer progression [79]. NK cells are a type of cytotoxic lymphocyte and have the ability of much faster immune response to tumor. B cells and T cells are the major cellular components of the adaptive immune response. B cells also play important roles in prostate cancer progression via intercellular signaling. Although T cells have anti-tumorigenic functions, some populations of T cells such as regulatory T cells have immunosuppressive functions. A hormonally induced mouse model for early stage prostate cancer progression exhibited early and persistent prostatic mast cell infiltration with subsequent accumulation of neutrophils, T cells, and macrophages, as well as increased expression of numerous chemokines [80].



There is growing recognition of the critical role of platelets in inflammation and cancer progression. Platelets release numerous inflammatory mediators and form bridges between leukocytes and endothelium by forming aggregates with leukocytes. Through their interactions with neutrophils, monocytes, lymphocytes and the endothelium, platelets are important coordinators of inflammation and both innate and adaptive immune responses. Moreover, platelets might be interacted with cancer metastasis by expressing P-selectin [81]. A meta-analysis showed that peripheral blood high platelet-lymphocyte ratio was correlated with poor prognosis in prostate cancer patients [82].



IL17 produced by T cells and other immune cells plays important roles in inflammation, autoimmune diseases, and prostate cancer. It was reported that IL17 signaling is required for the transition of prostatic intraepithelial neoplasia to adenocarcinoma and that IL17 promotes development of invasive prostate adenocarcinoma under castrate conditions by the experiments using IL17 receptor-knockout Pten-deficient model mice [83,84]. Liu S. et al. reported that hyperinsulinemia enhances IL17-induced inflammation to prostate cancer progression in obese mice [85].



Cyclooxygenase (COX)-2, an enzyme that catalyzes the rate-limiting step in prostaglandin and thromboxane production, is induced by various pro-inflammatory cytokines, and thought to promote prostate progression [86]. COX-2 inhibition could be effective for preventing progression of prostate cancer [87].



The activation of nuclear factor (NF)-κB, a major transcription factor that regulates inflammatory and immune responses, is associated with cancer progression. NF-κB is also a key mediator in metastasis and castration-resistance of prostate cancer [88].





3. Potential Effective Drugs and Diets for Preventing Progression of Prostate Cancer by Controlling the Inflammation


3.1. Aspirin, Non-Steroidal Anti-Inflammatory Drugs (NSAIDs)


Observational study and randomized trials revealed that individuals taking aspirin and non-steroidal anti-inflammatory drugs (NSAIDs) had lower incidence of colon cancer [89,90,91]. Because inflammatory factors have been reported to induce initiation and progression of various types of cancer, NSAIDs are thought to not only reduce incidence but also prevent progression of cancer by suppressing various inflammatory pathways, including the COX-2 pathway [92]. In addition, NSAIDs inhibit cancer progression via inducing tumor cell apoptosis, protecting and repairing DNA damage, and suppressing the platelet activity [93].



In the REDUCE study, where all men had negative baseline biopsy, aspirin or NSAIDs use was associated with a reduced risk of total and high-grade prostate cancer [94]. The associations between aspirin or NSAIDs use and prostate cancer outcomes have also been analyzed in large studies [95,96,97,98,99]. In a study of localized prostate cancer treated with radical prostatectomy or radiation therapy, disease-specific mortality was significantly lower in aspirin users, the trend being driven prominently by high-risk patients [95]. There was no evidence of a protective association between pre-diagnosis use of low-dose aspirin and disease-specific mortality in the cohort of newly diagnosed prostate cancer [96]. Pre-diagnosed aspirin use was associated with a small reduced risk of disease-specific mortality (non-significant, hazard ratio = 0.88, 95% confidence interval 0.67–1.15), and higher dose aspirin users had stronger associations in one cohort [97]. In a subgroup analysis of one cohort, post-diagnosis aspirin use was significantly associated with lower disease-specific mortality in high-risk prostate cancer patients [98]. In the STAMPEDE trial, a randomized control trial of celecoxib (a selective COX-2 inhibitor) in addition to hormonal therapy in patients with locally advanced or metastatic prostate cancer, no benefit of celecoxib was observed [99]. A meta-analysis showed that prostate cancer patients exposed to pre- or post-diagnostic NSAIDs experienced a significantly reduced risk of distant metastasis [100], which may suggest the effects of NSAIDs on platelets.



