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Abstract

:

Although the impacts of Saccharomyces cerevisiae on cancers are mentioned, data on its use in mice with cyclic GMP-AMP synthase deficiency (cGAS-/-) are even rarer. Here, 12 weeks of oral administration of S. cerevisiae protected cGAS-/- mice from azoxymethane (AOM)-induced colon cancers, partly through dysbiosis attenuation (fecal microbiome analysis). In parallel, a daily intralesional injection of a whole glucan particle (WGP; the beta-glucan extracted from S. cerevisiae) attenuated the growth of subcutaneous tumor using MC38 (murine colon cancer cell line) in cGAS-/- mice. Interestingly, the incubation of fluorescent-stained MC38 with several subtypes of macrophages, including M1 (using Lipopolysaccharide; LPS), M2 (IL-4), and tumor-associated macrophages (TAM; using MC38 supernatant activation), could not further reduce the tumor burdens (fluorescent intensity) compared with M0 (control culture media). However, WGP enhanced tumoricidal activities (fluorescent intensity), the genes of M1 pro-inflammatory macrophage polarization (IL-1β and iNOS), and Dectin-1 expression and increased cell energy status (extracellular flux analysis) in M0, M2, and TAM. In M1, WGP could not increase tumoricidal activities, Dectin-1, and glycolysis activity, despite the upregulated IL-1β. In conclusion, S. cerevisiae inhibited the growth of colon cancers through dysbiosis attenuation and macrophage energy activation, partly through Dectin-1 stimulation. Our data support the use of S. cerevisiae for colon cancer protection.
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1. Introduction


Colorectal cancer is one of the leading causes of cancer-related death worldwide [1,2]. The pathogenesis of gastrointestinal cancers consists of multifactorial factors, including some genetic background and ethnicity and environmental lifestyle factors (a high fat with low fiber diet, alcoholic consumption, smoking, and an overweight and sedentary lifestyle) [2]. Among these risk factors, the avoidance of dietary cancer promotors (several hydrocarbon and dioxin-liked compounds) [3] and the administration of some products with health benefits are most often mentioned. As such, probiotics are non-pathogenic organisms with possible health benefits, including colon cancer prevention, through several possible mechanisms such as the maintenance of the physicochemical conditions of enterocytes, the attenuation of dysbiosis (an imbalance in gut microbiota), a reduction in carcinogenic compound-producing bacteria (e.g., Escherichia coli and Clostridium perfringens) and carcinogen degradation, the enhanced production of some beneficial molecules (e.g., short-chain fatty acids), and immune modulation [4].



Indeed, Saccharomyces cerevisiae (S. cerevisiae), the regular yeasts used for several human foods, are Eukaryotic cells with several biological proteins that resemble human cells [5] and inhibit cancer growth through anti-proliferation and apoptosis induction properties [6]. Additionally, S. cerevisiae also induces some immune responses against cancers possibly through lymphocyte activities and trained immunity (enhanced innate immune activities) [7,8]. In parallel, the responses against cancer cells by innate immunity, especially macrophages, are important, as the tumor micro-environment induces macrophages that promote tumor growth, referred to as “tumor-associated macrophages (TAM)”, and the anti-tumor effect of S. cerevisiae through macrophage manipulation is mentioned [9]. Indeed, whole glucan particles (WGPs), the soluble (1→3)/(1→6)-β-glucan that is the major cell wall component of S. cerevisiae, enhances macrophage activity, partly through energy promotion [10], and the antitumor effect of WGP in an animal model through dendritic cell functions was reported [11]. Hence, Dectin-1, a pattern recognition receptor for glucan on the surface of myeloid cells (neutrophils, macrophages, and dendritic cells) and B cells [12], might be responsible for the tumoricidal effect through immune cell activations. Nevertheless, studies on immune modulation of S. cerevisiae in macrophages are few in number.



The colon cancer model with the use of azoxymethane (AOM), a metabolite of dimethylhydrazine (DMH), which is a strong DNA alkylating agent found in cycads [13], together with enterocyte damage by dextran sulfate solution (DSS) for 6 months, supports hydrocarbon ingestion with chronic mucosal inflammation being a cause of cancer [14]. Although S. cerevisiae attenuated DMH-induced colon cancer [15], the mechanism of action is still inconclusive. On the other hand, cyclic GMP-AMP synthase (cGAS) is the central cytosolic double-stranded DNA (dsDNA) sensor that recognized the self-DNA from the dying cells (cancer cells), allowing the innate immune system to respond against the abnormal cells [16]. Accumulated self-dsDNA in cancer cells induce a cGAS conformational change to catalyze the formation of 2’,3’-cyclic GMP-AMP (cGAMP), a cyclic dinucleotide (CDN) from ATP and GTP that activates the stimulator of interferon genes (STING), results in the local production of type-I interferon (IFN-I)-induced cell apoptosis [17]. Unsurprisingly, cGAS deficient (cGAS-/-) mice have been used as susceptible cancer models.



Because (1) S. cerevisiae or WGP might attenuate colon cancer through a direct effect on immune cells [10] or tumor cells [1,11,18], (2) the presence of Dectin-1 (a major receptor of WGP) in macrophages and its importance on cancer cells are well-known [19], and (3) there remains a lack of data on AOM-induced cancer in cGAS-/- mice, we hypothesized that the beta-glucan of S. cerevisiae (WGP) attenuated cancer, even with the more cancer-susceptible property of cGAS-/- mice, through the induction of tumoricidal macrophages and tested the hypothesis in vivo and in vitro.




2. Results


2.1. Azoxymethane Induced Colon Cancer Only in cGAS-Deficient (cGAS-/-) but Not in the Wild-Type nor S. cerevisiae-Administered cGAS-/- Mice Partly through Dysbiosis Attenuation


Spontaneous colon cancer without an alteration in body weight was demonstrated only in cGAS-/-, but not in wildtype (WT), mice, with a variation in the number of malignant lesions and the total tumor burdens (Figure 1A–C). As such, five out of nine cGAS-/- mice developed intestinal lesions, while no mice in other groups demonstrated colon cancers (Figure 1C,D), supporting the vulnerability of cGAS-/- mice against cancer development [20]. The representative gross pictures and histological characteristics (homogeneous bizarre cell morphologies) of spontaneous colon carcinoma are demonstrated in Figure 1E. Because we hypothesized that the anti-tumor effect of S. cerevisiae might be due to (1) dysbiosis attenuation [21] or (2) immune modification, especially an enhancement in macrophage activities [22], further experiments were conducted. Although the fecal microbiome analyses among WT versus cGAS-/- mice with or without S. cerevisiae administration were not obviously different, as indicated by the abundance of bacteria in phylum and species level (Figure 2A–C), the possible unique bacteria in each group using linear discriminant analysis (LDA score) (Figure 2D) were different. While Anaeroplasma was a feature that characterized WT feces, Chlamydia, Sutterella, Beta-proteobacteria, and Mycoplasma characterized the feces of WT with S. cerevisiae (Figure 2D). Likewise, Turicibacter, Coprococcus, Peptostreptococcus, Rikenella, Clostridium, Gemella, Parabacteroides, and Marvinbryantia were a feature of cGAS-/- mice, while some beneficial bacteria (Lactobacillus and Akkermansia), Bacteroides, Verrucomicrobia, and Ruminococcus characterized the feces of cGAS-/- mice with S. cerevisiae (Figure 2D). Additionally, nonmetric multidimensional scaling (NMDS), a statistical tool that groups data points into classes of similar points and enables complex multivariate data sets to be visualized in a reduced number of dimensions, demonstrated a possible similarity between cGAS-/- feces and cGAS-/- with S. cerevisiae feces (Figure 2E). In parallel, the principal coordinate analysis (PCoA) of the community structure using ThetaYC distances, a statistical method which converts data between groups into a visualization of the similarity among groups, demonstrated a possible similarity between WT feces, the feces of WT with S. cerevisiae, and cGAS-/- feces (Figure 2F). Although there was only a subtle difference among these groups, cGAS-/- feces was the only group that demonstrated an increase in Rikenella and Turicibacter (Figure 2G), which might be associated with colon cancer. However, the total abundance of fecal bacteria as indicated by total operational taxonomic units (OTUs) and alpha-diversity analysis (Chao-1 and Shannon score) among all groups was not different (Figure 2G). Thus, the attenuation of colon cancer by S. cerevisiae in the AOM-induced colon cancer model might partly be due to the impact of S. cerevisiae on fecal microbiome alteration.




