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Abstract

:

The complexity of coronavirus disease 2019 (COVID-19)’s pathophysiology is such that microbial dysbiosis in the lung and gastrointestinal (GI) microbiota may be involved in its pathogenic process. GI microbiota dysbiosis has been associated with respiratory disorders, including COVID-19, as well as sporadic colorectal cancer (CRC) through imbalanced microbiota and compromised immune response. It is pertinent to understand the possible role of probiotics in stabilizing the microbial environment and maintaining the integrity of the respiratory and GI tracts in SARS-CoV-2 induced dysbiosis and colorectal carcinogenesis. The long-term implication of SARS-CoV-2 in GI dysbiosis via microbiota-gut-lung cross-talk could increase the risk of new CRC diagnosis or worsen the condition of previously diagnosed individuals. Recent knowledge shows that the immune-modulatory response to probiotics is shifting the beneficial use of probiotics towards the treatment of various diseases. In this review, we highlight the potential impact of probiotics on SARS-CoV-2 infection associated with CRC through microbiota imbalance in COVID-19 patients.
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1. Introduction


The outbreak of coronavirus disease 2019 (COVID-19), which was reported from Wuhan, China in late December 2019, was caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). Over 5 million deaths globally were reported as of 22 November 2021 [1]. SARS-CoV-2 belongs to the enveloped RNA viruses, the subgenus betacoronavirus of the family coronaviridae [2,3,4]. As the pathogenesis of COVID-19 is still unclear, recent studies have reported the possible inclusion of gastrointestinal (GI) symptoms, including diarrhea (2.0–10.1%), nausea, and vomiting (1.0–3.6%) in COVID-19 patients [5,6]. SARS-CoV-2 nucleic acids were found in the fecal samples and anal swabs of COVID-19 patients [7]. It was suggested that SARS-CoV-2 may enter the peripheral blood and primarily targets cells from the lung, heart, renal, and gastrointestinal tract that express angiotensin-converting enzyme-2 (ACE-2) receptor [8]. The ACE-2 receptor expressed in these target cells is recognized and bound by the SARS-CoV-2 spike glycoprotein S1 domain, which enhances the virus’ attachment to the host cell [9,10]. Recent studies have demonstrated that TMPRSS2 [11], galectin-3 (GAL-3) [12,13], and N-acetylneuraminic acid (Neu5Ac) [14] receptors are highly expressed in the GI and lung epithelia. They are also necessary for viral cell-to-cell interaction and the subsequent entrance of SARS-CoV-2 into the host cells [15,16,17,18]. As a result, higher expression levels of ACE-2 and TMPRSS2 proteins indicate a higher risk of COVID-19 infection in colorectal cancer (CRC) patients compared to those with normal intestinal tissue [19].



The World Health Organization (WHO), through the GLOBOCAN cancer research agency, reported that 990,000 deaths were caused by CRC in 2020 [20]. Deaths attributed to cancer have been projected to continue rising worldwide, with an estimated 18.1 million deaths as of 2020 [20]. CRC is recognized as the second most common cancer worldwide, with high a morbidity and mortality rate [20]. CRC is a complicated association of tumor cells, non-neoplastic cells, and a huge number of microorganisms. Many alterations in the bacterial makeup of the GI microbiota have been described in CRC, implying that dysbiosis plays a crucial role in the development of CRC [21,22]. Although the microbiota’s role in colorectal carcinogenesis is becoming clearer, the impact of SARS-CoV-2 on the microbial dysbiosis of the GI in CRC remains unclear.



Recent studies have demonstrated that the complexity of COVID-19’s pathophysiology is such that microbial dysbiosis in the lung and GI microbiota may be involved in its pathogenic process [23,24,25]. GI microbiota dysbiosis has been associated with sporadic CRC [21,26,27] as well as respiratory disorders, including chronic obstructive pulmonary disease [28]. The principal site for pathogen colonization is the nasopharynx, which contributes to the development of respiratory illnesses. Studies have shown that any imbalance in the mucosal nasopharyngeal microbiota may play a key role in viral respiratory infection susceptibility [29,30]. Similarly, patients with COVID-19 had a significant alteration in their GI microbiota when compared to controls [25,31]. Recent studies have linked GI microbiota dysbiosis to severe cases of SARS-CoV-2 through the imbalance of microbiota and compromised immune response [32,33,34]. The detection of the exact relationship between changing gut microbiota and SARS-CoV-2 infection as well as colon cancer is very complicated. Nevertheless, the role of probiotics in stabilizing the microbial environment and maintaining the integrity of the gastrointestinal tract (GIT) in SARS-CoV-2-induced dysbiosis and colorectal carcinogenesis may be worthwhile.



Probiotics are defined as “live microorganisms which when administered orally in adequate amount confer a health benefit on the host” [35,36]. They are described as a live microbial feed and food supplement that beneficially affects the host’s intestinal tract [37]. Probiotics are non-pathogenic microbes that exert a variety of beneficial effects, such as antipathogenic effects, immunomodulatory factors, the production of key nutrients, and the development of mucosal epithelia. Products derived from bacteria or their end products cannot be considered probiotic because they are not alive when administered or during consumption [38]. One important point common to all these definitions is the ability of the probiotic to confer a beneficial effect on the health of the host. The implantation or colonization of these viable microorganisms improves the microbial balance of the intestinal tract. Viruses are the cause of nearly 90% of upper respiratory tract infections [39]. However, certain probiotic strains may prevent bacterial and viral diseases, such as gastroenteritis [40,41] and respiratory tract infections (RTIs), including COVID-19 [39,42,43,44,45]. It is worth noting that not all probiotics, even those that offer GI advantages, help to reduce the risk of respiratory infection in every way. For example, Lactobacillus rhamnosus GG and Bifidobacterium animalis ssp. lactis may help the GIT, but they do not diminish the number of viruses in the nasopharynx [46]. Many in vivo and in vitro studies reveal an association between these beneficial bacteria and human immune-modulatory responses. This has led to a shift in the focus of research towards the beneficial use of probiotics in the treatment of various diseases in recent years. It is vital, therefore, to understand some of the areas regarding GIT and RTI diseases to which probiotics have been applied extensively in recent years, as well as to perform meaningful estimates for future applications, particularly in the treatment of COVID-19. Some of the more recently studied aspects of microbiota and CRC are the effects/counter effects of microbiota and probiotics on chemotherapy. In this review, we highlight the potential impact of probiotics on SARS-CoV-2 infection associated with CRC through imbalances in the microbiota.




2. GI Microbiota and CRC


The gut microbiota is linked to the occurrence and progression of CRC. Alterations in the immunological response, epithelial hemostasis, metabolic profile and activity, DNA damage, and abnormal cellular and molecular activities in colonocytes can all contribute to carcinogenesis [47,48,49]. The whole microbial composition of an organ or system is referred to as the human microbiome, which includes bacteria, fungi, viruses, their surrounding environmental circumstances, genomes, and host relationships [50]. The human GI microbiota consists of hundreds of types of microorganism, with an estimated value of over 1013–1014 bacteria acting as a natural infection-defeating barrier. Furthermore, the microbiota plays an important role in gut homeostasis by performing a variety of defensive, structural, and metabolic functions in the intestinal epithelium, as well as the development of a healthy immune system [51]. Some of these bacteria grow and colonize the intestinal region of the host, becoming the Gl microbiota, which acts as a line of defense against pathogenic organisms. Microorganisms are spread unevenly throughout the digestive tract, including the stomach (<103), duodenum (<103), small intestine (102–103), and large intestine (1010–1012) [52]. The human colon consists of a complex microbial composition mostly of bacteria, which consist of more than 50 genera [53,54]. The bacterial composition of the colon is estimated to be as high as 1014 [55,56]. The colon mostly comprises anaerobes, such as Bacteroides, Porphyromonas, Bifidobacterium, Lactobacillus, and Clostridium, which outgrow aerobes by a factor of 102–103: 1 [57]. Some bacteria, including Bacteroides fragilis and Eubacterium rectale, inhabit discrete zones within the intestinal lumen of the human colon, while some become adherent to the mucosal surface [58]. Microorganisms may occasionally find themselves in a favorable environment for proliferation, but this is not the same habitat as their typical flora, resulting in the overgrowth and, eventually, the suppression of the normal flora [59]. The GI microbiota can exert both positive and harmful effects by modulating epithelial proliferation and differentiation, in addition to impacting host nutrition via the metabolism [60].



