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Abstract

:

The white-rot fungi Ceriporia lacerata is used in bioremediation, such as lignocellulose degradation, in nature. Submerged cultures and extracts of C. lacerata mycelia (CLM) have been reported to contain various active ingredients, including β-glucan and extracellular polysaccharides, and to exert anti-diabetogenic properties in mice and cell lines. However, the immunostimulatory effects have not yet been reported. This study aimed to identify the immunomodulatory effects, and underlying mechanisms thereof, of submerged cultures of CLM using RAW264.7 macrophages and cyclophosphamide (CTX)-induced immunosuppression in mice. Compared to CTX-induced immunosuppressed mice, the spleen and thymus indexes in mice orally administered CLM were significantly increased; body weight loss was alleviated; and natural killer (NK) cytotoxicity, lymphocyte proliferation, and cytokine (tumor necrosis factor [TNF]-α, interferon [IFN]-γ, and interleukin [IL]-2) production were elevated in the serum. In RAW264.7 macrophages, treatment with CLM induced phagocytic activity, increased the production of nitric oxide (NO), and promoted mRNA expression of the immunomodulatory cytokines TNF-α, IFN-γ, IL-1β, IL-6, IL-10, and IL-12. In addition, CLM increased the inducible NO synthase (iNOS) concentration in macrophages, similar to lipopolysaccharide (LPS) stimulation. Mechanistic studies showed that CLM induced the activation of the NF-κB, PI3k/Akt, ERK1/2, and JNK1/2 pathways. Moreover, the phosphorylation of NF-κB and IκB induced by CLM in RAW264.7 cells was suppressed by specific MAPKs and PI3K inhibitors. Further experiments with a TLR4 inhibitor demonstrated that the production of TNF-α, IL-1β, and IL-6 induced by CLM was decreased after TLR4 was blocked. Overall, CLM protected against CTX-induced adverse reactions by enhancing humoral and cellular immune functions, and has potential as an immunomodulatory agent.
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1. Introduction


The mammalian immune system involves innate and adaptive immunity; good functioning of both is necessary to keep the body healthy [1]. The immune system is a sophisticated defense mechanism based on networks connected to the brain and endocrine system that react to external antigens and stimuli, and control the internal environment by removing abnormal cells and tissues from the body [2]. These immune systems are affected by various factors, resulting in increased or decreased efficacy of the immune system [3]. The study of materials that can alleviate disease by inhibiting or stimulating the immune response to antigens and stimuli is ongoing [4,5].



The loss of immune system homeostasis affects the immune response and leads to a variety of diseases, such as hypersensitivity diseases and immunosuppressive diseases [3,6]. Cyclophosphamide (CTX) is known to cause significant reductions in white blood cells (WBCs) by inducing severe hematopoietic and lymphatic damage when administered as an alkylating agent [7]. Therefore, it is widely recognized as a drug that inhibits the transplant rejection reaction; however, it also causes the same toxicity in cancer and normal cells (non-selective toxicity). Its side effects include anemia, hair loss, and a reduction in WBCs and platelets [8].



There is no clear optimal approach to immunity management. While many commercial drugs have been developed to control immunity, they are costly, and have harmful side effects and potentially serious complications such as autoimmunity, cytokine storm, and inflammation [9]. Therefore, the search for natural ingredients for immune treatment is important for the development of new therapeutics. Studies have shown that edible and medicinal mushrooms, such as Phellinus baumii and Phellinus linteus, have great therapeutic potential [10,11,12].



Recently, it has been confirmed that polysaccharides derived from natural products can enhance the immune system. Moreover, they have fewer side effects compared to synthetic drugs. Among the various polysaccharides, β-glucan is a natural polysaccharide produced by bacteria, yeast, fungi, and plants [5,13,14].



Ceriporia lacerate, first discovered in Japan in 2003 [15], is a type of white-rot fungi that decomposes cellulose and lignin in trees in the wild, playing a key role in biological reduction [16]. Cultured C. lacerate is composed of microscopic polypores and resembles a white moss. During liquid culture, various secondary metabolites, including extracellular polysaccharides (EPSs) and β-glucan, are produced; mycelial growth may also occur, depending on the environmental conditions.



FugenCelltech Co. Ltd. (Seoul, Korea) successfully developed a cultivation method for the green mass production of submerged culture medium of C. lacerata mycelia (CLM) and well-formulated antidiabetic nutraceutical tablets (CeponaTM). Submerged culture medium of CLM has been used to control high blood glucose levels [17,18] and insulin secretion via cytoprotective effects [19]. CLM also exhibits antihyperglycemic efficacy by lowering insulin resistance [20] and promotes insulin signal transduction via the activation of AMPK and GLUT4 [20,21]. Therefore, CLM is considered to have exceptional potential as a novel functional ingredient that can help control blood sugar in individuals with pre-diabetes by improving impaired glucose tolerance/insulin resistance. However, no studies have reported the immunostimulatory effects of CLM. In this study, we investigated the immune effects of submerged culture of CLM in mice with CTX-induced immunosuppression. In addition, the mechanism of action of the immune enhancement was studied in macrophages.




2. Results


2.1. Effect of CLM on Body Weight and Organ Indexes


Figure 1 shows the effect of CLM on body weight, and the spleen and thymus indexes of mice with CTX-induced immunosuppression. Compared to the vehicle-treated control, the body weight and spleen and thymus indexes of the CTX-treated group were reduced significantly. Following the administration of CLM, significant recovery in the body weight and the spleen and thymus indexes was seen compared to the CTX-treated group. The histomorphology of the spleen and thymus was examined with an optical microscope. The spleen (Figure 1E) and thymus (Figure 1F) of normal control mice had massive, closely arranged, and deeply stained splenocytes and thymocytes with an obvious nucleus. In the CTX-treated group, we observed a decrease in the number of splenocytes and thymocytes. In addition, there were necrotic areas with no cell structures in the HE-stained histopathological images. In contrast, in the CLM-treated groups, the spleen and thymus cells were arranged compactly, well ordered, with clear nuclei and less intercellular space, which was similar to the normal group. These results indicate that CLM significantly prevented the damage to the spleen and thymus in the mice induced by CTX, suggesting that CLM enhances the immune function of mice.




