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Abstract

:

Simple Summary


Gut microbiota dysbiosis may contribute to lymphoma by disrupting gut microbial metabolites. Some gut microbial metabolites can cause chronic inflammation, increasing the risk of lymphoma, while others have shown promise to prevent it in preclinical studies. For instance, short-chain fatty acids and urolithin A have shown immunomodulatory and antiproliferative properties against lymphoma cell lines in vitro. Further research is needed to understand the significance of gut microbial metabolites in lymphoma and explore their potential therapeutic applications.




Abstract


Recent research has implicated the gut microbiota in the development of lymphoma. Dysbiosis of the gut microbial community can disrupt the production of gut microbial metabolites, thereby impacting host physiology and potentially contributing to lymphoma. Dysbiosis-driven release of gut microbial metabolites such as lipopolysaccharides can promote chronic inflammation, potentially elevating the risk of lymphoma. In contrast, gut microbial metabolites, such as short-chain fatty acids, have shown promise in preclinical studies by promoting regulatory T-cell function, suppressing inflammation, and potentially preventing lymphoma. Another metabolite, urolithin A, exhibited immunomodulatory and antiproliferative properties against lymphoma cell lines in vitro. While research on the role of gut microbial metabolites in lymphoma is limited, this article emphasizes the need to comprehend their significance, including therapeutic applications, molecular mechanisms of action, and interactions with standard chemotherapies. The article also suggests promising directions for future research in this emerging field of connection between lymphoma and gut microbiome.
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1. Introduction


Cancer continues to pose a significant global health burden, with lymphoma being a type of cancer that affects the lymphatic system. Lymphoma comprises Hodgkin (HL) and non-Hodgkin (NHL) subtypes, with the latter being more prevalent and exhibiting higher incidence rates in developed countries. In 2020 alone, the NHL accounted for over 500,000 new cases and 250,000 deaths worldwide, underscoring its substantial morbidity and mortality [1]. Standard treatment modalities for lymphoma include chemotherapy, radiation therapy, and immunotherapy, which can facilitate remission and extend the survival of affected individuals [2]. However, current therapies against lymphoma face several shortcomings that limit their effectiveness in achieving long-term remission [3]. One significant limitation is the development of resistance to chemotherapy and targeted therapies. Lymphoma cells can acquire genetic mutations or activate alternative signaling pathways, leading to treatment resistance and disease relapse [4]. Another challenge is the toxicity associated with conventional therapies, which can cause severe side effects and impact the quality of life of patients [4]. Additionally, these treatments lack specificity in targeting cancer cells that often damage healthy tissues and organs. Immunotherapies, such as checkpoint inhibitors and CAR-T cell therapies, have shown promise in treating lymphoma; however, these therapies are not effective in all patients, and some individuals may experience adverse events [5]. These limitations highlight the need for continued research and development of novel therapeutic strategies to improve the treatment outcomes of lymphoma.



The gut microbiota, a diverse community of microorganisms residing in the gastrointestinal tract, has emerged as a critical player in human health and disease, including lymphoma [6]. Disruption in the composition of the gut microbiota, known as dysbiosis, can arise from various factors such as antibiotic use, diet, and lifestyle and has been linked to the development of lymphoma [6,7]. Dysbiosis can alter the production of gut microbial metabolites, compounds that influence host physiology.



Among the gut microbial metabolites, short-chain fatty acids (SCFAs) are generated through the fermentation of dietary fiber by the gut microbiota and have been observed to promote regulatory T-cell function, suppressing inflammation and potentially preventing lymphoma development [8]. In contrast, other gut microbial metabolites, such as lipopolysaccharides (LPS), can promote inflammation and increase the risk of lymphoma. Dysbiosis can lead to the release of LPS into the bloodstream, activating the immune system and fostering chronic inflammation, thereby heightening the lymphoma risk [8].



Emerging evidence suggests that gut microbial metabolites, including SCFAs, inosine, urolithin A, urolithin B, and bacteriocins, possess immunomodulatory and anticancer properties. Previous studies have demonstrated their potential therapeutic applications in various cancer types, including lymphoma [9]. However, the precise mechanisms by which the gut microbiota and its metabolites influence lymphoma risk and progression are still being elucidated, necessitating further research to identify therapeutic targets. This review aims to explore the relationship between gut microbiota and lymphoma, focusing on the role of gut microbial metabolites [9,10,11].




2. Lymphoma


Lymphoma is a type of cancer that affects the lymphatic system, which is a part of the immune system. It can be categorized into two types: Hodgkin (HL) and non-Hodgkin (NHL), with prevalence rates of 10% and 90%, respectively. HL is further classified into classical and nonclassical lymphoma (Figure 1), whereas NHL is classified into B-cell, T-cell, and natural killer (NK) cell types. The symptoms of lymphoma can vary depending on the type and stage of cancer but may include swollen lymph nodes, fatigue, fever, weight loss, night sweats, and itching [2]. Treatment for lymphoma includes chemotherapy, radiation therapy, immunotherapy, or a combination of these approaches. The outlook for people with lymphoma varies depending on the type and stage of cancer. However, many people can achieve remission and lead long, healthy lives with appropriate treatment [12]. For clinical considerations, it is important to note whether a particular lymphoma is aggressive (high-grade) or indolent (low-grade). Except for nodular lymphocyte-predominant HL, the majority of indolent lymphomas belong to the category of NHL [2]. Indolent lymphomas have traditionally been considered less harmful if left untreated, but they are also more challenging to treat [2]. While this may appear paradoxical, it is due to the decreased growth rate of indolent tumors, which renders them less vulnerable to treatment [2]. The aggressiveness or indolence of the lymphoma and the performance status of patients determine whether therapy is curative, with survival as the aim, or palliative, with quality of life as the goal [2].




3. Classification of Lymphoma


3.1. Hodgkin’s Lymphoma (HL)


HL was initially reported in 1832, but the nature of the pathognomonic Reed–Sternberg cell used to diagnose the illness has only recently been revealed. Since the 1940s, radiotherapy has been employed to treat localized illness, and in the 1960s, successful combination chemotherapy regimens for anatomically advanced diseases were launched [13]. Throughout the last three decades, the result of HL has improved to the point that it is now one of the most treatable non-cutaneous malignancies [13]. With increased survival and longer follow-up, the significance of treatment-induced late effects has become clear, and contemporary therapeutic techniques must adequately account for these consequences [13].



HL, short for Hodgkin’s lymphoma, is a prevalent form of lymphoma in Western countries, with an annual occurrence rate of approximately three cases per 100,000 individuals [14]. It primarily impacts peripheral lymph nodes and organs like the liver, lung, and bone marrow. Based on histological features and the phenotype of tumor cells, HL is categorized into subtypes, including nodular sclerosis, mixed cellularity, lymphocyte-rich, lymphocyte-depleted, and nodular lymphocyte-predominant HL (NLPHL) [14]. Classical Hodgkin’s lymphoma (HL) comprises the aforementioned categories. HL cells are relatively rare, constituting only about 0.1–2% of the cells in the affected tissue [14]. In classical HL, the malignant cells are referred to as Hodgkin and Reed–Sternberg cells, whereas in the case of NLPHL, they are called lymphocyte-predominant (LP) cells [14]. These malignant cells are characterized by their large size, and in classical HL, they can be further classified as mononucleated Hodgkin cells or bi- or multinucleated Reed–Sternberg cells [14]. HL is a relatively rare cancer characterized by Reed–Sternberg cells and abnormal white blood cells in lymph nodes [15]. Moreover, Reed–Sternberg cells, which display a distinctive “owl’s eye” appearance and contain prominent nucleoli, represent a pathognomonic feature of HL [15]. These large, multinucleated cells can be readily identified in lymph node biopsies [15]. The cells are named in honor of Dorothy Reed and Carl Sternberg, the pioneering pathologists who initially described them. Although the absence of Reed–Sternberg cells in a biopsy does not preclude a diagnosis of HL, their presence remains a critical diagnostic criterion for this malignancy [15]. Epstein–Barr virus (EBV) infects tumor cells in around 40% of instances of classical HL [14].




3.2. Non-Hodgkin Lymphoma (NHL)


NHL is a malignant condition that arises from immune cells and manifests mostly as lymphadenopathy or solid tumors [16]. NHL is a more common type of lymphoma that can arise from any lymphocyte, a type of white blood cell, and can occur in any part of the body where lymphatic tissue is found [2]. NHL categorization is complicated and ever-changing, with more than 50 distinct subtypes mentioned in the most recent World Health Organization classification [16]. Non-specialists, on the other hand, can benefit by categorizing them as low-grade (indolent) or high-grade (aggressive) lymphoma, since this broad distinction indicates the likely natural course and care of the disease [16].



NHL is the sixth most prevalent cancer in Australia and the first among young people [12]. The International Agency for Research on Cancer reported that over 500,000 NHL cases were diagnosed globally in 2020 [1]. The highest incidence rates of lymphoma are found in Australia/New Zealand, Northern America, and Europe, and it is more prevalent in men than women [1]. However, the considerable differences in data reporting quality internationally make these statistics challenging to assess. Individual subtypes vary by geography, with follicular lymphoma being more prevalent in Western nations, T-cell lymphoma being more common in Asia, and EBV-linked (endemic) Burkitt lymphoma being more common in Africa [17]. Follicular lymphoma is the most frequent indolent lymphoma, while diffuse large B cell lymphoma (DLBCL) is the most common aggressive type [16].



Most NHL are caused by mature B lymphocytes, with a small percentage linked to T lymphocytes or natural killer (NK) cells. Furthermore, lymphoma occurs due to the gradual accumulation of DNA abnormalities such as gene mutation, amplification or deletion, and chromosomal translocation [18]. Certain lymphoma subtypes are associated with distinct acquired genetic abnormalities, such as translocation of the BCL2 oncogene in follicular lymphoma or translocation of the MYC oncogene in Burkitt lymphoma [18].



Infections such as EBV, Helicobacter pylori, and hepatitis C virus have also been linked to some subtypes of NHL [19]. NHL is more frequent in immunocompromised people, such as HIV/AIDS patients or organ transplant recipients [20]. Although smoking has been linked to specific lymphoma subtypes [20], is not a well-established risk factor for NHL [21]. Although a slightly increased risk among family members has been observed, NHL is considered nonhereditary.



Burkitt Lymphoma (BL)


Burkitt lymphoma (BL) is a highly aggressive type of NHL most commonly found in children in Africa, but also occurs in other parts of the world [22]. BL is characterized by the translocation of the MYC gene on chromosome 8 to one of the immunoglobulin loci on chromosomes 2, 14, or 22, resulting in the overexpression of MYC. This leads to uncontrolled cell growth and proliferation of B cells [22]. The standard treatment for BL combines chemotherapy and immunotherapy, which has a high success rate of 90% for patients who receive appropriate treatment [22]. However, the prognosis for BL depends on various factors, such as age, disease stage, and other medical conditions. In recent years, several advancements in understanding the molecular mechanisms underlying Burkitt lymphoma (BL) have been made, which have led to the development of targeted therapies for the disease [22]. One important aspect of BL is its association with the EBV, which produces a protein called Epstein–Barr nuclear antigen 1 (EBNA1) in all EBV-associated malignancies. EBNA1 is a dimeric viral protein that plays multiple roles in the pathogenesis of BL. BL is a frequent latency I cancer, and the infected cells might enter immunologically inactive latency programs. EBNA1 is exclusively expressed in this way to allow the EBV episome to be disassociated and maintained in dividing B cells [23,24].