Several bacterial species appear to be involved in the pathogenesis of CRC [27,61,62]. The loss of bacterial diversity and dysbiosis are common observations in CRC. However, despite the existence of conflicting evidence, several studies have found significant changes in the mucosal and fecal microbiota of CRC patients and controls. Streptococcus gallolyticus (formerly Streptococcus bovis) is found in around 20–50% of CRC and less than 5% of healthy people. CRC patients were reported to have lower levels of Bifidobacterium longum, Clostridium clostridioforme, and Ruminococcus bromii than healthy people [63]. However, upon further study, Bacteroides were shown to be more prevalent in CRC tissues than in normal tissues; they were associated with an increase in IL 17 immunoreactive cells in the mucosa of CRC patients [63]. The presence of Fusobacterium nucleatum sequences was detected in CRC tumors and linked to lymph node metastasis [64]. In addition, another taxonomy-based comparison study was undertaken to assess the differences between the microbiota of cancerous and neighboring non-cancerous colorectal tissues [27]. Firmicutes were the most prevalent phyla, accounting for 63.46% and 39.54% of the GI microbiota in malignant cancerous and adjacent non-cancerous tissues, respectively. This was followed by 12.77% and 19% of Bacteroidetes in the cancerous and adjacent non-cancerous colorectal tissues. This study further confirms that the genera Lactococcus, Bacteroides, Fusobacterium, Prevotella, and Streptococcus were found in greater abundance in cancerous cells than in non-cancerous cells [27]. Even though Firmicutes, Bacteroides, and lactic acid bacteria are frequently reduced, Fusobacterium and Porphyromonas are often increased [49]. It was demonstrated that the concentration of Fusobacterium within the tumor microenvironment is the most notable and consistent finding. This suggests that Fusobacterium is linked to inflammatory bowel diseases, such as ulcerative colitis and Crohn’s disease, which are known to increase the risk of CRC [27,65]. Fusobacterium sp have virulence properties that promote their adhesion to host epithelial cells and their ability to infiltrate epithelial cells, as well as the ability to trigger host pro-inflammatory responses [61]. Fusobacterium nucleatum, a typical driving bacteria, promotes CRC carcinogenesis in APCmin mice. However, the F. nucleatum cannot colonize the colon on its own. This requires the help of a few other species to form colonies, which then support the growth of Peptostreptococcus and Porphyromonas [66,67]. Lactococcus, which are commonly known to be GIT commensals with probiotic properties, were found to be over-represented in CRC patients. This implies that the microbial shifts are induced by the quite severe physiological and metabolic changes that occur as a result of colon carcinogenesis [68]. These species could be considered CRC bacterial passengers, according to the driver–passenger concept in CRC [27,69]. The “driver-passenger” paradigm proposes that a microbial leader assembles a group of disease-facilitating microorganisms to start the biological mechanisms that cause CRC. First, “driver” bacteria cause DNA damage and the malignant transformation of epithelial stem cells, resulting in a pro-oncogenic environment. After cancer begins, “passenger” bacteria that are better adapted to the tumor environment appear, such as F. nucleatum and S. gallolyticus [69,70].



In an animal study performed under germ-free conditions, it was noted that mutant mice genetically prone to CRC produce considerably fewer tumors than when they have typical microbiota [71]. Enterococcus faecalis produces extracellular genotoxins and DNA-damaging superoxide, causing the acute induction of chromosomal instability, which can contribute to the development of CRC [72]. CRC is caused by the activation of oncogenes in combination with the inactivation of tumor-suppressor genes due to mutations. In total, 85% of CRC cases involve gene mutations in APC or other tumor suppressor genes that activate the Wnt pathway, leading to chromosomal instability [73]. In the majority of CRC patients, the hyperactivation of Wnt/β-catenin signaling is a typical characteristic. The neural cell adhesion receptor L1CAM (L1) is a target gene of β-catenin signaling activated in CRC patients’ carcinoma cells, where it plays a significant role in CRC metastasis [74]. By acting as a co-transcriptional activator of Wnt target genes in the nucleus, together with the T-cell factor, β-catenin aids in the transmission of the Wnt signal to the nucleus [75]. The loss of DNA mismatch repair affects 15% of patients, resulting in a high level of microsatellite instability [76]. As demonstrated by Escherichia coli NC101, the inflammatory environment can change microbial gene functions and boost the cancer-promoting activities of specific bacterium strains [77].




3. GI Microbiota Dysbiosis Associated with SARS-CoV-2 Infection and CRC


The role of the digestive system and GI microbiota in SARS-CoV-2 infection evokes the idea of the gut–lung axis. This refers to the bi-directional interplay between the GI microbiota and the lungs, which can affect immune responses and influence the course of respiratory disorders [78]. Based on previous studies and findings, a unique idea of tight connections within the microbiota-gut-lung triad as related to SARS-CoV-2 infection has emerged [79]. It is believed that the interactions within this triangle could have a direct impact on the development of COVID-19, as well as its clinical symptoms and therapy, as shown in Figure 1.



One of the key aspects of the interactions within microbiota-GIT-lung cross-talk is the expression of ACE-2, which serves as an entry receptor for SARS-CoV-2 and an important regulator of inflammation that is higher in the GIT than in the lungs [25,80]. ACE-2 regulates amino acid transport in the intestinal epithelium, which has been linked to the synthesis of antimicrobial peptides affecting the makeup and function of the GI microbiota [81]. However, some gut microorganisms may influence ACE-2 expression in the opposite direction [25]. In recent studies, it has been reported that COVID-19 patients acquire dysbiotic GI microbiota [23,31,80,82,83,84]. This implies that disturbed GI microbiota may play a specific role in COVID-19′s pathogenesis. It is important to note that various hypotheses were investigated to understand the association of dysbiotic GI microbiota with SARS-CoV-2 infection. Certain GI microbiota compositions have been hypothesized to be either positively or negatively linked by inflammatory cytokine levels and to be predictive of severe COVID-19, potentially through the modulation of fecal metabolites and host immunity [85]. This study further reveals that the GI microbiota may play a role in typical individuals’ susceptibility to severe COVID-19 through positively associated pro-inflammatory cytokines.



SARS-CoV-2 and COVID-19 severity were linked to alterations in the fecal microbiota. During or throughout hospitalization, patients with COVID-19 had significant abnormalities in their fecal microbiota compared to controls, characterized by the enrichment of opportunistic pathogens and the loss of beneficial commensals [25]. It was further reported that Bacteroides sp. reduce the expression of ACE-2 in the mouse gut, which is inversely related to SARS-CoV-2 burden in the patient’s fecal material. Even after SARS-CoV-2 clearance (as indicated by throat swabs) and the resolution of respiratory symptoms, depleted symbionts, and gut dysbiosis persisted [25]. Bacteroides and Streptococcus genus were negatively associated with most pro-inflammatory factors. The fecal metabolomics analysis of the gut microbial from a COVID-19 patient was linked to amino acid metabolism, particularly the aminoacyl-tRNA, arginine, valine, leucine, and isoleucine biosynthesis pathways [85]. A deficiency in or insufficiency of amino acids results in the depletion of the available aminoacylated tRNA, which is essential for host immune response [86,87]; hence, the pro-inflammatory response induced by cytokines was significantly reduced [88]. As these amino acids play a key role in immunoregulation and enhancing intestinal development [89], they may invariably affect GI microbiota in COVID-19 patients and CRC.