2.2. Effects of CLM on and Immunoglobulin (Ig) Levels, NK Cell Activity, and Lymphocyte Proliferation in CTX-Treated Mice


Figure 2 and Figure 3 show the effects of CLM on cytokine and Ig levels, natural killer (NK) cell activity, and lymphocyte proliferation. In the CTX group, cytokine and Ig levels, NK cell activity, and lymphocyte proliferation were significantly decreased, indicating that CTX successfully induced immunosuppression. As shown in Figure 2, serum concentrations of tumor necrosis factor (TNF)-α, interferon (IFN)-γ, and interleukin (IL)-2 in CTX-treated mice were decreased significantly compared to the normal group. Treatment with CLM increased the concentrations of TNF-α, IFN-γ, and IL-2 compared to CTX-treated mice, similar to β-glucan. NK cell activity was significantly inhibited in the CTX-treated mice compared to the normal group (Figure 3A). Treatment with CLM significantly increased the NK cell activity in CTX-treated mice. The CLM group showed improved NK cell activity in a dose-dependent manner compared to the CTX group, similar to the β-glucan group. As shown in Figure 3B, the proliferation responses of spleen lymphocytes to T cell–concanavalin A (Con A) and B cell–lipopolysaccharide (LPS) stimuli were significantly inhibited in the CTX-treated mice compared with the normal group. CLM moderately elevated responses of both T and B lymphocytes in the CTX-treated mice. As shown in Figure 3C,D, production of IgG and IgA in the serum was significantly suppressed in CTX group compared to the normal group. CLM at 100 and 200 mg/kg significantly prevented the decline in IgG and IgA levels (Figure 3C,D), but CLM did not significantly regulate the IgM levels (Figure 3E).




2.3. Effects of CLM on Cell Viability and Macrophage Phagocytosis in Raw264.7 Cells


To determine the immunostimulatory effects of CLM, we first determined the cytotoxic effects of 50, 100, 250, 500, and 1000 μg/mL of CLM in RAW264.7 cells. The cytotoxicity and cell viability of CLM in RAW264.7 cells were evaluated using the MTT (Figure 4A) and lactate dehydrogenase (LDH) (Figure 4B) assays at 24 h. Concentrations of CLM up to 1 mg/mL did not affect cytotoxicity in RAW264.7 cells (Figure 4A,B). The immunostimulatory effects of CLM on macrophage phagocytosis were measured by internalization of FITC-labeled Escherichia coli particles using fluorescence microscopy (Figure 4C) and fluorescence spectrometry (Figure 4D). As shown in Figure 4C, the fluorescence intensity of the uptaken FITC-labeled E. coli was significantly enhanced in cells following treatment with CLM or lipopolysaccharide (LPS) for 24 h, compared to untreated RAW264.7 macrophages (Figure 4C,D).




2.4. Effects of CLM on Cytokines in RAW264.7 Macrophages


The effects of CLM on various inflammatory mediators of the immune system were studied and compared to the effects of LPS using RT-PCR. As shown in Figure 5, mRNA levels of TNF-α, IL-1β, IL-6, IL-10, IL-12, and IFN-γ were enhanced in CLM- and LPS-treated cells, suggesting that CLM is a potent inducer of cytokine secretion.




2.5. Effects of CLM on NO Production and iNOS Expression in RAW264.7 Macrophages


NO is a well-known signaling messenger in polysaccharide-stimulated immunomodulatory pathways. Several studies have suggested that NO possess antimicrobial activity and is positively correlated with the phagocytic activity of macrophages [22]. NO was measured as the concentration of nitrite produced by cells (Figure 6A). Inducible NO synthase (iNOS) is not always present in macrophages, but is influenced by various cytokines, such as TNF-α and LPS, which induce the expression of iNOS genes. The results suggest that NO production in macrophages is promoted by CLM and LPS (Figure 6A), and that CLM can improve the phagocytic capacity of macrophages. Therefore, iNOS expression was quantified by RT-PCR and western blotting. RAW264.7 cells treated with CLM or LPS showed significantly increased iNOS mRNA (Figure 6B) and protein expression (Figure 6C,D).




2.6. Effects of CLM on the Activation of NF-κB, MAPK, and PI3K/Akt Signaling Pathways in RAW264.7 Macrophages


NF-κB, MAPK, and PI3K/Akt can activate iNOS, facilitating initiation of the immunomodulatory response [23]. To investigate the molecular mechanism underlying CLM-mediated macrophage activation, activity in the NF-κB, MAPK (including ERK1/2, JNK1/2, and p38), and PI3K/Akt signaling pathways was detected by western blotting. We found that CLM could induce the phosphorylation of IκB, NF-κB, ERK1/2, JNK1/2, and Akt, but not p38, in RAW264.7 cells (Figure 7). Consistent with this, the signaling pathway inhibitors LY294002 (PI3K inhibitor), PD98059 (ERK inhibitor), and SP600125 (JNK inhibitor) inhibited the CLM-mediated activation of NF-κB and IκB, whereas SB203580 (p38 inhibitor) did not. The above data demonstrated that CLM could activate the MAPKs, PI3K, and NF-κB signaling pathways in RAW264.7 cells.




2.7. Effect of CLM on the TLR4-Mediated Cytokine Production in RAW264.7 Macrophages


In order to investigate the role of Toll-like receptors (TLR)4 played in the CLM-mediated stimulation of macrophages, TAK-242 (a TLR4 inhibitor) was pre-incubated with RAW264.7 cells for 1 h and then incubated with CLM or LPS. The production of TNF-α, IL-1β, and IL-6 in RAW264.7 cells was measured. As shown in Figure 8, the signaling pathway inhibitor TAK-242 inhibited the CLM-mediated expression of TNF-α, IL-1β, and IL-6. The above results showed that TLR4 could be a receptors of CLM.





