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ABSTRACT: Macrophage polarization is a pivotal determinant in the modulation of immune responses and the 

formation of the tumor-microenvironment (TME), therefore represents a promising avenue for the development of 

cancer immunotherapy. Recent research highlights the potential of edible mushroom polysaccharides in inducing 

M1/M2 polarization of macrophages. Here, we report that oral administration of Flammulina (F.) velutipes 

polysaccharide (FVP) reduced the tumor volume of grafted 4T1 mammary and lewis lung carcinoma (LLC), and 

increased the overall survival rate of mice. Moreover, this polysaccharide induced the generation of 

CD11b+Ly6ChighF4/80+ macrophage cells in LLC and 4T1 tumor-bearing mice. Further investigation found that FVP 

decreased the ratio of M2-macrophages and regulatory T cells in TME, which is known to support tumor growth and 

metastasis. Mechanistically, FVP reversed the IL-4 induced M2-polarization by activating the TLR4/ NF-κB axis, and 

in vitro assays confirmed the expression of pro-inflammatory genes and the antitumor effects of the polysaccharide. 

Additionally, the expression of Th1 response relative genes also enhanced by FVP polarized macrophage secretions. 

In summary, these results suggest that FVP may represent a promising immunomodulatory agent for the reversal of 

macrophage polarization. 

Keywords: F. velutipes polysaccharide, Lewis lung carcinoma, 4T1 mammary carcinoma, anti-tumor immunity, 

macrophages, M1/M2 polarization 

1. Introduction 

Cancer immunotherapy offers several advantages over chemotherapy, including its ability to specifically 

target cancer cells, provide long-term protection against cancer recurrence, and offer personalized treatment 

plans [1, 2]. These advantages make it a promising approach to cancer treatment that has the potential to 

improve patient outcomes and quality of life [1, 3]. However, several barriers still exist that limit its efficacy and 
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applicability, with one of the primary challenges being the tumor microenvironment (TME), which can be 

immunosuppressive and prevent the activation and infiltration of immune cells [4]. The immunosuppressive 

system in the TME consists of regulatory T cells (Tregs), myeloid-derived suppressive cells, regulatory 

dendritic cells, and M2 macrophages [5-7]. M1 and M2 macrophages are two functionally distinct subsets of 

macrophages with different roles in the TME. M1 macrophages are pro-inflammatory and promote immune 

responses to pathogens or tumors, while M2 macrophages are anti-inflammatory and characterized by the 

expression of specific markers such as CD206, CD163, and arginase1 (ARG1), as well as the production of 

anti-inflammatory cytokines such as interleukin 10 (IL-10) and transforming growth factor-beta (TGFβ) [5-7]. 

M2 macrophages are induced by the presence of Th2 cytokines, such as IL-4, IL-13, and IL-10, or by the 

presence of immune complexes and apoptotic cells. Evidence suggests that M2 macrophages can be 

reprogrammed toward an M1 phenotype by exposing them to pro-inflammatory cytokines, such as 

interferon-gamma (IFN-γ) and lipopolysaccharide (LPS), which is one of the approaches utilized to enhance 

anti-tumor immunity [8]. 

Edible mushroom polysaccharides have shown significant potential as immunomodulatory agents [9-12]. 

Compared to chemical agents, polysaccharides have several advantages in stimulating the immune system, 

such as being generally safe and well-tolerated, having potent activity to enhance immune response, and being 

easily obtained from a variety of sources [9, 10]. These advantages make mushroom-derived polysaccharides 

promising candidates for the development of novel immunomodulatory agents for the treatment of cancer. In 

recent years, polysaccharide extracts from edible mushrooms have been widely used in pre-clinical or clinical 

practice [11, 13, 14]. For example, Xu and colleagues found a new Lentinula edodes-derived 26 kDa 

heteropolysaccharide that activates RAW264.7 cells via the TLR4 signaling pathway [15], while Chen and his 

team isolated β-D-(1→6) glucan from Amillariella Mellea, which could promote the transformation of M2 

macrophages to the M1 phenotype and inhibit the viability of colon cancer cells in vitro and in vivo [16]. 

Collectively, the above facts suggest that immune cell reprogramming, especially macrophages, plays an 

essential role in the anti-tumor effects triggered by polysaccharide. 

Flammulina velutipes (F. velutipes), also known as the golden needle mushroom, is a large edible and 

medicinal fungus with abundant nutritional and medicinal value. Further research in recent years has shown 

that polysaccharides are one of the main active components of F. velutipes, possessing various bioactivities 

such as antioxidative, immunomodulatory, anti-inflammatory, liver protection, anti-tumor, and 

anti-hyperlipidemia effects [17]. In fact, since 1995, F. velutipes polysaccharides (FVP) have been found to be 

effective against solid tumors, and their anti-tumor activity has been shown to be mediated by the 

tumor-bearing host [18]. Further studies have also demonstrated that subfractions of FVP exhibits 

anti-proliferation activity against human gastric cancer BGC-823 cells, lung cancer A549 cells, and murine 

melanoma B16F10 cells in vitro [19, 20]. Recently, several reports have shown that FVP exhibits excellent 

immuno-stimulating activity, including increased phagocytic activity of RAW264.7 cells and the reversal of 

cyclophosphamide-induced immunosuppression effects in vivo [10, 21]. In summary, the available evidence 
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suggests that FVP has potential anti-tumor effects, but further research is needed to fully understand the 

mechanisms involved and to explore their potential therapeutic applications. 