2.2. Intralesional Injection of the Extract from S. cerevisiae or Whole Glucan Particle (WGP) Attenuated Tumor Growth Partly through Macropahge Responses


Because we hypothesized that beta-glucan on the S. cerevisiae cell wall (WGP) attenuates cancers in cGAS-/- mice, the subcutaneous injection of cancer cell line (MC38) with the intralesional injection of S. cerevisiae crude extract (yeast extract), WGP, or normal saline solution (NSS) control was performed in cGAS-/- mice (Figure 3A). Indeed, both yeast extract and WGP attenuated tumor growth at the 4th week of the experiments (Figure 3B), with the reduction in serum IL-1β and IL-6, but not TNF-α and IL-10 (Figure 3C–F), supporting a previous publication [1]. Despite the deficiency in cGAS, S. cerevisiae still attenuated cancers, implying a cGAS-independent mechanism that might be correlated with WGP-altered macrophage activities. Because WGP might have a different influence on different subtypes of macrophages, WGP was incubated in several macrophage manipulation protocols, including M0 (control), M1 (activation by lipopolysaccharide; LPS), M2 (IL-4 stimulation), and TAM (tumor supernatant incubation), to explore tumoricidal activity (Figure 4A). As such, all of these macrophages without WGP demonstrated similar tumor burdens, as indicated by fluorescent intensity after 24 h incubation (Figure 4B). Meanwhile, WGP enhanced tumoricidal activity prominently in M0 and M2 but less profoundly in TAM, without any beneficial effects on M1 macrophages (Figure 4B). Regarding macrophage polarization genes, M1 upregulated IL-1β and iNOS and M2 increased TGF-β, Fizz-1, and Arg-1, while TAM mildly enhanced iNOS, TGF-β, Fizz-1, and Arg-1 (Figure 4C–H). With WGP, IL-1β and iNOS were upregulated in all types of macrophages, except non-elevated iNOS in M1 (Figure 4D,E). On the other hand, WGP downregulated TGF-β, Fizz-1, and Arg-1 in M2 and reduced TGF-β and Arg-1 in TAM but upregulated TGF-β in M1 (Figure 4F–G), supporting WGP-induced M1 macrophage polarization with pro-inflammatory properties. For inflammatory mediators, M1 increased higher supernatant TNF-α, IL-6, and IL-10, with the highest upregulation of TNF-α and IL-6 compared to other macrophages, while IL-10 was enhanced in all types of macrophages compared with the M0 control (Figure 5A–F). Additionally, the upregulation of TLR-4 and NFκB was demonstrated only in M1, while increased Dectin-1 was found in all types of macrophages when compared with M0 control (Figure 5G–J). With WGP, there were only upregulations of TNF-α and Dectin-1, but not other parameters, in M0, M2, and TAM, without any effects on M1 (Figure 5A–J), perhaps in correlation with the neutral effect of WGP on M1 in macrophage tumoricidal activity (Figure 4C). In the comparison to the M0 control, all interventions (LPS, IL-4, tumor supernatant, and WGP) upregulated Dectin-1 and the elevated Dectin-1 from IL-4 and tumor supernatant induction, but not LPS, could be enhanced by WGP (Figure 5I). Because of the recognition of WGP by Dectin-1, the enhanced Dectin-1 (Figure 5I) might be responsible for the elevated tumoricidal activity of macrophages (Figure 4C).




2.3. Cell Energy Status in Different Types of Macrophages and the Impact of WGP


Because of the well-known association between cell energy status and macrophage function (prominent glycolysis in M1 pro-inflammatory and profound mitochondrial activity in M2 alternative macrophage polarization) [23] and the correlation between Dectin-1 activation and cell energy status [24], WPG might alter the cell energy of macrophages (Figure 6A–F). Without WGP, the mitochondrial activity in M1 (LPS-induced macrophages) was lower than in the M0 control, while the activity in M2 (IL-4 activation) and TAM (supernatant tumor induction) were not significantly different to the M0 control, as indicated by the oxygen consumption rate (OCR) (Figure 6A upper) and the respiratory parameters (maximal respiration and respiratory reserve) (Figure 6E). For glycolysis activity (without WGP), M1 and M2 (but not TAM) demonstrated a higher extracellular acidification rate (ECAR) than the M0 control, as indicated by the value in the graph (Figure 6A lower); however, the glycolysis activity as calculated by the area under the curve (AUC) of ECAR of all the activated macrophages (M1, M2, and TAM) was higher than that of the M0 control (Figure 6F). With WGP (Figure 6B), there was an increase in mitochondrial functions (maximal respiration and respiratory reserve) without an alteration in glycolysis activity (Figure 6E,F). In M2 and TAM (Figure 6C,D), WGP enhanced both mitochondrial and glycolysis activities when compared with M2 or TAM alone (Figure 6E,F). The enhanced cell energy status in M2 and TAM by WGP (Figure 6F–L) might be responsible for the enhanced tumoricidal activity of M2 and TAM against the MC38 colon cancer cell line (Figure 4C).





3. Discussion


Oral administration of Saccharomyces cerevisiae reduced the growth of colon cancers in cGAS-deficient (cGAS-/-) mice in the models using azoxymethane (AOM) induction and subcutaneous injection of cancer cells, possibly through energy enhancement in macrophages through whole glucan particle (WGP)-induced Dectin-1.



3.1. Impacts of Environemental Factors and Genetic Susceptibility in Spontaneous Colon Cancer in cGAS-/- Mice and Saccharomyces cerevisiae Administration


Although spontaneous colon cancer activation by AOM is frequently used in wildtype (WT) mice [25,26,27], the protocol could not induce cancer in our WT mice and activated only some cGAS-/- mice, possibly due to the difference in the gut microbiota of mice in the different animal facility environments. Repeated AOM in several doses and/or increased doses of AOM might increase cancer lesions in WT mice [28]. However, our proof of concept experiments supported the importance of cGAS in cancer development [29]. A single administration of a hydrocarbon compound with chronic intestinal inflammation by dextran sulfate, a substance which directly affects the enterocyte tight junction [30], together with a lack of dsDNA recognition by cGAS deficiency, is an example of colon cancer development that might also be possible in humans. Indeed, chronic intestinal inflammation without any intestinal symptoms is possible in several situations, as it can be detected through an enhanced translocation of pathogen molecules from the gut into the blood circulation (gut barrier defect, gut leakage or leaky gut) [31]. Examples of asymptomatic chronic intestinal inflammation are obesity (systemic inflammation-induced leaky gut) [32,33,34], uremia (uremic toxin-induced intestinal damage) [35,36], iron overload (enterocyte iron toxicity) [37], autoimmune diseases (circulating-immune complex deposition in the gut) [38,39,40], prolong oral administration of some drugs [41], and dysbiosis from several diseases [42].



The increased susceptibility to AOM-induced colon cancer in cGAS-/- mice is possibly not only a result of the defect in dsDNA recognition but might also from gut dysbiosis from cGAS deficiency. With the defects in cGAS, there might be a defect in immune responses against several intracellular bacteria, including obligate intracellular bacteria (Coxiella burnetti, Chlamydia, Anaplasma, Ehrlichia, Rickettsia, Orientia, and Mycoplasma) [43] and non-obligate intracellular bacteria (Salmonella, Listeria, Brucella, Rickettsia, and Legionella) [44], that are naturally pass through the macrophage cell membrane and activate the cytosolic cGAS receptor [45]. Indeed, the dissimilarity in fecal microbiome analysis between WT and cGAS-/- mice was demonstrated by different distances from the axis in principal coordinate analysis (PCoA) and different representative organisms in each group from linear discriminant analysis (LDA). As such, cGAS-/- mice demonstrated a higher abundance of Rikennella (Gram-negative anaerobic bacilli) [46] and Turricibator (Gram-positive anaerobic bacilli) than WT mice. However, these bacteria are difficult to culture and the data on cancer association is still unknown. Nevertheless, there was no colon cancer in S. cerevisiae-administered cGAS-/- mice, suggesting a beneficial effect associated with yeast probiotics against cancers, as previously mentioned [1]. Despite the several anti-cancer mechanisms of the yeast cells, a possible effect of S. cerevisiae on the attenuation of gut dysbiosis was indicated by an increase in some beneficial bacteria against cancers, including Lactobacilli and Akkermansia [47,48], in cGAS-/- feces. Hence, the combination probiotics using S. cerevisiae with other bacteria is of interest concerning cancer prevention.




3.2. Beta-Glucan from the Cell Wall of Saccharomyces cerevisiae Attenuated Subcutaneous Tumor Growth Partly through Dectin-1-Mediated Cell Energy Enhancement in Macrophages


Additionally, S. cerevisiae might manipulate macrophage activation by the beta-glucan component of the cell wall. Despite the deficiency in the cGAS receptor, the injection of WGP (a commercially available S. cerevisiae glucan) or the in-house extract of glucan inhibited the growth of subcutaneous tumors in cGAS-/- mice suggested that non-cGAS-mediated anti-cancer mechanisms are associated with beta-glucan. Notably, the reduced burdens of cancer cells in glucan-administered mice resulted in lower serum IL-1β and IL-6 (the cytokines that might be associated with tumor growth) [49]. Although glucan might be the main component of the yeast extract, the difference in serum cytokines after the administration of yeast extract versus the commercially available WGP (higher serum IL-1β with lower IL-6 after WGP) implied a possible contamination in the in-house yeast extract procedure. Due to the importance of macrophages in inflammatory responses (M1 and M2 of pro- and anti-inflammation, respectively) and in cancers (M2-liked tumor-associated macrophages; TAM), several subtypes of macrophages were tested. All the subtypes of macrophages here (M1, M2, and TAM) demonstrated a similar tumoricidal activity to control M0, as indicated by the reduction in fluorescent activities despite the well-known prominent tumoricidal activity of M1 compared to TAM [50], implying the importance of cytotoxic T cells (Tc) in anti-cancer activity. Indeed, TAM and M1 promote and inhibit cancers, respectively, partly through the blockage and facilitation of Tc [51]. On the other hand, with WGP, there was an enhanced tumoricidal activity with the upregulated genes of M1 polarization in non-LPS activated macrophages (M0, M2, and TAM), despite a lessor tumoricidal activity in WGP-activated TAM among all groups. Although WGP upregulated IL-1β in M1, WGP could not enhance tumoricidal activity, implying non-cytokine-dependent anti-tumor mechanisms [52].