3. Discussion


Immune function is essential to maintain health because it constitutes the defenses against infection. If immune function is lowered, the body becomes vulnerable to various infections; the effects of lowered immune function are an important clinical problem worldwide [24]. Various studies have been conducted to determine ways to improve immune function and identify natural materials without side effects [25]. Among the bioactive substances derived from natural products, β-glucans have been confirmed to effectively regulate immune function in the body and to defend against microbial and viral infections [26].



Ceriporia lacerate, a species of white-rot fungi that is saprophytic and lives on oak or pine trees, contains active ingredients such as EPSs and β-glucan. Only the use of submerged culture of CLM for diabetes treatment has been investigated to date [20,21]; the immunomodulatory effects have not yet been reported. In the present study, we investigated the immunomodulatory properties of CLM using macrophages and a mouse model of CTX-induced immunosuppression.



Natural product-derived bioactive functional foods and medicines have been reported to have lower toxicity than synthetic drugs, as well as less harmful effects on the human body, and to relieve inflammation, regenerate tissues, and prevent the recurrence of major cancers [27]. It is also known that natural product-derived polysaccharides promote the secretion of immune cells and cytokines to activate the immune system, and studies are underway to confirm the potential of various natural product-derived substances as immunomodulators [5,13,14].



CTX is commonly used as an antitumor drug with specific therapeutic effects on various tumors; it plays a role in immunosuppression and oxidative stress after hydrolysis, primarily via hepatocellular cytochrome P450 enzymes [7]. CTX has been reported to cause the atrophy of immune tissues, weight loss, and various imbalances in peripheral blood in mice, which can eventually inhibit immune function. Therefore, spleen and thymus morphology, and immune organ indexes were examined in this study. CTX markedly reduced the weight of the whole body, the spleen, and the thymus. In addition, CLM remarkably increased the weight of the whole body, the spleen, and the thymus in CTX-treated mice, and enhanced immune function. The administration of CLM increased the weight of the spleen and number of immune cells in the immunosuppression model, indicating that immune function was improved by CLM.



Lymphocytes are leukocyte subtypes in the immune system of vertebrates, and include NK, T and B cells; T cells are further classified as helper T (Th) cells, memory T cells, or NK T cells [28]. Th1 cells secrete IL-2 and IFN-γ, which are the main factors involved in cell-mediated immune responses. Th2 cells secrete IL-4, IL-6, and IL-10, which mediate immune responses [29]. IL-2 is produced by activated T cells and induces their growth, proliferation, and differentiation; IFN-γ promotes the differentiation of Th1 cells and the cellular immune response [30,31]. IL-2 and IFN-γ stimulate B cells to promote the production of Ig, leading to antibody immunoreactivity. Our results demonstrated that CLM increased the production of IL-2, IFN-γ, TNF-α, IgA, and IgG in CTX-induced immunosuppressed mice. In addition, CLM enhanced lymphocyte proliferative responses to T or B mitogen and NK cell activity in CTX-induced immunosuppressed mice. Thus, CLM can adjust immune imbalance and improve the symptoms of low immunity.



Macrophages are part of the innate immune system and play an important role in host defense mechanisms. Activated macrophages produce a variety of immunomodulators including proinflammatory cytokines and NO [32]. LPS is known to induce MAPK-dependent phosphorylation, thereby activating multiple transcription factors to translocate to the nucleus, resulting in the upregulation of TNF-α and iNOS expression [32]. In particular, NF-κB is a major activator of TNF-α production in macrophages and a major target for activators and inhibitors of iNOS expression [32]. Our results revealed the increased production of NO and the macrophage-related cytokines TNF-α, IFN-γ, IL-1β, IL-6, and IL-12 in mouse RAW264.7 macrophages, as well as enhanced iNOS expression. We also observed enhanced nuclear translocation of NF-κB.



Macrophage activation is regulated by the interaction of signal transduction systems in various cells. In particular, it has been demonstrated that the activation of the MAPK signaling pathway induces the activation of transcription factors such as NF-κB, thereby inducing the production of inflammatory mediators in macrophages [33]. Our results suggest that CLM directly stimulated macrophages by inducing the phosphorylation of Akt, ERK1/2, and JNK/12, but not p38. In addition, CLM-activated NF-κB was decreased by PI3K/Akt, ERK1/2, and JNK/12 inhibitors, indicating that CLM activates MAPK and PI3K signaling. According to recent reports, TLR4 is one of the most widely studied receptors for immune activity, mainly recognizing LPS, lipotechic acid, and plant polysaccharides [34]. Based on the results, we concluded that TLR4 was one of the membrane receptors of CLM in RAW246.7 cells. In this study, findings seem to indicate that CLM plays an immunostimulatory role in macrophages via the TLR4-induced production of TNF-α, IL-1β, and IL-6.



The present study demonstrated that the oral administration of CLM ameliorated CTX-suppressed cellular immunity by increasing the thymus and spleen indexes, activating T, B, and NK cells, and increasing the expression of immune modulators such as iNOS and cytokines. These findings suggest that CLM could function as an effective immunostimulatory agent in early innate immune responses. Further studies are required to identify the CLM-derived bioactive components responsible for immune enhancement.




4. Materials and Methods


4.1. Chemicals and Reagents


Roswell Park Memorial Institute (RPMI) 1640 medium, Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), streptomycin, and penicillin were obtained from Life Technologies (Carlsbad, CA, USA). Enzyme-linked immunosorbent assay (ELISA) kits for TNF-α, IFN-γ, and IL-2 were from R&D Systems (Minneapolis, MN, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was obtained from USB Corp. (Cleveland, OH, USA), and the LDH release detection kit was obtained from Roche Applied Science (Indianapolis, IN, USA). All kits were used according to the manufacturers’ protocols. CTX monohydrate, LPS, concanavalin A (ConA), and dimethylsulfoxide (DMSO) were obtained from Sigma-Aldrich (St. Louis, MO, USA). YAC-1 cells, a mouse lymphoma cell line, and RAW264.7 cells, a mouse macrophage cell line, were obtained from ATCC (Manassas, VA, USA; nos. ATCC®TIB-160TM and ATCC®TIB-71 TM). Antibodies against β-actin, iNOS, p-NF-κB p65, NF-κB p65, p-IκB, IκB, p-Akt, Akt, p-ERK1/2, ERK1/2, p-JNK1/2, JNK1/2, p-p38, and p38, and HRP-linked anti-rabbit IgG secondary antibody were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). All chemicals were of the highest grade commercially available.