In this study, we reported that FVP inhibits the progression of Lewis Lung Carcinoma (LLC) and 4T1 

mammary carcinoma and skews M1/M2 macrophage polarization induced by IL-4, both in vitro and in vivo. 

The possible molecular mechanisms responsible for the converting effects were further discussed. 

2. Materials and methods 

2.1 Animals 

BALB/c (female) and C57BL/6 (male) mice, aged 8-10 weeks, had free access to food and water and 

were kept under constant conditions of temperature (23℃ ± 1℃) and humidity (60%) prior to experiments. 

The animals were housed under specific pathogen-free conditions with 12 h day/light cycles. All animal 

studies were conducted according to protocols approved by the Animal Ethics Committee of the Hebei Food 

Inspection and Research Institute (Approval No.: IACUC-SC-2020-2). 

2.2 Cell Lines and Tumor Cell Injection 

Lewis lung carcinoma (LLC), 4T1 tumor cells, and RAW264.7 cells were purchased from the Cell 

Bank of the Chinese Academy of Sciences (Shanghai, China). LLC and 4T1 cells were cultured in 

high-glucose Dulbecco's modified Eagle's medium (DMEM) or RPMI-1640 medium respectively. Both 

medium supplemented with 10% (v/v) fetal bovine serum (FBS), 2 mmol/L glutamine, 100 U mL-1 

penicillin, and 100 μg/mL streptomycin (Gibco, Grand Island, NY, USA) at 37℃ with 5% CO2. 

LLC or 4T1 cells were used to establish a subcutaneous cancer mouse model. Prior to injection, cells in 

the log phase of growth were harvested and suspended in phosphate-buffered saline (PBS) from Solarbio 

(Beijing, China). The tumor volume was calculated using the following formula [22]: tumor volume (mm3) = 

(length × width × width)/2. 

2.3 In vivo F. velutipes polysaccharide treatment 

FVP was obtained according to the protocol detailed in reference [10, 23]. The dried powder of F. velutipes 

was successively extracted by petroleum ether and 75% ethanol (1:2, w/v; 2 times for 72 h each) to remove the 

fat-soluble components, then extracted by hot water (1:30, g/mL) three times at 80℃ for 4 h each, and the 

filtrate was precipitated with 70% ethanol at 4 ℃ for 24 h. The precipitates were washed with anhydrous 

ethanol, acetone and petroleum ether three times, and then freeze-dried to obtain crude polysaccharide. The 

dried polysaccharides were resuspended in water, treated with Sevag reagent (chloroform:n-butanol = 4:1, 

v/v), and centrifuged (7000 r/min, 10 min) to remove the proteins, this procedure was repeated 10 times. After 

precipitation with 70% ethanol, FVP was freeze-dried and stored at room temperature. 

To determine the anti-tumor efficacy of FVP on LLC and 4T1 allograft tumors, the tumor-bearing mice 

(n=5 per group) received 100 mg/kg of FVP via oral gavage for 14 consecutive days. Mice in control groups 

received the same volume of distilled water daily by gavage. The tumor-bearing mice were maintained until 

their tumors reached 2 cm in any dimension at 14 days after FVP treatment. The peripheral blood, spleen, 
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lung, bone marrow, and tumor mass were collected for flow cytometry (FCM) and immunohistochemistry 

(IHC) detection.  

2.4 Ex vivo Splenic Cells and Macrophages Culturation 

Euthanize the mice under sterile conditions and collect the spleen. The spleen was gently homogenized 

in RPMI 1640 and passed through a 70 μm nylon mesh. RBCs were removed using ACK lysis buffer. 

Splenic single cells were plated at a density of 1-2 × 106 cells/well in 6-well plates and suspended in 

glucose-free DMEM from Gibco or RPMI 1640 medium. After incubation at 37℃ under 5% CO2 for 12 h, 

the cells were washed twice with PBS and analyzed by FCM. 

Three days before the experiment, 2 mL of sterile 4% thioglycolate medium (BD Biosciences, San 

Jose, CA, USA) was injected into the peritoneal cavity of each mouse. Euthanize the mcie under sterile 

conditions and collect the ascites. Suspensions of 1-2 × 106 cells in 6-well plates were prepared in RPMI 

1640 medium. The medium was replaced 6-8 h later to harvest the macrophages. To examine cell surface 

markers, peritoneal macrophages (PMs) were cultured in medium supplemented with 20 ng/mL IL-4 or 50 

μg/mL FVP for 24 h.  