Because WGP activates macrophages through Dectin-1 and other inflammatory signals [53,54], several genes were explored. Indeed, all activators (LPS, IL-4, WGP, and tumor supernatant) upregulated Dectin-1, but not TLR-2 and TLR-4, highlighted an enhancement of Dectin-1 on the non-specific activations of macrophages, perhaps as a preparation for the possible following activations [24,55,56,57]. Although TLR-2 and TLR-4 might possibly recognize WGP [58], Dectin-1 might be the most important pattern recognition receptor for WGP. In M1 macrophages, WGP could not up-regulate Dectin-1, in parallel with a failure in enhanced tumoricidal activity. Meanwhile, WGP enhanced Dectin-1, together with the increased tumoricidal activity of M0, M2, and TAM. Hence, Dectin-1 facilitation might be responsible for macrophage tumoricidal activity, supporting previous publications [59,60]. Due to the profound potency in terms of the inflammatory activator and cell energy alteration of LPS [10] when compared with IL-4 and tumor supernatant, the limited Dectin-1 upregulation in WGP-activated M1 might be because of the lack of cell energy after LPS stimulation. Indeed, the extracellular analysis demonstrated low mitochondrial activity with high glycolysis in both M1 and TAM when compared with M0, similar to a previous publication [61,62], but the more prominent mitochondrial defect, especially in the respiratory reserve, was demonstrated more clearly in M1 than TAM. In parallel, considering the preserve of mitochondrial activity, the energy status of M2 was similar to TAM [63,64] when compared with the M0 control. Nevertheless, WGP improved the cell energy status (both in terms of mitochondria and glycolysis) in all subtypes of macrophages. From these results, the failure of M1 in Dectin-1 upregulation and tumoricidal enhancement might be due to the profound defect in mitochondria after LPS stimulation [65,66], which might be beyond the point that could be significantly improved by WGP. Interestingly, the impact of WGP on the induction of tumoricidal activity in TAM might be responsible for tumor attenuation in AOM-mediated colon cancer and subcutaneous tumor injection, which will be beneficial for protection against colon cancer. Although the influence of mitochondrial activity in cancer cells is well-known [67,68,69], data on the impact of the mitochondria of immune cells and Dectin-1 is less documented. We hypothesize that upregulated Dectin-1 and mitochondrial improvement in terms of macrophages might be associated with macrophage anti-cancer activities, as presented in Figure 7. Notably, the tests concerning macrophage stimulation and cell energy manipulation using the in-house yeast extract were not performed here due to an awareness of the standard of the preparation procedures. However, yeast extract might be an economical source of glucan for real clinical settings in some developing countries. More studies on these topics would be of interest.





4. Materials and Methods


4.1. Animal and Animal Models


Animal care and use protocol based upon the National Institutes of Health (NIH), USA was approved by the Institutional Animal Care and Use Committee- of the Faculty of Medicine, Chulalongkorn University, Bangkok, Thailand. Wild-type male 8-wk-old mice on C57BL/6j background were purchased from Nomura Siam International (Pathumwan, Bangkok, Thailand). Likewise, cyclic GMP-AMP synthase (cGAS) deficient mice in C57BL/6J background (cGAS-/-) were kindly provided by Paludan (Aarhus University, Aarhus, Denmark), and only male 8-week-old mice were used [70]. The mice were housed in standard clear plastic cages (3–5 mice per cage) with free access to water and food (SmartHeart Rodent, Perfect companion pet care, Bangkok, Thailand), air change ration at 15 air changes per h, and a light/dark cycle of 12:12 h in 22 ± 2 °C with 50 ± 10% relative humidity. A chronic inflammation-driven colon cancer model by intraperitoneal administration of azoxymethane (AOM) at 10 mg/kg body weight with 3 cycles of 1 week in duration of 2.5% (w/v) dextran sulfate solution (DSS) solution, with a 2 week resting period, was performed following a previous protocol [25,26]. Then, 1 × 108 CFU of S. cerevisiae (ATCC 1171) (The American Type Culture Collection, Manassas, VA, USA) in 500 μL normal saline solution (NSS) of NSS alone was administered by oral gavage every other day from the 12th to the 24th week of the experiment (Figure 1A) using 18 gauge feeding tubes 1.5 inches in length with a rounded tip mouse oral gavage needle (Sigma-Aldrich, St. Louis, MO, USA). All mice were sacrificed in the 24th week of the experiment by cardiac puncture under isoflurane anesthesia, and samples were collected (small and large bowels, blood, and feces). Notably, S. cerevisiae was prepared on Sabouraud dextrose agar (SDA) (Oxiod, Basingstoke, Hampshire, UK) for 24 h at 35 °C before resuspension in NSS to determine the abundance using the Mcfarland method (0.5 Mcfarland for approximately 1 x 108 cell/mL).



To explore the anti-cancer mechanism of S. cerevisiae, the subcutaneous injection of a colon cancer cell line (MC38) (C57BL6 murine colon adenocarcinoma cells) (Kerafast, Boston, MA, USA) was performed. As such, MC38 at 1 x 105 cells per mice in 100 µL of culture media, using Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal bovine serum (FBS), was subcutaneously injected into the left flank area following a previous publication [71]. At 2 weeks post-injection, 10 mg of whole glucan particle (WGP), the soluble (1→3)/(1→6)-β-Glucan) extracted from S. cerevisiae (InvivoGen, San Diego, CA, USA) in 100 μL of normal saline solution (NSS) or NSS alone or the crude extract of S. cerevisiae (yeast extract) were intralesionally injected once daily from the 2nd to the 4th week of experiments. The crude extract S. cerevisiae was performed following a previous protocol [72]. Briefly, a heating process (50 °C for 24 h) was used to prepare the autolyzed yeast before mixing with 1 M NaOH at 80 °C in a stirrer for 2 h, dissolving the pellets with distillation water resuspension, centrifuged again with dissolving in 1 M HCl at 80 °C in a stirrer for 2 h, and centrifuged to retrieve the yeast extract pellets. The pellets were washed with distillation water 3 times, dried in a hot air oven (60 °C), and kept at 4 °C before use. Then, 10 mg of the yeast extract was dissolved by 1 M NaOH before pH neutralization and injected into the tumor. Tumor volume was observed as previously mentioned [71], and all mice were sacrificed at the 4th week of the experiment by cardiac puncture under isoflurane anesthesia, and samples were collected (tumors and blood). Serum cytokines were determined by enzyme-linked immunosorbent assays (ELISAs) (Invitrogen, Waltham, MA, USA).




4.2. Fecal Microbiome Analysis


Using the DNA from each mouse’s feces (0.25 g per mouse), a fecal microbiota study was carried out following the protocols described in earlier publications [35,42,73,74]. In brief, the power DNA isolation assay (MoBio, Carlsbad, CA, USA) and agarose gel electrophoresis with nanodrop spectrophotometry were utilized for total DNA extraction and metagenomic DNA quality determination, respectively. The universal prokaryotic primers 515F (forward) and 806R (reverse), 5’-GTGCCAGCMGCCGGTAA-3’ and 5’-GGACTACHVGGGTWTCTAAT-3’, respectively, and a 16S rRNA V4 library (appended 50 Illumina adapter and 30 Golay barcode sequences) were used. Each sample (240 ng) was put on the MiSeq300 sequencing platform (Illumina, San Diego, CA, USA) with Mothur’s standard quality screening operating procedures. Aligned and assigned taxa (operational taxonomic units [OTUs]) based on default parameters were employed in the MiSeq platform [36,75,76,77].




4.3. Macrophage Experiments and Fluorescent Labelling Cancer Cells


To explore the impacts of macrophages and yeasts on tumoricidal activities, in vitro experiments were conducted. Bone marrow (BM)-derived macrophage preparation from mouse femurs using supplemented DMEM with a 20% conditioned medium of the L929 cell line (ATCC CCL-1), the fibroblasts used as a source of macrophage colony-stimulating factor (M-CSF), in 5% CO2 humidified incubator at 37 °C for 7 days before harvesting with cold PBS was conducted [37,54,70,78]. The macrophages at 5 x 104 cells/well in DMEM supplemented with 10% heat-inactivated fetal bovine serum (FBS) and Penicillin-Streptomycin (Thermo Fisher Scientific, Waltham, MA, USA) were incubated in 5% carbon dioxide (CO2) at 37 °C for 24 h before being treated for another 24 h by lipopolysaccharide (LPS) (Escherichia coli 026: B6; Sigma-Aldrich, St. Louis, MO, USA) (100 ng/mL) or IL-4 (20 ng/mL) to induce M1 pro-inflammatory and M2 alternative (anti-inflammatory) macrophage polarization, respectively [79], or DMEM alone (M0). In parallel, tumor-conditioned media from the MC38 cell line (with IL-4 cocktails) were used to activate tumor associate macrophages (TAM) following a previous publication [80]. For tumor-conditioned media, MC38 cells at 4 × 106 cells in 8 mL in modified DMEM were centrifuged to remove the suspended cells [80]. All subtypes of macrophages (M0, M1, M2, and TAM) were incubated at 1 × 105 cells/well with 1 × 105 MC-38 cancer calls that were previously labeled with Carboxyfluorescein diacetate succinimidyl ester (CFDA-SE) (Sigma-Aldrich, St. Louis, MO, USA) with WGP (100 μg/mL) or DMEM control for 24 h before sample collection (cells and supernatant). The intensity of fluorescent cells using a fluorescent microscope was determined by ImageJ (National Institutes of Health, MD, USA). For fluorescent labeling, CFDA-SE (20 μM in PBS) was incubated with 1 × 105 cancer calls for 30 min at 37 °C before the gentle removal of the buffer, with a further 15 min of incubation and cell collection, according to the manufacturer’s protocol. Notably, the passively diffused CFDA-SE in the cytoplasm was cleaved by intracellular-esterase to form the fluorescent activity.