ACE-2 and TMPRSS2 expressions have been linked to a variety of bacterial genera such as Chlamydia, which is the microbiota that has been found to be the most strongly positively correlated with ACE-2 expression in CRC patients [90]. Given that ACE-2 is highly expressed in the ileum and colon, the importance of ACE-2 is key to maintaining dietary amino acid balance and innate immunity [7]. In SARS-CoV-2 infection, the virus is attached to the host’s ACE-2 receptor, with the upper airway and lungs being the predominant sites of infection. On the other hand, studies have shown that the intestinal enterocytes at the epithelial layer and the colon epithelial cells have the highest expression of ACE-2 in the human body. SARS-CoV-2 replication is aided by their support, culminating in GI barrier disruption [11,91,92,93], and possibly in CRC. Although the influence of the gut microbiota on COVID-19 risk in CRC patients remains poorly understood, the possible mechanisms targeting microbial dysbiosis should be further investigated [94].



During influenza infection, the inducement of interferons type I promotes the reduction of obligatory anaerobic bacteria and the enrichment of Proteobacteria in the gut, resulting in a “dysbiotic” milieu [95]. Interferons have been demonstrated to decrease antimicrobial and inflammatory responses in the GIT during Salmonella-induced colitis. This has been linked to increased Salmonella intestinal colonization and dissemination, a risk factor for CRC [96]. Salmonella can lead to protracted intestinal infection, dysbiotic gut microbiota, and chronic inflammation, all of which can lead to DNA damage and chromosome instability or epigenetic change. Salmonella effector proteins activate cancer-related signaling pathways. They promote the Wnt/-catenin signaling pathway during persistent infection, causing host cell change. Bacterial proteins cause leaky gut, microbiota imbalance, and inflammation, all of which contribute to the development of CRC [96]. Furthermore, in HINI influenza infection, interleukin 17A (IL-17A) signaling enhanced fast viral infiltration of the lungs by pleural cavity B-1a cells via the increase in Blimp-1 expression and NF-kB activation in B-1a cells. IL-17A deficit resulted in highly diminished B-1a-derived antibody production in the respiratory tract, leading to viral clearance deficiencies [97,98]. In CRC patients’ tumor tissue samples, IL-17 immune cells were discovered in the majority of samples and the lamina propria of homologous normal mucosa, whereas they were rarely or not observed in normal mucosa in typical individuals. In addition, the gene amplification of Bacteroides was substantially detected at a higher level in tumor tissue compared to normal homologous tissue [63]. This implies an association between the IL-17 immune cells and Bacteroides in the mucosa cells causing dysbiosis in CRC patients. It was further reported that it was unclear why there was a link between Bacteroides density elevation and malignant CRC, as measured by qPCR [63]. It is noteworthy that the activation of pro-inflammatory and immunological cells in the colon mucosa is crucial in the development of cancer, as well as in the development of severe cases of COVID-19. Some GIT microbiota members may influence host mucosal regulatory T-cell responses involving Th17 cells. As a result, T-cell activation may be linked to a shift in mucosal IL-17 caused by Bacteroides, as seen in animal models [99,100]. These findings support the presence of a skewed immune response in CRC tissues, with IL-17 overproduction aggravating the disease, which was most likely caused by Bacteroides [101,102].



The interaction between the host immune environment and CRC or SARS-CoV-2 infection uses similar mechanisms, such as hypercoagulability, dysregulated immune response, elevated cytokine levels, altered expression of ACE-2 and TMPRSS2, and prothrombotic states. This throws the human body into disarray and may exacerbate the effects of SARS-CoV-2 in some cancer patients [103]. Numerous infiltrating plasma cells and lymphocytes with interstitial edema were detected in the lamina propria of the stomach, duodenum, and rectum [17]. Most patients infected with SARS-CoV-2 have mild GI symptoms and a good prognosis after infection, indicating that the immune function is a strong defense against this virus. Seven to fourteen days after the onset of symptoms, lymphopenia (changes in T lymphocytes) is commonly observed, with an increase in IL-6 and other inflammatory cytokines (pneumonia phase). Lymphopenia and cytokine storm syndrome lead to disease development and a poor prognosis. Lymphocytes are principally responsible for immunological responses to viral infections. However, within the first few days of infection, which is a critical stage, the rate of immune response and the level of lymphocytes produced may not be sufficient to combat or immunosuppress the rate of replication of the virus, especially in the case of SARS-CoV-2, which is new to the host body. This implies that a higher number of lymphocytes is required to compete against the virus [43], irrespective of how quickly the virus or T cell replicates. Although there are various ways for the immune defense function to eradicate infections, it is noteworthy that if the immune response is effective, viral suppression occurs. However, this may not occur if the patient has other co-morbidities, including cancer [104]. The immune dysregulation produced by SARS-CoV-2 could result in even more serious problems for an already fragile population [105].



The gut microbiota has been linked to the development of CRC. The SARS-CoV-2 infection causes changes in the gut microbiota, including the enrichment of opportunistic pathogens, the depletion of beneficial commensals, an overall drop in microbial diversity, and a loss of butyrate-producing bacteria. The increased expression of CRC carcinogenesis markers, tumor immunosuppression, and inflammation induction produced by SARS-CoV-2 infection may exacerbate CRC progression, resulting in gut barrier breakdown and the worsening of CRC advancement [105]. Regardless of the clinical stage of disease, patients with CRC may be at a high risk of contracting COVID-19 and are crucial protection targets in epidemic prevention. Although further validation of clinical data is needed, these findings are of practical importance. Patients with clinically mild or moderate COVID-19 with a diagnosis of CRC should be paid special attention because of a possible longer course of the disease or a higher risk of severe infection. Although further studies are required, this review lays the groundwork for the influence and impact of SARS-CoV-2 on the progression of CRC.




4. Probiotics, GI Microbiota, CRC, and RTIs


The term “probiotic” includes a large range of microbial organisms, main bacteria such as lactic acid bacteria (LAB), non-lactic acid bacteria, and yeasts. LAB include the genera Lactobacillus, Lactococcus, Streptococcus, Enterococcus, Leuconostoc, and Pediococcus [44,106]. Non-lactic acid bacteria include Escherichia coli Nissle and some yeasts, such as Saccharomyces cerevisiae and Saccharomyces boulardii. The most commonly used probiotic microorganisms associated with the human GIT are members of the genera Lactobacillus and Bifidobacterium. Species of the genus Lactobacillus include L. acidophilus, L. casei, L. reuteri, L. rhamnosus, L. gasseri, L. Brevis, L. amylovorous, L. crispatus, L. johnsonii, L. paracasei, and L. Plantarum, while the commonly used probiotics of the genus Bifidobacterium include B. longum, B. lactis, B. bifidum, B. infantis, and B. breve [107]. The beneficial effects of probiotics are strain-specific [108], which means the health benefits vary for different strains of probiotics. It is important to know that a considerable amount of viable probiotics should be consumed or administered by the host for effective functionality. The standard for any probiotic products must contain a minimum of 106–107 cfu/g products per day [109,110]. The ability of probiotic bacteria to survive, multiply, and become metabolically stable in the GIT strongly determines the benefits derived by the host. The benefits associated with probiotics can be of therapeutic (protective) or nutritional significance, depending on their mode of action [38].



4.1. The Effect of Probiotics on CRC and Other GIT Disorders


Studies have demonstrated the beneficial effect of probiotics against CRC, as shown in Table 1. Other GIT disorders, including inflammatory bowel disease (IBD), irritable bowel syndrome (IBS), diarrhea, and obesity, are discussed [111,112].