To evaluate the cytotoxic effects of cytokines from FVP-induced polarized macrophages on tumor 

cells, RAW264.7 cells were treated with 50 μg/mL FVP for 24 hours, followed by three PBS washes and 12 

hours of culture in fresh medium to collect the conditioned medium (RAW-CM). LLC cells were cultured to 

70%–80% confluency, washed three times with PBS, and cultured for 12 hours in fresh medium to obtain 

the LLC tumor cell-conditioned medium (LLC-CM). 

2.5 Flow Cytometry and Antibodies 

The preparation of single-cell suspension was described previously [24]. Antibodies specific for the 

following surface markers were used: CD45 (30-F11), CD11b (M1/70), CD3e (145-2C11), CD4 (Gk1.5), 

CD8a (53-6.7), CD25(PC61), CD80(1610A1), CD16/32(93), MHCII (M5/114.15.2), CX3CR1 (SA011F11), 

CD163 (S15049I), CD206 (MR6F3), Sca-1 (D7), C-kit (ACK2), CD34 (SA376A4), Ly6C (HK1.4), Ly6G 

(1A8-Ly6g), and F4/80 (BM8) were purchased from Biolegend (San Diego, CA, USA) or eBioscience (San 

Diego, CA, USA); antibodies were used at the dilutions recommended by the manufacturer. Laser voltages 

were set using unstained cells, single stain, fluorescence minus one control, and isotype controls for 

compensation. Flow cytometry was performed with CytoFLEX SRT (Beckman Coulter, USA) and BD 

FACS Verse (BD Biosciences, USA), and data were analyzed with FlowJo v. 10 (BD Biosciences, USA). 

Before gating CD45+ cells, five steps were performed: (1) Flow stability gating (Time vs Side Scatter) 

to ensure stable flow; (2) Scatter gating (Forward vs Side Scatter) to remove debris and off-scale events; (3) 

Doublet gating (Forward Scatter height vs area) to remove doublets; (4) Viability gating to remove dead 

cells; and (5) CD45+ cell gating to identify the CD45+ subset[24, 25]. All flow cytometry data shown in this 

manuscript are based on this strategy. 

For the evaluation of phagocytic capacity, RAW264.7 cells were pre-treated with 20 ng/mL IL-4 or 50 

μg/mL FVP for 24 h, followed by addition of 50 μg/mL dextran-FITC for 30 min of culture. 
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2.6 Apoptosis Assay 

Apoptotic cells were detected with a FITC Annexin V apoptosis detection kit (BioLegend, USA) 

followed by surface marker staining and flow cytometry analysis. Early apoptotic cells were defined as 

Annexin V-positive and PI negative. Late apoptotic cells were designated Annexin V-positive and PI 

positive. 

2.7 Immunohistochemistry (IHC) 

Tissues from mice were fixed in 4% paraformaldehyde, processed, embedded in paraffin, and 

sectioned.[26]. Paraffin was removed with two 10-minute xylene treatments, and sections were then hydrated 

through an alcohol series and soaked in distilled water for 2 min. Antigen retrieval was performed using 

microwaving and sodium citrate (pH 6.0). After blocking with 5% bovine serum albumin for 1 hour at 37℃, 

sections were incubated with anti-Ki67, cleaved caspase 3, CD206, and iNOS antibodies at 4℃ overnight. 

The sections were incubated with a biotinylated secondary antibody and streptavidin-conjugated horseradish 

peroxidase, followed by diaminobenzidine (DAB) (ZSGB-BIO, China) and counterstained with Gill's 

hematoxylin (Fisher Scientific, USA). Subsequently, sections were sealed with the sealing solution and 

imaged under a microscope (Leica Microsystems, Germany). 

2.8 Quantitative real-time PCR 

Total RNA was extracted using TRIzol reagent (Invitrogen), and cDNAs were synthesized using reverse 

transcriptase SuperScript II (Invitrogen). Quantitative real-time PCR (qRT-PCR) was performed using SYBR 

Green RT-PCR Master Mix (Invitrogen) and the 7300 Real Time PCR System (Applied Biosystems, 

Carlsbad, CA, USA). Mouse IL-1β, IL-6, iNOS, MCP1, TNF-α, IL-12a, IL-12b, TGFβ, IL-10, ARG1, 

CD163, H2EB1, CD86, TOP1, mTOR, Ki67, CDK2, IL-2, PD-1, Granzyme B (GZB), IFNγ were normalized 

to that of GAPDH and reported as relative mRNA expression (ΔCt=2-ΔCt sample – ΔCt control)). The specific primers 

used for qRT-PCR analysis were provided in Supplemental Table 1. 

2.9 Immunofluorescence assay 

To perform immunofluorescent staining, RAW264.7 or PMs on coverslips were fixed in 4% 

paraformaldehyde for 30 min, permeabilized with PBS containing 0.1% Triton X-100, blocked with 5% 

normal goat serum in PBS, incubated with an p65 antibody (ABclonal, China) overnight at 4℃, washed with 

PBS, and incubated with a fluorescein-conjugated secondary antibody (KPL, USA) for 1 h at room 

temperature. Cells were then stained with DAPI (Sigma, Germany) for 5 min, and images were obtained using 

a Confocal Laser Scanning Microscope System (Leica Microsystems, Germany). 