Peyton Rous, a Nobel Laureate, investigated the early relationship between cancer and viral infections in chickens in 1910 [25]. Many viruses with carcinogenic mechanisms have been found since then. So far, eight oncogenic viruses (both RNA and DNA viruses) have been discovered to cause cancer via distinct pathways [26]. Oncogenic viral infections are responsible for 15% to 20% of all human cancers [27]. EBV is a herpesvirus (officially known as Human Gamma herpesvirus 4) commonly transmitted through bodily fluids such as saliva and is the primary cause of infectious mononucleosis (IM), but is also associated with other illnesses, such as certain types of lymphoma and nasopharyngeal carcinoma. EBV is one of the most prevalent human viruses, infecting around 95% of the population, and no particular therapy or vaccination is available [28]. Primary EBV infection in childhood is usually asymptomatic; nevertheless, when infection occurs later in life, the virus can cause IM in 35–50% of instances [29]. Human T-lymphotropic virus 1 (HTLV-1) is primarily transmitted through blood transfusions, sharing needles, and from mother to child during childbirth or breastfeeding, and chronic infection with HTLV-1 can led to a rare type of leukemia and a neurological condition called HAM/TSP [28].



Virus-mediated carcinogenesis involves a series of sequential steps that transform normal cells into cancer cells. These steps—initiation, promotion, and progression—have been extensively studied and documented [28,30]. During the initiation phase, a carcinogen interacts with the host DNA, setting the groundwork for subsequent cellular changes. Following initiation, the promotion stage ensues, characterized by the onset of cell proliferation. This phase can span from a few months to several years, depending on various factors. The final stage of virus-mediated carcinogenesis is tumor progression, which entails the spreading and development of the malignant tumor. Human oncoviruses employ direct and indirect mechanisms to transform cells, known as viral carcinogenesis [31]. In direct viral carcinogenesis, the virus incorporates genes that stimulate cellular growth and enhance resistance to apoptosis, thereby altering the DNA repair mechanism [26,32]. Consequently, tumor suppressors such as p53 and pRb are deactivated during viral oncogenesis until the DNA repair mechanism is restored. Failure to resume proper DNA repair mechanisms may trigger cell death [32]. It is important to note that viral infections can increase the susceptibility of our DNA to mutations. For instance, the viral antigen EBNA-1 derived from the Epstein–Barr virus (EBV) has been found to induce genomic instability by activating RAG1 and RAG2 [25,28]. EBV has been associated with various cancers, including Burkitt lymphoma (BL), Hodgkin disease, nasopharyngeal carcinoma (NPC), gastric cancer, T/NK lymphoma (nasal natural killer/T-cell lymphoma), as well as AIDS- or transplantation-associated lymphomas [33]. While conventional antiviral drugs like acyclovir and ganciclovir have demonstrated the ability to inhibit EBV lytic replication in laboratory settings, none have received FDA approval thus far [28,29] Furthermore, numerous antiviral treatments tested in clinical trials have proven ineffective [34]. As a result, there is a pressing need to develop innovative, effective, and safe antiviral medications targeting EBV and BL.






4. Treatment and Side Effects


4.1. HL


Treatment of HL generally involves a combination of chemotherapy and radiation therapy. Radiotherapy is typically used to destroy cancer cells that may remain after chemotherapy [35]. Involved-site radiation therapy (ISRT) targets only the affected lymph nodes or areas of the body rather than the entire lymphatic system [35]. This approach can reduce the risk of long-term side effects of radiotherapy. The side effects of radiotherapy for HL can include fatigue, nausea, and skin changes, as well as long-term effects such as an increased risk of developing other types of cancer [35,36].



In the treatment of HL, the standard therapeutic approach in the United States and many other countries is ABVD, which consists of a combination of doxorubicin, bleomycin, vinblastine, and dacarbazine [2]. Conversely, in Germany, the BEACOPP regimen has gained wide usage. BEACOPP incorporates bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine, procarbazine, and prednison [2]. Another treatment regimen known as Stanford V, which involves the administration of doxorubicin, vinblastine, mechlorethamine, vincristine, bleomycin, etoposide, and prednisone, is also utilized for HL [2]. Comparatively, these treatment regimens yield similar response rates. However, BEACOPP has demonstrated slightly superior survival rates when compared to ABVD and Stanford V. Nevertheless, this advantage comes at the cost of increased toxicity, including a heightened risk of developing secondary acute myeloid leukemia/myelodysplastic syndrome and, notably, sterility [2].



A review by Mondello, Musolino, Dogliotti, Bohn, Cavallo, Ferrero, Botto, Cerchione, Nappi, De Lorenzo, Martinelli, Wolf, Schmitt, Loseto, Cuzzocrea, Willenbacher, Mian and Straus [37] compared the efficacy and safety of ABVD and BEACOPPesc as first-line treatments for advanced-stage HL in a real-world setting. The retrospective analysis included 397 HL patients treated in seven European cancer centers from October 2009 to October 2018 [37]. The study found that BEACOPPesc achieved a higher rate of complete metabolic remission than ABVD, but also resulted in more frequent severe adverse events. Furthermore, the long-term outcome in terms of overall survival was similar between the two regimens. However, a trend towards superior progression-free survival in high-risk patients treated with BEACOPPesc was observed [37]. Although ABVD is an effective and less toxic therapeutic option for advanced-stage HL, BEACOPPesc offers better initial tumor control, but is associated with higher toxicity [37].



Because of the bulkiness of the illness or the persistence of positron emission tomography and computed tomography (PET/CT) positive scans following chemotherapy, systemic chemotherapy may be augmented with local radiation [2,38]. Bleomycin pulmonary toxicity is a problem, necessitating baseline pulmonary function tests and monitoring for the emergence of any symptoms along the route [2]. Doxorubicin, a widely used chemotherapy drug, has the potential for cardiac toxicity, which refers to heart damage or dysfunction [39]. The exact mechanism is not fully understood, but it involves oxidative stress and mitochondrial dysfunction [39]. The risk of cardiac toxicity with doxorubicin increases with higher cumulative doses and prolonged exposure [40]. Moreover, risk factors of doxorubicin cardiotoxicity include cumulative dose, age, pre-existing heart conditions, and concurrent cardiotoxic medications. Acute toxicity of chemotherapy can cause arrhythmias, while chronic toxicity can lead to heart failure or cardiomyopathy [40,41].



Immunotherapy, which involves using drugs that stimulate the immune system to attack cancer cells, has also been used for the treatment of HL. The most used immunotherapy drug for HL is brentuximab vedotin (Adcetris) [42]. It is an antibody–drug conjugate that combines an anti-CD30 monoclonal antibody with a chemotherapy agent [42]. CD30 is a protein expressed on the surface of HL cells, and brentuximab vedotin delivers the chemotherapy agent directly to these cells, leading to their destruction [42]. The other common type of immunotherapy for HL is checkpoint inhibitors, such as nivolumab (Opdivo) and pembrolizumab (Keytruda) [43]. These drugs block a protein called PD-1, which can help cancer cells evade detection by the immune system and prevent immune cells from attacking cancer cells [43]. While immunotherapy can effectively treat HL, it can also cause side effects such as fatigue, rash, and diarrhea. Additionally, some patients may experience more severe side effects, such as autoimmune disorders or inflammation of organs including the lungs or liver [36].




4.2. NHL


Treatment choice depends on several factors, including the stage and type of NHL, the overall health of the patient, and the potential risks and benefits of each therapy [44]. For many years, the standard chemotherapy treatment for patients with aggressive NHL has been cyclophosphamide, doxorubicin, vincristine (Oncovin), and prednisolone (CHOP) [45,46]. A comprehensive study performed 26 years ago revealed the spectrum of issues encountered by CHOP patients and the predicted occurrence and severity of side effects during treatment [46]. A 75-item self-report questionnaire was used to gather data at each treatment cycle, with the severity of each side effect assessed on a five-point scale in that study [46]. Nineteen subjects were given 99 cycles of CHOP and completed 74 questionnaires (75% response rate) and patients reported a total of 80 adverse events. The most prevalent issue was alopecia, with all patients suffering some hair loss by cycle 3. Fatigue was the second most prevalent adverse effect (incidence = 77%) followed by taste change (incidence = 74%). The early half of the therapy regimen was plagued by nausea and exhaustion. Moreover, patients rated post-chemotherapy nausea as the “most bothersome” issue, followed by weariness, taste changes, constipation, and difficulties sleeping [46]. These findings suggested that patients receiving CHOP had a wide range of issues, many of which warrant additional research.



Radiotherapy and immunotherapy are also utilized for NHL, in addition to chemotherapy. Both treatments have shown promising results in improving patient outcomes, but can also cause side effects such as fatigue, nausea, and immune-related toxicities [44]. Several types of radiotherapy and immunotherapy are currently used for NHL treatment, and the choice of therapy depends on the specific subtype and stage of NHL. Furthermore, the most common type of radiotherapy used for NHL is external beam radiation therapy, which delivers high-energy X-rays to the affected area, whereas total body irradiation delivers radiation to the entire body [44].



Multiple immunotherapy treatments are used for NHL, including monoclonal antibodies (mAbs), chimeric antigen receptor (CAR) T-cell therapy, and immune checkpoint inhibitors. For instance, the anti-CD20 mAb rituximab is commonly used in combination with chemotherapy for NHL and has been shown to improve patient outcomes. CAR T-cell therapy, which involves engineering a patient’s T cells to recognize and attack cancer cells, has also shown promising results in clinical trials for certain types of NHL [47]. Immune checkpoint inhibitors such as pembrolizumab and nivolumab are also being investigated for NHL treatment [48].



Collectively, the current literature demonstrates that most therapeutic options currently available for HL and NHL, although effective, have several side effects, which can even be life-altering in some cases. Therefore, more research is necessary to find effective and safer therapeutic alternatives for lymphoma patients.





5. Role of Gut Microbiota in Lymphoma


The microbiota encompasses diverse bacteria, fungi, eukaryotic viruses, archaea, and bacteriophages that coexist with the host, potentially offering mutual benefits [49]. Over the past two decades, extensive research has been conducted to unravel gut microbiota composition and therapeutic potential [10,50,51,52,53,54,55]. Furthermore, LPS, an endotoxin primarily present in the outer membrane of gram-negative bacteria such as Escherichia coli (E. coli), Salmonella, Shigella, and Pseudomonas, possesses the ability to trigger inflammation within the body. Imbalances or excessive proliferation of these bacteria within the gut microbiota can result in heightened LPS production, leading to inflammation and potentially contributing to carcinogenesis. Various factors, including dysbiosis, small intestinal bacterial overgrowth, leaky gut, and inflammatory bowel disease, can contribute to elevated levels of LPS in the gut. To mitigate LPS-related concerns, it is imperative to maintain a healthy gut microbiota by adopting a nutritious diet, regular exercise, and effective stress management techniques. These lifestyle measures are crucial for promoting optimal gut health and minimizing the potentially detrimental effects of elevated LPS levels.



A study by Mamgain et al. (2021) underlined the growing evidence suggesting that the microbiota plays a fundamental role in developing and progressing B and T-cell lymphomas [56]. Another study by Yuan et al. (2021) examined the gut microbiota of participants with untreated DLBCL and healthy volunteers. The analysis revealed that participants with untreated DLBCL had a distinct microbial composition compared to healthy individuals. Specific differences included a higher abundance of the Escherichia-Shigella genus and lower levels of certain metabolic pathways [57].