4.4. Gene Expression, Supernatant Cytokines, and Extracellular Flux Analysis


The influence of WGP or DMEM against different macrophages (M0, M1, M2, and TAM) was evaluated after 24 h incubation, as determined by the expression of M1 macrophage polarization (IL-1β and iNOS), M2 polarization (TGF-β, Arginase-1, and Fizz-1), inflammatory cytokines (TNF-α, IL-6, and IL-10), pattern recognition receptors (TLR-2, TLR-4, and Dectin-1), and NFκB downstream signaling using the primers listed in Table 1. In parallel, supernatant cytokines (TNF-α, IL-6, and IL-10) were measured by ELISAs (Invitrogen, Waltham, MA, USA). To determine an alteration in macrophage cell energy, extracellular flux analysis was conducted using Seahorse XFp Analyzers (Agilent, Santa Clara, CA, USA) with the oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) representing mitochondrial function (respiration) and glycolysis activity, respectively, as previously described [41,81,82]. In the OCR evaluation, the stimulated macrophages at 1 × 105 cells/well were incubated for 1 h in Seahorse media (DMEM complemented with glucose, pyruvate, and L-glutamine) (Agilent, Santa Clara, CA, USA; 103575–100) before activation by different metabolic interference compounds such as oligomycin, carbonyl cyanide-4-(trifluoromethoxy)-phenylhydrazone (FCCP), and rotenone/antimycin A. Meanwhile, the respiratory data for mitochondrial function were analyzed by Seahorse Wave 2.6 software based on the following equations: maximal respiration = OCR between FCCP and rotenone/antimycin A; OCR after rotenone/antimycin A and respiratory reserve = OCR between FCCP and rotenone/antimycin A; OCR before oligomycin. In parallel, glycolysis stress tests were calculated from the mitochondrial stress test using the wave program Seahorse XF Analyzers (Agilent, Santa Clara, CA, USA) and demonstrated by the area under the curve (AUC) of the ECAR graph, as calculated by the trapezoidal rule [83].




4.5. Statistical Analysis


All data were analyzed by the Statistical Package for Social Sciences software (SPSS 22.0, SPSS Inc., Chicago, IL, USA) and Graph Pad Prism version 7.0 software (La Jolla, CA, USA). Results were presented as mean ± standard error (SE). The differences between multiple groups were examined for statistical significance by one-way analysis of variance (ANOVA) with Tukey’s analysis. The survival analysis and time-point data were determined by the log-rank test and repeated measures ANOVA, respectively. A p-value < 0.05 was considered statistically significant.





5. Conclusions


In conclusion, S. cerevisiae attenuated colon cancer in AOM-induction and subcutaneous injection models through dysbiosis attenuation and immune modulation by beta-glucan from the cell wall. The S. cerevisiae glucan upregulated Dectin-1 and enhanced macrophage tumoricidal activities, partly through the improved macrophage cell energy status. Our data support the use of S. cerevisiae or beta-glucan for colon cancer prevention.








Supplementary Materials


The following supporting information can be downloaded at: www.mdpi.com/article/10.3390/ijms231810951/s1.





Author Contributions


Conceptualization, A.L., S.B., and P.V.; validation, formal analysis, and investigation, A.L., P.H., C.P.D., T.C., and S.B.; resources, A.L., P.H., P.P., and S.B.; data curation, S.B., P.V., and N.S.; writing—original draft preparation, A.L., and P.V.; writing—review and editing, A.L., P.V., and S.B.; visualization, A.L., and A.C.; supervision and funding acquisition, A.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by Chulalongkorn University through Fundamental Fund 65 [CUFRB65_hea [33] _040_30_21], the National Research Council of Thailand (grant numbers NRCT-N41A640076 and 811/2563), along with the NSRF via the Program Management Unit for Human Resources & Institutional Development, Research, and Innovation (B16F640175 and B05F640144). S.B. was supported by The Scholarship from the Graduate School, Chulalongkorn University to commemorate The Celebrations on the Auspicious Occasion of Her Royal Highness Princess Maha Chakri Sirindhorn’s 5th Cycle (60th) Birthday.




Institutional Review Board Statement


The study was conducted according to the animal study protocol approved by The Institutional Animal Care and Use Committee of the Faculty of Medicine, Chulalongkorn University (ASP SST 018/2562).




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Acknowledgments


A.L. is affiliated with the Center of Excellence on Translational Research in Inflammation and Immunology (CETRII), Department of Microbiology, Chulalongkorn University, Bangkok 10330, Thailand.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sambrani, R.; Abdolalizadeh, J.; Kohan, L.; Jafari, B. Saccharomyces Cerevisiae Inhibits Growth and Metastasis and Stimulates Apoptosis In HT-29 Colorectal Cancer Cell Line. Comp. Clin. Pathol. 2018, 28, 985–995. [Google Scholar] [CrossRef]

	



Kuipers, E.J.; Grady, W.M.; Lieberman, D.; Seufferlein, T.; Sung, J.J.; Boelens, P.G.; van de Velde, C.J.H.; Watanabe, T. Colorectal cancer. Nat. Rev. Dis. Primers 2015, 1, 15065. [Google Scholar] [CrossRef]

	



Powell, J.B.; Ghotbaddini, M. Cancer-Promoting and Inhibiting Effects of Dietary Compounds: Role of the Aryl Hydrocarbon Receptor (AhR). Biochem. Pharmacol. Open Access 2014, 3, 1000131. [Google Scholar] [CrossRef]

	



Górska, A.; Przystupski, D.; Niemczura, M.J.; Kulbacka, J. Probiotic Bacteria: A Promising Tool in Cancer Prevention and Therapy. Curr. Microbiol. 2019, 76, 939–949. [Google Scholar] [CrossRef] [PubMed]

	



Walker, L.J.; Aldhous, M.C.; Drummond, H.E.; Smith, B.R.K.; Nimmo, E.R.; Arnott, I.D.R.; Satsangi, J. Anti-Saccharomyces Cerevisiae Antibodies (ASCA) in Crohn’s Disease are Associated with Disease Severity but Not NOD2/CARD15 Mutations. Clin. Exp. Immunol. 2004, 135, 490–496. [Google Scholar] [CrossRef]

	



Li, J.Q.; Xie, Y.H.; Wang, Y.; Shen, X.N.; Qian, Y.; Han, J.X.; Chen, Y.X.; Fang, J. Saccharomyces cerevisiae May Serve as a Probiotic in Colorectal Cancer by Promoting Cancer Cell Apoptosis. J. Dig. Dis. 2020, 21, 571–582. [Google Scholar] [CrossRef]

	



Chou, W.K.; Park, J.; Carey, J.B.; McIntyre, D.R.; Berghman, L.R. Immunomodulatory Effects of Saccharomyces cerevisiae Fermentation Product Supplementation on Immune Gene Expression and Lymphocyte Distribution in Immune Organs in Broilers. Front. Veter Sci. 2017, 4, 37. [Google Scholar] [CrossRef] [PubMed]

	



Meriggi, N.; Di Paola, M.; Vitali, F.; Rivero, D.; Cappa, F.; Turillazzi, F.; Gori, A.; Dapporto, L.; Beani, L.; Turillazzi, S.; et al. Saccharomyces cerevisiae Induces Immune Enhancing and Shapes Gut Microbiota in Social Wasps. Front. Microbiol. 2019, 10, 2320. [Google Scholar] [CrossRef]

	



Seif, M.; Hoppstädter, J.; Breinig, F.; Kiemer, A.K. Yeast-Mediated Mrna Delivery Polarizes Immuno-Suppressive Macrophages Towards an Immuno-Stimulatory Phenotype. Eur. J. Pharm. Biopharm. 2017, 117, 1–13. [Google Scholar] [CrossRef]

	



Issara-Amphorn, J.; Dang, C.; Saisorn, W.; Limbutara, K.; Leelahavanichkul, A. Candida Administration in Bilateral Nephrectomy Mice Elevates Serum (1→3)-β-D-glucan That Enhances Systemic Inflammation Through Energy Augmentation in Macrophages. Int. J. Mol. Sci. 2021, 22, 5031. [Google Scholar] [CrossRef]

	



Li, B.; Cai, Y.; Qi, C.; Hansen, R.; Ding, C.; Mitchell, T.C.; Yan, J. Orally Administered Particulate β-Glucan Modulates Tumor-Capturing Dendritic Cells and Improves Antitumor T-Cell Responses in CancerParticulate β-Glucan Elicits Antitumor T-Cell Responses. Clin. Cancer Res. 2010, 16, 5153–5164. [Google Scholar] [CrossRef]

	