It was reported that celecoxib, the dose of which was equivalent to the one clinically used in human, suppressed tumor growth, local MDSCs infiltration, M2 polarization of tumor-infiltrating macrophages, and IL6 secretion by tumor-infiltrating macrophages in Pten-deficient mouse model under HFD, but not under a normal diet [25]. In the model, mRNA expression of COX-2 (Ptgs2) were not altered by administration of HFD and celecoxib. These results suggested that celecoxib might have therapeutic benefits in the particular subgroup of prostate cancers such as obese patients, and that the local expression of COX-2 might not be a biomarker for the response to celecoxib in prostate cancer. Because we have no available data on obesity and local expression of COX-2 in the STAMPEDE trial, further investigations are needed.



Although NSAIDs could be effective in a subset of prostate cancer patients, the indications of these drugs have remained unclear. Mascan B. et al. reported that NSAIDs might have clinical benefits for prostate cancer patients undergoing radiation therapy as inflammation is a common side-effect of the therapy [101]. Biomarkers for the anti-tumor effects of NSAIDs may be the somatic PIK3CA mutation, the low levels of PD-L1, or the particular single-nucleotide polymorphism [102]. The US “Guidelines for the Use of Preventive Drugs” clearly state that daily intake equivalent to a “low-dose”, which means 75–100 mg per day of aspirin, has anticancer effects. However, taken into account the side effects of long-term use of aspirin such as gastrointestinal damage and exacerbate respiratory disease [102], making careful judgement is needed for long-term administration of aspirin or NSAIDs.




3.2. Metformin


Metformin, which is the most commonly used as oral anti-diabetic drug in the world, has been reported to lower cancer incidence and cancer-specific death [103,104]. Epidemiological studies demonstrated that metformin improves survival of prostate cancer patients [105,106,107,108,109,110,111,112], and may reduce incidence of prostate cancer [112,113,114].



Metformin is known to activate the enzyme adenosine mono-phosphate-activated protein kinase (AMPK) directly after energetic stress [115,116]. As a result of AMPK activation, mammalian target of rapamycin (mTOR) complex-1 (mTORC1) signaling is inhibited. Metformin also inhibits mTORC1 via an AMPK-independent pathway [117]. Metformin has been shown to inhibit the proliferation of prostate cancer [118,119]. Moreover, both the protein and mRNA expression of AR were reduced by metformin [120,121]. Metformin could be more effective in combinations with hormonal therapy or chemotherapy [118,122]. There have been many reports of the other indirect anticancer effects of metformin [123,124].



There are several mechanisms by which metformin inhibits the progression of prostate cancer are related with inflammation. Suppressing NF-κB pathway is a key event in activation of AMPK and inhibition of mTOR by metformin [26]. Tong D. et al. reported that metformin was capable of repressing epithelial-mesenchymal transition via reducing expression of COX-2/PGE2/phosphorylated STAT-3 [27]. In the TRAMP mouse model, metformin delays prostate cancer progression with concurrent reductions in recruitment of macrophages and downregulation of both COX-2 and PGE2 in tumor cells [28]. Metformin reduces prostate cancer growth prominently under HFD by modulating multiple signaling pathways in xenograft mice [125]. In Pten-deficient model mice, metformin also inhibits prostate cancer growth with reducing local MDSCs under HFD, but not under a normal diet [29]. These findings suggest that metformin could have clinical benefits for prostate cancer partly by suppressing inflammatory infiltration. In the various other cancer mouse models, metformin is reported to have an anti-tumor effect on macrophages [30,31], MDSCs [31], and CD8+ T cells [32].



Further studies are necessary to determine which dose of metformin could be clinically beneficial and safely administered to prostate cancer patients, and if metformin would be effective in non-diabetic populations [123,126].