Ataxia telangiectasia (A-T) is a rare genetic disorder primarily affecting children, characterized by progressive dysfunction in multiple systems and associated with high lymphoid malignancies [58]. Neoplasia develops in about 30–40% of people with A-T during their lifetime, with NHL accounting for over 40% of these tumors, acute lymphocytic leukemias for around 20%, and HL for about 5% [59,60,61,62,63]. Cheema et al. (2016) investigated the impact of intestinal microbiota on various aspects of health, including nutrient metabolism, immune system modulation, obesity, and potential carcinogenesis, in two groups of mice: A-T mutated gene (Atm-deficient) and wild-type, which have different intestinal microbiota compositions due to their genetic differences [64]. The authors employed [64] a high-resolution mass spectrometry approach to analyze the metabolic profiles of urine and feces from both groups of mice. They discovered that the composition of the intestinal microbiota significantly influenced specific metabolic changes, potentially alleviating a glycolytic phenotype—a metabolic state associated with increased glucose metabolism. Moreover, they identified certain metabolites, such as 3-methyl butyrolactone, kynurenic acid, and 3-methyladenine, known for inhibiting cancer development, to be elevated in both Atm-deficient and wild-type mice with limited intestinal microbiota [64]. Similarly, another study was conducted on an A-T mouse model to investigate the relationship between intestinal microbiota and the development of B-cell lymphoma [65]. The researchers compared different isogenic mouse colonies with varying bacterial communities [65]. They found that the microbiota composition significantly influenced disease penetrance, latency, lifespan, molecular oxidative stress, and systemic leukocyte genotoxicity. The study employed high-throughput sequencing analysis to identify specific bacterial phylotypes associated with the mouse colonies [65]. One particular bacterium, Lactobacillus johnsonii, was deficient in the mouse colony that was more prone to cancer [65]. To test its impact, the authors conducted a short-term oral transfer of L. johnsonii and observed a reduction in genotoxicity [65]. The intervention led to a decrease in systemic genotoxicity, which was linked to reduced basal leukocyte levels and an inflammatory state mediated by cytokines. The findings suggested that restoring L. johnsonii or modifying the intestinal microbiota could be a potential translational intervention for individuals at risk of B-cell lymphoma or other diseases driven by genotoxicity or oxidative stress responses [65].



Another study by Yamamoto and Schiestl (2014) discussed the association between certain bacteria and the development of mucosal-associated lymphoid tissue (MALT) lymphoma, which originates in the marginal zone [66]. Approximately 90% of MALT lymphomas are associated with Helicobacter infection, elimination of which has been shown to achieve complete remission in around 80% of cases [66]. The causative effect of Helicobacter in MALT lymphoma development has been demonstrated in animal models [66]. Mice infected with Helicobacter felis, a close relative to H. pylori, developed lymphoepithelial lesions associated with MALT lymphoma. Similarly, gerbils infected with H. pylori showed increased gastritis and intestinal metaplasia [66]. These animal models have been used to study the mechanisms, disease progression, and regression of H. pylori infections. Likewise, Helicobacter helmanii, found in humans and mice, has been also shown to contribute to the development of MALT lymphoma [66]. In animal models, H. helmanii-induced lymphoma is preceded by inflammation and high endothelial venule-like vesicles, which are associated with lymphocyte recruitment and found in other chronic inflammatory conditions [66]. Although associations between other bacteria, such as Campylobacter jejuni, Borrelia burgdorferi, Chlamydia psittaci, and Streptococcus bovis, and lymphoma have been observed in humans, the role of these bacteria in lymphoma development is not yet fully understood [66]. Animal models could provide valuable insights into the etiology, progression, and treatment of microbe-associated lymphomas [66].



Emerging evidence has elucidated the role of gut microbiota in protecting from pathogens; maintaining metabolic, endocrine, and immune functions; and modifying drug action and metabolism [10]. Gut microbial metabolites, including SCFAs, inosine, urolithin A, urolithin B, and bacteriocins, have shown a broad spectrum of biological activities in previous studies, including anticancer and immunomodulatory functions [67,68,69]. Dysbiosis in the gut microbiota is believed to lead to chronic inflammation and immune dysregulation, both known risk factors for lymphoma [70]. Alterations in the composition and diversity of the gut microbiota have been associated with an increased risk of cancer [71]. For instance, a study found that participants with diffuse large B-cell lymphoma had a lower diversity of gut bacteria than healthy controls. Similarly, another study found that gut microbiota dysbiosis was linked to an increased risk of NHL [72]. Individuals with NHL had less diverse gut microbiota than healthy individuals, with a decrease in the abundance of certain bacterial species associated with anti-inflammatory properties, such as Faecalbacterium and Bifidobacterium [73]. Another study found that a higher diversity of gut bacteria was associated with a lower risk of lymphoma, while antibiotic use correlated with an increased risk [74].



In addition to the gut microbiota, the oral microbiota has also been implicated in lymphoma risk. For instance, individuals with oral infections, such as periodontitis, were found to have a higher risk of developing lymphoma [75]. Although the mechanisms linking microbial communities to lymphoma risk are not fully understood, these findings suggested that alterations in certain microbial communities may contribute to the development of lymphoma. It is essential to note that the relationship between gut microbiota and lymphoma is an area of active research, and more studies are needed to fully comprehend its clinical implications.



5.1. Prebiotics


Prebiotics are non-digestible food fibers that selectively stimulate the growth and activity of beneficial bacteria in the gut. Prebiotics have been studied for their potential impact on cancer and immune function. Although direct research on the role of prebiotics in lymphoma is limited, evidence suggests that prebiotics may indirectly influence lymphoma development and progression by modulating the gut microbiota and immune responses. Several studies have explored the interaction between prebiotics, gut microbiota, and cancer, highlighting their potential implications for lymphoma [76]. Delzenne and Cani (2011) discussed the interplay between obesity, gut microbiota, and metabolic disorders, emphasizing the potential of prebiotics in modulating gut microbiota composition and metabolic health [77]. This modulation may indirectly impact lymphoma development [77]. Uccello et al. (2012) investigated the interaction between gut microbiota and colorectal cancer, emphasizing the potential of prebiotics in promoting the growth of beneficial bacteria and modulating the gut environment [78]. Gentile and Weir (2018) discussed how prebiotics can shape gut microbiota composition and function, influencing systemic inflammation, immune responses, and potentially cancer development, including lymphoma [79]. Tuohy et al. (2012) highlighted how prebiotics can promote the growth of beneficial bacteria, enhance the production of SCFAs, and improve gut barrier function, all of which may have implications for lymphoma and immune health [80]. Furthermore, Rattanathammethee et al. (2020) studied the impact of chemotherapy on gut microbiota dysbiosis in patients with acute myeloid leukemia and febrile neutropenia [81]. Prebiotics have been shown to be beneficial in mitigating dysbiosis and maintaining a healthy gut environment, which could be relevant to people with lymphoma undergoing chemotherapy. In summary, while there is no direct research on the role of prebiotics in lymphoma, further investigations are needed to fully understand the potential benefits of prebiotics in lymphoma treatment and prognosis. Understanding the interplay between prebiotics, gut microbiota, and lymphoma may provide new insights and therapeutic opportunities for this complex disease.




5.2. Probiotics


Probiotics are live microorganisms that confer health benefits when consumed in adequate amounts and play a fundamental role in maintaining the balance and diversity of the gut microbiota as well as its metabolites. Studies have demonstrated that specific strains of probiotics can modulate the composition of gut microbiota by increasing the levels of beneficial bacteria, such as Bifidobacterium and Lactobacillus, while reducing the population of potentially harmful bacteria (Sanders et al. [82]). Probiotics also enhance gut barrier function by promoting the production of tight junction proteins and mucus, strengthening the intestinal barrier (Resta-Lenert and Barrett [83]). Furthermore, they have immunomodulatory effects, stimulating the production of anti-inflammatory compounds and regulating immune cell activity (Round and Mazmanian [84]). Probiotics can also influence host metabolism by producing metabolites such as SCFAs, which benefit gut health (Ríos-Covián et al. [85]). They can reduce the growth and activity of pathogenic microorganisms in the gut through antimicrobial substances and competition for nutrients (Hill et al. [86]). While a growing body of research explores the interrelationship between gut microbiota and cancer, these studies primarily focus on colorectal cancer and other solid tumors [87]. The role of probiotics in lymphoma specifically has yet to be extensively investigated. However, it is worth noting that individuals undergoing cancer treatments, such as chemotherapy and radiation therapy, often experience gastrointestinal side effects, including diarrhea and alterations in gut microbiota [88,89]. In these cases, probiotics have been studied as a supportive measure to manage the treatment-related side effects [87]. Some studies have suggested that certain strains of probiotics may help to reduce the severity and duration of diarrhea in people with cancer [89,90].




5.3. Postbiotics


Postbiotics (also known as gut microbial metabolites) are a term used to describe the by-products or metabolic compounds produced by gut bacteria during their growth and fermentation process. These by-products include various substances such as SCFAs, enzymes, organic acids, peptides, polysaccharides, vitamins, and other metabolites. Postbiotics have gained increasing attention recently due to their potential health benefits and role in modulating gut microbiota.



Postbiotics derived from probiotic bacteria have been found to exert several beneficial effects on the gut microbiota and overall health [91]. They can influence the gut microbiota in several ways, including the modulation of microbial composition [91] and enhancement of gut barrier integrity. Strengthening the intestinal barrier function is critical in preventing the passage of harmful substances from the gut into the bloodstream. This helps maintain gut integrity and reduces the risk of inflammation and immune activation [92]. Postbiotics can help promote the growth of beneficial bacteria and inhibit the growth of harmful or pathogenic bacteria, thereby improving the overall microbial composition [92]. They can promote the production of anti-inflammatory cytokines and enhance the activity of immune cells, helping to regulate immune function and reduce inflammation [93]. Postbiotics including SCFAs, are produced through the fermentation of dietary fiber by the probiotic gut bacteria [94]. SCFAs provide an energy source for the colonocytes (cells lining the colon) and have anti-inflammatory properties [93]. They also influence gene expression, metabolism, and satiety signaling [93]. Furthermore, some postbiotics exhibit direct antimicrobial activity against pathogenic bacteria, helping to control their growth and reducing the risk of infections [95].



K. Inamura (2021) examined the potential of postbiotics against lymphoma cells. The researcher used heat-killed Lactobacillus casei, a type of probiotic bacteria, and its postbiotic metabolite, lactate, in a mouse lymphoma model [96]. The results suggested that heat-killed L. casei and lactate could enhance the immune response against lymphoma cells, reducing tumor growth [96]. Moreover, the authors investigated various molecular pathways involved in the interaction between the gut microbiota and the immune response against cancer. The molecular pathways related to pattern recognition receptors (PRRs), toll-like receptors (TLRs), SCFAs, immune checkpoint pathways, and cytokines and chemokines were investigated [96]. Another study by Gill, PA et al., 2018 investigated the effects of SCFAs on the immune response to melanoma in a mouse model. The authors found that SCFAs, particularly butyrate and propionate, enhanced the anticancer immune response by promoting the activation and function of immune cells [97]. This suggested that SCFAs may have potential immunomodulatory effects in cancer. While these studies provide some preliminary evidence of the potential immunomodulatory effects of postbiotics in cancer, including some preliminary observations against lymphoma, further research is needed to establish their efficacy, safety, and molecular mechanisms of action. Table 1 shows the studies currently available in the literature on the role of postbiotics against lymphoma.



5.3.1. SCFAs


SCFA production occurs primarily in the large intestine through the fermentation of undigested starch and non-starch polysaccharides [106]. These SCFAs, namely, acetic (acetate), propionic (propionate), and butyric (butyrate) acids, are short monocarboxylic acids [106,107]. While acetate is minimally oxidized in the liver [108], colonocytes metabolize SCFAs, and the remaining unmetabolized portions enter the portal circulation to act as an energy source for hepatocytes [108]. Given that only a small fraction of SCFAs from the colon enter the systemic circulation, fecal concentration has been employed to indicate SCFA production in the colon [10]. Numerous studies have revealed the beneficial effects of SCFAs in various conditions, including diabetes, cancer, and hypertension [109,110,111].



Butyric acid and other SCFAs have been found to change gene expression in human cancer epithelial and lymphoid cells, including Raji and Rael cell lines, which are derived from Burkitt’s lymphoma and carry EBV genomes in latency type III and I, respectively [98]. Moreover, propionate was found to inhibit the growth of T-lymphoma cells in vitro and in vivo in mice, indicating its potential implementation in lymphoma therapy [99]. Similarly, another study revealed that butyrate enhanced the anti-tumor effects of 5-fluorouracil (5-FU) in mice with colorectal cancer by increasing tumor cell death and reducing tumor growth [11]. Moreover, 5-FU may be used in combination with other chemotherapy drugs as part of a treatment regimen [112,113] although it is not considered a first-line therapy for lymphoma. Wanget al. [11] also revealed that butyrate modulated the activity of the transforming growth factor-beta 1 TGF-β1/Smad3 signaling pathway, which is a cytokine that plays a crucial role in regulating cell growth, differentiation, apoptosis, and immune response. It exerts its effects by binding to cell surface receptors, activating downstream signaling pathways, including the Smad proteins [114]. The TGF-β1/Smad3 signaling pathway is indeed relevant to lymphoma, and its dysregulation can contribute to tumor development and progression [114]. However, further research is needed to confirm these findings and to determine the interactions of butyrate with standard chemotherapy [11], as well as its impact on lymphoma. Contradictory findings regarding the effects of SCFAs on lymphoma have also been reported.