4.2. Preparation of Submerged Culture C. lacerata Mycelia


The strain used in this study, originally owned by FugenCelltech, Co., Ltd. was cultured after inoculation with CLM in potato dextrose agar medium (Difco Co., Sparks, MD, USA) at 25 °C for 9 days. As a pre-culture process, the liquid medium of CLM was mixed with 4 g/L of starch, 20 g/L of glucose, and 600 mL of purified water for 10 days at pH 5, 23 °C, and 300 rpm, as previously described [16]. Following pre-culture, the mycelia culture was transferred to a liquid medium prepared by mixing 12.5 g/L of sugar, 2.5 g/L of skim soybean meal, 2.5 g/L of starch, 0.125 g/L of antifoam, and 400 L of purified water, and then adjusted to pH 5. The culture was incubated for 9 days at 23 °C with injection of air (1.0 kgf/cm2) at a rotational speed of 100 rpm. The complete culture of CLM was freeze-dried and pulverized, and used according to the capacity of each experimental group based on dry weight. This raw material was manufactured at a highly controlled GMP-certified plant at FugenCelltech Co., Ltd.




4.3. Preparation of the CTX-Induced Immunosuppression Mouse Model


Six-week-old male ICR mice (20 ± 2 g) were obtained from Samtako (Osan, Korea) and housed in a room with controlled temperature (22 ± 2 °C) and humidity (50 ± 5%), on a 12:12 h light/dark cycle with free access to food and water. The mice used in this study were handled in accordance with the Guidelines for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication NO. 85-23, 1996), and all experimental procedures were approved by the Committee on Ethics of Animal Experiments of Chungnam National University (202103A-CNU-066). After a 7 day acclimatization period, the mice were randomly divided into the following six groups (n = 6 per group): reference control (untreated), CTX control, CTX + β-glucan (125 mg/kg; positive control for preventive treatment), CTX + CLM50 (50 mg/kg), CTX + CLM100 (100 mg/kg), and CTX + CLM200 (200 mg/kg). Forty mice were injected intraperitoneally with CTX in sterile saline (100 mg/kg) for 3 consecutive days to establish immunosuppressed models (Figure 1A). CLM in saline was administered intragastrically at 50, 100, and 200 mg/kg, once daily for 14 days. Mice were treated on days 7–9 by intraperitoneal injection of CTX (100 mg/kg/day) in a total volume of 100 µL of saline. To measure body and spleen weights, mice were weighed on days 0 and 14. At the end of the experiment, mice were sacrificed by injection of 200 mg/kg pentobarbital, and organs, including the spleen, were immediately removed and weighed. The immune organ index (%) was calculated as follows: index = organ weight (mg)/body weight (g).




4.4. Isolation of Splenocytes


Spleen tissue was aseptically extracted from ICR mice (6-week-old males, 20 ± 2 g). Tissues were disaggregated via passage through a 70 μm nylon mesh (Becton-Dickinson, Franklin Lakes, NJ, USA) in RPMI-1640 medium (Life Technologies), and the cells were purified via centrifugation at 450× g for 5 min. Red blood cells (RBCs) were removed with ACK lysis buffer (Sigma-Aldrich). Splenocytes were then washed with phosphate-buffered saline (PBS), centrifuged at 1000× g for 5 min, and finally suspended in RPMI containing 10% FBS, penicillin, and streptomycin sulfate.




4.5. Assay of NK Cell Activity


Spleen tissue was aseptically extracted from each mouse, ground into a single-cell suspension using sterile gauze, and then washed three times with RPMI 1640 medium. Mouse spleen lymphocyte suspension was used as the effector cells. YAC-1 cells were used as the target cells. Briefly, the effector cells were centrifuged at 1000× g for 5 min at room temperature, and 100 μL spleen cell suspension (1 × 106 cells/well) was seeded in a 96-well plate with the target cells (1 × 105 cells/well) at an effector cell:target cell ratio of 10:1; 100 μL RPMI 1640 medium was used as a control. After 4 h at 37 °C and 5% CO2, the plate was centrifuged at 800× g for 5 min, the culture supernatant (100 μL/well) was mixed with LDH solution (Promega, Madison, WI, USA), and the absorbance of each well was measured at 490 nm. NK cell cytotoxicity was calculated as follows: cytotoxicity (%) = [(experimental release − spontaneous release)/(maximum release − spontaneous release)] × 100.




4.6. Assay of Splenocyte Proliferation


Splenocyte proliferation was examined using water-soluble tetrazolium (WST)-1 assay kit (Roche Diagnostics, Mannheim, Germany). Splenocytes were seeded in 96-well plates at density of 1 × 105 cells/well in DMEM with 10% FBS. Cells were respectively treated with RPMI 1640 medium (without LPS or Con A) or LPS (3 μg/mL) or Con A (3 μg/mL) for 48 h, and then 10 μL of WST-1 reagent for 2 h was added. The absorbance of each well was measured at 450 nm with a microplate reader (Varioskan; Thermo Fisher Scientific, Waltham, MA, USA).




4.7. Measurement of Serum Cytokine and Ig Levels


Cytokine and Ig levels in blood samples were quantified using ELISA kits according to the manufacturer’s instructions. Briefly, the blood of mice was taken from the eyeballs, left to stand for 30 min, and centrifuged at 3500 r/min for 10 min at 4 °C. After the serum was taken, the levels of TNF-α, IFN-γ, IL-2, IgM, IgA, and IgG by ELISA kit were determined.




4.8. Cell Culture and Sample Treatment


Mouse splenocytes, YAC-1 cells, and RAW 264.7 macrophages were cultured in RPMI 1640 and DMEM medium containing 10% FBS, streptomycin sulfate, and penicillin at 37 °C and 5% CO2. Cells were treated with various concentrations (50, 100, 200 μg/mL) of CLM, LPS (3 μg/mL), and Con A (3 μg/mL).