4.1.1. CRC


In vitro: The synergistic effect of L. acidophilus and L. casei enhanced apoptosis and reduce P21 protein when the LS513 CRC cell line was treated with the probiotics combined with 5-fluorouracil (5-FU) [113]. L. plantarum supernatant preferentially inhibits 5-FU-resistant CRC cells (HT-29 and HCT-116). The specific markers of the cancer stem cells, CD44, 133, 166, and ALDH1, were suppressed by L. plantarum. By activating caspase-3 activity, the combination therapy of L. plantarum, the supernatant, and 5-FU decreased CRC survival and led to cell death. Furthermore, this induced the inactivation of Wnt/β-catenin signaling in chemoresistant CRC cells and lowered the formation and growth of colonospheres [114]. It was hypothesized that Propionibacterium freudenreichii and TNF-related apoptosis-inducing ligand (TRAIL) could have a synergistic effect by acting on both extrinsic and internal death pathways, causing a pro-apoptotic response. Indeed, the whole transcriptomic analysis revealed that the supernatant or metabolites (propionate and acetate) of P. freudenreichii increased pro-apoptotic gene expression (TRAIL-R2/DR5) and decreased anti-apoptotic gene expression (FLIP, XIAP) in HT29 CRC cells. P. freudenreichii combined with TRAIL promoted apoptosis and increased the cytotoxic activity of TRAIL [117]. In a similar study, the combination of L. plantarum PM153 and L. johnsonii BCRC17010 with supernatants inhibits the proliferation of HT29 cells by inducing the secretion of nitric oxide and elevated levels of LDH [118]. The synergistic anti-cancer effect of L. acidophilus ATCC 314 and L. fermentum NCIMB 5221 significantly increases apoptosis (p < 0.001) as well as offering significant protection to normal colon cell growth from toxic treatment (18.6 ± 9.8%, p = 0.001). Both the probiotic LABs influenced intestinal tumorigenesis by lowering intestinal tumor multiplicity and downregulating the expression levels of Ki-67 and β-catenin markers [131]. HCT-116 cells were treated with cell-free supernatants from L. casei, L. rhamnosus, or Bacteroides thetaiotaomicron (a gut commensal). This altered the matrix metalloproteinase-9 activity and levels of the tight junction protein, zona occludens-1, leading to the inhibition of colon cancer cell migration [115]. Caco-2 CRC cells treated with the probiotics, L. acidophilus ATCC 4356 and L. casei ATCC 39,392, increase cell apoptosis and reduce cell proliferation, migration, and invasion. However, no significant effect on cell necrosis was noted [132].



In vivo: Our previous study reported that the daily intake of probiotic L. acidophilus ATCC 4356 increases the total number of fecal lactobacilli by 10.2% (0.8 ± 0.08 log10 cfu/g; p < 0.05) from the initial fecal count after 4 weeks of once-daily probiotic consumption [124]. Furthermore, the genomic sequence identification of the fecal lactobacilli showed an increase in the number of bacteria in the treated Azoxymethane (AOM)-induced colon tumor Balb/c mouse model compared to the control. This implies that probiotics enhanced the stimulation and growth of the colonic microbiota in the CRC mouse model used in the study [123]. In a further study, the percentage of colonic pre-cancerous lesions in the probiotic-treated groups was low (20%) compared to the untreated control group (40–50%). In addition, there was a significant reduction in the tumors in the probiotic-treated groups compared to the control group (p < 0.05) [133]. It was noted that treatment with the probiotic VSL#3 consisting of eight different strains, B breve, B. infantis, B. longum, L. acidophilus, L. bulgaricus, L. casei, L. plantarum, and S. salivarus ssp thermophiles, prevents the development of tumors and high-grade dysplasia in the proximal and mid-colon in rats. This correlates with the decreased richness and diversity of mucosally adherent microbiota in the colon. This implies that VSL#3 can reduce a number of inflammatory-related factors, preventing the onset of dysplasia and cancer [120]. The potential effect of L. Plantarum A and L. rhamnosus B on the inducement of anti-tumor immune responses was demonstrated by pre-inoculating Balb/c mice subcutaneously with CT26 murine adenocarcinoma cells. In comparison to mice treated with L. rhamnosus, the oral administration of L. plantarum decreased CT26 cell development in the Balb/c mice and prolonged the survival time of tumor-bearing mice. The L. plantarum provided protective immunity against the challenge with CT26 cells by activating the effector functions of CD8+ and natural killer cell infiltration into cancer tissue. This up-regulated interferon (but not IL-4 or IL-17) production and promoted Th1-type CD4+ T differentiation [122]. Probiotic Bifico containing 1.0 × 107 cfu lyophilized B. longum, L. acidophilus, and E. faecalis decreased tumor development and lowered intestinal inflammation. Furthermore, a collection of genes, including CXCL1, CXCL2, CXCL3, and CXCL5, were identified as possible Bifico therapy targets. According to 16S rRNA sequencing, Bifico lowered the abundance of Desulfovibrio, Mucispirillum, Odoribacter, and Lactobacillus, which was substantially related to the expression of CXC motif receptor 2 ligand genes [125]. Another study reported that L. acidophilus and B. bifidum affected the expression of miRNAs 135b, 26b, 18a, and 155, as well as their target genes, such as APC, PTEN, KRAS, and PU.1, in an AOM-induced CRC mouse model. The expressions of the tumor suppressors miR-135b, miR-155, and KRAS all increased [126].



Human: The microbiota composition of patients with colon cancer was compared to that of non-neoplastic controls. Patients with normal mucosa and tumors were administered 2 tablets of 1.4 × 1010 cfu of B. lactis Bl-04 and 7 × 109 cfu of L. acidophilus NCFM daily. The 16S rRNA gene amplicon sequencing of fecal and colonic samples showed increased Fusobacterium, Selenomonas, and Peptostreptococcus in the tumor microbiota compared to the control [130]. A meta-analysis was conducted to determine the effect of probiotics, including Bifidobacterium and Escherichia, on the intestinal mucosa barrier in CRC after surgery. It was observed that the probiotics effectively protected the intestinal mucosa’s physical and biological barriers in the patients with CRC after operation [134]. The immune-modulatory effect of probiotics on the intestinal gut is a biotherapeutic/preventive strategy, as probiotics inhibit the colonization of the intestinal microbiota and the translocation of pathogens to other sites [135,136,137,138]. Most diseases that are common to the human large bowel emanate from the distal colon, most notably CRC. However, it has been noted that proximal CRC is also increasing. A gene sequencing comparison study showed that 59.6% of the bacterial genera were identified in the proximal colon and 71.6% in the distal colon of the CRC. This suggests that microbial diversity increases from the proximal colon to the distal colon in rectal malignancy. Prevotella, Pyramidobacterium, Selenomonas, and Peptostreptoccus were found in greater numbers in proximal tumors, while Fusobacterium, Escherichia-Shigella, and Leptotrichia were relatively prevalent in distal CRC [27]. Patients undergoing CRC surgery were enrolled in a randomized, double-blind, placebo-controlled study. Capsules of placebo or formulation including L. acidophilus LA-5, L. plantarum, B. lactis BB-12, and Saccharomyces boulardii were given a day before surgery and continued for another 15 days post-operatively. On day 4, the gene expression and cytokine levels in the blood were examined. The probiotics considerably reduced the rate of all the main complications after surgery, as well as reducing post-operative pneumonia and surgical site infections [128].




4.1.2. IBD


IBD, including Crohn’s disease and ulcerative colitis, is a group of disorders characterized by chronic or recurrent inflammation of the mucosal lining marked by an auto- immune response, usually by the body’s immune system. Probiotic administration regulates innate inflammatory responses in the mucosa through the modulation of the gut microbiota composition and its effect on the epithelial and T cells on the surface of the lamina propria of the gut. It was demonstrated that the colon-specific probiotic, L. rhamnosus GG, suppresses inflammation and reduces apoptosis by activating the epithelial growth factor receptor [121]. The secretion of IgA antibody is one of the basic immunological responses induced by Bifidobacterium sp.’s binding to specific receptors on the intestinal epithelial surface and subsequent release into the intestinal lumen [52]. L. salivarius Ls33 showed an anti-inflammatory effect in a colitis mouse model through the recognition of bacterial peptidoglycan and protein-derived mucopeptides [139]. Probiotics such as non-pathogenic Escherichia coli, Bifidobacterium sp., and Saccharomyces boulardii have shown efficacy in reducing the post-operative recurrence and relapse in Crohn’s disease. A meta-analysis evaluation was performed to justify the effect of probiotics on Crohn’s disease compared to a placebo for the prevention of post-operative recurrence, which effectively defines the preventative and therapeutic role of probiotics [140].