The antiproliferative action of the SCFAs butyrate, propionate, isobutyric acid, and acetic acid has also been reported against human gastric (Kato III) and colon cancer (Caco-2, DLD-1, and WiDr) cells, with butyrate being more active than its counterparts [115,116,117,118,119]. These investigations further revealed that the antiproliferative effect of SCFAs was mediated via modification of the cell cycle, DNA replication, recombination, and repair, as well as apoptosis. Sodium butyrate (the sodium salt of butyric acid) was also found to promote DAPK expression, which resulted in apoptosis via lowering FAK protein levels in AGS and MKN45 human gastric cancer cells [120]. Another study by Kobayashi, Mikami, Uwada, Yazawa, Kamiyama, Kimura, Taniguchi and Iwano [121] demonstrated that the SCFA propionate enhanced the cytotoxic effect of cisplatin by regulating GPR41 signaling pathways in the HepG2 liver cancer cells [121]. Overall, SCFAs can regulate several molecular pathways in cancer and normal cells, and further research is required in order to fully comprehend the direct and indirect effects of SCFAs on lymphoma.



Among the three major SCFAs, several reports have explored butyrate in relation to lymphoma. For example, a study by Perrine et al. (2007) investigated the effects of butyrate on the growth and differentiation of Burkitt’s lymphoma cells [122]. The authors found that butyrate treatment inhibited cell proliferation and induced cell differentiation in the Akata lymphoma cell line [122] (Figure 2).




5.3.2. Bacteriocins


Bacteriocins, which are small amphiphilic peptides produced by archaea and bacteria, have garnered significant research attention [28,69]. Among the bacteriocins synthesized by lactic acid bacteria, several exhibit bactericidal or bacteriostatic effects on bacterial strains that are similar or closely related [123]. These bacteriocins can be classified into two classes: Class I, known as lantibiotics, and Class II, referred to as non-lantibiotics [69]. Their mode of action involves creating pores in the cell membrane, leading to a decrease in intracellular pH and the efflux of small metabolites [69]. Class I bacteriocins, or lantibiotics, encompass single peptides such as nisin, mersacidin, and lacticin. Class II bacteriocins, or non-lantibiotics, include pediocin, lactacin, and lactococcin. Although the precise mechanisms of action for each bacteriocin remain elusive, their ability to bind to lipid II, the primary transporter of peptidoglycans from the cytoplasm to the cell wall, has been identified as an effective mechanism in various studies [69]. Evidence suggests that bacteriocins play a crucial role in the probiotic efficacy of the gut microbiota [28,124,125,126]. While the antimicrobial properties of bacteriocins produced by probiotic lactic acid bacteria are well-established, their preventive and therapeutic roles in cancer are not yet fully elucidated. Further research is needed to comprehensively understand the potential impact of bacteriocins in the context of cancer prevention and treatment.



Nisin, an extensively studied bacteriocin, has demonstrated potential as an anticancer agent, supported by several investigations conducted on cancer cells. Nisin is produced through bacterial fermentation and is a polycyclic peptide renowned for its antibacterial properties, particularly against a broad spectrum of Gram-positive bacteria such as Staphylococcus aureus and Listeria monocytogenes [127]. In recent years, research efforts have also focused on exploring nisin’s potential as a peptide with anticancer properties, particularly in colorectal cancer cells [128,129,130].



Nisin has been licensed as a food preservative in over 50 countries and is generally recognized as safe for humans by the World Health Organization [101]. Recent research has reported that nisin induced apoptosis and inhibited the growth of Jurkat lymphoma cells [101]. Moreover, the IC50 value of nisin against the Jurkat cell line was found to be 225 mM; however, the same concentration was also found to be toxic to human lymphocytes in that study. The authors suggested that nisin may have potential as an adjuvant therapy for lymphoma [101]. It has also demonstrated its ability to impede tumorigenesis in head and neck squamous carcinoma cells both in vitro and in vivo [129]. In these studies, the concentration of a particular nisin variant (nisin ZP and nisin AP) exhibited a direct relationship with the induction of apoptotic cancer cell death and a reduction in cell proliferation among head and neck cancer cells [129]. Furthermore, nisin has been observed to enhance the apoptotic index in various cancer cell lines by activating the intrinsic apoptotic pathway [128]. The anticancer activity of a bacteriocin called enterocin CRL35 was also evaluated against human lymphoma cells, and it was found to induce apoptosis in a Dalton’s-lymphoma-bearing ascites mice model and significantly inhibit their growth [102,131]. The authors concluded that enterocin CRL35 can be a potential therapeutic agent against lymphoma [102]. Furthermore, it was previously claimed that nisin negatively affected cancer cells via CHAC1 (ChaC Glutathione Specific Gamma-Glutamylcyclotransferase 1), a pro-apoptotic cation transport regulator and apoptotic mediator in carcinogenesis [132]. Nisin-induced CHAC1 expression, in turn, increased calcium influxes and caused G2 cell cycle arrest, which resulted in apoptosis and decreased tumor cell proliferation [132]. Nevertheless, the authors stated that the ideal therapeutic dosage for the possible use of nisin in cancer therapy must be found [132].



Earlier research also explored the antiviral activities of bacteriocins against several viruses, including the oncogenic viruses- Herpes simplex virus (HSV)-1 and HSV-2 [133,134,135,136]. However, the activity of bacteriocins against viruses that cause lymphoma, including EBV, remains to be investigated and understood.




5.3.3. Inosine


Inosine (a nucleic acid base), a crucial component in purine metabolism, is generated by particular RNA deaminases deaminating adenosine [137]. Studies have explored its potential benefits for enhancing athletic performance as a dietary supplement and its possible medical applications for treating certain conditions [9]. Currently, limited research is available on the effects of inosine on lymphoma. Some studies have suggested that it may impact the immune system [9], which could make it a beneficial adjunct therapy for treating certain types of cancer, including lymphoma (Table 1).



In a recent in vivo study, the intestinal probiotic bacterium Bifidobacterium pseudolongum enhanced the immunotherapy response against four mouse models of cancer (colorectal cancer, intestinal cancer, bladder cancer, and melanoma) through the production of inosine, which was dependent on the T-cell expression of the adenosine A2A receptor [111].



Isoprinosine (IP), also known as inosine pranobex or methisoprinol, is a compound composed of inosine and pranobex, which is a combination of dimethyl amino isopropanol (dimepranol) and p-acetamidobenzoate (acedoben) [28,68]. Since 1971, IP has been extensively utilized in treating various viral diseases, including HSV, Human papillomavirus (HPV), HIV, cytomegalovirus, influenza, acute respiratory infections, and EBV infections, owing to its immunomodulatory properties and favorable safety profile. IP has shown efficacy in enhancing the normal immune response of lymphocytes when administered after the onset of viral infections [28,68]. It is believed that IP acts as an immunomodulator in viral infections by increasing the levels of pro-inflammatory cytokines such as IL-2 and INF-c in mitogen- or antigen-activated cells, thereby promoting T-lymphocyte differentiation and inducing lymphoproliferative activity [28,138,139]. Additionally, through its direct action and in conjunction with INF-c, IP has been shown to decrease the production of anti-inflammatory cytokines like IL-10, suggesting its immunomodulatory effects on innate and adaptive immunity. IP has also been reported to enhance the population and activity of natural killer cells, as well as potentiate phagocytosis and macrophage chemotaxis [28,140,141,142].



The in vivo antiviral activity of IP was evaluated against murine gamma herpesvirus 68 (MHV68), a natural pathogen of mice commonly used as a model for EBV infection. Following a two-week treatment period, IP administration increased virus-neutralizing antibodies, leukocytes, and neutrophils [100]. However, the antiviral effect was transient and dissipated within 120–150 days. Tumor formation in the MHV-infected group was 7.5% after IP treatment, compared to 17.5% in the untreated group. The authors suggested that repeated IP injections may be necessary for persistent EBV infections [100]. Further investigations are required to understand the potential benefits and jeopardies of inosine in lymphoma treatment [9].




5.3.4. Urolithins


Urolithins, which are derivatives of dibenzo[b,d]pyran-6-one, are produced by the human gut microbiota through the metabolism of ellagitannins and ellagic acid (EA) [143]. Natural sources contain various forms of urolithin, including urolithin A (UA), urolithin B (UB), urolithin C (UC), and urolithin D (UD). Among these, UA has been extensively studied and is commonly detected in human feces and urine [143]. EA, a secondary metabolite present in diverse foods such as seeds (walnuts, almonds), fruits (persimmons, berries, peaches, palms, and pomegranate), and vegetables (punicalagin, corilagin, and vescalagin), possesses antioxidant, anti-inflammatory, neuroprotective, and anticancer properties [103]. These anticancer effects of EA are attributed to its ability to influence apoptosis, cell proliferation, and cell cycle regulation. Furthermore, EA metabolites, including urolithins, have demonstrated potential anticancer properties [103].



UA, in particular, has been investigated for its role in modulating carcinogenesis, apoptosis, DNA damage caused by oxidative stress, and angiogenesis in various malignancies [144]. A recent study examined the effects of UA on human anaplastic large lymphoma cell lines (KARPAS-299 and MAC-2A), as well as human leukemia cell lines (MOLT-4 and HL-60), and found that UA inhibited the growth of lymphoma cells and induced apoptosis (Figure 3) [103]. The authors also found that UA inhibited the activation of the NF-κB signaling pathway, which is involved in the survival of lymphoma cells [103]. The inhibition of the NF-κB signaling pathway and the activity of an enzyme called STAT3 by urolithin B (UB) in B-cell lymphoma was also reported by Lv et al. [104], which led to the growth inhibition and induction of apoptosis in lymphoma cells (Figure 3). Similarly, another study reported that UA and its derivatives inhibited the growth of T-cell lymphoma and induced apoptosis through the inhibition of the Akt enzyme activity, which is involved in cell survival and proliferation [105].



Collectively, these studies suggest that urolithins, particularly UA and UB (Figure 4), may have anti-lymphoma properties. However, further studies are needed to confirm these findings in a wide range of lymphoma cell lines as well as animal models to determine the optimal dose and in-depth mechanisms of action against lymphoma.






6. Conclusions and Future Directions


The role of the gut microbiota and gut microbial metabolites in lymphoma is an emerging field of research with significant implications for our understanding of the disease. Dysbiosis and alterations in the production of gut microbial metabolites have been found to be associated with lymphoma development. SCFAs derived from dietary fiber fermentation have shown potential in promoting regulatory T-cell function, suppressing inflammation, and preventing lymphoma. Similarly, EA-derived UA and UB have demonstrated the ability, albeit limited, to inhibit the growth of cancer cells and induce apoptosis in various cancer types, including lymphoma and leukemia. Conversely, LPS released due to dysbiosis can increase lymphoma risk through chronic inflammation.



Overall, studies on the clinical implication of gut microbiota and its metabolites in lymphoma are limited in the current literature. This article emphasizes the need for further investigation into the molecular mechanisms of gut microbial metabolites against lymphoma. Understanding how specific gut microbial metabolites modulate immune responses and influence lymphoma development will provide valuable insights into potential therapeutic strategies. Additionally, exploring the interactions between gut microbial metabolites and standard chemotherapeutic drugs could reveal synergistic effects, leading to more effective treatment options. Future directions for this research should involve comprehensive studies to evaluate and understand the mechanistic role of key gut microbial metabolites against lymphoma using various in vitro and in vivo models. In addition to therapeutic applications, preventive strategies against lymphoma targeting the gut microbiota and gut microbial metabolites should be explored. Investigating dietary interventions, such as prebiotics and probiotics supplementation to modulate the gut microbiota and promote the production of beneficial gut microbial metabolites, could offer potential preventive approaches for lymphoma in the future.