2.10 Western blot analysis 

Protein was extracted from RAW264.7 cells and protein concentrations were determined using the BCA 

assay (Beyotime, China). Equal protein amounts were separated on SDS-PAGE gels and transferred to PVDF 

membranes (Millipore, USA). The membranes were blocked with 5% nonfat dried milk, probed with primary 

antibodies (anti-TLR4, anti-Ikkα/β, anti-p-p65, or anti-β-actin; ABclonal, China) at 4℃ overnight, and 
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incubated with horseradish peroxidase-conjugated secondary antibody at room temperature for 1 h. The blots 

were visualized using an ECL kit (Beyotime, China). The protein bands of interest were quantified using 

Image Pro Plus 6.0 software. 

2.11 Statistical analysis 

All experiments were repeated at least three times, and data collection and analysis were performed in a 

blinded manner with respect to the experimental group. Only representative data are presented. Statistical 

analysis was conducted using GraphPad Prism v. 6 (GraphPad Software, USA) and Microsoft Excel 2016 

(Microsoft Corporation, USA). 

Normally distributed data were analyzed using unpaired or paired Student’s t-tests for two-group 

comparisons, and one-way ANOVA followed by Bonferroni’s post hoc test for multiple groups. Unless 

otherwise indicated, significance was determined as follows: ***P < 0.001, **P < 0.01, and *P < 0.05. 

3.1 Results 

3.1 F. velutipes polysaccharide delayed the progression of LLC and 4T1 cancer in mice 

To evaluate the anti-tumor efficiency of FVP, 1×106 LLC and 4T1 tumor cells were injected 

subcutaneously into C57/BL6 and BALB/c mice, respectively. Mice with similar tumor volumes were used 

to maintain initial tumor-size homogeneity (Figure 1A). After 14 consecutive days of gavage, we observed 

the grafted tumor volume in LLC-FVP and 4T1-FVP groups was reduced by 30% and 40%, respectively, 

compared to that of the control groups (Figure 1B and 1C). In addition, the overall survival data show that 

over 20% of the mice in LLC-FVP and 4T1-FVP groups survived on day 60 after tumor grafting (Figure 1D 

and 1E). Furthermore, we also examined the Ki67 expression in lung and tumor tissues using IHC assays, 

and the results show that the Ki67 expression in LLC-FVP and 4T1-FVP groups decreased to 80% and 70% 

of that in the control groups (Figure 1F-1H). Additionally, the Cleaved caspase 3 in tumor of LLC-FVP 

groups also showed an upward trend, which was consistent with the decreasing trend of that in 4T1-FVP 

groups (Figure 1I). The above results suggest that oral absorption of FVP delays the tumor progression via 

inhibiting the proliferation rate of cancer cells. 
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Figure 1 F. velutipes polysaccharide delayed the progression of LLC and 4T1 cancer in mice 

Mice in both LLC and 4T1 groups were implanted with 1×106 tumor cells. Ten days post-transplantation, LLC-Con and 
4T1-Con mice were gavaged with water, while LLC-FVP and 4T1-FVP mice were gavaged daily with 100 mg/kg FVP for 14 

days. (A) after the completion of FVP treatment, the tumor-bearing mice were either sacrificed for tissue collection or 
euthanized when their tumors reached 2 cm in any dimension. (B-E) Tumor volume, tumor weight, and overall survival curve 
in LLC group (B, D) and 4T1 groups (C, E). (F) Representative images of Ki67 and cleaved caspase 3 immunohistochemical 
(IHC) staining in lung and tumor tissues, bar=100μm. (G-I) The relative Ki67 and cleaved caspase 3 expression in indicated 
groups. Data represent ≥ 3 independent experiments and are shown as means ± standard deviation. *P < 0.05, **P < 0.01, 

***P < 0.001. 

3.2 F. velutipes polysaccharide increased the CD11b+F4/80+ cells in LLC and 4T1 tumor-bearing mice 

FVP has been shown to be effective against solid tumors, with its anti-tumor activity mediated by the 

immune system of the tumor-bearing host [18]. Myeloid subsets, such as macrophages, monocytes, and 

neutrophils, play a critical role in mediating this anti-tumor effect. Therefore, we collected peripheral blood, 

spleen, and lung samples from healthy and tumor-bearing mice to investigate the changes in myeloid immune 

cells using flow cytometry. Necessary steps, such as removing unstable flow, debris, off-scale events, 

doublets, dead cells, and non-CD45+ cells, were taken prior to analyzing the myeloid subpopulations of FCM 

data [24, 27].  