4.9. Measurement of Cell Cytotoxicity


Cell viability and cytotoxicity was assessed with the MTT or LDH assay. RAW264.7 mouse macrophages (1 × 106 cells/well) were seeded in 96-well plates containing 100 μL RPMI 1640 medium and 10% FBS, and incubated for 24 h. CLM (50–1000 μg/mL) was added, followed by incubation for 24 h. MTT solution (5 mg/mL in PBS) was added for 30 min at 37 °C and 5% CO2; the medium was then discarded, formazan crystals were dissolved with 100 μL DMSO, and the absorbance of each well at 550 nm was measured with a microplate reader. The medium was collected for LDH assay and then mixed with 50 μL LDH solution. The absorbance at 490 nm was measured using a microplate reader. Calculations of cell viability (%) and cytotoxicity (%) were based on the absorbance of treated cells relative to that of cells exposed to DMSO alone.




4.10. Assay for Macrophage Phagocytosis


The phagocytosis assay was performed as previously described [35]. Peritoneal macrophages of ICR mice were aseptically harvested by peritoneal lavage with 5 mL PBS. The cells were seeded in 96-well plate with a complete RPMI-1640 medium at a density of 1 × 106 cells/well and cultured at 37 °C in 5% CO2 for 24 h and then, 100 μL fluorescein-5-isothiocyanate (FITC)-labeled Escherichia coli (Molecular Probes, Eugene, OR, USA) was added for various times. Extracellular fluorescence was quenched by adding 100 mL of Trypan blue. After 1 min, FITC-labeled bacteria that had not been phagocytosed by macrophages were washed away, and the macrophages were rinsed twice with PBS and lysed with lysis buffer (10 mM Tris–HCl [pH 7.5], 130 mM NaCl, 1% Triton X-100, 10 mM Na2HPO4, and 10 mM Na4P2O7). The relative fluorescence intensity of bacteria inside the macrophages was determined at excitation and emission wavelengths of 480 and 520 nm, respectively, using a microplate reader. The relative phagocytic activity was calculated as the percentage fluorescence intensity of sample-supplemented versus non-supplemented (control) FITC-labeled bacteria.




4.11. Nitrite Assay


RAW 264.7 cells (5 × 105 cells/well) were cultured in 96-well plates and stimulated with or without various concentrations of CLM (50, 100, and 200 μg/mL). After incubation for 24 h, the culture supernatant was collected, and NO level was measured by using Griess reagent assay. Equal volumes of Griess reagent (1:1 of 1% sulfanilamide in 5% phosphoric acid and 0.1% N-1 naphthylethylenediamine in 5% phosphoric acid) and sample were incubated together at room temperature for 5 min. Absorbance at 550 nm was measured using a microplate reader (Varioskan; Thermo Fisher Scientific).




4.12. Western Blotting


RAW264.7 macrophages were treated with LPS (1 μg/mL) or CLM (50, 100, and 200 μg/mL) for 24 or 0.5 h, and protein levels of iNOS, p-NF-κB, NF-κB, p-IκB, IκB, p-Akt, Akt, p-ERK1/2, ERK1/2, p-JNK1/2, JNK1/2, p-p38, and p38 were determined by immunochemistry. Total and nuclear protein concentrations of the supernatants were estimated using the Bradford method; 50 μg of protein was separated by 10% SDS-PAGE and transferred onto a polyvinylidene difluoride membrane. RAW264.7 macrophages were cultured with CLM. Total cellular protein (50 μg) was resolved by 10% SDS-PAGE and transferred onto a polyvinylidene difluoride membrane. After blocking, the membranes were incubated with the target antibody, followed by incubation with a horseradish peroxidase-conjugated secondary antibody against IgG. The blots were probed using the ECL Western blot detection system, as instructed by the manufacturer (BioFact, Daejeon, Korea).




4.13. Real-Time PCR


Total RNA was extracted from RAW264.7 cells using the RNAiso Plus kit. Total RNA extraction reagent (Takara, Shiga, Japan) was used and cDNA was synthesized using the BioFact RT Series kit. PCR amplification was monitored by CFX Connect Real-Time PCR software (version 1.4.1; Bio-Rad Laboratories, Hercules, CA, USA). The primers used are listed in Table 1.




4.14. Statistical Analysis


Data are shown as mean ± standard deviation (SD) of triplicate experiments. Data from the animal study are expressed as mean ± SD (n = 6). Mean differences between treatments groups were evaluated using one-way analysis of variance (ANOVA) by Dunnett’s post hoc test and p values < 0.05 or < 0.01 were considered statistically significant.





5. Conclusions


The present study demonstrated that the submerged culture and extracts of C. lacerata mycelia (CLM) could alleviate cyclophosphamide-induced immunosuppression in mice by protecting the spleen and the thymus, increasing NK cell activity and splenocytes proliferation, and restoring the levels of TNF-α, IFN-γ, IL-2, IgA, and IgG in the serum. The in vitro study showed that CLM had an immunostimulatory effect on RAW264.7 cells, as evidenced by the increased proliferation and cell cycle, enhanced phagocytosis ability, and upregulated production of NO and TNF-α, IL-1β, IL-6, IL-10, IL-12, and IFN-γ cytokines. In addition, our results show that the PI3K/Akt, ERK1/2, JNK/12, and TLR4 signaling pathways are responsible for these effects.







Author Contributions


Conceptualization, Y.P.H., G.H.L. and H.G.J.; validation, Y.P.H., G.H.L., E.H.H. and H.G.J.; formal analysis, Y.P.H., G.H.L., E.H.H., C.Y.C. and H.G.J.; investigation, G.H.L., T.H.P., M.Y.K., S.Y.L. and C.Y.K.; resource, S.D.H. and S.A.; data curation, Y.P.H., G.H.L., E.H.H., C.Y.C. and H.G.J.; writing—original draft preparation, Y.P.H.; writing—review and editing, Y.P.H., G.H.L. and H.G.J.; supervision, H.G.J. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by 2021 Collaborative R&BD Program of The Food Industry Promotional Agency of Korea.