Author Contributions


A.K.A.-K.: conceptualisation, methodology, investigation, writing—original draft, figures, visualisation. D.C.: writing—review. G.W.M.: writing—review. D.J.B.: conceptualisation, design, methodology, investigation, writing—review and editing, visualisation, funding, supervision. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


No new data was created or analyzed in this study. Data sharing is not applicable to this article.




Acknowledgments


We acknowledge the support of Western Sydney University, Australia, through the Scholarship Program (A.K.A.-K.) and the Research Support Program Fellowship (D.J.B.) to conduct this research. The authors acknowledge and pay respect to the traditional owners—the Darug People (Darug Nation: Western Sydney University Westmead and Penrith Campuses) and the Bidigal People (Dharawal Nation: Western Sydney University Campbelltown Campus) of the land on which we research, teach, and collaborate. Figure 1, Figure 2 and Figure 3 were created with Biorender.com.




Conflicts of Interest


As a medical research institute, NICM Health Research Institute receives research grants and donations from foundations, universities, government agencies, individuals, and industries. Sponsors and donors also provide untied funding for work to advance the vision and mission of the institute. The authors declare no conflicts of interest.




References


	



Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209–249. [Google Scholar] [CrossRef] [PubMed]

	



Mugnaini, E.N.; Ghosh, N. Lymphoma. Prim. Care Clin. Off. Pract. 2016, 43, 661–675. [Google Scholar] [CrossRef]

	



Takebe, N.; Miele, L.; Harris, P.J.; Jeong, W.; Bando, H.; Kahn, M.; Yang, S.X.; Ivy, S.P. Targeting Notch, Hedgehog, and Wnt pathways in cancer stem cells: Clinical update. Nat. Rev. Clin. Oncol. 2015, 12, 445–464. [Google Scholar] [CrossRef] [PubMed]

	



Chen, D.S.; Mellman, I. Oncology meets immunology: The cancer-immunity cycle. Immunity 2013, 39, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Westin, J.R.; Kersten, M.J.; Salles, G.; Abramson, J.S.; Schuster, S.J.; Locke, F.L.; Andreadis, C. Efficacy and safety of CD19-directed CAR-T cell therapies in patients with relapsed/refractory aggressive B-cell lymphomas: Observations from the JULIET, ZUMA-1, and TRANSCEND trials. Am. J. Hematol. 2021, 96, 1295–1312. [Google Scholar] [CrossRef] [PubMed]

	



Shen, G.; Wu, J.; Ye, B.-C.; Qi, N. Gut microbiota-derived metabolites in the development of diseases. Can. J. Infect. Dis. Med. Microbiol. 2021, 2021, 6658674. [Google Scholar] [CrossRef] [PubMed]

	



Yoo, J.Y.; Groer, M.; Dutra, S.V.O.; Sarkar, A.; McSkimming, D.I. Gut microbiota and immune system interactions. Microorganisms 2020, 8, 1587. [Google Scholar] [CrossRef] [PubMed]

	



Belkaid, Y.; Hand, T.W. Role of the microbiota in immunity and inflammation. Cell 2014, 157, 121–141. [Google Scholar] [CrossRef] [PubMed]

	



Choi, Y.-A.; Lee, S.; Choi, J.K.; Kang, B.-C.; Kim, M.-J.; Dhakal, H.; Kwon, T.K.; Khang, D.; Kim, S.-H. The suppressive effect of dabrafenib, a therapeutic agent for metastatic melanoma, in IgE-mediated allergic inflammation. Int. Immunopharmacol. 2020, 83, 106398. [Google Scholar] [CrossRef] [PubMed]

	



Silva, Y.P.; Bernardi, A.; Frozza, R.L. The role of short-chain fatty acids from gut microbiota in gut-brain communication. Front. Endocrinol. 2020, 11, 25. [Google Scholar] [CrossRef]

	



Wang, X.; Waschke, B.C.; Woolaver, R.A.; Chen, S.M.Y.; Chen, Z.; Wang, J.H. HDAC inhibitors overcome immunotherapy resistance in B-cell lymphoma. Protein Cell 2020, 11, 472–482. [Google Scholar] [CrossRef] [PubMed]

	



Cure Cancer Australia. Lymphoma 2022. Available online: https://www.curecancer.com.au/cancer/blood?gclid=CjwKCAjwitShBhA6EiwAq3RqAxkSFH_j88v6iU1QXyT5O2Bd7yaC39GQhXFNvPFpP_A_jEv-Ot5rhRoCklAQAvD_BwE (accessed on 7 June 2023).

	



Yung, L.; Linch, D. Hodgkin’s lymphoma. Lancet 2003, 361, 943–951. [Google Scholar] [CrossRef] [PubMed]

	



Küppers, R.; Engert, A.; Hansmann, M.-L. Hodgkin lymphoma. J. Clin. Investig. 2012, 122, 3439–3447. [Google Scholar] [CrossRef] [PubMed]

	



Abbas, A.K.; Lichtman, A.H.; Pillai, S. Cellular and Molecular Immunology E-Book; Elsevier Health Sciences: Amsterdam, The Netherlands, 2014. [Google Scholar]

	



Bowzyk Al-Naeeb, A.; Ajithkumar, T.; Behan, S.; Hodson, D.J. Non-Hodgkin lymphoma. BMJ 2018, 362, k3204. [Google Scholar] [CrossRef] [PubMed]

	



Smith, A.; Crouch, S.; Lax, S.; Li, J.; Painter, D.; Howell, D.; Patmore, R.; Jack, A.; Roman, E. Lymphoma incidence, survival and prevalence 2004–2014: Sub-type analyses from the UK’s Haematological Malignancy Research Network. Br. J. Cancer 2015, 112, 1575–1584. [Google Scholar] [CrossRef] [PubMed]

	



Shankland, K.R.; Armitage, J.O.; Hancock, B.W. Non-hodgkin lymphoma. Lancet 2012, 380, 848–857. [Google Scholar] [CrossRef]

	



Parkin, D. 11. Cancers attributable to infection in the UK in 2010. Br. J. Cancer 2011, 105, S49–S56. [Google Scholar] [CrossRef] [PubMed]

	



Morton, L.M.; Slager, S.L.; Cerhan, J.R.; Wang, S.S.; Vajdic, C.M.; Skibola, C.F.; Bracci, P.M.; de Sanjosé, S.; Smedby, K.E.; Chiu, B.C. Etiologic heterogeneity among non-Hodgkin lymphoma subtypes: The InterLymph non-Hodgkin lymphoma subtypes project. J. Natl. Cancer Inst. Monogr. 2014, 2014, 130–144. [Google Scholar] [CrossRef] [PubMed]

	



Brown, K.F.; Rumgay, H.; Dunlop, C.; Ryan, M.; Quartly, F.; Cox, A.; Deas, A.; Elliss-Brookes, L.; Gavin, A.; Hounsome, L. The fraction of cancer attributable to modifiable risk factors in England, Wales, Scotland, Northern Ireland, and the United Kingdom in 2015. Br. J. Cancer 2018, 118, 1130–1141. [Google Scholar] [CrossRef] [PubMed]

	



Swerdlow, S.H.; Campo, E.; Harris, N.L.; Jaffe, E.S.; Pileri, S.A.; Stein, H.; Thiele, J.; Vardiman, J.W. WHO Classification of Tumours of Haematopoietic and Lymphoid Tissues; International Agency for research on Cancer: Lyon, France, 2008; Volume 2.

	



Mesri, E.A.; Feitelson, M.A.; Munger, K. Human viral oncogenesis: A cancer hallmarks analysis. Cell Host Microbe 2014, 15, 266–282. [Google Scholar] [CrossRef] [PubMed]

	



Sbih-Lammali, F.; Djennaoui, D.; Belaoui, H.; Bouguermouh, A.; Decaussin, G.; Ooka, T. Transcriptional expression of Epstein-Barr virus genes and proto-oncogenes in north African nasopharyngeal carcinoma. J. Med. Virol. 1996, 49, 7–14. [Google Scholar] [CrossRef]

	



Moore, P.S.; Chang, Y. Why do viruses cause cancer? Highlights of the first century of human tumour virology. Nat. Rev. Cancer 2010, 10, 878–889. [Google Scholar] [CrossRef] [PubMed]

	



Fatima, I.; Kanwal, S.; Mahmood, T. Natural Products Mediated Targeting of Virally Infected Cancer. Dose Response 2019, 17, 1559325818813227. [Google Scholar] [CrossRef] [PubMed]

	



zur Hausen, H.; de Villiers, E.M. Cancer “causation” by infections--individual contributions and synergistic networks. Semin. Oncol. 2014, 41, 860–875. [Google Scholar] [CrossRef] [PubMed]

	



Eladwy, R.A.; Vu, H.T.; Shah, R.; Li, C.G.; Chang, D.; Bhuyan, D.J. The Fight against the Carcinogenic Epstein-Barr Virus: Gut Microbiota, Natural Medicines, and Beyond. Int. J. Mol. Sci. 2023, 24, 1716. [Google Scholar] [CrossRef] [PubMed]

	



Andrei, G.; Trompet, E.; Snoeck, R. Novel therapeutics for Epstein–Barr virus. Molecules 2019, 24, 997. [Google Scholar] [CrossRef] [PubMed]

	



Pitot, H.C. The molecular biology of carcinogenesis. Cancer 1993, 72 (Suppl. S3), 962–970. [Google Scholar] [CrossRef] [PubMed]

	



Morales-Sánchez, A.; Fuentes-Pananá, E.M. Human viruses and cancer. Viruses 2014, 6, 4047–4079. [Google Scholar] [CrossRef]

	



Khidr, L.; Chen, P.L. RB, the conductor that orchestrates life, death and differentiation. Oncogene 2006, 25, 5210–5219. [Google Scholar] [CrossRef] [PubMed]

	



Murata, T. Regulation of Epstein–Barr virus reactivation from latency. Microbiol. Immunol. 2014, 58, 307–317. [Google Scholar] [CrossRef] [PubMed]

	



Pagano, J.S.; Whitehurst, C.B.; Andrei, G. Antiviral drugs for EBV. Cancers 2018, 10, 197. [Google Scholar] [CrossRef] [PubMed]

	



Pinnix, C.C.; Wirth, A.; Milgrom, S.A.; Andraos, T.Y.; Aristophanous, M.; Pham, M.; Hancock, D.; Ludmir, E.B.; Gunther, J.R.; Fanale, M.A.; et al. Omitting cardiophrenic lymph nodes in the treatment of patients with Hodgkin lymphoma via modified involved-site radiation therapy. Leuk. Lymphoma 2018, 59, 2650–2659. [Google Scholar] [CrossRef] [PubMed]

	



National Cancer Institute. Adult Hodgkin Lymphoma Treatment (PDQ®): Patient Version. In PDQ Cancer Information Summaries; National Cancer Institute (US): Bethesda, MD, USA, 2002. [Google Scholar]

	



Mondello, P.; Musolino, C.; Dogliotti, I.; Bohn, J.P.; Cavallo, F.; Ferrero, S.; Botto, B.; Cerchione, C.; Nappi, D.; De Lorenzo, S.; et al. ABVD vs BEACOPP escalated in advanced-stage Hodgkin’s lymphoma: Results from a multicenter European study. Am. J. Hematol. 2020, 95, 1030–1037. [Google Scholar] [CrossRef]

	



