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Abstract 

Myeloid derived suppressor cells (MDSCs) are known to accumulate in cancer patients and 
tumor-bearing mice, playing a significant role in promoting tumor growth. Depleting MDSCs has emerged 
as a potential therapeutic strategy for cancer. Here, we demonstrated that a fungal polysaccharide, 
extracted from Grifola frondosa, can effectively suppress breast tumorigenesis in mice by reducing the 
accumulation of MDSCs. Treatment with Grifola frondosa polysaccharide (GFI) leads to a substantial 
decrease in MDSCs in the blood and tumor tissue, and a potent inhibition of tumor growth. GFI 
treatment significantly reduces the number and proportion of MDSCs in the spleen, although this effect is 
not observed in the bone marrow. Further analysis reveals that GFI treatment primarily targets 
PMN-MDSCs, sparing M-MDSCs. Our research also highlights that GFI treatment has the dual effect of 
restoring and activating CD8+T cells, achieved through the downregulation of TIGIT expression and the 
upregulation of Granzyme B. Taken together, our findings suggest that GFI treatment effectively 
eliminates PMN-MDSCs in the spleen, leading to a reduction in MDSC numbers in circulation and tumor 
tissues, ultimately enhancing the antitumor immune response of CD8+T cells and inhibiting tumor 
growth. This study introduces a promising therapeutic agent for breast cancer. 
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Introduction 
Myeloid-derived suppressor cells (MDSCs) are a 

highly heterogenic populations of immature myeloid 
cells with immunosuppressive effects in cancers[1, 2]. 
MDSCs are massively expanded in the cancer patients 
and tumor-bearing mice, and the density of MDSCs in 
the circulatory system and tumor sites is positively 
correlated with the tumor burden but negatively 
correlated with shorter survival and less sensitivity to 

antitumoral therapy in different types of cancer, such 
as breast cancer, prostate cancer, colorectal cancer, 
and lung adenocarcinoma[3-6]. MDSCs include two 
subsets, polymorphonuclear (PMN)-MDSCs and 
monocytic (M)-MDSCs, based on cells morphological 
and phenotypic characteristics[1, 7]. Both cell 
populations can inhibit tumoricidal immune cells to 
promote immune escape of tumor cells and tumor 
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growth, using different effector molecules and 
signaling pathways [8, 9]. More findings indicated that 
MDSCs are one of the major immunosuppressive 
factors in the tumor environment of malignant 
tumors, and are also potential targets for cancer 
therapy. Therefore, reducing MDSCs density in 
tumor-bearing host could act as an effective cancer 
immunotherapy approach.  

Currently, it has been reported that multiple 
conventional drugs, such as 5-fluorouracil, docetaxel, 
gemcitabine, and chemokine inhibitors, depleted 
MDSCs and consequently improved the efficacy of 
tumor immunotherapy in the tumor-bearing host[2, 6, 

10, 11]. However, these agents were not specific for 
MDSCs and may affect T cell proliferation [10-12]. Some 
natural products targeting MDSCs, such as curcumin 
and β‐Glucan from yeast, have been investigated in 
preclinical and clinical studies[2, 13]. In our previous 
studies, more than ten medicinal fungi extract for the 
antitumor effect were screened using mouse 4T1 
breast tumor model, among which polysaccharide, 
extracted from Grifola frondosa, significantly inhibited 
tumor growth and prevented spleen enlargement 
(Supplementary Fig. S1). Some studies have shown 
that splenomegaly in 4T1 mammary carcinoma 
bearing mice was caused by the expansion and 
accumulation of MDSCs[14, 15]. Grifola frondosa is a 
fungus of polyporaceae family, which is widely used 
in East Asia as a medicinal and edible mushroom. The 
main bioactive compounds of G. frondosa are polysac-
charide[16-18]. It has been found that polysaccharide 
and polysaccharide-protein complex from G. frondosa 
suppressed tumor growth via improved immunity by 
enhancing the macrophage activity, controlling 
Th-1/Th-2 proportion, improving cytotoxic T-cells 
and natural killer (NK) cells, and decreasing the 
secretion of cytokines such as COX-2, IL-6 and 
TNF-α[17, 19-21]. Therefore, we hypothesized that GFI, 
polysaccharide-rich extract, could inhibit the 
expansion of MDSCs in mice, and enhance antitumor 
immune response leading to blockade of tumor 
growth. 