Institutional Review Board Statement


The study was approved by the Animal Ethics Committee of Chungnam National University (202103A-CNU-066).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sattler, S. The Role of the Immune System Beyond the Fight Against Infection. Adv. Exp. Med. Biol. 2017, 1003, 3–14. [Google Scholar] [CrossRef]

	



McNeela, E.A.; Mills, K.H. Manipulating the immune system: Humoral versus cell-mediated immunity. Adv. Drug Deliv. Rev. 2001, 51, 43–54. [Google Scholar] [CrossRef]

	



Sierra, S.; Lara–Villoslada, F.; Olivares, M.; Jiménez, J.; Boza, J.; Xaus, J. Increased immune response in mice consuming rice bran oil. Eur. J. Nutr. 2005, 44, 509–516. [Google Scholar] [CrossRef]

	



Hu, T.; Jiang, C.; Huang, Q.; Sun, F. A comb-like branched β-d-glucan produced by a Cordyceps sinensis fungus and its pro-tective effect against cyclophosphamide-induced immunosuppression in mice. Carbohydr. Polym. 2016, 142, 259–267. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, X.; Dong, Q.; Kan, X.; Peng, L.; Xu, X.; Fang, Y.; Yang, J. Immunomodulatory activity of a novel polysaccharide from Lonicera japonica in immunosuppressed mice induced by cyclophosphamide. PLoS ONE 2018, 13, e0204152. [Google Scholar] [CrossRef]

	



Eghrari-Sabet, J.S.; Hartley, A.H. Sweet’s syndrome: An immunologically mediated skin disease? Ann. Allergy 1994, 72, 125–128. [Google Scholar] [PubMed]

	



Manente, F.A.; Quinello, C.; Ferreira, L.S.; de Andrade, C.R.; Jellmayer, J.A.; Portuondo, D.L.; Batista-Duharte, A.; Carlos, I.Z. Experimental sporotrichosis in a cyclophosphamide-induced immunosuppressed mice model. Med. Mycol. 2017, 56, 711–722. [Google Scholar] [CrossRef]

	



Yang, J.; Liu, K.-X.; Qu, J.-M.; Wang, X.-D. The changes induced by cyclophosphamide in intestinal barrier and microflora in mice. Eur. J. Pharmacol. 2013, 714, 120–124. [Google Scholar] [CrossRef]

	



Winer, A.; Bodor, J.N.; Borghaei, H. Identifying and managing the adverse effects of immune checkpoint blockade. J. Thorac. Dis. 2018, 10, S480–S489. [Google Scholar] [CrossRef]

	



Guggenheim, A.G.; Wright, K.M.; Zwickey, H.L. Immune Modulation from Five Major Mushrooms: Application to Integrative Oncology. Integr. Med. 2014, 13, 32–44. [Google Scholar]

	



Yoo, J.H.; Lee, Y.S.; Ku, S.; Lee, H.J. Phellinus baumii enhances the immune response in cyclophosphamide-induced immu-nosuppressed mice. Nutr. Res. 2020, 75, 15–31. [Google Scholar] [CrossRef]

	



Shin, M.-R.; Lee, J.H.; Lee, J.A.; Kim, M.J.; Park, H.-J.; Park, B.W.; Seo, S.B.; Roh, S.-S. Immunomodulatory and anti-inflammatory effects of Phellinus linteus mycelium. BMC Complement. Med. Ther. 2021, 21, 269. [Google Scholar] [CrossRef]

	



Stier, H.; Ebbeskotte, V.; Gruenwald, J. Immune-modulatory effects of dietary Yeast Beta-1,3/1,6-D-glucan. Nutr. J. 2014, 13, 38. [Google Scholar] [CrossRef]

	



Camilli, G.; Tabouret, G.; Quintin, J. The Complexity of Fungal β-Glucan in Health and Disease: Effects on the Mononuclear Phagocyte System. Front. Immunol. 2018, 9, 673. [Google Scholar] [CrossRef] [PubMed]

	



Suhara, H.; Maekawa, N.; Kaneko, S.; Hattori, T.; Sakai, K.; Kondo, R. A new species, Ceriporia lacerata, isolated from white-Rotted wood. Mycotaxon 2013, 86, 335–347. [Google Scholar]

	



Lee, J.W.; Gwak, K.S.; Park, J.Y.; Park, M.J.; Choi, D.H.; Kwon, M.; Choi, I.G. Biological pretreatment of softwood Pinus densi-flora by three white rot fungi. J. Microbiol. 2007, 45, 485–491. [Google Scholar]

	



Kim, J.-E.; Kim, H.-J.; Lee, S.-P. Hyperglycemic effect of submerged culture extract of Ceriporia lacerata in streptozotocin-induced diabetic rats. Food Sci. Biotechnol. 2012, 21, 1685–1693. [Google Scholar] [CrossRef]

	



Shin, E.J.; Kim, J.-E.; Park, Y.M.; Yoon, S.K.; Jang, B.-C.; Lee, S.-P.; Kim, B.-C. Hypoglycemic effects of submerged culture of Ceriporia lacerata mycelium. Korean J. Food Preserv. 2015, 22, 145–153. [Google Scholar] [CrossRef]

	



Kim, J.-H.; Park, Y.-K.; Kim, J.-E.; Lee, S.-P.; Kim, B.-C.; Jang, B.-C. Crude extract of Ceriporia lacerata has a protective effect on dexamethasone-induced cytotoxicity in INS-1 cells via the modulation of PI3K/PKB activity. Int. J. Mol. Med. 2013, 32, 179–186. [Google Scholar] [CrossRef] [PubMed]

	



Choi, J.W.; Shin, E.J.; Lee, S.J.; Kim, Y.H.; Kim, S.R.; Ji, Y.M.; Kim, N.Y.; An, C.H.; Lee, I.H.; Kim, Y.S. Effects of Submerged Culture of Ceriporia lacerata Mycelium on High Fat Diet-Induced Diabetic Mice with Insulin Resistance. J. Korean Soc. Food Sci. Nutr. 2017, 46, 1419–1426. [Google Scholar] [CrossRef]

	