4.1.3. IBS


IBS is a functional disorder in the colon that is characterized by symptoms of abdominal discomfort, usually related to disturbed defecation (motility of the colon), which causes a drastic reduction in beneficial gut bacteria. L. rhamnosus GG was reported to have little effect on IBS, while L. plantarum 299 V had a significant beneficial effect [141]. Notable stability in the microbiota composition reduces abdominal pain and bowel distension when different species of probiotic supplements were administered, including L. rhamnosus Lc705, L. rhamnosus GG, B. animalis ssp. lactis Bb12, and P. freudenreichii ssp. Shermanii JS [142]. A clinical trial meta-analysis was conducted on the effectiveness of probiotics in the prevention of IBS and probiotic therapy. For instance, probiotic VSL#3 reduces the clinical symptoms and abdominal pain of IBS [143]. Multispecies probiotic supplementation on IBS stimulates the microbial composition of the colon compared to single species, leading to improved bowel movement and replenishing the loss of beneficial gut bacteria.




4.1.4. Diarrhea


The efficacy of probiotics in cases of infectious diarrhea has reduced the occurrence of diarrheal episodes, early symptoms, and even rotavirus infection [144,145,146]. The administration of L. rhamnosus GG associated with oral rehydration therapy, once or twice daily, has effectively helped in the treatment of rotavirus-associated diarrhea. It further reduces the presence of the virus in stools, thus offering an effective strategy to control the spread of nosocomial gastrointestinal infection [147,148]. The treatment of gastroenteritis by the probiotic, L. paracasei ST1, improved non-rotavirus diarrhea condition in children but did not affect rotavirus gastroenteritis [149]. Clostridium difficile caused about 10–20% of antibiotic-associated diarrhea. A double-blind placebo-controlled study showed that the oral consumption of a probiotic preparation of L. bulgaricus, L. casei, and S. thermophilus invariably reduced the incidence of C. difficile-associated diarrhea [143]. A study was conducted to determine how efficient probiotics are at preventing irinotecan-induced diarrhea by lowering intestinal β-d-glucuronidase activity. The probiotic formula, Colon DophilusTM, was administered orally at a dose of 10 × 109 cfu/mL of bacteria three times daily for 12 weeks to CRC patients starting a new line of irinotecan-based therapy; the results were compared with those from a placebo-treated group [127].




4.1.5. Obesity


Obesity is closely related in terms of risk factors for CRC. It was suggested that infants presenting with a low level of Bifidobacterium sp. and a higher number of Staphylococcus aureus in their stool are at a higher risk of obesity. A mouse model study demonstrated that the transplantation of microbial communities within the gut could manipulate the propensity for the deposition of fat. The administration of probiotics influences the intestinal microbiota, inhibiting susceptibility to obesity. This suggests a possible probiotic therapy that may prove to be a strategy for controlling childhood obesity [137,150]. In a randomized placebo-controlled trial, fermented milk containing L. gasseri SBT2055 was administered to healthy and obese patients. A decrease in fat, body weight, and mass index was observed compared to the control group [151]. Probiotics interact with the endogenous bacteria in the gut by modifying or regulating fat metabolic pathways. Although the energy intake was less affected, the administration of L. rhamnosus PL60 in diet-induced obese mice led to a significant loss of body weight by reducing the mass of white adipose tissue [135].




4.1.6. Possible Mechanism of Probiotics


Even though various studies have sought to explain the mechanism of probiotics’ anticarcinogenic properties, a definite mechanism for probiotic anti-CRC activity is yet to be discovered [152,153,154]. Possible mechanisms may involve the cell cycle, apoptosis, reactive oxygen species (ROS), the production of specific bacterial metabolic enzymes, and effects on host metabolism. However, other mechanisms were also suggested, including the alteration of quantitative and/or qualitative intestinal microbiota involved in the production of carcinogens and promoters; the alteration of the physicochemical conditions in the colon; the production of anti-tumourigenic or anti-mutagenic compounds; the enhancement of the host immune response system; the effect on host physiology; and the binding and degradation of potential carcinogens, including mutagenic compounds [131,152,153,154,155,156].



The G1 phase is an important early phase in the cell cycle that is necessary for cell proliferation. L. rhamnosus GG induces an anti-proliferative effect in cancer cell lines by reducing the biosynthesis of polyamines. These may also be a result of the Lactobacilli’s ability to adhere to cells, inducing apoptosis, which eventually may prevent the proliferation of colon cancer [157]. The presence of reactive oxygen species (ROS) is a prominent event in colon inflammation. The antioxidant properties of probiotic strains can inhibit/or reduce this effect and thereby increase probiotic gut colonization [158,159,160]. The interaction between the epithelial cells and the microbiota gut is an active process that can be induced by the presence of probiotics in the production of pro-inflammatory cytokines. Interleukin 12 (IL-12) can be induced after the activation of the innate immune system by some Lactobacilli strains stimulating dendritic cells, native T cells in the lamina propria of the gut, and macrophages [154,161].



The probiotic effect of the alteration of quantitative intestinal microbiota has been suggested. A daily intake of probiotic L. acidophilus ATCC 4356 with MCP altered the number of colonic microbiota in the CRC mouse model. It is plausible that the MCP modifies the functionality and physiological properties of the probiotic during gastric transit, causing adhesion/colonization within the microbiota environment [123,124]. Chronic inflammation, which disrupts the gut microbiota, is one of the fatal factors linked to the development of CRC [69]. The formation of immunity against invading pathogens and the maturation of the immune system requires a healthy gut microbiota. Probiotic supplementation improves the immune system by modulating the release of anti-inflammatory cytokines and their related regulatory genes [162,163].



One important function of GI microbiota is the ability to catabolize complex polysaccharides into short-chain fatty acids (SCFAs), such as butyrate, lactic acids, acetic acid, and propionate, which are major energy sources for the epithelium cells of the colon [164,165,166]. In our previous study, using an azoxymethane-induced colon cancer mouse model, we observed that the fermentation of modified citrus pectin and starch by L. acidophilus ATCC 4356 and intestinal microbiota possibly increased the production of SFCAs, gases, and butyrate [124]. Fecal lactobacilli utilize butyrate as the preferred energy source for their growth and the proliferation of colonic epithelial cells. These SFCAs reduce the effect of bile in the intestine by initiating bile salt hydrolase, which deconjugates bile acid [22,167]. Previous studies reported that Lactobacilli in the GI lower the risk of CRC by displacing other bacteria, such as Bacteroides and Clostridium genera, that may produce fecal enzymes or toxins (carcinogen) during metabolism [168,169]. L. plantarum LS/07 was reported to have a protective effect on colon cancer-induced DNA damage in the colon cells of rats. The metabolic activity of the Lactobacilli lowers the level of colonic/fecal enzymes, such as β-glucosidase and β-glucuronidase, which hydrolyze many glucuronide-releasing carcinogens in the intestinal tract, causing CRC [170,171]. The ability of this colonic microbiota to produce SCFA and low levels of some colonic enzymes, such as β-glucoronidase, is suggested as the main process that prevents CRC [172]. The Bifidobacterium genome has been shown to contain some metabolic enzymes that the bacteria produce to alter the nutrient composition of the environment. This invariably adjusts their physiology; consequently, they adapt to new conditions. B. adolescentis SPM0212 was reported to exhibit bacterial enzyme activities and some anti-cancer properties, including: the inhibition of the proliferation of certain human cancer cell lines; the inhibition of harmful fecal enzymes, such as β-glucuronidase, β-glucosidase, tryptophanase, and urease; and the dose-dependent inhibition of the production of TNF-α [173].