The results showed that the ratio of CD11b+Ly6ChighLy6G- monocytes in the 4T1-Con and LLC-Con 

groups increased significantly or showed a tendency to increase compared to that in the healthy group, and the 

increasing trends were reversed when treated with FVP, except for that in the blood of LLC tumor models 

(Figure 2A-2H). The ratio of CD11b+Ly6ChighLy6G- granulocytes substantially increased on day 24 after 
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tumor grafts, and treatment with FVP did not cause a consistent alteration (Figure 1A and 2A-2H). Regarding 

the CD11b+F4/80+ macrophage cells, there was a significant decrease in the 4T1-Con and LLC-Con groups 

compared to the healthy group, but treatment with FVP induced an increasing trend in the collected tissues 

(Figure 2A-2H). Overall, these results indicate that FVP had a deep impact on the circulation myeloid 

subpopulation and increased the CD11b+F4/80+ cells in LLC and 4T1 tumor-bearing mice. 

 
Figure 2 F. velutipes polysaccharide increased the CD11b+F4/80+ cells in LLC and 4T1 tumor-bearing mice 

LLC and 4T1 tumor-bearing were euthanized on day 14 after FVP treatment, and the peripheral blood, spleen, and lung were 
collected for flow cytometry (FCM) detection. (A) Representative FCM plots data of the peripheral blood immune cells in 
LLC tumor-bearing mcie. (B-D) Frequency of CD11b+Ly6ChighLy6G-, CD11b+Ly6ClowLy6G+, and CD11b+F4/80+ cells in 

the blood (B), spleen (C) and lung (D). (E) Representative FCM plots of peripheral blood immune cells in 4T1 tumor-bearing 
mcie. (F-H) Frequency of CD11b+Ly6ChighLy6G-, CD11b+Ly6ClowLy6G+, and CD11b+F4/80+ cells in the blood (F), spleen 
(G) and lung (H). Data represent ≥ 3 independent experiments and are shown as means ± standard deviation. *P < 0.05, **P 

< 0.01, ***P < 0.001. 

3.3 F. velutipes polysaccharide promoted the GMP generation in bone marrow  

Macrophages differentiate from monocytes, which are formed in hematopoietic precursor cells in the 

bone marrow [28]. Herein, we collected the bone marrow cells on day 24 after tumor grafts, and C-kit+Sca-1+ 

cells were pre-gated on non-dead and CD45 positive cells (Figure 3A). The gating strategy of LK 

(C-kit-Sca-1+), LSK (C-kit+Sca-1+), granulocyte macrophage progenitor (GMP, C-kit-Sca-1+ CD16/32high 
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CD34+), common myeloid progenitor (CMP,), and megakaryocyte erythroid progenitor (MEP, C-kit-Sca-1+ 

CD16/32- CD34-) cells was based on published literature[28, 29]. We observed that, compared to health-groups, 

the ratio of LSK, LK, and CMP increased significantly in LLC-Con groups, and FVP gavage enhanced this 

alteration (Figure 3B and 3C). The GMP and MEP in bone marrow reduced by 40% of that in health control 

groups, and FVP helps recovered to normal (health control group) levels. And splenic GMPs alteration 

exhibited a similar trend to that in bone marrow. Overall, these results imply that FVP alters the GMP 

generation in bone marrow. 

 
Figure 3 F. velutipes polysaccharide promoted the GMP generation in bone marrow. 

The spleen and bone marrow of LLC tumor-bearing mcie were collected for FCM detection on day 14 after FVP treatment. 
The C-kit and Sca-1 gates were pre-gated on CD45+Lin- cells. (A) Representative FCM plots of splenic myeloid progenitor 

cells subsets. GMP, granulocyte-macrophage progenitor; CMP, common myeloid progenitor; MEP,  
megakaryocyte-erythroid progenitor. (B-C) The percentage of LK (Lin−Sca-1+c-Kit-), LSK (Lin−Sca-1+c-Kit+), GMP, CMP, 
and MEP cells in the spleen(B) and bone marrow (C). Data represent ≥ 3 independent experiments and are shown as means ± 

standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001. 

3.4 F. velutipes polysaccharide reduced the ratio of M2 macrophages and Tregs in TME  

We next examined the relative expression of anti-iNOS and CD206 on tumor tissues via IHC assays 

(Figure 4A). The data show that iNOS in LLC-FVP groups has grown by at least 2-fold, and an increment 

trend was also observed in 4T1-FVP groups. In addition, CD206 showed decreased trends in both LLC and 
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4T1-FVP groups (Figure 4B). Moreover, we detected the expression of CD80, CD16/32, MHC II, CX3CR1, 

CD163, and CD206 in CD11b+F4/80+ macrophages of tumor microenvironments (TME) from LLC-Con and 

LLC-FVP groups (Figure 4C). The results show that the relative expression of CD80, CD16/32, MHC II, 

CX3CR1, and CD163 was increased, and CD206 significantly decreased in LLC-FVP groups compared to 

that in LLC-Con groups (Figure 4D). The above data suggests FVP promotes the percentage of M1 

macrophages in the TME. Research has shown that macrophages and Tregs can interact in the TME. M2 

macrophages can promote the recruitment and expansion of Tregs, while Tregs can in turn inhibit the 

activation and polarization of M1 macrophages [8, 30]. Therefore, we examined the alteration of Tregs in the 

TME, and the data show CD3+CD4+CD25+ Treg cells reduced to half of that in TME after FVP treatment 

(Figure 4E). Collectively, the above data suggest that FVP have the ability to alter M1/M2 polarization in the 

cancer model. 