Shin, E.J.; Kim, J.-E.; Park, Y.M.; Yoon, S.K.; Jang, B.-C.; Lee, S.-P.; Kim, B.-C. Effect of submerged culture of Ceriporia lacerata mycelium on GLUT4 protein in db/db mouse. Korean J. Food Preserv. 2015, 22, 893–900. [Google Scholar] [CrossRef]

	



Vazquez-Torres, A.; Jones-Carson, J.; Mastroeni, P.; Ischiropoulos, H.; Fang, F.C. Antimicrobial Actions of the Nadph Phagocyte Oxidase and Inducible Nitric Oxide Synthase in Experimental Salmonellosis. I. Effects on Microbial Killing by Activated Peritoneal Macrophages in Vitro. J. Exp. Med. 2000, 192, 227–236. [Google Scholar] [CrossRef]

	



Shen, T.; Wang, G.; You, L.; Zhang, L.; Ren, H.; Hu, W.; Qiang, Q.; Wang, X.; Ji, L.; Gu, Z.; et al. Polysaccharide from wheat bran induces cytokine expression via the toll-like receptor 4-mediated p38 MAPK signaling pathway and prevents cyclo-phosphamide-induced immunosuppression in mice. Food Nutr. Res. 2017, 61, 1344523. [Google Scholar] [CrossRef]

	



Jeong, D.Y.; Yang, H.J.; Jeong, S.J.; Kim, M.G.; Yun, C.Y.; Lee, H.Y.; Lee, Y.H.; Shin, D.Y.; Lee, H.S.; Park, Y.M. Immunostim-ulatory Effects of Blueberry Yeast Fermented Powder Against Cyclophosphamide-induced Immunosuppressed Model. J. Physiol. Pathol. Korean Med. 2019, 33, 48–55. [Google Scholar] [CrossRef]

	



Promphet, P.; Bunarsa, S.; Sutheerawattananonda, M.; Kunthalert, D. Immune enhancement activities of silk lutein extract from Bombyx mori cocoons. Biol. Res. 2014, 47, 1–10. [Google Scholar] [CrossRef]

	



Kim, H.S.; Hong, J.T.; Kim, Y.; Han, S.-B. Stimulatory Effect of β-glucans on Immune Cells. Immune Netw. 2011, 11, 191–195. [Google Scholar] [CrossRef]

	



Nasri, H.; Baradaran, A.; Shirzad, H.; Rafieian-Kopaei, M. New Concepts in Nutraceuticals as Alternative for Pharmaceuticals. Int. J. Prev. Med. 2014, 5, 1487–1499. [Google Scholar]

	



Huang, J.-Q.; Pang, M.-R.; Li, G.-Y.; Wang, N.; Jin, L.; Zhang, Y. Alleviation of cyclophosphamide-induced immunosuppression in mice by naturally acetylated hemicellulose from bamboo shavings. Food Agric. Immunol. 2017, 28, 328–342. [Google Scholar] [CrossRef]

	



Miao, M.; Cheng, B.; Guo, L.; Shi, J. Effects of Fuzheng Paidu tablet on peripheral blood T lymphocytes, intestinal mucosa T lymphocytes, and immune organs in cyclophosphamide-induced immunosuppressed mice. Hum. Vaccines Immunother. 2015, 11, 2659–2663. [Google Scholar] [CrossRef]

	



Rajasagi, N.K.; Rouse, B.T. IL-2 complex treatment amplifies CD8+ T cell mediated immunity following herpes simplex virus-1 infection. Microbes Infect. 2016, 18, 735–746. [Google Scholar] [CrossRef]

	



Hidaka, Y.; Inaba, Y.; Matsuda, K.; Itoh, M.; Kaneyama, T.; Nakazawa, Y.; Koh, C.S.; Ichikawa, M. Cytokine production profiles in chronic relapsing-remitting experimental autoimmune encephalomyelitis: IFNgamma and TNF-alpha are important participants in the first attack but not in the relapse. J. Neurol. Sci. 2014, 340, 117–122. [Google Scholar] [CrossRef]

	



Kopp, E.B.; Ghosh, S. NF-kappa B and rel proteins in innate immunity. Adv. Immunol. 1995, 58, 1–27. [Google Scholar]

	



Wang, N.; Liang, H.; Zen, K. Molecular mechanisms that influence the macrophage m1-m2 polarization balance. Front. Im-munol. 2014, 5, 614. [Google Scholar]

	



Pan, G.; Xie, Z.; Huang, S.; Tai, Y.; Cai, Q.; Jiang, W.; Sun, J.; Yuan, Y. Immune-enhancing effects of polysaccharides extracted from Lilium lancifolium Thunb. Int. Immunopharmacol. 2017, 52, 119–126. [Google Scholar] [CrossRef]

	



Jin, S.W.; Lee, G.H.; Jang, M.J.; Hong, G.E.; Kim, J.Y.; Park, G.D.; Jin, H.; Kim, H.S.; Choi, J.H.; Choi, C.Y.; et al. Immunomodulatory Activity of Lactococcus lactis GCWB1176 in Cyclophosphamide-Induced Immunosuppression Model. Microorganisms 2020, 8, 1175. [Google Scholar] [CrossRef]








[image: Ijms 23 00597 g001a 550][image: Ijms 23 00597 g001b 550] 