Mata-Martínez, P.; Bergón-Gutiérrez, M.; Del Fresno, C. Dectin-1 Signaling Update: New Perspectives for Trained Immunity. Front. Immunol. 2022, 365, 812148. [Google Scholar] [CrossRef] [PubMed]

	



Venkatachalam, K.; Vinayagam, R.; Anand, M.A.V.; Isa, N.M.; Ponnaiyan, R. Biochemical and Molecular Aspects of 1,2-Dimethylhydrazine (DMH)-Induced Colon Carcinogenesis: A Review. Toxicol. Res. 2020, 9, 2–18. [Google Scholar] [CrossRef] [PubMed]

	



Arnesen, H.; Müller, M.H.B.; Aleksandersen, M.; Østby, G.C.; Carlsen, H.; Paulsen, J.E.; Boysen, P. Induction of Colorectal Carcinogenesis in the C57BL/6J And A/J Mouse Strains with a Reduced DSS Dose in the AOM/DSS Model. Lab. Anim. Res. 2021, 37, 1–10. [Google Scholar] [CrossRef]

	



Abedi, J.; Saatloo, M.V.; Nejati, V.; Hobbenaghi, R.; Tukmechi, A.; Nami, Y.; Khosroushahi, A.Y. Selenium-Enriched Saccharomyces cerevisiae Reduces the Progression of Colorectal Cancer. Biol. Trace Element Res. 2018, 185, 424–432. [Google Scholar] [CrossRef]

	



Garland, K.M.; Rosch, J.C.; Carson, C.S.; Wang-Bishop, L.; Hanna, A.; Sevimli, S.; Van Kaer, C.; Balko, J.M.; Ascano, M.; Wilson, J.T. Pharmacological Activation of cGAS for Cancer Immunotherapy. Front. Immunol. 2021, 12, 753472. [Google Scholar] [CrossRef] [PubMed]

	



Wang-Bishop, L.; Wehbe, M.; Shae, D.; James, J.; Hacker, B.C.; Garland, K.; Chistov, P.P.; Rafat, M.; Balko, J.M.; Wilson, J.T. Potent STING Activation Stimulates Immunogenic Cell Death to Enhance Antitumor Immunity in Neuroblastoma. J. Immunother. Cancer 2019, 8, e000282. [Google Scholar] [CrossRef] [PubMed]

	



Yan, J.; Allendorf, D.J.; Brandley, B. Yeast Whole Glucan Particle (WGP) Β-Glucan in Conjunction with Antitumour Monoclonal Antibodies to Treat Cancer. Expert Opin. Biol. Ther. 2005, 5, 691–702. [Google Scholar] [CrossRef]

	



Poh, A.R.; Ernst, M. Targeting Macrophages in Cancer: From Bench to Bedside. Front. Oncol. 2018, 8, 49. [Google Scholar] [CrossRef]

	



Hu, S.; Fang, Y.; Chen, X.; Cheng, T.; Zhao, M.; Du, M.; Li, T.; Li, M.; Zeng, Z.; Wei, Y.; et al. cGAS Restricts Colon Cancer Development by Protecting Intestinal Barrier Integrity. Proc. Natl. Acad. Sci. USA 2021, 118, e2105747118. [Google Scholar] [CrossRef]

	



Ducray, H.A.G.; Globa, L.; Pustovyy, O.; Morrison, E.; Vodyanoy, V.; Sorokulova, I. Yeast Fermentate Prebiotic Improves Intestinal Barrier Integrity During Heat Stress by Modulation of the Gut Microbiota in Rats. J. Appl. Microbiol. 2019, 127, 1192–1206. [Google Scholar] [CrossRef] [PubMed]

	



Sivinski, S.E.; Mamedova, L.K.; Rusk, R.A.; Elrod, C.C.; Swartz, T.H.; McGill, J.M.; Bradford, B.J. Development of an In Vitro Macrophage Screening System on the Immunomodulating Effects of Feed Components. J. Anim. Sci. Biotechnol. 2020, 11, 1–10. [Google Scholar] [CrossRef]

	



Viola, A.; Munari, F.; Sánchez-Rodríguez, R.; Scolaro, T.; Castegna, A. The Metabolic Signature of Macrophage Responses. Front. Immunol. 2019, 10, 1462. [Google Scholar] [CrossRef]

	



Liu, M.; Luo, F.; Ding, C.; Albeituni, S.; Hu, X.; Ma, Y.; Cai, Y.; McNally, L.R.; Sanders, M.A.; Jain, D.; et al. Dectin-1 Activation by a Natural Product β-Glucan Converts Immunosuppressive Macrophages into an M1-like Phenotype. J. Immunol. 2015, 195, 5055–5065. [Google Scholar] [CrossRef]

	



Suzuki, R.; Kohno, H.; Sugie, S.; Nakagama, H.; Tanaka, T. Strain Differences in the Susceptibility to Azoxymethane and Dextran Sodium Sulfate-Induced Colon Carcinogenesis in Mice. Carcinogenesis 2005, 27, 162–169. [Google Scholar] [CrossRef]

	



Neufert, C.; Becker, C.; Neurath, M.F. An Inducible Mouse Model of Colon Carcinogenesis for the Analysis of Sporadic and Inflammation-Driven Tumor Progression. Nat. Protoc. 2007, 2, 1998–2004. [Google Scholar] [CrossRef]

	



De Robertis, M.; Massi, E.; Poeta, M.L.; Carotti, S.; Morini, S.; Cecchetelli, L.; Signori, E.; Fazio, V.M. The AOM/DSS Murine Model for the Study of Colon Carcinogenesis: From Pathways to Diagnosis and Therapy Studies. J. Carcinog. 2011, 10, 9. [Google Scholar] [CrossRef] [PubMed]

	



Metzger, R.; Maruskova, M.; Krebs, S.; Janssen, K.P.; Krug, A.B. Increased Incidence of Colon Tumors in AOM-Treated Apc 1638N/+ Mice Reveals Higher Frequency of Tumor Associated Neutrophils in Colon Than Small Intestine. Front. Oncol. 2019, 9, 1001. [Google Scholar] [CrossRef]

	



Du, J.-M.; Qian, M.-J.; Yuan, T.; Chen, R.-H.; He, Q.-J.; Yang, B.; Ling, Q.; Zhu, H. cGAS and Cancer Therapy: A Double-Edged Sword. Acta Pharmacol. Sin. 2022, 43, 1–10. [Google Scholar] [CrossRef]

	



Boonhai, S.; Bootdee, K.; Saisorn, W.; Takkavatakarn, K.; Sitticharoenchai, P.; Tungsanga, S.; Tiranathanagul, K.; Leelahavanichkul, A. TMAO Reductase, A Biomarker for Gut Permeability Defect Induced Inflammation, In Mouse Model of Chronic Kidney Disease and Dextran Sulfate Solution-Induced Mucositis. Asian Pac. J. Allergy Immunol. 2021. [Google Scholar] [CrossRef]

	



Amornphimoltham, P.; Yuen, P.S.T.; Star, R.A.; Leelahavanichkul, A. Gut Leakage of Fungal-Derived Inflammatory Mediators: Part of a Gut-Liver-Kidney Axis in Bacterial Sepsis. Am. J. Dig. Dis. 2019, 64, 2416–2428. [Google Scholar] [CrossRef] [PubMed]

	



Ondee, T.; Pongpirul, K.; Janchot, K.; Kanacharoen, S.; Lertmongkolaksorn, T.; Wongsaroj, L.; Somboonna, N.; Ngamwongsatit, N.; Leelahavanichkul, A. Lactiplantibacillus Plantarum Dfa1 Outperforms Enterococcus Faecium Dfa1 on Anti-Obesity in High Fat-Induced Obesity Mice Possibly Through the Differences in Gut Dysbiosis Attenuation, Despite the Similar Anti-Inflammatory Properties. Nutrients 2021, 14, 80. [Google Scholar] [CrossRef] [PubMed]

	



Ondee, T.; Pongpirul, K.; Visitchanakun, P.; Saisorn, W.; Kanacharoen, S.; Wongsaroj, L.; Kullapanich, C.; Ngamwongsatit, N.; Settachaimongkon, S.; Somboonna, N.; et al. Lactobacillus Acidophilus LA5 Improves Saturated Fat-Induced Obesity Mouse Model Through the Enhanced Intestinal Akkermansia Muciniphila. Sci. Rep. 2021, 11, 1–16. [Google Scholar] [CrossRef] [PubMed]

	



Panpetch, W.; Sawaswong, V.; Chanchaem, P.; Ondee, T.; Dang, C.P.; Payungporn, S.; Tumwasorn, S.; Leelahavanichkul, A. Candida Administration Worsens Cecal Ligation and Puncture-Induced Sepsis in Obese Mice Through Gut Dysbiosis Enhanced Systemic Inflammation, Impact of Pathogen-Associated Molecules from Gut Translocation and Saturated Fatty Acid. Front. Immunol. 2020, 11, 2278. [Google Scholar] [CrossRef]

	



Tungsanga, S.; Panpetch, W.; Bhunyakarnjanarat, T.; Udompornpitak, K.; Katavetin, P.; Chancharoenthana, W.; Chattanathon, P.; Somboona, N.; Tungsaga, K.; Tumwasorn, S.; et al. Uremia-Induced Gut Barrier Defect In 5/6 Nephrectomized Mice Is Worsened by Candida Administration Through a Synergy of Uremic Toxin, Lipopolysaccharide, and (1➔3)-Β-D-Glucan but Is Attenuated by Lacticaseibacillus Rhamnosus L34. Int. J. Mol. Sci. 2022, 23, 2511. [Google Scholar] [CrossRef]