 
Figure 4 F. velutipes polysaccharide reduced the ratio of M2 macrophages and Tregs in TME 

The tumor mass of LLC tumor-bearing mcie were collected on day 14 after FVP treatment. (A) Representative images of 
iNOS and CD206 IHC staining in tumor, bar=100μm. (B) The relative expression level of iNOS and CD206 in LLC and 4T1 
tumor tissue. (C-E) LLC tumor tissuce was collected and digested into single cells for FCM analysis. (C-D) The histogram 
FCM data of CD11b+F4/80+ cells surface markers. (E) The ratio of CD3+CD4+CD25+ T cells in TME. Data represent ≥ 3 

independent experiments and are shown as means ± standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001. 
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3.5 F. velutipes polysaccharide reversed IL4 induced M1/M2 polarization 

M1 and M2 macrophages are two functionally distinct subsets of macrophages with different roles in the 

immune response. M1 macrophages are pro-inflammatory and are involved in promoting immune responses 

to pathogens or tumors, while M2 macrophages are anti-inflammatory and are involved in tissue repair and 

resolution of inflammation[8, 30]. The polarization of macrophages towards the M2 phenotype can be induced 

by IL-4, which activates STAT3, STAT6, or IFR4 signaling pathways to induce the expression of IL-10, 

ARG1, TGFβ[31]. We observed that treatment with 50μg/mL FVP improved the relative mean fluorescence 

intensity of CD86, CD16/32, MHC II, and CD163 molecules in IL-4 pre-treated RAW264.7 and peritoneal 

macrophages (Figure 5A-5C). Another hallmark function of M1 macrophages is their high phagocytic 

capacity[32]. Dextran-FITC was utilized to examine the phagocytosis rate of macrophages. When RAW264.7 

was treated with 20 ng/mL IL-4, the phagocytic capacity was significantly decreased, and FVP can reverse 

the trend in a dose dependent manner (Figure 5D). In addition, LLC-CM also increased the phagocytic 

capacity of RAW264.7, and FVP displayed a synergistic effect to increase the phagocytosis rate (Figure 5E). 

In general, these findings imply that FVP promotes the switch of macrophages to the M1 phenotype. 

 



C.H. Fu et al. / Food Science and Human Wellness 15 (2026) 

 

 
Figure 5 F. velutipes polysaccharide reversed IL4-induced M1/M2 polarization. 

The RAW264.7 and peritoneal macrophages (PMs) were pre-cultured with IL-4 for 8 hours, and then, after the addition of 
FVP (or PBS) to the medium, the culture was continued for an additional 24 hours. (A) Representative histogram FCM data of 
RAW264.7. (B) The mean fluorescence intensity (MFI) of cell surface marker on RAW264.7. (C) The MFI of cell surface 

marker on PMs. The ability of phagocytic capacity was measured by the cellular uptake of Dextran-FITC. (D) The phagocytic 
capacity alteration of RAW264.7 after IL-4 and FVP treatment. (E) Alteration of phagocytic capacity in RAW264.7 cells after 
LLC tumor-conditioned medium (LLC-CM) and FVP treatment. Data represent ≥ 3 independent experiments and are shown 

as means ± standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001. 

3.6 F. velutipes polysaccharide increased the antitumor effects via activating M1 macrophages  

We examined the gene expression of inflammation-related genes in RAW264.7 cells treated with IL-4 or 

FVP. The results showed that IL-4 treatment inhibited the expression of iNOS, TNF-α, IL-12a, TGFβ, CD163, 

H2eb1, and CD86, while the addition of FVP substantially increased their expression (Figure 6A). 

Additionally, consistent with the findings in Figure 5E, FVP showed a synergistic effect in increasing the 

expression of IL-1β, MCP1, and IL-12b when pretreated with IL-4 or LLC-CM (Figure 6B). 

To evaluate tumor cell migration and apoptotic rate, we used scratch assays and Annexin V/PI assays, 

respectively. The control groups were treated with RAW-CM without FVP. We found that both the migration 

and pro-apoptotic capacity were promoted in a dose-dependent manner (Figure 6C and 6D). Moreover, we 

observed a significant reduction in the gene expression of TOP1, mTOR, Ki67, and CDK2 under the treatment 

of RAW-CM, suggesting that cytokines released by M1 macrophages mediated the inhibition of LLC (Figure 

6E). 