Bacterial enzymes, such as β-glucuronidase, can hydrolyze many glucuronides, thereby releasing metabolites into the intestinal tract [174]. Based on animal and human studies, the consumption of LABs can reduce fecal enzyme levels, which may be involved in the formation of toxins. In one study, the effect of L. acidophilus NCFM and L. acidophilus N-2 on 21 healthy people was evaluated for 10 days by checking the activity levels of β-glucuronidase, nitroreductase, and azoreductase, which resulted in a decrease in specific activities of these enzymes. The administration of L. rhamnosus LC705 and Propionibacterium freudenreichii ssp. Shermanii JS to 38 healthy men for 4 weeks decreased the activity of β-glucosidase and increased the fecal count of Lactobacilli and Propionibacteria in the subjects [175]. GIT is dominated by the Lactobacilli sp., which contributes to the metabolic activities taking place in this part of the host body. A hypothesis concerning colon carcinogenesis is that bile acids in the aqueous phase of feces exert cytotoxic effects on colonic epithelium cells, thereby causing an increase in cell proliferation in the intestine [176,177]. Some studies have shown significant decreases in bile acid with the intake of Lactobacilli sp. Mutagenic compounds in food diets bind to the cells of Lactobacilli strains and the intestinal wall after exposure, resulting in a reduction in the ratio of bound to free toxins within the intestine. The colonic mucosa can absorb mutagenic compounds and pass them into the bloodstream as either modified or unmodified metabolites from the intestinal lumen [152].





4.2. The Potential Effect of Probiotics on RTIs, including SARS-CoV-2 Infection, and Possible Mechanisms


Several strains of probiotic bacteria have a favorable impact on a wide range of defense-related processes in the host. Although numerous studies have focused on the effects of probiotic microorganisms on intestinal pathogens, few have focused on their impact on infections in other organ systems, particularly the respiratory tract. Previous clinical studies have demonstrated the effects of probiotics on reducing the incidence and symptoms of RTI in the host [40,42,178,179,180,181,182,183,184,185], as shown in Table 2. In a randomized, placebo-controlled, double-blind intervention study conducted on otherwise healthy individuals, consuming particular probiotic bacteria for at least three months impacted the severity of symptoms, as well as the prevalence and duration of infections through enhanced cellular immune response [178]. Furthermore, it was noted that during the first 14 days of supplementation, the probiotic-treated group had a considerably larger increase in cytotoxic T-cells plus T suppressor cells (CD8+) than the control group. L. casei DN-114 001 was linked to a shorter duration of common infectious disease in the elderly, notably for upper respiratory tract infections (URTIs), such as rhinopharyngitis [42]. A review report by the Cochrane collaboration group showed that probiotics were found to be superior to placebo at reducing the number of participants who experienced acute URTI episodes by around 47% and the duration of the episode by about 1.89 days [186].



The relevance of probiotics in the treatment of coronaviruses remains controversial as the mechanisms may not be fully known yet and very little information is available. Based on previous studies and many pieces of clinical evidence for the positive effect of probiotics as supplements or adjuvants against primary and/or secondary (bacterial and viral) diseases, the existence of a basic mechanism of action of probiotics in the prevention or reduce SARS-CoV-2 infection and its importance to COVID-19 may not be far-fetched.



4.2.1. Microbial Dysbiosis and GIT–Lung Stability Cross-Talk


The intervention of probiotics in the interactions within microbiota-GIT-lung cross-talk could contribute to the enhancement of the intestinal epithelial barrier, competition with pathogens for nutrients, and adherence to the intestinal epithelium. The generation of antimicrobial compounds and the manipulation of the host immune system are all mechanisms that could explain probiotics’ therapeutic success [39], as shown in Figure 2. Many microbial metabolites and endotoxins from the GIT can affect the lungs and vice versa when they cross the GIT–blood barrier. Furthermore, the microbiota can be affected by lung inflammation [78] through the production of several metabolites with antiviral properties, such as lactic acid, hydrogen peroxides to stimulate interleukins, natural killer cells, and Th1 helper immune responses [193].



Different strains of probiotic revealed a strain-specific potential for improving the intestinal epithelium’s reliability and controlling immunological components. The GIT from the oral cavity to the rectum is regarded as the principal immunological barrier with the environment in controlling compound-mediated immune reactions. It has been demonstrated that probiotic microorganisms can connect to an invading virus and thereby inhibit the viral structural protein from binding to the host cell receptor, preventing viral entry into human cells [194,195]. Probiotic bacteria cling to the epithelial surface and use steric interference to prevent viral attachment by competing for specific carbohydrate receptors or by covering the receptor sites in a nonspecific manner [196]. Recent studies have identified GAL-3 as a binding mediator in the attachment and entrance of viruses, including influenza A H5N1 virus, into the host cell [197,198]. This is in addition to ACE-2, which has been identified as a therapeutic target to mitigate SARS-CoV-2 entry and replication in the host cell [199]. In our previous study, the S-glycoprotein layer of probiotic L. acidophilus ATCC 4356 comprising both the amino and carboxyl-terminal domains competed with the intestinal microbiota to bind to the GAL-3 COOH terminal carbohydrate recognition domain in a colonic cancer model. The initiation of the colonization/adhesion of the probiotic bacteria to specific receptors, such as GAL-3, on the epithelial cell surface of the colon may competitively inhibit GAL-3 extracellular matrix interactions in addition to probiotic-GAL-3 binding [133]. As a result, the probiotic significantly increases fecal lactobacilli and improves the integrity of the colonic intestinal microbiota [123,124,133]. Another study found that probiotic supplementation is an effective method for preventing viral RTIs in pre-term infants throughout their first year of life. The findings revealed that probiotic-induced changes in the GI microbiota result in the production of long-lasting effects that can minimize the incidence of viral RTIs [191].




4.2.2. Immunomodulatory Effects


Some probiotic strains can help prevent bacterial and viral diseases, such as gastroenteritis, sepsis, and respiratory infections through immunomodulatory responses. By reducing pro-inflammatory signals and maintaining gut barrier integrity, probiotics can help patients maintain immunological homeostasis in the gut and avoid the overactivation of the immune response. Certain strains of Bifidobacterium and Lactobacilli were given to help eliminate the influenza virus from the respiratory system with little inflammatory damage to the lung tissue [185]. The probiotic strains impact the modulation of a systemic equilibrium between pro-inflammatory and anti-inflammatory immunoregulatory cytokines [185]. This could be important in preventing acute respiratory diseases, a significant COVID-19 consequence. A probiotic using L. plantarum DR7 reduced plasma IFN-γ and TNF-α pro-inflammatory cytokines and stimulated increases in IL-4 and IL-10 anti-inflammatory cytokines in a randomized control trial study on upper respiratory tract-infected middle-aged patients [200]. Given the cytokine storm that many COVID-19 patients tend to experience, this form of regulation could be crucial. Orally administered probiotic strains contribute to the manner in which the immune response emanates from the intestine. Probiotics could limit SARS-CoV-2 invasion by boosting butyrate, a fuel for colonocytes. The immunological response, which is mediated by macrophages, dendritic cells, and the differentiation of CD8+ T lymphocytes into cytotoxic T lymphocytes in the presence of probiotics, can devastate infection-infected cells [201]. T-helper type 1 (Th1) and type 2 (Th2) cells are produced when probiotics stimulate CD4+ T lymphocytes. Th1 has been discovered to energize phagocytes and aid in the elimination of respiratory viruses, while Th2 induces B cells multiplication [201].