	



Panpetch, W.; Kullapanich, C.; Dang, C.P.; Visitchanakun, P.; Saisorn, W.; Wongphoom, J.; Wannigama, D.L.; Thim-uam, A.; Patarakul, K.; Somboonna, N.; et al. Candida Administration Worsens Uremia-Induced Gut Leakage in Bilateral Nephrectomy Mice, An Impact of Gut Fungi and Organismal Molecules in Uremia. Msystems 2021, 6, e01187-20. [Google Scholar] [CrossRef]

	



Visitchanakun, P.; Panpetch, W.; Saisorn, W.; Chatthanathon, P.; Wannigama, D.L.; Thim-Uam, A.; Svasti, S.; Fucharoen, S.; Somboonna, N.; Leelahavanichkul, A. Increased Susceptibility to Dextran Sulfate-Induced Mucositis of Iron-Overload Β-Thalassemia Mice, Another Endogenous Cause of Septicemia in Thalassemia. Clin. Sci. 2021, 135, 1467–1486. [Google Scholar] [CrossRef]

	



Charoensappakit, A.; Sae-Khow, K.; Leelahavanichkul, A. Gut Barrier Damage and Gut Translocation of Pathogen Molecules in Lupus, an Impact of Innate Immunity (Macrophages and Neutrophils) in Autoimmune Disease. Int. J. Mol. Sci. 2022, 23, 8223. [Google Scholar] [CrossRef]

	



Issara-Amphorn, J.; Somboonna, N.; Pisitkun, P.; Hirankarn, N.; Leelahavanichkul, A. Syk inhibitor Attenuates Inflammation in Lupus Mice from Fcgriib Deficiency but Not in Pristane Induction: The Influence of Lupus Pathogenesis on the Therapeutic Effect. Lupus 2020, 29, 1248–1262. [Google Scholar] [CrossRef]

	



Issara-Amphorn, J.; Surawut, S.; Worasilchai, N.; Thim-Uam, A.; Finkelman, M.; Chindamporn, A.; Palaga, T.; Hirankarn, N.; Pisitkun, P.; Leelahavanichkul, A. The Synergy of Endotoxin and (1→3)-β-D-Glucan, from Gut Translocation, Worsens Sepsis Severity in a Lupus Model of Fc Gamma Receptor IIb-Deficient Mice. J. Innate Immun. 2018, 10, 189–201. [Google Scholar] [CrossRef]

	



Bhunyakarnjanarat, T.; Udompornpitak, K.; Saisorn, W.; Chantraprapawat, B.; Visitchanakun, P.; Dang, C.; Issara-Amphorn, J.; Leelahavanichkul, A. Prominent Indomethacin-Induced Enteropathy in Fcgriib Defi-cient lupus Mice: An Impact of Macrophage Responses and Immune Deposition in Gut. Int. J. Mol. Sci. 2021, 22, 1377. [Google Scholar] [CrossRef] [PubMed]

	



Thim-Uam, A.; Makjaroen, J.; Issara-Amphorn, J.; Saisorn, W.; Wannigama, D.L.; Chancharoenthana, W.; Leelahavanichkul, A. Enhanced Bacteremia in Dextran Sulfate-Induced Colitis in Splenectomy Mice Correlates with Gut Dysbiosis and LPS Tolerance. Int. J. Mol. Sci. 2022, 23, 1676. [Google Scholar] [CrossRef] [PubMed]

	



McClure, E.E.; Chávez, A.S.O.; Shaw, D.K.; Carlyon, J.A.; Ganta, R.R.; Noh, S.M.; Wood, D.O.; Bavoil, P.M.; Brayton, K.A.; Martinez, J.J.; et al. Engineering of Obligate Intracellular Bacteria: Progress, Challenges and Paradigms. Nat. Rev. Genet. 2017, 15, 544–558. [Google Scholar] [CrossRef] [PubMed]

	



Thakur, A.; Mikkelsen, H.; Jungersen, G. Intracellular Pathogens: Host Immunity and Microbial Persistence Strategies. J. Immunol. Res. 2019, 2019, 1356540. [Google Scholar] [CrossRef] [PubMed]

	



Nandakumar, R.; Tschismarov, R.; Meissner, F.; Prabakaran, T.; Krissanaprasit, A.; Farahani, E.; Zhang, B.-C.; Assil, S.; Martin, A.; Bertrams, W.; et al. Intracellular Bacteria Engage A STING–TBK1–MVB12b Pathway to Enable Paracrine Cgas–STING Signalling. Nat. Microbiol. 2019, 4, 701–713. [Google Scholar] [CrossRef]

	



Graf, J. The Family Rikenellaceae. In The Prokaryotes; Springer: Berlin/Heidelberg, Germany, 2014; pp. 857–859. [Google Scholar] [CrossRef]

	



Liu, C.; Zheng, J.; Ou, X.; Han, Y. Anti-cancer Substances and Safety of Lactic Acid Bacteria in Clinical Treatment. Front. Microbiol. 2021, 12, 722052. [Google Scholar] [CrossRef]

	



Hou, X.; Zhang, P.; Du, H.; Chu, W.; Sun, R.; Qin, S.; Tian, Y.; Zhang, Z.; Xu, F. Akkermansia Muciniphila Potentiates the Antitumor Efficacy of FOLFOX in Colon Cancer. Front. Pharmacol. 2021, 12, 725583. [Google Scholar] [CrossRef]

	



Surcel, M.; Constantin, C.; Caruntu, C.; Zurac, S.; Neagu, M. Inflammatory Cytokine Pattern Is Sex-Dependent in Mouse Cutaneous Melanoma Experimental Model. J. Immunol. Res. 2017, 2017, 9212134. [Google Scholar] [CrossRef]

	



Mazzone, M.; Menga, A.; Castegna, A. Metabolism and TAM functions-it takes two to tango. FEBS J. 2017, 285, 700–716. [Google Scholar] [CrossRef]

	



Lubitz, G.S.; Brody, J.D. Not just neighbours: Positive feedback between tumour-associated macrophages and exhausted T cells. Nat. Rev. Immunol. 2021, 22, 3. [Google Scholar] [CrossRef]

	



Shalapour, S.; Karin, M. Pas de Deux: Control of Anti-tumor Immunity by Cancer-Associated Inflammation. Immunity 2019, 51, 15–26. [Google Scholar] [CrossRef] [PubMed]

	



Dinh, T.T.H.; Tummamunkong, P.; Padungros, P.; Ponpakdee, P.; Boonprakong, L.; Saisorn, W.; Leelahavanichkul, A.; Kueanjinda, P.; Ritprajak, P. Interaction Between Dendritic Cells and Candida krusei β-Glucan Partially Depends on Dectin-1 and It Promotes High IL-10 Production by T Cells. Front. Cell. Infect. Microbiol. 2021, 10, 566661. [Google Scholar] [CrossRef] [PubMed]

	



Hiengrach, P.; Visitchanakun, P.; Finkelman, M.A.; Chancharoenthana, W.; Leelahavanichkul, A. More Prominent Inflammatory Response to Pachyman than to Whole-Glucan Particle and Oat-β-Glucans in Dextran Sulfate-Induced Mucositis Mice and Mouse Injection through Proinflammatory Macrophages. Int. J. Mol. Sci. 2022, 23, 4026. [Google Scholar] [CrossRef] [PubMed]

	



Rogers, H.; Williams, D.W.; Feng, G.-J.; Lewis, M.A.O.; Wei, X.-Q. Role of Bacterial Lipopolysaccharide in Enhancing Host Immune Response to Candida albicans. Clin. Dev. Immunol. 2013, 2013, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Walachowski, S.; Tabouret, G.; Foucras, G. Triggering Dectin-1-Pathway Alone Is Not Sufficient to Induce Cytokine Production by Murine Macrophages. PLoS ONE 2016, 11, e0148464. [Google Scholar] [CrossRef]

	



Willment, J.A.; Lin, H.H.; Reid, D.M.; Taylor, P.R.; Williams, D.L.; Wong, S.Y.C.; Gordon, S.; Brown, G.D. Dectin-1 Expression and Function Are Enhanced on Alternatively Activated And GM-CSF-Treated Macrophages and Are Negatively Regulated by IL-10, Dexamethasone, and Lipopolysaccharide. J. Immunol. 2003, 171, 4569–4573. [Google Scholar] [CrossRef]

	



Shah, V.B.; Williams, D.L.; Keshvara, L. β-Glucan Attenuates TLR2-And TLR4-Mediated Cytokine Production by Microglia. Neurosci. Lett. 2009, 458, 111–115. [Google Scholar] [CrossRef]

	



Daley, D.; Mani, V.R.; Mohan, N.; Akkad, N.; Ochi, A.; Heindel, D.W.; Lee, K.B.; Zambirinis, C.P.; Pandian, G.S.B.; Savadkar, S.; et al. Dectin 1 Activation on Macrophages by Galectin 9 Promotes Pancreatic Carcinoma and Peritumoral Immune Tolerance. Nat. Med. 2017, 23, 556–567. [Google Scholar] [CrossRef]

	