To determine whether M1-released cytokines promote the anti-tumor effects in lymphocytes, splenic 

lymphocytes were separated via Percoll gradient medium and treated with RAW264.7 condition medium. The 

results showed that TNF-α, GZB, and IFNγ increased at least 4-fold, and PD-1 decreased 3-fold compared to 

the control groups (Figure 6F). Collectively, these results indicate that FVP boosts the antitumor effects via 

activating M1 macrophages. 
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Figure 6 F. velutipes polysaccharide increase the antitumor effects via activating M1 macrophages 

(A)The relative gene expression of RAW264.7 cells after IL-4 or FVP treatment. (B) The relative gene expression of 
RAW264.7 cells after LLC-CM or FVP treatment. The RAW-CM was obtained from the conditioned medium of RAW264.7 
under FVP treatment. The LLC cells were harvested for the scratch and apoptosis assays after co-cultured with FVP treated 
RAW-CM for 24 hours. 40%, 60%, 80% RAW-CM means 40%, 60%, 80% of the medium was repalced by RAW-CM. The 
LLC cells in control groups were treated with RAW-CM without FVP. (C) Relative scratch wound closure in LLC cells. (D) 

The apoptotic rate of LLC tumor cells. (E) The relative gene expression of LLC cells after RAW-CM treatment. (F) The 
relative gene expression of splenic lymphocytes after RAW-CM treatment. Data represent ≥ 3 independent experiments and 

are shown as means ± standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001. 

3.7 F. velutipes polysaccharide induced the activation of TLR4/NF-κB axis 

Activation of macrophages by polysaccharides typically involves a series of signaling events and 

transcriptional regulation [9, 33]. Polysaccharide-induced activation of toll-like receptors (TLRs), mannose 

receptors, and other pattern recognition receptors (PRRs) triggers a signaling cascade that leads to the 
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activation of the inhibitor of κB kinase (IKK) complex. The activated IKK complex then phosphorylates the 

inhibitor of κBα (IκBα), leading to its ubiquitination and subsequent degradation by the proteasome [9, 34]. 

Based on this background knowledge, we examined the key proteins of the TLR4/NF-κB signaling pathway 

via western blot assays. The results showed that the relative expression of TLR4 and p-p65 significantly 

increased in FVP-treated RAW264.7 cells (Figure 7A). 

 
Figure 7 F. velutipes polysaccharide induce the activation of TLR4/NF-κB axis  

The RAW264.7 and peritoneal macrophages (PMs) were pre-cultured with IL-4 for 2 hours. After the addition of FVP (or 
PBS) to the medium, the cells were harvested 30 minutes later for immunofluorescence (IF) detection. (A) Immunoblot with 
anti-phospho-IKKα/β, phospho-p65, p65, TLR4 and β-actin. FVP concentration was 10, 25, 50 μg/mL. (B) Repersentative IF 
immages of p65 localization in peritoneal macrophages after IL-4 and FVP treatment. (C) Repersentative IF immages of p65 

localization in RAW264.7 cells after IL-4 and FVP treatment. (D) IF images of p65 localization in RAW264.7 cells after 
LLC-CM and FVP treatment. Data represent ≥ 3 independent experiments and are shown as means ± standard deviation. *P < 

0.05, **P < 0.01, ***P < 0.001. 

This release of the NF-κB complex from its sequestration in the cytoplasm allows it to translocate to the 

nucleus and regulate the expression of target genes, such as TNF-α, IL-6, and iNOS [9]. Next, we examined the 

nuclear translocation of NF-κB (p65) in RAW264.7 and peritoneal macrophages via immunofluorescence 

assay. The results showed that the increased p65 fluorescence intensity was overlaid with the nucleus when 
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treated with FVP (Figure 7B-D). Furthermore, the LLC-CM also increased p65 fluorescence intensity, and 

FVP treatment showed a trend for synergy (Figure 7D). Collectively, these results suggest that the activation 

of the TLR4/NF-κB axis is tightly regulated by FVP to boost anti-tumor immunity (Figure 8). 

 
Figure 8 F. velutipes polysaccharide boosts the anti-tumor immunity by reversing M1/M2 polarization through TLR4/NF-κB 

activation 
Oral administration of FVP polysaccharide elevated the levels of CD11b+Ly6ChighF4/80+ macrophages, delayed mammary 

and lung tumor growth, and increased survival rates in LLC and 4T1 cancer models. Furthermore, FVP reduced the proportion 
of M2 macrophages and regulatory T cells, which support tumor growth and metastasis, while enhancing pro-inflammatory 
gene expression, antitumor effects, and Th1 response-related gene expression. These findings suggest that FVP may serve as 

a promising immunomodulatory agent for reversing macrophage polarization within the tumor microenvironment. 

4. Discussion  

Cancer immunotherapy activates the immune system to fight cancer cells and can result in complete 

remission and fewer adverse effects compared to conventional treatments. It can also be combined with other 

therapies to improve outcomes. Notwithstanding, the immune system is a powerful tool against tumor 

development, the TME can pose difficulties by suppressing it and inhibiting the activation of immune cells[1, 

3]. The cells that possess immune-suppressive functions within the tumor microenvironment include Tregs, 

myeloid-derived suppressive cells, regulatory dendritic cells, and M2 macrophages[5-7]. 