The presence of ROS is a prominent event in intestinal (colonic) inflammation. The antioxidant properties of probiotic strains can inhibit/reduce this effect and thereby increase probiotic GIT colonization [159,202]. The interaction between the epithelial cells and the gut microbiota is an active process that can be induced by the presence of probiotics in the production of pro-inflammatory cytokines [202]. Interleukin 12 (IL-12) can be induced after the activation of the innate immune system by some lactobacilli strains stimulating dendritic cells, naive T cells in the lamina propria of the GIT, and macrophages [154]. After the oral administration of Bifidobacterium longum MM-2 in an influenza-induced mouse model for 17 consecutive days, decreased virus titers, cell death, reduced mortality, and suppressed inflammation in the lower respiratory tract improved clinical symptoms. In addition, pro-inflammatory cytokines, such as IL-6 and TNF- α, in the bronchoalveolar lavage fluid were noted [179]. This implies that innate immunity, particularly NK cell activation, is aided by probiotics, resulting in an anti-influenza virus impact that could be used as a preventative measure in the event of an influenza-like outbreak, such as COVID-19. In a similar study, conducted by China’s National Health Commission (CNHC), subjects administered with influenza vaccinations and probiotic Bifidobacterium longum BB536 showed considerably higher NK cell activity and neutrophil bactericidal activity at week 5 after the administration of the probiotic. Although the placebo and the probiotic groups’ NK cell and neutrophilic activities decreased towards the end of the study, they tended to remain marginally higher in the probiotic group than in the placebo group when subjected to continuous probiotic consumption for 14 weeks [181]. It is therefore noteworthy that probiotic treatment may serve as an immune booster to augment the immune capacity and response of the host to resist viral infection, in addition to the administration of a vaccine. The consumption of probiotics regularly lowers the risk of influenza and fever, most likely by enhancing innate immunity.





4.3. Limitations


The limitations of this review include the fact that there are little or insufficient clinical data to validate the potential risk of CRC patients contracting COVID-19. However, further studies providing more data in this area would clarify the possibility of a longer course of infection or a higher risk of severe infection. This would also enlighten us as to the impact of SARS-CoV-2 on CRC patients and the management of these diseases. In addition, there are currently limited data, and no direct clinical evidence, that modulating the gut microbiota has a therapeutic function in COVID-19 treatment. Probiotic supplements becoming beneficial in the event of a COVID-19 pandemic in the future is worth a trial. It is worth mentioning that more studies are required on the administration of probiotics in addition to the various vaccines against SARS-CoV-2 in order to determine whether this could improve the immunity level of an individual against COVID-19 with or without co-morbidity, particularly in a CRC patient. Given the varied nature of these diseases and immunosuppressive therapies, it is pertinent to understand the role of COVID-19 in CRC.





5. Conclusions and Future Directions


The use of probiotics, a low-cost, safe, and non-invasive approach, is one of the most significant therapeutic additions for humans to activate the immunity required by the body. Certain probiotic strains taken orally can help to lower the occurrence and severity of viral RTIs. Probiotics can be utilized in treatment regimens to boost immune defenses against RTIs and therefore, potentially, SARS-CoV-2 infection. According to the CNHC’s guidance recommendation (Version 5), probiotics may be administered to maintain the balance of intestinal microecology and prevent subsequent bacterial infection in severe COVID-19 illnesses. This would be through the modification of the GI microbiota to improve GI symptoms while also providing respiratory protection [203]. The role of GI dysbiosis in COVID-19, as well as its diagnostic and prognostic value, is now being researched extensively. Unraveling the link and relationship between gut microbiota changes in COVID-19 patients, disease severity, and patients with co-morbidities such as CRC could lead to the development of a new therapeutic approach based on GI microbiota manipulation, for example, using probiotics. However, probiotics are being proposed for therapeutic trials against COVID-19 [204].



Recently, the emergence of new variants due to incessant mutation in the SARS-CoV-2 genome has caused amino acid changes in vaccine-targeted structural proteins. This has led to controversial debates over the long-term efficacy of these vaccines in protecting the host, sustaining specific resistance to re-infection, and the future need for additional vaccine boosters. Hence, it is important to understand whether the administration of vaccines alone may be sufficient to fight against SARS-CoV-2 infection. The inclusion of the administration of immune booster agents, such as probiotics, in addition to the various vaccines available, may improve the immunological protection of host cells against the virus and could be a good recommendation at this point. While none of these effects have been evaluated on the novel SARS-CoV-2, this should not disqualify this approach, especially as probiotics have been shown to have antiviral benefits against certain coronavirus strains [39]. However, further investigation is required to evaluate changes in the antibody titers to the SARS-CoV-2 vaccine and cell-mediated immunity with or without probiotics. This will improve our understanding of the impact of probiotics on the immune system in COVID-19.
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Figure 1. The interaction within the microbiota-GIT-lung could affect the development of COVID-19; hence, potential therapy through probiotic intervention could maintain microbial balance and immune modulation. 
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Figure 2. Immunomodulatory response and possible mechanism of probiotics effect in GI dysbiosis associated with SARS-CoV-2 infection and CRC. The potential probiotic effect against the attachment of SARS-CoV-2 to the spike protein receptor may take place through the production of certain metabolites, enzymes, SFCAs, inflammatory cytokines, T-helper cells, and cytotoxic compounds. This intervention could influence microbiota dysbiosis within the areas of infection, such as the lung and the GIT (colon), to stabilize the microbial system, reduce the symptoms or severity of RTI and pro-inflammatory cytokines and, consequently, reduce the cytokine storm effect in SARS-CoV-2 infection. 
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Table 1. Various studies showing the role of probiotics on CRC.
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	Disease
	Model
	Dose of Probiotic

and Duration
	Probiotic Used and Outcome
	References





	
	
	
	In vitro
	



	CRC
	LS513 cell + 5-FU
	106–109 cfu/mL;

48 h
	Lactobacillus acidophilus CL1285 and Lactobacillus casei LBC80R activate caspase-3 protein, downregulate p21 protein, and increase the apoptosis induction capacity of 5-FU.
	[113]



	CRC
	HT-29 and HCT-116 cells
	10 μg (≥107 cfu/mL);

72 h
	Lactobacillus plantarum supernatant inhibits 5-FU-resistant colorectal cancer cell lines, inhibits the expression of CD44, 133, 166 markers, and the ALDH1 of cancer stem cells.
	[114]



	CRC
	Human HCT-116 cells
	109 cfu/mL;

24–72 h
	L. casei ATCC 4356 and L. rhamnosus ATCC 39,392 lower MMP-9 activity and increase ZO-1 protein in cultured metastatic CRC cells.
	[115]



	CRC
	CaCo-2 cell
	5 × 106 cfu/mL;

24 h
	L. acidophilus and L. casei reduce cell proliferation and cell migration and invasion and increase cell apoptosis.
	[116]



	CRC
	HT29 cell
	0–100 ng/mL;

24 h
	P. freudenreichii (supernatant or metabolites) induced HT29 cell apoptosis and enhanced TRAIL cytotoxic activity.
	[117]



	CRC
	HT29 cell
	109 cfu/mL;

8 h
	L. johnsonii BCRC17010 and L. reuteri BCRC14625 show an increase in lactate dehydrogenase (LDH) activity inhibiting HT29 cells. L. plantarum PM153 and L. johnsonii BCRC17010 show good adhesion ability while the latter display potential apoptotic effects.
	[118]



	CRC
	Caco-2 cell
	6 × 103–5 × 106 cells;

24–48 h
	L. acidophilus ATCC 314 and L. fermentum

NCIMB 5221 reduce cell proliferation and increase apoptosis.
	[119]



	
	
	
	In vivo
	



	Colitis-associated cancer
	6 weeks old male Sprague-Dawley rats
	5 × 109 cfu per 100 g body weight;

1 week
	The probiotic VSL#3 enhances the antiangiogenic factor angiostatin, VDR expression, and alkaline sphingomyelinase.
	[120]



	Acute colitis
	8–12 weeks old WT C57BL/6 mice
	10 μg in pectin/zein beads/mouse/day;

5 days
	L. rhamnosus GG inhibits cytokine-induced apoptosis in intestinal epithelial cells and the impairment of barrier function in the colon epithelium, in an EGFR-dependent manner.
	[121]



	CRC
	6–8 weeks old Balb/c CT26 induced adenocarcinoma mice
	1 × 109 cfu/day;

14 weeks
	L. plantarum A and L. rhamnosus B up-regulates IFN and promotes Th1-type CD4+ T differentiation.
	[122]