Chiba, S.; Ikushima, H.; Ueki, H.; Yanai, H.; Kimura, Y.; Hangai, S.; Nishio, J.; Negishi, H.; Tamura, T.; Saijo, S.; et al. Recognition of Tumor Cells by Dectin-1 Orchestrates Innate Immune Cells for Anti-Tumor Responses. Elife 2014, 3, e04177. [Google Scholar] [CrossRef]

	



Chen, F.; Chen, J.; Yang, L.; Liu, J.; Zhang, X.; Zhang, Y.; Tu, Q.; Yin, D.; Lin, D.; Wong, P.P.; et al. Extracellular vesicle-packaged HIF-1α-stabilizing lncRNA from tumour-associated macrophages regulates aerobic glycolysis of breast cancer cells. Nat. Cell Biol. 2019, 21, 498–510. [Google Scholar] [CrossRef]

	



Mojsilovic, S.S.; Mojsilovic, S.; Villar, V.H.; Santibanez, J.F. The Metabolic Features of Tumor-Associated Macrophages: Opportunities for Immunotherapy? Anal. Cell. Pathol. 2021, 2021, 5523055. [Google Scholar] [CrossRef] [PubMed]

	



Lee, C.; Jeong, H.; Bae, Y.; Shin, K.; Kang, S.; Kim, H.; Oh, J.; Bae, H. Targeting of M2-Like Tumor-Associated Macrophages with a Melittin-Based Pro-Apoptotic Peptide. J. Immunother. Cancer 2019, 7, 147. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, H.; Guo, Y.; Li, B.; Li, X.; Wang, Y.; Han, S.; Cheng, D.; Shuai, X. M2-Like Tumor-Associated Macrophage-Targeted Codelivery of STAT6 Inhibitor and IKKβ siRNA Induces M2-to-M1 Repolarization for Cancer Immunotherapy with Low Immune Side Effects. ACS Central Sci. 2020, 6, 1208–1222. [Google Scholar] [CrossRef]

	



Hansen, M.E.; Simmons, K.J.; Tippetts, T.S.; Thatcher, M.O.; Saito, R.R.; Hubbard, S.T.; Trumbull, A.M.; Parker, B.A.; Taylor, O.J.; Bikman, B.T. Lipopolysaccharide Disrupts Mitochondrial Physiology in Skeletal Muscle via Disparate Effects on Sphingolipid Metabolism. Shock 2015, 44, 585–592. [Google Scholar] [CrossRef]

	



Kuwabara, T.; Imajoh-Ohmi, S. LPS-Induced Apoptosis Is Dependent Upon Mitochondrial Dysfunction. Apoptosis 2004, 9, 467–474. [Google Scholar] [CrossRef] [PubMed]

	



Porporato, P.E.; Filigheddu, N.; Pedro, J.M.B.-S.; Kroemer, G.; Galluzzi, L. Mitochondrial Metabolism and Cancer. Cell Res. 2018, 28, 265–280. [Google Scholar] [CrossRef]

	



Klein, K.; He, K.; Younes, A.I.; Barsoumian, H.B.; Chen, D.; Ozgen, T.; Mosaffa, S.; Patel, R.R.; Gu, M.; Novaes, J.; et al. Role of Mitochondria in Cancer Immune Evasion and Potential Therapeutic Approaches. Front. Immunol. 2020, 11, 573326. [Google Scholar] [CrossRef]

	



Bhat, T.A.; Kumar, S.; Chaudhary, A.K.; Yadav, N.; Chandra, D. Restoration of Mitochondria Function as a Target for Cancer Therapy. Drug Discov. Today 2015, 20, 635–643. [Google Scholar] [CrossRef]

	



Visitchanakun, P.; Kaewduangduen, W.; Chareonsappakit, A.; Susantitaphong, P.; Pisitkun, P.; Ritprajak, P.; Townamchai, N.; Leelahavanichkul, A. Interference on Cytosolic DNA Activation Attenuates Sepsis Severity: Experiments on Cyclic GMP–AMP Synthase (cGAS) Deficient Mice. Int. J. Mol. Sci. 2021, 22, 11450. [Google Scholar] [CrossRef]

	



Leelahavanichkul, K.; Amornphimoltham, P.; Molinolo, A.A.; Basile, J.R.; Koontongkaew, S.; Gutkind, J.S. A role for p38 MAPK in head and neck cancer cell growth and tumor-induced angiogenesis and lymphangiogenesis. Mol. Oncol. 2013, 8, 105–118. [Google Scholar] [CrossRef]

	



Pengkumsri, N.; Sivamaruthi, B.S.; Sirilun, S.; Peerajan, S.; Kesika, P.; Chaiyasut, K.; Chaiyasut, C. Extraction of β-glucan from Saccharomyces cerevisiae: Comparison of different extraction methods and in vivo assessment of immunomodulatory effect in mice. Food Sci. Technol. 2016, 37, 124–130. [Google Scholar] [CrossRef]

	



Chancharoenthana, W.; Kamolratanakul, S.; Ariyanon, W.; Thanachartwet, V.; Phumratanaprapin, W.; Wilairatana, P.; Leelahavanichkul, A. Abnormal Blood Bacteriome, Gut Dysbiosis, and Progression to Severe Dengue Disease. Front. Cell. Infect. Microbiol. 2022, 12, 890817. [Google Scholar] [CrossRef] [PubMed]

	



Panpetch, W.; Visitchanakun, P.; Saisorn, W.; Sawatpanich, A.; Chatthanathon, P.; Somboonna, N.; Tumwasorn, S.; Leelahavanichkul, A. Lactobacillus rhamnosus attenuates Thai chili extracts induced gut inflammation and dysbiosis despite capsaicin bactericidal effect against the probiotics, a possible toxicity of high dose capsaicin. PLoS ONE 2021, 16, e0261189. [Google Scholar] [CrossRef]

	



Panpetch, W.; Phuengmaung, P.; Hiengrach, P.; Issara-Amphorn, J.; Cheibchalard, T.; Somboonna, N.; Tumwasorn, S.; Leelahavanichkul, A. Candida Worsens Klebsiella pneumoniae Induced-Sepsis in a Mouse Model with Low Dose Dextran Sulfate Solution through Gut Dysbiosis and Enhanced Inflammation. Int. J. Mol. Sci. 2022, 23, 7050. [Google Scholar] [CrossRef]

	



Hiengrach, P.; Panpetch, W.; Chindamporn, A.; Leelahavanichkul, A. Macrophage depletion alters bacterial gut microbiota partly through fungal overgrowth in feces that worsens cecal ligation and puncture sepsis mice. Sci. Rep. 2022, 12, 1–17. [Google Scholar] [CrossRef]

	



Tungsanga, S.; Katavetin, P.; Panpetch, W.; Udompornpitak, K.; Saisorn, W.; Praditpornsilpa, K.; Eiam-Ong, S.; Tungsanga, K.; Tumwasorn, S.; Leelahavanichkul, A. Lactobacillus Rhamnosus L34 Attenuates Chronic Kidney Disease Progression In 5/6 Nephrectomy Mouse Model Through the Excretion of Anti-Inflammatory Molecules. Nephrol. Dial. Transplant. 2022, 37, 1429–1442. [Google Scholar] [CrossRef] [PubMed]

	



Kaewduangduen, W.; Visitchanakun, P.; Saisorn, W.; Phawadee, A.; Manonitnantawat, C.; Chutimaskul, C.; Susantitaphong, P.; Ritprajak, P.; Somboonna, N.; Cheibchalard, T.; et al. Blood Bacteria-Free DNA in Septic Mice Enhances LPS-Induced Inflammation in Mice through Macrophage Response. Int. J. Mol. Sci. 2022, 23, 1907. [Google Scholar] [CrossRef]

	



Dang, C.P.; Leelahavanichkul, A. Over-expression of miR-223 induces M2 macrophage through glycolysis alteration and attenuates LPS-induced sepsis mouse model, the cell-based therapy in sepsis. PLoS ONE 2020, 15, e0236038. [Google Scholar] [CrossRef]

	



Benner, B.; Scarberry, L.; Suarez-Kelly, L.P.; Duggan, M.C.; Campbell, A.R.; Smith, E.; Lapurga, G.; Jiang, K.; Butchar, J.P.; Tridandapani, S.; et al. Generation of monocyte-derived tumor-associated macrophages using tumor-conditioned media provides a novel method to study tumor-associated macrophages in vitro. J. Immunother. Cancer 2019, 7, 140. [Google Scholar] [CrossRef]

	



Makjaroen, J.; Thim-Uam, A.; Dang, C.P.; Pisitkun, T.; Somparn, P.; Leelahavanichkul, A. A Comparison Between 1 Day versus 7 Days of Sepsis in Mice with the Experiments on LPS-Activated Macrophages Support the Use of Intravenous Immunoglobulin for Sepsis Attenuation. J. Inflamm. Res. 2021, ume 14, 7243–7263. [Google Scholar] [CrossRef]

	



Dang, C.P.; Issara-Amphorn, J.; Charoensappakit, A.; Udompornpitak, K.; Bhunyakarnjanarat, T.; Saisorn, W.; Sae-Khow, K.; Leelahavanichkul, A. BAM15, a Mitochondrial Uncoupling Agent, Attenuates Inflammation in the LPS Injection Mouse Model: An Adjunctive Anti-Inflammation on Macrophages and Hepatocytes. J. Innate Immun. 2021, 13, 359–375. [Google Scholar] [CrossRef] [PubMed]