In this study, we aimed to elucidate the possible mechanisms underlying the anti-tumor effects of FVP 

and explore its potential as an agent for reprogramming immune cells. The results show that FVP can 

significantly delay the progression of LLC and 4T1 carcinoma by regulating M1/M2 macrophage polarization 

and activating the immune response in both in vitro and in vivo models (Figure 1 and Figure 4). Macrophages 

are a diverse and versatile group of immune cells that exhibit distinct subpopulations and functions, including 

the well-known M1 and M2 macrophages[35, 36]. Additionally, tumor-associated macrophages (TAMs), a 

subtype of M2 macrophages in the tumor microenvironment, have been shown to promote tumor growth and 

metastasis[8]. Beyond M1 and M2, macrophages also comprise other subpopulations with unique 
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characteristics. For example, CD169+ macrophages may contribute to the maintenance of immune regulation 

and tissue homeostasis, while TCR+ macrophages express CCL2 and possess strong phagocytic 

capabilities[37]. In conclusion, macrophages are crucial players in immune defense, tissue homeostasis, and 

disease pathology, with their diverse subpopulations offering promising targets for developing new therapies. 

Herein, we found that FVP programmed the IL-4-induced M2 macrophages, and elevate the expression 

of CD86, CD163, iNOS, and TNF-α (Figure 5). In line with the aforementioned discoveries, FVP was 

observed to be an inducer for promoting M1-polarization of RAW 264.7 cells [38]. Moreover, in animal 

experiments, FVP was demonstrated to elevate the expression of IL-1β, iNOS, and ZO-1 genes in the colon 

tissue of mice [39], while the levels of TNF-α, IFN-γ, IL-6, and IL-8 in mouse serum also increased in a 

dose-dependent manner [40] (see Figure 6 for reference). From the fruiting bodies of F. velutipes, a novel 

polysaccharide named FVPB2 was isolated and purified. In vitro immunomodulatory studies indicated that 

FVPB2 can induce the proliferation of mouse spleen lymphocytes in a dose-dependent manner. Furthermore, 

treatment with FVPB2 increased the levels of IgM and IgG secreted by B cells. Thus, FVPB2 has the potential 

to be a novel and significant immunomodulatory nutraceutical[41]. Collectively, the aforementioned evidence 

suggests that FVP possess the capability to reprogram the polarized macrophages, and subfractions such as 

β‑glucan may play a critical role in immune activation [42].  

However, a β-type glycosidic polysaccharide isolated from F. velutipes has demonstrated efficacy in 

reducing the levels of TNF-α, IL-6, MCP-1, and MIP-1α in colon tissue and serum, thereby alleviating dextran 

sodium sulfate-induced ulcerative colitis in mice and achieving remission. In another study, polysaccharides 

isolated from F. velutipes were found to significantly decrease levels of CD4⁺ and CD8⁺ T cells, ICAM-1, and 

MPO in both the serum and colon tissues of normal and burned rats[43]. Additionally, Chen et al. demonstrated 

that seedbed-like scaffolds derived from FVP accelerate full-thickness skin wound healing and hair follicle 

regeneration in a green fabrication process [44]. The critical role of M2 macrophages in mediating wound 

healing has been shown in numerous in vitro and in vivo studies [45]. Besides, F. velutipes exhibits better 

antioxidant activity against hydroxyl radicals and improved metal chelating activity, which suggests that these 

polysaccharides can be used as natural antioxidants [46, 47]. Oxidative stress can activate a variety of 

transcription factors, leading to differential expression of genes involved in inflammatory pathways [48]. In 

summary, the multifaceted functions of FVP are contingent not only upon the specific polysaccharide 

constituents extracted by researchers, but also upon the distinct pathological milieu in which they operate. 

The limitations of this article are evident. In this study, we used a single medium, non-toxic dose of FVP 

(100 mg/kg/day), previously shown to be immunoregulatory and effective in animal tumour models[10], rather 

than conducting a formal dose-response analysis. Our primary aim was to elucidate the cellular and molecular 

mechanisms underlying its anti-tumour activity to inform optimisation of efficacy and future applications. 

Besides, in the mechanistic study section, we only provided evidence linking FVP treatment to the 

TLR4/NF-κB pathway, without performing functional validation using pharmacological inhibitors or gene 

knockdown approaches. In our future endeavors, we aim to carry out the following tasks: categorize the 
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components of FVP, determine the exact structure of the components that are responsible for reversing M2 

macrophage polarization, and screen and identify the receptors of these components. 

Comprehensively, this study demonstrated that oral administration of FVP elevated the level of 

CD11b+Ly6ChighF4/80+ macrophages, reduced mammary and lung tumor growth, and increased mouse 

survival rates in LLC and 4T1 cancer models. FVP also decreased the ratio of M2 macrophages and regulatory 

T cells, which support tumor growth and metastasis, and increased pro-inflammatory gene expression, 

antitumor effects, and Th1 response gene expression. These findings suggest that FVP has potential as an 

immunomodulatory agent for modulating macrophage polarization, indicating a potential alternative cancer 

treatment. 
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