Engert, A.; Plütschow, A.; Eich, H.T.; Lohri, A.; Dörken, B.; Borchmann, P.; Berger, B.; Greil, R.; Willborn, K.C.; Wilhelm, M. Reduced treatment intensity in patients with early-stage Hodgkin’s lymphoma. N. Engl. J. Med. 2010, 363, 640–652. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Liu, M.; Johnson, S.B.; Yuan, G.; Arriba, A.K.; Zubizarreta, M.E.; Chatterjee, S.; Nagarkatti, M.; Nagarkatti, P.; Xiao, S. Doxorubicin obliterates mouse ovarian reserve through both primordial follicle atresia and overactivation. Toxicol. Appl. Pharmacol. 2019, 381, 114714. [Google Scholar] [CrossRef] [PubMed]

	



Ewer, M.S.; Ewer, S.M. Cardiotoxicity of anticancer treatments. Nat. Rev. Cardiol. 2015, 12, 547–558. [Google Scholar] [CrossRef] [PubMed]

	



Zamorano, J.L.; Lancellotti, P.; Munoz, D.R.; Aboyans, V.; Asteggiano, R.; Galderisi, M.; Habib, G.; Lenihan, D.J.; Lip, G.Y.; Lyon, A.R. 2016 ESC Position Paper on cancer treatments and cardiovascular toxicity developed under the auspices of the ESC Committee for Practice Guidelines: The Task Force for cancer treatments and cardiovascular toxicity of the European Society of Cardiology (ESC). Eur. Heart J. 2016, 37, 2768–2801. [Google Scholar] [CrossRef] [PubMed]

	



Vaklavas, C.; Forero-Torres, A. Safety and efficacy of brentuximab vedotin in patients with Hodgkin lymphoma or systemic anaplastic large cell lymphoma. Ther. Adv. Hematol. 2012, 3, 209–225. [Google Scholar] [CrossRef] [PubMed]

	



O’Donnell, J.S.; Long, G.V.; Scolyer, R.A.; Teng, M.W.L.; Smyth, M.J. Resistance to PD1/PDL1 checkpoint inhibition. Cancer Treat. Rev. 2017, 52, 71–81. [Google Scholar] [CrossRef] [PubMed]

	



Imber, B.S.; Yahalom, J. Radiotherapy for Non-Hodgkin Lymphomas. Cancer J. 2020, 26, 217–230. [Google Scholar] [CrossRef] [PubMed]

	



Oki, Y.; Ewer, M.S.; Lenihan, D.J.; Fisch, M.J.; Hagemeister, F.B.; Fanale, M.; Romaguera, J.; Pro, B.; Fowler, N.; Younes, A. Pegylated liposomal doxorubicin replacing conventional doxorubicin in standard R-CHOP chemotherapy for elderly patients with diffuse large B-cell lymphoma: An open label, single arm, phase II trial. Clin. Lymphoma Myeloma Leuk. 2015, 15, 152–158. [Google Scholar] [CrossRef]

	



Sitzia, J.; North, C.; Stanley, J.; Winterberg, N. Side effects of CHOP in the treatment of non-Hodgkin’s lymphoma. Cancer Nurs. 1997, 20, 430–439. [Google Scholar] [CrossRef]

	



Ansell, S.M.; Armitage, J. Non-Hodgkin lymphoma: Diagnosis and treatment. In Mayo Clinic Proceedings; Elsevier: Amsterdam, The Netherlands, 2005. [Google Scholar]

	



Kuruvilla, J.; Armand, P.; Hamadani, M.; Kline, J.; Moskowitz, C.H.; Avigan, D.; Brody, J.D.; Ribrag, V.; Herrera, A.F.; Morschhauser, F. Pembrolizumab for patients with non-Hodgkin lymphoma: Phase 1b KEYNOTE-013 study. Leuk. Lymphoma 2023, 64, 130–139. [Google Scholar] [CrossRef]

	



Fan, Y.; Pedersen, O. Gut microbiota in human metabolic health and disease. Nat. Rev. Microbiol. 2021, 19, 55–71. [Google Scholar] [CrossRef]

	



Guevara-Ramírez, P.; Cadena-Ullauri, S.; Paz-Cruz, E.; Tamayo-Trujillo, R.; Ruiz-Pozo, V.A.; Zambrano, A.K. Role of the gut microbiota in hematologic cancer. Front. Microbiol. 2023, 14, 1185787. [Google Scholar] [CrossRef]

	



Lin, Z.; Mao, D.; Jin, C.; Wang, J.; Lai, Y.; Zhang, Y.; Zhou, M.; Ge, Q.; Zhang, P.; Sun, Y.; et al. The gut microbiota correlate with the disease characteristics and immune status of patients with untreated diffuse large B-cell lymphoma. Front. Immunol. 2023, 14, 1105293. [Google Scholar] [CrossRef]

	



Upadhyay Banskota, S.; Skupa, S.A.; El-Gamal, D.; D’Angelo, C.R. Defining the Role of the Gut Microbiome in the Pathogenesis and Treatment of Lymphoid Malignancies. Int. J. Mol. Sci. 2023, 24, 2309. [Google Scholar] [CrossRef]

	



Hussein, N.; Rajasuriar, R.; Khan, A.M.; Lim, Y.A.-L.; Gan, G.G. The Role of the Gut Microbiome in Hematological Cancers. Mol. Cancer Res. 2024, 22, 7–20. [Google Scholar] [CrossRef]

	



Xu, Z.-F.; Yuan, L.; Zhang, Y.; Zhang, W.; Wei, C.; Wang, W.; Zhao, D.; Zhou, D.; Li, J. The Gut Microbiome Correlated to Chemotherapy Efficacy in Diffuse Large B-Cell Lymphoma Patients. Hematol. Rep. 2024, 16, 63–75. [Google Scholar] [CrossRef]

	



Xu, Z.-F.; Zhao, D.; Wei, C.; Wang, W.; Zhang, Y.; Zhang, W.; Zhou, D. Characteristics and prognostic value of gut microbiota in follicular lymphoma. Oncol. Lett. 2024, 27, 207. [Google Scholar] [CrossRef]

	



Mamgain, G.; Patra, P.; Naithani, M.; Nath, U.K. The Role of Microbiota in the Development of Cancer Tumour Cells and Lymphoma of B and T Cells. Cureus 2021, 13, e19047. [Google Scholar] [CrossRef]

	



Yuan, L.; Wang, W.; Zhang, W.; Zhang, Y.; Wei, C.; Li, J.; Zhou, D. Gut Microbiota in Untreated Diffuse Large B Cell Lymphoma Patients. Front. Microbiol. 2021, 12, 646361. [Google Scholar] [CrossRef] [PubMed]

	



Meyn, M.S. Ataxia-telangiectasia, cancer and the pathobiology of the ATM gene. Clin. Genet. 1999, 55, 289–304. [Google Scholar] [CrossRef] [PubMed]

	



MW, B.A. Treatment of lymphoid malignancies in patients with ataxia-telangiectasia. Med. Pediatr. Oncol. 1999, 32, 479–480. [Google Scholar]

	



Taylor, A.; Metcalfe, J.; Thick, J.; Mak, Y. Leukemia and lymphoma in ataxia telangiectasia. Blood 1996, 87, 423–438. [Google Scholar] [CrossRef] [PubMed]

	



Peterson, R.; Funkhouser, J.; Tuck-Muller, C.; Gatti, R. Cancer susceptibility in ataxia-telangiectasia. Leukemia 1992, 6, 8–13. [Google Scholar]

	



Hecht, F.; Hecht, B.K. Cancer in ataxia-telangiectasia patients. Cancer Genet. Cytogenet. 1990, 46, 9–19. [Google Scholar] [CrossRef] [PubMed]

	



Morrell, D.; Cromartie, E.; Swift, M. Mortality and cancer incidence in 263 patients with ataxia-telangiectasia. J. Natl. Cancer Inst. 1986, 77, 89–92. [Google Scholar] [PubMed]

	



Cheema, A.K.; Maier, I.; Dowdy, T.; Wang, Y.; Singh, R.; Ruegger, P.M.; Borneman, J.; Fornace, A.J., Jr.; Schiestl, R.H. Chemopreventive Metabolites Are Correlated with a Change in Intestinal Microbiota Measured in A-T Mice and Decreased Carcinogenesis. PLoS ONE 2016, 11, e0151190. [Google Scholar] [CrossRef] [PubMed]

	



Yamamoto, M.L.; Maier, I.; Dang, A.T.; Berry, D.; Liu, J.; Ruegger, P.M.; Yang, J.-I.; Soto, P.A.; Presley, L.L.; Reliene, R.; et al. Intestinal Bacteria Modify Lymphoma Incidence and Latency by Affecting Systemic Inflammatory State, Oxidative Stress, and Leukocyte Genotoxicity. Cancer Res. 2013, 73, 4222–4232. [Google Scholar] [CrossRef] [PubMed]

	



Yamamoto, M.L.; Schiestl, R.H. Lymphoma caused by intestinal microbiota. Int. J. Environ. Res. Public Health 2014, 11, 9038–9049. [Google Scholar] [CrossRef] [PubMed]

	



Jaye, K.; Li, C.G.; Chang, D.; Bhuyan, D.J. The role of key gut microbial metabolites in the development and treatment of cancer. Gut Microbes 2022, 14, 2038865. [Google Scholar] [CrossRef] [PubMed]

	



Sliva, J.; Pantzartzi, C.N.; Votava, M. Inosine Pranobex: A Key Player in the Game Against a Wide Range of Viral Infections and Non-Infectious Diseases. Adv. Ther. 2019, 36, 1878–1905. [Google Scholar] [CrossRef] [PubMed]

	



Cotter, P.D.; Hill, C.; Ross, R.P. Bacteriocins: Developing innate immunity for food. Nat. Rev. Microbiol. 2005, 3, 777–788. [Google Scholar] [CrossRef] [PubMed]

	



Montassier, E.; Gastinne, T.; Vangay, P.; Al-Ghalith, G.; Varannes, S.B.D.; Massart, S.; Moreau, P.; Potel, G.; de La Cochetière, M.; Batard, E. Chemotherapy-driven dysbiosis in the intestinal microbiome. Aliment. Pharmacol. Ther. 2015, 42, 515–528. [Google Scholar] [CrossRef] [PubMed]

	



Zitvogel, L.; Ma, Y.; Raoult, D.; Kroemer, G.; Gajewski, T.F. The microbiome in cancer immunotherapy: Diagnostic tools and therapeutic strategies. Science 2018, 359, 1366–1370. [Google Scholar] [CrossRef]

	



Pope, J.L.; Tomkovich, S.; Yang, Y.; Jobin, C. Microbiota as a mediator of cancer progression and therapy. Transl. Res. 2017, 179, 139–154. [Google Scholar] [CrossRef] [PubMed]

	



Machiels, K.; Joossens, M.; Sabino, J.; De Preter, V.; Arijs, I.; Eeckhaut, V.; Ballet, V.; Claes, K.; Van Immerseel, F.; Verbeke, K. A decrease of the butyrate-producing species Roseburia hominis and Faecalibacterium prausnitzii defines dysbiosis in patients with ulcerative colitis. Gut 2014, 63, 1275–1283. [Google Scholar] [CrossRef]

	



Petrelli, F.; Ghidini, M.; Ghidini, A.; Perego, G.; Cabiddu, M.; Khakoo, S.; Oggionni, E.; Abeni, C.; Hahne, J.C.; Tomasello, G. Use of antibiotics and risk of cancer: A systematic review and meta-analysis of observational studies. Cancers 2019, 11, 1174. [Google Scholar] [CrossRef]

	



Liu, Y.-F.; Wang, B.-Y.; Zhang, W.-N.; Huang, J.-Y.; Li, B.-S.; Zhang, M.; Jiang, L.; Li, J.-F.; Wang, M.-J.; Dai, Y.-J. Genomic profiling of adult and pediatric B-cell acute lymphoblastic leukemia. EBioMedicine 2016, 8, 173–183. [Google Scholar] [CrossRef] [PubMed]

	



Bindels, L.B.; Delzenne, N.M.; Cani, P.D.; Walter, J. Towards a more comprehensive concept for prebiotics. Nat. Rev. Gastroenterol. Hepatol. 2015, 12, 303–310. [Google Scholar] [CrossRef] [PubMed]