3.3. Statins


Statins are widely used for the treatment of lipid disorders. Preclinical and clinical evidence suggest that statins have anti-tumor activity in various types of cancer [127,128]. Some epidemiological studies showed that statin use was not associated with reduced risk of total or advanced prostate cancer [129,130,131,132]. However, other studies found that it was associated with a reduction in prostate cancer risk, particularly advanced disease risk [133,134,135,136,137]. Prostate cancer patients who used statins had significantly lower disease-specific mortality than nonusers [138,139,140,141], whereas statin use was not associated with biochemical recurrence among the patients treated with radical prostatectomy [140,141]. One case-control study demonstrated that the effect on prostate cancer mortality was dependent on statin type (strong: Cerivastatin, atorvastatin, and simvastatin/weak: Pravastatin, lovastatin, and fluvastatin) used [142]. Pon D et al. suggested that the benefit of statins may be more pronounced in the prostate cancer patients who take statins for a prolonged period of time (>12 months) [143].



Statins are reported to suppress prostate cancer progression by inhibiting inflammation, angiogenesis, cell proliferation, migration, adhesion, and invasion, and by promoting apoptosis [144,145]. Dysregulation of cholesterol homeostasis in prostate tumors induces elevation of intracellular cholesterol. As a result of the intracellular elevation, specialized cholesterol-rich regions of the cell membrane known as lipid rafts [146] facilitate cell signaling pathways involving the AR [147] and the epidermal growth factor receptor [148]. Statins are thought to disrupt the organization of the lipid rafts and suppress these intracellular signaling pathways.



It was reported that statins could have effects to reduce local inflammation by several studies using histological examination. Preoperative statin use was significantly associated with lower incidence of inflammation within prostate tumors of men undergoing radical prostatectomy [149]. Statin users have reduced prostate inflammation, relative to non-users in men with a negative prostate biopsy [150]. Murtola T.J. et al. reported the results of a randomized clinical trial using atorvastatin for a median of 27 days before radical prostatectomy [151]. Although prostate inflammation did not differ between the atorvastatin group and the placebo group, Ki-67 index was lowered in the atorvastatin arm in a time-dependent manner.



Several mechanisms by which statins affect inflammation have been reported. Cholesterol crystals in the blood induce production of pro-inflammatory cytokines (IL1β and IL6), resulting in the production of C-reactive protein (CRP) [152]. Statins disrupt this process by lowering cholesterol. Statins also reduce CRP level in a cholesterol-independent manner [153]. Moreover, statins could reduce the synthesis of MCP-1 [33] and may be associated with decreased level of CD11b adhesion molecule [34], which is a surface marker of macrophages and MDSCs. Statins are reported to increase the number of CD4+CD25+ regulatory T cells, which prevent various immunoinflammatory diseases by suppressing immune responses [35], by inducing the transcription factor, forkhead box P3 [154]. Statins can also reduce inducible MHC class II expression in antigen presenting cells, thereby inhibiting T cell activation [36], and activate peroxisome proliferator-activated receptors (PPARs), inhibiting inflammation [37].



Further investigations are needed to determine if statins should be administered to prostate cancer patients without assessment of their cholesterol profile and which types of statins have the most clinical benefits in prostate cancer [145].




3.4. Others


Soybeans are rich sources of bioactive phytochemicals, isoflavones. A meta-analysis of eight randomized control trials supported a possible role for soy and isoflavones in prostate cancer risk reduction [155]. Soy bread consumption for 56 days reduced MDSC-associated cytokines (IL6, GM-CSF, G-CSF, and CSF-1) and M-MDSCs in peripheral blood of prostate cancer patients with asymptomatic biochemical recurrence [38]. Although a randomized control trial failed to find a significant benefit to soy protein supplementation on the biochemical recurrence of prostate cancer after radical prostatectomy [156], soy isoflavones-rich diets may suppress inflammation and could prevent progression of prostate cancer.



Some other nutrients or foods including vitamin D, pomegranate, green tea, resveratrol, and zyflamend might be effective for preventing progression of prostate cancer by inhibiting inflammation [157,158].





4. Conclusions


Inflammation enhanced by various immune cells and intercellular signaling is one of important factors for progression of prostate cancer. There is a great deal of evidence suggesting the progression can be prevented by targeting inflammation. Further analysis in mouse models would give new insights into the mechanisms of the prostate cancer progression induced by inflammation and identify new therapeutic targets. Moreover, clinical trials would suggest the appropriate indications and doses of each drug or diet to prevent progression of prostate cancer.
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