	CRC
	7 weeks old male AOM-induced Balb/c mice
	10 × 109 cfu/mL, intragastric;

4 weeks
	L. acidophilus ATCC 4356 significantly increases the number of fecal lactobacilli and intestinal microbiota in treated mice.
	[123,124]



	CRC
	4 weeks old

C57BL/6J–APCMin

mice
	0.5 × 1010 cfu/intragastric;

12 weeks
	L. acidophilus ATCC 314 and L. fermentum

NCIMB 5221 reduces intestinal tumor multiplicity and cellular marker downregulation.
	[119]



	Colitis-associated cancer
	AOM-induced C57BL/6 mice
	1.2 × 107 cfu/day;

9 weeks
	Probiotic Bifico reduces the abundance of Desulfovibrio, Mucispirillum, Odoribacter, and Lactobacillus, which are associated with the expression of CXCR2 ligand genes.
	[125]



	CRC
	AOM-induced Balb/c mice
	1.5 g powders of 1 × 109 cfu/g;

5 months
	Lactobacillus acidophilus and Bifidobacterium bifidum influence the expression of the tumor suppressor miRNAs and their target genes.
	[126]



	
	
	
	Human
	



	CRC
	Clinical
	10 × 109 cfu/mL;

3 times daily for 12 weeks
	The probiotic formula, Colon DophilusTM,

reduces the occurrence of diarrhea and enterocolitis.
	[127]



	CRC
	Post-operative treatment
	0.5–1.75 × 109 cfu/capsule twice daily; 14 days
	L. acidophilus, L. plantarum, B. lactis, and Saccharomyces boulardii reduce the rate of all main complications after surgery, post-operative pneumonia, and surgical site infections.
	[128]



	CRC
	Post-operative treatment
	12 g of sachets/

10 × 1011 cfu each

probiotic + prebiotics;

15 days
	Pediococcus pentosaceus, Leuconostoc mesenteroides, Lactobacillus paracasei ssp. paracasei 19, and Lactobacillus plantarum improve postcolectomy gastrointestinal function.
	[129]



	CRC
	Pre-operative treatment
	2 daily tablets of 1.4 × 1010 cfu B. lactis and 7 × 109 cfu L. acidophilus
	Reduced levels of Fusobacterium and Peptostreptococcus in fecal microbiota, increased number of Faecalibacterium and Clostridiales spp. in the tumor microbiota of CRC patients treated with probiotics.
	[130]







Abbreviations: 5-FU: 5-fluorouracil. ZO-1: Zona occludens-1. MMP-9: Matrix metalloproteinase-9. MCP: Modified citrus pectin. TRAIL: TNF-Related Apoptosis-Inducing Ligand. AOM: Azoxymethane. CXCR2: C-X-C motif receptor 2. LDH: Lactate dehydrogenase.
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Table 2. The effects of probiotics on various respiratory tract infections.
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	Disease
	Study
	Infection
	Dose and Duration
	Mode of Action and Outcome
	References





	Influenza
	Clinical
	Viral
	5 × 107 cfu/one tablet per day;

14 days
	Lactobacillus gasseri PA 16/8, Bifidobacterium longum SP 07/3, and Bifidobacterium bifidum MF 20/5 significantly enhance cytotoxic plus T suppressor (CD8+) and T helper (CD4+) cells, thus reducing the symptoms and duration of common cold episodes and fever,
	[178]



	RTI
	Clinical
	Viral and bacterial
	1010 cfu/100 g of the probiotic;

3 months
	Lactobacillus casei DN-114 001 significantly reduces RTI duration and rhinopharyngitis.
	[42]



	Influenza
	Clinical
	Viral
	1 × 1011 cfu;

5 weeks
	B. longum BB536 reduces the occurrence of influenza and fever, most likely by enhancing innate immunity.
	[181]



	Influenza
	Clinical
	Viral
	6 × 109 cfu;

8 weeks
	Lactobacillus brevis KB290 reduces influenza infection among children.
	[184]



	Influenza
	In vivo

(6 week-old female Balb/c mice)
	Viral
	2.0 × 109 cfu per day; 17 days
	B. longum MM-2 decreases virus titers, cell death, and pro-inflammatory cytokines such as IL-6 and TNF-α.
	[179]



	Influenza
	Clinical
	Viral
	1 × 1011 cfu per day;

10 weeks
	Lactococcus lactis ssp. lactis JCM5805 enhances activation and increases IFN-α mediated response.
	[187]



	RTI
	Clinical
	Viral
	109 cfu per

capsule/2 capsules

per day; 6 months
	Lactobacillus rhamnosus GG significantly reduces RTI duration.
	[188]



	Influenza
	In vivo

(7 week-old female Balb/c mice)
	Viral
	20 μL at a concentration of 10 mg/mL−1 (200 μg per mouse) once daily;

3 days
	L. rhamnosus GG improves the level of IFN-γ, proinflammatory factors, and immunoregulatory cytokines such as IL-12, which allow the clearance of virus with minimal inflammatory lung tissue damage.
	[185,189]



	Influenza
	Clinical
	Viral
	1 × 109 cfu/mL

once daily;

3 weeks
	Lactobacillus delbrueckii ssp. bulgaricus OLL1073R-1

and Streptococcus thermophilus OLS3059 activate natural killer (NK) cell activity and induce IFN-γ production.
	[190]



	LRTI

and

rhinovirus infection
	Clinical
	Viral
	109 cfu/capsule/seven daily doses;

60 days
	L. rhamnosus GG reduces LRTI and the incidence of rhinovirus-induced episodes in children.
	[191]



	rhinovirus infection
	Clinical
	Viral
	≥2 × 109 cfu/satchet daily dose; 28 days
	B. animalis subspecies lactis Bl-04

reduces nasal lavage virus titer and influences the innate immune response in the nasal cavity.
	[183]



	URTI
	Clinical
	Viral
	1 × 109 cfu/subjects once daily; 6 weeks
	L. paracasei subsp. Paracasei and L. casei 431 reduce the frequency of RTI episodes.
	[192]



	Coronavirus
	In vitro

(IPEC-J2 cell line)
	Viral
	2 × 106 recombinant cells; 2 h
	L. plantarum enhances the expression levels of IFN stimulated genes, thus suppressing the viral infection.
	[180]



	COVID-19
	In silico docking
	Viral
	Probiotics-derived peptides were docked targeting viral proteins
	Probiotics-derived polypeptides show strong affinity binding to the S1-protein receptor-binding domain of SARS-CoV-2
	[43]







Abbreviations: RTI: Respiratory tract infection. IL-6: Interleukin 6. TNF-α: Tumor necrosis factor α. IL-10: Interleukin 10. IFN-γ: Interferon γ. IPEC-J2: Intestinal porcine epithelial cell line J2. SARS-CoV-2: Severe acute respiratory syndrome coronavirus-2. COVID-19: Coronavirus disease 2019.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
SARS-COV-2

" Probiotic

X

Host cell receptor

Probiotic effect against
SARS-COV-2 via the

release of:

-

{

Metabolites, enzymes, SFCAs
and antimicrobial substances

Stimulates pro- and anti-
inflammatory cytokines
such as IL-6, 11.-12, 1L-10,
IFN-a and TNF- a IFN-y

production

Stimulates CD8+ T and
CD4+ T cells to release
T-helper (Th1 and Th2)
cells

Activates NK activity,
cytotoxic compounds
and IFN-y

SARS-COV-2
infected lungs

Translocation
of cells via the
bloodstream

SARS-COV-2
infected GIT with
CRC

Stabilized
microbial
system. reduced
RTI symptoms,
inflammatory
cytokines, and
cytokine storm






nav.xhtml


  gastroent-13-00006


  
    		
      gastroent-13-00006
    


  




  





media/file0.png





media/file2.png
LUNGS

A

Prob

Prub tlcs
SJ SARS-COV-2
t

1CS ProDyptics
+ MICROBIOTA

COVID-19






media/file3.jpg





media/file1.jpg
I’robi)li cs
SARS-COV-2