	



Hiengrach, P.; Visitchanakun, P.; Tongchairawewat, P.; Tangsirisatian, P.; Jungteerapanich, T.; Ritprajak, P.; Wannigama, D.L.; Tangtanatakul, P.; Leelahavanichkul, A. Sepsis Encephalopathy Is Partly Mediated by miR370-3p-Induced Mitochondrial Injury but Attenuated by BAM15 in Cecal Ligation and Puncture Sepsis Male Mice. Int. J. Mol. Sci. 2022, 23, 5445. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 23 10951 g001 550] 





Figure 1. Schema of the experiments of azoxymethane (AOM) with dextran sulfate solution (DSS)-induced colon cancer and oral gavage of Saccharomyces cerevisiae or phosphate buffer solution (PBS) control in cGAS-deficient (cGAS-/-) and wild-type (WT) mice (A); characteristics of the mice as indicated by body weight (B), number of lesions (C), total tumor size (diameter of each polyp multiplied by the number of polyps displaying this diameter) (D); a representation of the tumor by direct visual observation (from mice and histological slide with a scale in centimeters) (E, left upper) and Hematoxylin and Eosin (H&E) staining from a polyp-liked lesion indicating the monomorphic bizarre cell morphology of the cancer lesion, with the original magnification at 100x–400x (E, histological pictures) (n = 9–10/group) (ip., intraperitoneal injection). The analysis of time-point data (B) and the multiple groups (C,D) were determined by repeated measures ANOVA and one-way analysis of variance (ANOVA) with Tukey’s analysis, respectively. The exact p values for (C,D) are demonstrated in Table S1. 
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Figure 2. Fecal microbiome analysis from azoxymethane (AOM) with dextran sulfate solution (DSS)-induced colon cancer and oral gavage of phosphate buffer solution (PBS) control or Saccharomyces cerevisiae (S. cerevisiae) in cGAS-deficient (cGAS-/-) and wild-type (WT) mice as indicated by the abundance of fecal bacteria in phylum and genus level with the average value (A–C); the possible unique bacteria in each group using linear discriminant analysis (LDA score) (D); the dissimilarity among each group by distance from the axis with non-metric multidimensional scaling (NMDS) (E); the principal coordinate analysis (PCoA) of the community structure using ThetaYC distances (F); and a graph demonstration of significant bacteria, with the total bacterial abundance in operational taxonomic units (OTUs) and alpha-diversity analysis (Chao-1 and Shannon score) (n = 3/group). *, p < 0.05 vs. other groups. The analysis of multiple groups (G) were determined by one-way analysis of variance (ANOVA) with Tukey’s analysis. The exact p values were demonstrated in Table S1. 
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Figure 3. Schema of the experiments of subcutaneous injection of a murine colon cancer cell line (MC38) in cGAS-deficient (cGAS-/-) mice with daily intralesional injection by normal saline solution (NSS) control, crude extract of Saccharomyces cerevisiae (yeast extract), or whole glucan particle (WGP) starting from the 2nd to 4th week of experiments (A) with characteristics of the mice as indicated by tumor volume with the representative pictures of the excised tumors (B) and serum cytokines (IL-1β, IL-6, TNF-α, and IL-10) (C–F) (n = 7–8/group). *, p < 0.05. The analysis of time-point data (B) and the multiple groups (C–F) were determined by repeated measures ANOVA and one-way analysis of variance (ANOVA) with Tukey’s analysis, respectively. The exact p values for (A,C,D) are demonstrated in Table S1. 
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Figure 4. Schema of the in vitro experiments (A) with the incubation of fluorescence-stained colon cancer cell line (MC38) with different bone marrow-derived macrophages of the wild-type mice, including M0 (incubation with DMEM control media), M1 (LPS activation), M2 (IL-4 stimulation), and tumor-associated macrophages (TAM; using MC38 supernatant), together with whole glucan particle (WGP) or DMEM media control (A), with the characteristics of DMEM- or WGP-activated experiments, as indicated by tumor burdens (fluorescent intensity with the representative pictures) (B,C), genes of M1 macrophage polarization (pro-inflammation) (IL-1β and iNOS) (D,E), and M2 polarization (anti-inflammation) (TGF-β, Arg-1, and Fizz) (F–H). Independent triplicate experiments were performed. *, p < 0.05 vs. DMEM in each group; #, p < 0.05 vs. M0 (DMEM). The picture was generated by BioRender.com. 
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Figure 5. The characteristics of the in vitro experiments with the incubation of fluorescence-stained colon cancer cell line (MC38) with different bone marrow-derived macrophages of the wild-type mice, including M0 (incubation with DMEM control media), M1 (LPS activation), M2 (IL-4 stimulation), and tumor-associated macrophages (TAM; using MC38 supernatant), together with whole glucan particle (WGP) or DMEM media control, as indicated by supernatant pro-inflammatory cytokines (A–C) and gene expression (TNF-α, IL-6, and IL-10) (D–F) with inflammatory signals (TLR-2, TLR-4, Dectin-1, and NFκB) (G–J). Independent triplicate experiments were performed. *, p < 0.05 vs. DMEM in each group; #, p < 0.05 vs. M0 (DMEM). 
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Figure 6. The characteristics of cell energy of bone marrow-derived macrophages from wild-type mice after incubation with DMEM control media (M0), LPS (M1), IL-4 (M2) and the supernatant of cancer cell line (MC38) (tumor-associated macrophages; TAM) with or without the whole glucan particle (WGP), as indicated by graphs of extracellular flux analysis for mitochondrial function (oxygen consumption rate; OCR) and glycolysis activity (extracellular acidification rate; ECAR) (A–D), with a graph presentation of cell energy parameters, including mitochondrial functions (maximal respiration and respiratory reserve) (E) and area under the curve (AUC) of ECAR (glycolysis activity) (F). Independent triplicate experiments were performed. *, p < 0.05 vs. M0; #, p < 0.05. 
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Figure 7. The proposed working hypothesis demonstrates the role of whole glucan particles (WGPs) in the enhancement of the tumoricidal activities of macrophages. While all activators, including the tumor microenvironment (using tumor supernatant for inducing tumor-associated macrophages; TAM), IL-4 (M2), and lipopolysaccharide (LPS) (M1), had an effect on upregulated Dectin-1 and increased glycolysis, LPS more prominently reduced mitochondrial activities when compared with tumor supernatant and IL-4. Then, Dectin-1 was further upregulated by WGP in non-LPS-activated macrophages (M2 and TAM) and further upregulated by WGP stimulation, leading to an elevation in glycolysis and mitochondrial activities partly through WGP-Dectin-1 activation. In parallel, the WGP-improved glycolysis was more prominent in M2 and TAM than in M1 (possibly due to the already high glycolysis present in M1) and is possibly correlated with enhanced tumoricidal activity in M2 and TAM, implying a glycolysis-dependent tumoricidal effect. The picture was created by BioRender.com and is available online: https://app.biorender.com/ (accessed on 7 August 2022). 
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Table 1. List of primers used in the study.
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	Primers
	Forward
	Reverse





	Tumor necrosis factor-alpha (TNF-α)
	5′ -CCTCACACTCAGATCATCTTCTC- 3′
	5′ -AGATCCATGCCGTTGGCCAG- 3′



	Interleukin-6 (IL-6)
	5′ -TACCACTTCACAAGTCGGAGGc- 3′
	5′ -CTGCAAGTGCATCATCGTTGTTC- 3′



	Interleukin-10 (IL-10)
	5′ -GCTCTTACTGACTGGCATGAG- 3′
	5′ -CGCAGCTCTAGGAGCATGTG- 3′



	Inducible nitric oxide synthase (iNOS)
	5′ -ACCCACATCTGGCAGAATGAG- 3′
	5′ -AGCCATGACCTTTCGCATTAG- 3′



	Interleukin-1ß (IL-1ß)
	5′ -GAAATGCCACCTTTTGACAGTG- 3′
	5′ -TGGATGCTCTCATCAGGACAG- 3′



	Arginase-1 (Arg-1)
	5′ -CTTGGCTTGCTTCGGAACTC- 3′
	5′ -GGAGAAGGCGTTTGCTTAGTTC- 3′



	Transforming Growth Factor-β (TGF-β)
	5′ -CAGAGCTGCGCTTGCAGAG- 3′
	5′ -GTCAGCAGCCGGTTACCAAG- 3′



	Resistin-like molecule-α (FIZZ-1)
	5′ -GCCAGGTCCTGGAACCTTTC- 3′
	5′ -GGAGCAGGGAGATGCAGATGA- 3′



	Nuclear factor-κB (NF-κB)
	5′ -CTTCCTCAGCCATGGTACCTCT- 3′
	5′ -CAAGTCTTCATCAGCATCAAACTG- 3′



	Toll like receptor-2 (TLR-2)
	5′ -ACAGCAAGGTCTTCCTGGTTCC- 3′
	5′ -GCTCCCTTACAGGCTGAGTTCT- 3′



	Toll like receptor-4 (TLR-4)
	5′ -GGCAGCAGGTGGAATTGTAT- 3′
	5′ -AGGCCCCAGAGTTTTGTTCT- 3′



	Dectin-1
	5′ -TCCCGCAATCAGAGTGAAG- 3′
	5′ -GTGCAGTAAGCTTTCCTGGG- 3′
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