	



Delzenne, N.M.; Cani, P.D. Interaction between obesity and the gut microbiota: Relevance in nutrition. Annu. Rev. Nutr. 2011, 31, 15–31. [Google Scholar] [CrossRef] [PubMed]

	



Uccello, M.; Malaguarnera, G.; Basile, F.; D’agata, V.; Malaguarnera, M.; Bertino, G.; Vacante, M.; Drago, F.; Biondi, A. Potential role of probiotics on colorectal cancer prevention. BMC Surg. 2012, 12, S35. [Google Scholar] [CrossRef] [PubMed]

	



Gentile, C.L.; Weir, T.L. The gut microbiota at the intersection of diet and human health. Science 2018, 362, 776–780. [Google Scholar] [CrossRef] [PubMed]

	



Tuohy, K.M.; Conterno, L.; Gasperotti, M.; Viola, R. Up-regulating the human intestinal microbiome using whole plant foods, polyphenols, and/or fiber. J. Agric. Food Chem. 2012, 60, 8776–8782. [Google Scholar] [CrossRef]

	



Rattanathammethee, T.; Tuitemwong, P.; Thiennimitr, P.; Sarichai, P.; Pombejra, S.N.; Piriyakhuntorn, P.; Hantrakool, S.; Chai-Adisaksopha, C.; Rattarittamrong, E.; Tantiworawit, A. Gut microbiota profiles of treatment-naïve adult acute myeloid leukemia patients with neutropenic fever during intensive chemotherapy. PLoS ONE 2020, 15, e0236460. [Google Scholar] [CrossRef] [PubMed]

	



Sanders, M.E.; Merenstein, D.; Merrifield, C.A.; Hutkins, R. Probiotics for human use. Nutr. Bull. 2018, 43, 212–225. [Google Scholar] [CrossRef]

	



Resta-Lenert, S.; Barrett, K.E. Live probiotics protect intestinal epithelial cells from the effects of infection with enteroinvasive Escherichia coli (EIEC). Gut. 2003, 52, 988–997. [Google Scholar] [CrossRef] [PubMed]

	



Round, J.L.; Mazmanian, S.K. The gut microbiota shapes intestinal immune responses during health and disease. Nat. Rev. Immunol. 2009, 9, 313–323. [Google Scholar] [CrossRef] [PubMed]

	



Ríos-Covián, D.; Ruas-Madiedo, P.; Margolles, A.; Gueimonde, M.; De Los Reyes-Gavilán, C.G.; Salazar, N. Intestinal Short Chain Fatty Acids and their Link with Diet and Human Health. Front. Microbiol. 2016, 7, 185. [Google Scholar] [CrossRef] [PubMed]

	



Hill, J.M.; Clement, C.; Pogue, A.I.; Bhattacharjee, S.; Zhao, Y.; Lukiw, W.J. Pathogenic microbes, the microbiome, and Alzheimer’s disease (AD). Front. Aging Neurosci. 2014, 6, 97417. [Google Scholar]

	



Sánchez, B.; Delgado, S.; Blanco-Míguez, A.; Lourenço, A.; Gueimonde, M.; Margolles, A. Probiotics, gut microbiota, and their influence on host health and disease. Mol. Nutr. Food Res. 2017, 61, 1600240. [Google Scholar] [CrossRef] [PubMed]

	



Delia, P.; Sansotta, G.; Donato, V.; Frosina, P.; Messina, G.; De Renzis, C.; Famularo, G. Use of probiotics for prevention of radiation-induced diarrhea. World J. Gastroenterol. WJG 2007, 13, 912. [Google Scholar] [CrossRef] [PubMed]

	



McFarland, L.V. Meta-analysis of probiotics for the prevention of antibiotic associated diarrhea and the treatment of Clostridium difficile disease. Off. J. Am. Coll. Gastroenterol.|ACG 2006, 101, 812–822. [Google Scholar] [CrossRef] [PubMed]

	



Österlund, P.; Ruotsalainen, T.; Korpela, R.; Saxelin, M.; Ollus, A.; Valta, P.; Kouri, M.; Elomaa, I.; Joensuu, H. Lactobacillus supplementation for diarrhoea related to chemotherapy of colorectal cancer: A randomised study. Br. J. Cancer 2007, 97, 1028–1034. [Google Scholar] [CrossRef] [PubMed]

	



Salminen, S.; Collado, M.C.; Endo, A.; Hill, C.; Lebeer, S.; Quigley, E.M.; Sanders, M.E.; Shamir, R.; Swann, J.R.; Szajewska, H. The International Scientific Association of Probiotics and Prebiotics (ISAPP) consensus statement on the definition and scope of postbiotics. Nat. Rev. Gastroenterol. Hepatol. 2021, 18, 649–667. [Google Scholar] [CrossRef] [PubMed]

	



Żółkiewicz, J.; Marzec, A.; Ruszczyński, M.; Feleszko, W. Postbiotics—A step beyond pre-and probiotics. Nutrients 2020, 12, 2189. [Google Scholar] [CrossRef] [PubMed]

	



Plaza-Díaz, J.; Ruiz-Ojeda, F.J.; Vilchez-Padial, L.M.; Gil, A. Evidence of the anti-inflammatory effects of probiotics and synbiotics in intestinal chronic diseases. Nutrients 2017, 9, 555. [Google Scholar] [CrossRef] [PubMed]

	



Parvez, S.; Malik, K.A.; Kang, S.A.; Kim, H.Y. Probiotics and their fermented food products are beneficial for health. J. Appl. Microbiol. 2006, 100, 1171–1185. [Google Scholar] [CrossRef] [PubMed]

	



Peluzio, M.d.C.G.; Martinez, J.A.; Milagro, F.I. Postbiotics: Metabolites and mechanisms involved in microbiota-host interactions. Trends Food Sci. Technol. 2021, 108, 11–26. [Google Scholar] [CrossRef]

	



Inamura, K. Gut microbiota contributes towards immunomodulation against cancer: New frontiers in precision cancer therapeutics. In Seminars in Cancer Biology; Elsevier: Amsterdam, The Netherlands, 2021. [Google Scholar]

	



Gill, P.; Van Zelm, M.; Muir, J.; Gibson, P. Short chain fatty acids as potential therapeutic agents in human gastrointestinal and inflammatory disorders. Aliment. Pharmacol. Ther. 2018, 48, 15–34. [Google Scholar] [CrossRef] [PubMed]

	



Astakhova, L.; Ngara, M.; Babich, O.; Prosekov, A.; Asyakina, L.; Dyshlyuk, L.; Midtvedt, T.; Zhou, X.; Ernberg, I.; Matskova, L. Short Chain Fatty Acids (SCFA) Reprogram Gene Expression in Human Malignant Epithelial and Lymphoid Cells. PLoS ONE 2016, 11, e0154102. [Google Scholar] [CrossRef] [PubMed]

	



Mukovozov, I.; Huang, Y.-W.; Zhang, Q.; Liu, G.Y.; Siu, A.; Sokolskyy, Y.; Patel, S.; Hyduk, S.J.; Kutryk, M.J.; Cybulsky, M.I. The neurorepellent Slit2 inhibits postadhesion stabilization of monocytes tethered to vascular endothelial cells. J. Immunol. 2015, 195, 3334–3344. [Google Scholar] [CrossRef]

	



Janíčková, O.; Ančicová, L.; Briestenska, K.; Mistrikova, J. The effect of Isoprinosine treatment on persistent infection of Balb/c mice infected with murine gammaherpesvirus 68. Acta Virol. 2017, 61, 32–38. [Google Scholar] [CrossRef] [PubMed]

	



Kaur, S.; Kaur, S. Bacteriocins as potential anticancer agents. Front. Pharmacol. 2015, 6, 272. [Google Scholar] [CrossRef] [PubMed]

	



Baindara, P.; Korpole, S.; Grover, V. Bacteriocins: Perspective for the development of novel anticancer drugs. Appl. Microbiol. Biotechnol. 2018, 102, 10393–10408. [Google Scholar] [CrossRef] [PubMed]

	



Okumura, T. The Potential as New Treatment Agent of Urolithin-A Metabolized from Ellagic Acid by Gut Microbiota in Cancer. Juntendo Med. J. 2021, 67, 131–139. [Google Scholar] [CrossRef]

	



Lv, M.; Shi, C.; Pan, F.; Shao, J.; Feng, L.; Chen, G.; Ou, C.; Zhang, J.; Fu, W. Urolithin B suppresses tumor growth in hepatocellular carcinoma through inducing the inactivation of Wnt/β-catenin signaling. J. Cell. Biochem. 2019, 120, 17273–17282. [Google Scholar] [CrossRef] [PubMed]

	



Lu, W.; Wang, J.; Yang, G.; Yu, N.; Huang, Z.; Xu, H.; Li, J.; Qiu, J.; Zeng, X.; Chen, S. Posttranscriptional regulation of Galectin-3 by miR-128 contributes to colorectal cancer progression. Oncotarget 2017, 8, 15242. [Google Scholar] [CrossRef] [PubMed]

	



Tian, L.; Scholte, J.; Scheurink, A.J.; van den Berg, M.; Bruggeman, G.; Bruininx, E.; de Vos, P.; Schols, H.A.; Gruppen, H. Effect of oat and soybean rich in distinct non-starch polysaccharides on fermentation, appetite regulation and fat accumulation in rat. Int. J. Biol. Macromol. 2019, 140, 515–521. [Google Scholar] [CrossRef] [PubMed]

	



Cummings, J.H.; Pomare, E.; Branch, W.; Naylor, C.; MacFarlane, G. Short chain fatty acids in human large intestine, portal, hepatic and venous blood. Gut 1987, 28, 1221–1227. [Google Scholar] [CrossRef]

	



Schönfeld, P.; Wojtczak, L. Short-and medium-chain fatty acids in energy metabolism: The cellular perspective. J. Lipid Res. 2016, 57, 943–954. [Google Scholar] [CrossRef] [PubMed]

	



Zaky, A.; Glastras, S.J.; Wong, M.Y.; Pollock, C.A.; Saad, S. The role of the gut microbiome in diabetes and obesity-related kidney disease. Int. J. Mol. Sci. 2021, 22, 9641. [Google Scholar] [CrossRef] [PubMed]

	



Poll, B.G.; Cheema, M.U.; Pluznick, J.L. Gut microbial metabolites and blood pressure regulation: Focus on SCFAs and TMAO. Physiology 2020, 35, 275–284. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Reid, E.; Suneja, G.; Ambinder, R.F.; Ard, K.; Baiocchi, R.; Barta, S.K.; Carchman, E.; Cohen, A.; Gupta, N.; Johung, K.L. Cancer in people living with HIV, version 1.2018, NCCN clinical practice guidelines in oncology. J. Natl. Compr. Cancer Netw. 2018, 16, 986–1017. [Google Scholar] [CrossRef] [PubMed]

	



Reneeta, N.P.; Thiyonila, B.; Aathmanathan, V.S.; Ramya, T.; Chandrasekar, P.; Subramanian, N.; Prajapati, V.K.; Krishnan, M. Encapsulation and Systemic Delivery of 5-Fluorouracil Conjugated with Silkworm Pupa Derived Protein Nanoparticles for Experimental Lymphoma Cancer. Bioconjugate Chem. 2018, 29, 2994–3009. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Z.; Yu, H.; Chen, X.; Chen, W.; Song, W.; Li, Z. Mutual regulation between glycosylation and transforming growth factor-β isoforms signaling pathway. Int. J. Biol. Macromol. 2023, 236, 123818. [Google Scholar] [CrossRef] [PubMed]

	



Matthews, G.M.; Howarth, G.S.; Butler, R.N. Short-chain fatty acid modulation of apoptosis in the Kato III human gastric carcinoma cell line. Cancer Biol. Ther. 2007, 6, 1051–1057. [Google Scholar] [CrossRef] [PubMed]

	