Figure 1. Influence of C. lacerata mycelia (CLM) on body weight, spleen index, and thymus index in cyclophosphamide (CTX)-treated mice. (A) General schematic diagram of the immunosuppression model and CLM treatment. Effect of orally administered CLM on body weight (B), spleen index (C), and thymus index (D) in CTX-immunosuppressed mice. CLM (50, 100, and 200 mg/kg/day) suspended in saline was administered orally once daily for 14 days. Mice were treated on days 7–9 by intraperitoneal injection of CTX (100 mg/kg/day) in a total volume of 100 µL of saline. The control group was treated with vehicle alone. The immune organ index (%) was calculated as follows: index = organ weight (mg)/body weight (g). The thymus and spleen were obtained on day 15 and weighed. Spleen (E) and thymus (F) tissues in the HE-stained histopathological images (total magnification 100×). Data are expressed as mean ± SD (n = 6). * p < 0.05 vs. normal group; # p < 0.05 vs. CTX-treated group. 
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Figure 2. Effect of orally administered CLM on the levels of TNF-α (A), IFN-γ (B), and IL-2 (C) in CTX-immunosuppressed mice. CLM (50, 100, and 200 mg/kg/day) suspended in saline was administered orally once daily for 14 days. Mice were treated on days 7–9 by intraperitoneal injection of CTX (100 mg/kg/day) in a total volume of 100 µL of saline. The control group was treated with vehicle alone. Cytokines were assayed using commercial ELISA kits. Data are expressed as mean ± SD (n = 6). * p < 0.05 vs. normal group; # p < 0.05 vs. CTX-treated group. 
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Figure 3. Effect of orally administered CLM on NK cell activity (A), LPS- or ConA-induced splenocytes proliferation (B), and immunoglobulin levels (C–E) in CTX-immunosuppressed mice. CTX-induced immunosuppressed ICR mice were treated with CLM (50, 100, and 200 mg/kg/day) for 14 days, and NK cell activity (A) and LPS- or ConA-induced splenocyte proliferation (B) were assessed. IgG (C), IgA (D), and IgM (E) were assayed using commercial ELISA kits. Data are expressed as mean ± SD (n = 6). * p < 0.05 vs. control group; # p < 0.05 vs. CTX-treated group. 
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Figure 4. Effects of CLM on cell viability and phagocytic activity in macrophages. Cells were treated with various concentrations of CLM (50–1000 μg/mL) for 24 h. (A) Cell viability was determined by MTT assay. (B) Cell cytotoxicity was determined by LDH release assay. (C,D) Cells were treated with various concentrations of CLM (50, 100, and 200 μg/mL) for 24 h. After adding FITC-labeled E. coli, the cells were incubated for 2 h. (C) Cell culture medium containing unphagocytosed FITC-labeled E. coli was removed and fluorescence was measured with a microplate reader. (D) Fluorescence microscopy image of RAW264.7 cells stained with FITC-labeled E. coli for 2 h. All data are expressed as the mean ± SD of three independent experiments. * p < 0.01 vs. control group. 
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Figure 5. Effects of CLM on macrophage-related cytokine production in RAW264.7 cells. Cells were treated with various concentrations of CLM (50, 100, and 200 μg/mL) for 6 h. mRNA levels of TNF-α, (A), IL-1β (B), IL-6 (C), IL-10 (D), IL-12 (E), and IFN-γ (F) were measured by RT-PCR. * p < 0.01 vs. control group. 
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Figure 6. Effects of CLM on NO production and iNOS expression in macrophages. (A–C) RAW264.7 cells were seeded in a 12-well plate at a density of 2 × 105 cells/mL for 24 h, cultured at 37 °C and 5% CO2, and treated with different concentrations of CLM (50, 100, and 200 μg/mL) and LPS (1 μg/mL) for 24 h. (A) Supernatants were harvested 24 h later and assayed for NO. (B) Total cellular RNA was extracted for RT-PCR with mouse iNOS primers. GAPDH confirmed the integrity and equal loading of RNA. (C) Cell lysates were electrophoresed and the expression of iNOS was detected with an iNOS antibody. (D) Cells were exposed to 200 μg/mL CLM and total cell lysate was extracted at the indicated times. The expression of iNOS was detected with an iNOS antibody; β-actin was measured as a loading control. * p < 0.01 vs. control group. 
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Figure 7. Effects of CLM-mediated NF-κB, MAPK, and PI3K/Akt activation in macrophages. (A,B) RAW264.7 cells were seeded in a 6-well plate at a density of 2 × 105 cells/mL for 24 h, cultured at 37 °C and 5% CO2, and treated with CLM (50, 100, and 200 μg/mL) or LPS (1 μg/mL) for 1 h. The phosphorylation of IκB, NF-κB, Akt, ERK1/2, JNK1/2, and p38 was analyzed by western blotting. (C) Effects of PI3K and MAPK inhibitors on CLM-induced NF-κB activation. Cells were preincubated with 10 μM LY294002, 10 μM PD98059, 10 μM SB203580, or 10 μM SP600125 for 30 min, followed by incubation with 200 μg/mL CLM for 1 h. Cell lysates were subjected to western blotting with p-IκB, p-NF-κB, IκB, NF-κB, and β-actin antibodies; β-actin was used as the loading control. 
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Figure 8. Effect of TLR4 inhibitor on CLM induced TNF-α, IL-1β, and IL-6 production in RAW264.7 cells. Cells were preincubated with 1 μM TAK-242 for 1 h, followed by incubation with 200 μg/mL CLM or 1 μg/mL LPS for 6 h. mRNA levels of TNF-α (A,B), IL-1β (C,D), and IL-6 (E,F) were measured by RT-PCR. * p < 0.01 vs. control group; # p < 0.01 vs. CLM-treated group. 
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Table 1. Primer sequences for real-time PCR.
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Gene

	

	
Sequences






	
Mouse GAPDH

	
F

	
AAAAGGGTCATCATCTCCGC




	
R

	
ATTTCTCGTGGTTCACACCC




	
Mouse TNF-α

	
F

	
CGGGCAGGTCTACTTTGGAG




	
R

	
ACCCTGAGCCATAATCCCCT




	
Mouse IFN-γ

	
F

	
GAGGTCAACAACCCACAGGT




	
R

	
GGGACAATCTCTTCCCCACC




	
Mouse IL-1β

	
F

	
GAAGGGCTGCTTCCAAACCT




	
R

	
TGATGTGCTGCTGCGAGATT




	
Mouse IL-6

	
F

	
TACCACTTCACAAGTCGGAGG




	
R

	
CTGCAAGTGCATCATCGTTGTT




	
Mouse IL-10

	
F

	
GCCCTTTGCTATGGTGTCCTT




	
R

	
GGCCACAGTTTTCAGGGATGA




	
Mouse IL-12

	
F

	
CGCCACACAAATGGATGCAA




	
R

	
TGTGTCCTGAGGTAGCCGTA




	
Mouse iNOS

	
F

	
GCATCCCAAGTACGAGTGGT




	
R

	
GGTGCCCATGTACCAACCAT
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