Matthews, G.M.; Howarth, G.S.; Butler, R.N. Short-Chain Fatty Acids Induce Apoptosis in Colon Cancer Cells Associated with Changes to Intracellular Redox State and Glucose Metabolism. Chemotherapy 2012, 58, 102–109. [Google Scholar] [CrossRef]

	



Ohara, T.; Mori, T. Antiproliferative Effects of Short-chain Fatty Acids on Human Colorectal Cancer Cells via Gene Expression Inhibition. Anticancer. Res. 2019, 39, 4659–4666. [Google Scholar] [CrossRef] [PubMed]

	



Ohara, T.; Suzutani, T. Intake of Bifidobacterium longum and Fructo-oligosaccharides prevents Colorectal Carcinogenesis. Euroasian J. Hepato-Gastroenterol. 2018, 8, 11–17. [Google Scholar] [CrossRef] [PubMed]

	



Matthews, G.M. Short-Chain Fatty Acid Modulation of Apoptosis in Gastric and Colon Cancer Cells. Ph.D. Thesis, The University of Adelaide, Adelaide, SA, Australia, 2007. [Google Scholar]

	



Shin, H.; Lee, Y.S.; Lee, Y.C. Sodium butyrate-induced DAPK-mediated apoptosis in human gastric cancer cells. Oncol. Rep. 2012, 27, 1111–1115. [Google Scholar] [CrossRef] [PubMed]

	



Kobayashi, M.; Mikami, D.; Uwada, J.; Yazawa, T.; Kamiyama, K.; Kimura, H.; Taniguchi, T.; Iwano, M. A short-chain fatty acid, propionate, enhances the cytotoxic effect of cisplatin by modulating GPR41 signaling pathways in HepG2 cells. Oncotarget 2018, 9, 31342–31354. [Google Scholar] [CrossRef] [PubMed]

	



Perrine, S.P.; Hermine, O.; Small, T.; Suarez, F.; O’Reilly, R.; Boulad, F.; Fingeroth, J.; Askin, M.; Levy, A.; Mentzer, S.J. A phase 1/2 trial of arginine butyrate and ganciclovir in patients with Epstein-Barr virus–associated lymphoid malignancies. Blood 2007, 109, 2571–2578. [Google Scholar] [CrossRef] [PubMed]

	



Klaenhammer, T.R. Genetics of bacteriocins produced by lactic acid bacteria. FEMS Microbiol. Rev. 1993, 12, 39–85. [Google Scholar] [CrossRef] [PubMed]

	



Million, M.; Angelakis, E.; Drissi, F.; Raoult, D. Occam’s razor and probiotics activity on Listeria monocytogenes. Proc. Natl. Acad. Sci. USA 2013, 110, E1. [Google Scholar] [CrossRef] [PubMed]

	



Angelakis, E.; Merhej, V.; Raoult, D. Related actions of probiotics and antibiotics on gut microbiota and weight modification. Lancet Infect. Dis. 2013, 13, 889–899. [Google Scholar] [CrossRef] [PubMed]

	



Drissi, F.; Merhej, V.; Angelakis, E.; El Kaoutari, A.; Carrière, F.; Henrissat, B.; Raoult, D. Comparative genomics analysis of Lactobacillus species associated with weight gain or weight protection. Nutr. Diabetes 2014, 4, e109. [Google Scholar] [CrossRef] [PubMed]

	



Sorbara, M.T.; Pamer, E.G. Interbacterial mechanisms of colonization resistance and the strategies pathogens use to overcome them. Mucosal Immunol. 2019, 12, 1–9. [Google Scholar] [CrossRef]

	



Ahmadi, S.; Ghollasi, M.; Hosseini, H.M. The apoptotic impact of nisin as a potent bacteriocin on the colon cancer cells. Microb. Pathog. 2017, 111, 193–197. [Google Scholar] [CrossRef] [PubMed]

	



Kamarajan, P.; Hayami, T.; Matte, B.; Liu, Y.; Danciu, T.; Ramamoorthy, A.; Worden, F.; Kapila, S.; Kapila, Y. Nisin ZP, a bacteriocin and food preservative, inhibits head and neck cancer tumorigenesis and prolongs survival. PLoS ONE 2015, 10, e0131008. [Google Scholar] [CrossRef] [PubMed]

	



Norouzi, Z.; Salimi, A.; Halabian, R.; Fahimi, H. Nisin, a potent bacteriocin and anti-bacterial peptide, attenuates expression of metastatic genes in colorectal cancer cell lines. Microb. Pathog. 2018, 123, 183–189. [Google Scholar] [CrossRef] [PubMed]

	



Ramachandran, S.; Mandal, M. Induction of apoptosis of azurin synthesized from P. aeruginosa MTCC 2453 against Dalton’s lymphoma ascites model. Biomed. Pharmacother. 2011, 65, 461–466. [Google Scholar] [CrossRef] [PubMed]

	



Joo, N.E.; Ritchie, K.; Kamarajan, P.; Miao, D.; Kapila, Y.L. Nisin, an apoptogenic bacteriocin and food preservative, attenuates HNSCC tumorigenesis via CHAC 1. Cancer Med. 2012, 1, 295–305. [Google Scholar] [CrossRef] [PubMed]

	



Todorov, S.D.; MWachsman, B.; Knoetze, H.; Meincken, M.; Dicks, L.M. An antibacterial and antiviral peptide produced by Enterococcus mundtii ST4V isolated from soya beans. Int. J. Antimicrob. Agents 2005, 25, 508–513. [Google Scholar] [CrossRef] [PubMed]

	



Wachsman, M.B.; Castilla, V.; de Ruiz Holgado, A.P.; de Torres, R.A.; Sesma, F.; Coto, C.E. Enterocin CRL35 inhibits late stages of HSV-1 and HSV-2 replication in vitro. Antivir. Res. 2003, 58, 17–24. [Google Scholar] [CrossRef] [PubMed]

	



Férir, G.; Petrova, M.I.; Andrei, G.; Huskens, D.; Hoorelbeke, B.; Snoeck, R.; Vanderleyden, J.; Balzarini, J.; Bartoschek, S.; Brönstrup, M. The lantibiotic peptide labyrinthopeptin A1 demonstrates broad anti-HIV and anti-HSV activity with potential for microbicidal applications. PLoS ONE 2013, 8, e64010. [Google Scholar] [CrossRef] [PubMed]

	



Torres, N.I.; Noll, K.S.; Xu, S.; Li, J.; Huang, Q.; Sinko, P.J.; Wachsman, M.B.; Chikindas, M.L. Safety, formulation and in vitro antiviral activity of the antimicrobial peptide subtilosin against herpes simplex virus type 1. Probiotics Antimicrob. Proteins 2013, 5, 26–35. [Google Scholar] [CrossRef] [PubMed]

	



Srinivasan, S.; Torres, A.G.; de Pouplana, L.R. Inosine in Biology and Disease. Genes 2021, 12, 600. [Google Scholar] [CrossRef]

	



Lasek, W.; Janyst, M.; Wolny, R.; Zapała, Ł.; Bocian, K.; Drela, N. Immunomodulatory effects of inosine pranobex on cytokine production by human lymphocytes. Acta Pharm. 2015, 65, 171–180. [Google Scholar] [CrossRef] [PubMed]

	



Tsang, K.Y.; Fudenberg, H.H.; Pan, J.F.; Gnagy, M.J.; Bristow, C.B. An in vitro study on the effects of isoprinosine on immune responses in cancer patients. Int. J. Immunopharmacol. 1983, 5, 481–490. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed, S.R.; Newman, A.S.; O’Daly, J.; Duffy, S.; Grafton, G.; Brady, C.A.; Curnow, S.J.; Barnes, N.M.; Gordon, J. Inosine Acedoben Dimepranol promotes an early and sustained increase in the natural killer cell component of circulating lymphocytes: A clinical trial supporting anti-viral indications. Int. Immunopharmacol. 2017, 42, 108–114. [Google Scholar] [CrossRef] [PubMed]

	



Bekesi, J.; Tsang, P.; Wallace, J.; Roboz, J. Immunorestorative properties of isoprinosine in the treatment of patients at high risk of developing ARC or AIDS. J. Clin. Lab. Immunol. 1987, 24, 155–161. [Google Scholar] [PubMed]

	



Tsang, K.Y.; Pan, J.F.; Swanger, D.L.; Fudenberg, H.H. In vitro restoration of immune responses in aging humans by isoprinosine. Int. J. Immunopharmacol. 1985, 7, 199–206. [Google Scholar] [CrossRef] [PubMed]

	



Tomás-Barberán, F.A.; González-Sarrías, A.; García-Villalba, R.; Núñez-Sánchez, M.A.; Selma, M.V.; García-Conesa, M.T.; Espín, J.C. Urolithins, the rescue of “old” metabolites to understand a “new” concept: Metabotypes as a nexus among phenolic metabolism, microbiota dysbiosis, and host health status. Mol. Nutr. Food Res. 2017, 61, 1500901. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.M.; Zhao, L.; Li, H.; Xu, H.; Chen, W.W.; Tao, L. Research progress on the anticarcinogenic actions and mechanisms of ellagic acid. Cancer Biol. Med. 2014, 11, 92–100. [Google Scholar] [PubMed]








[image: Cancers 16 01464 g001] 





Figure 1. Key differences between Hodgkin’s lymphoma and non-Hodgkin’s lymphoma. 
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Figure 2. The interaction between short-chain fatty acids (SCFA) and lymphoma. 






Figure 2. The interaction between short-chain fatty acids (SCFA) and lymphoma.



[image: Cancers 16 01464 g002]







[image: Cancers 16 01464 g003] 





Figure 3. The key effect of urolithin A and urolithin B against T-cell lymphoma and B-cell lymphoma is through the NF-κB signaling pathway. 
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Figure 4. Chemical structure of urolithins (A–D). 
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Table 1. The mechanisms of the gut microbiome metabolites and/or chemotherapy against cancer/lymphoma.
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	Cell Type/Cancer
	Gut Microbial Metabolites
	Study Type
	Mechanisms
	Reference





	Epithelial and lymphoid cells

(Raji and Rael)
	Butyric acid—SCFA
	In vitro
	The administration of nisin resulted in the stimulation of inflammatory and apoptotic reactions within tumor cells. The activation of the n-butyric gene was observed to decline when the cell membrane transporters MCT-1 and MCT-4 were downregulated through siRNA.
	Astakhova et al. [98]



	T-lymphoma cells
	Propionate—SCFA
	In vitro and

in vivo
	Inhibited the growth of

T-lymphoma cells.
	Mukovozov et al. [99]



	Epstein–Barr virus (EBV)—lymphoma
	Isoprinosine (IP)—Inosine complex
	In vivo
	After two weeks of treatment, IP resulted in elevated levels of virus-neutralizing antibodies, leukocytes, and neutrophils
	Janíčková et al. [100]



	Jurkat lymphoma cells
	Nisin—Bacteriocins
	In vitro
	Induced apoptosis and inhibited their growth.
	Kaur and Kaur [101]



	Lymphoma cells
	Enterocin CRL35—Bacteriocins
	In vivo
	Induced apoptosis in Dalton’s lymphoma-bearing cells and significantly inhibited their growth.
	Baindara et al. [102]



	Human anaplastic large lymphoma cell lines (KARPAS-299 and MAC-2A) and human leukemia cell lines (MOLT-4 and HL-60)
	Urolithin A (UA)
	In vitro
	Inhibited the growth of lymphoma cells and induced apoptosis.

Inhibited the activation of the NF-κB signaling pathway, which is involved in the survival of lymphoma cells.
	Okumura et al. [103]



	B-cell lymphoma
	Urolithin B (UB)
	In vitro
	Inhibited the NF-κB signaling pathway and the activity of an enzyme STAT3, which lead to the growth inhibition and induction of apoptosis in lymphoma cells.
	Lv et al. [104]



	Human T-cells lymphoma
	UA
	In vitro
	Inhibited the growth of lymphoma cells and induced apoptosis through the inhibition of the Akt enzyme activity, which is involved in cell survival and proliferation.
	Lu et al. [105]
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