In this study, we used triple-negative breast 
cancer cell models to study the antitumor effect of 
fungal polysaccharide via eliminating MDSCs and 
activating T cell responses. The 4T1 tumor-bearing 
mice have several characteristics in common with the 
human breast carcinomas[22, 23]. In 4T1 tumor-bearing 
mice, MDSCs accumulate at the tumor site, peripheral 
blood, spleen, and bone marrow[24]. Using this model, 
we evaluated the antitumor effect of GFI in vitro and 
in vivo, and found an immunological antitumor 
program mediating the effects of GFI in TNBC 
therapies. We demonstrated that GFI treatment 
significantly decreased the accumulation of MDSCs in 

the spleen, blood and tumor site, while it could not 
inhibit the expansion of MDSCs in the bone marrow 
in 4T1 tumor-bearing BALB/c mice. We further 
discovered that GFI treatment mainly decreased 
PMN-MDSCs, but not M-MDSCs. Furthermore, GFI 
treatment increased the proportion and activation of T 
cells in the tumor-bearing mice. GFI treatment also 
reduced the mRNA and protein expression of TIGIT, 
and increased the expression of granzyme B to restore 
and activate T cell response in the tumor micro- 
environment. Therefore, GFI, polysaccharide- 
rich extract from G. frondosa, enhanced host immunity 
to cancer by eliminating myeloid-derived suppressor 
cells. 

Materials and Methods 

Materials  
The fruit bodies of G. frondosa were obtained 

from Guangdong Yuewei Edible Fungi Technology 
Co. Ltd., Guangzhou, China. Fetal bovine serum, goat 
serum, DMEM, PBS and penicillin/ streptomycin 
antibiotics were purchased from Thermo Fisher 
Scientific. HPLC grade sodium chloride (NaCl) was 
purchased from Sigma–Aldrich. Deionized water was 
purified by the Millipore-Q water purification system. 
All the antibody related information is listed in the 
supplementary Table S1. Horseradish peroxidase- 
conjugated goat anti-rabbit IgG was obtained from 
Cell Signaling Technology. 

Cell line and Mice 
The murine 4T1 cells were purchased from 

ATCC. 4T1 breast cancer cells were cultured in 
DMEM medium supplemented with 10% fetal bovine 
serum, 1% Penicillin/ streptomycin antibiotics at 37°C 
in an incubator containing 5% CO2.  

All animal experiments were conducted in 
accordance with a protocol approved by the Animal 
Core Facility of Institute of Microbiology, Guangdong 
Academy of Sciences. Five- to seven-week-old female 
BALB/c mice were purchased from Guangdong 
medical laboratory animal center. All the mice were 
housed under standard and specific pathogen-free 
conditions in the animal core facility of Institute of 
Microbiology, Guangdong Academy of Sciences.  

Grifola frondosa polysaccharide’s information  
Grifola frondosa polysaccharide (GFI) was isolated 

from the fruit bodies of G. frondosa. In brief, the dry 
fruit bodies of G. frondosa were ground to powder. The 
powder was soaked in deionized water at a ratio of 
1:20 (w/v) for 30 minutes, and then extracted by 
refluxing two times at 100°C. The extract was filtered 
and concentrated to a small volume. The polysac-
charide fraction was precipitated overnight at 4°C by 
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adding 4 volumes of ethanol in the extract. The 
precipitate was re-dissolved in water, dialyzed 
against water for 72 hours, concentrated, filtered and 
dried by a vacuum freeze-drying.  

The molar mass distribution of GFI was 
determined by high-performance gel filtration 
chromatography (HPGFC) on an Agilent 1200 
high-performance liquid chromatography (HPLC) 
system with differential refraction detector (1260 
Infinity, Agilent, USA). After filtered with 0.22 μm 
filter, the polysaccharide solution (5 mg/mL, 10 μL) 
was separated in the TSKgel G3000PWXL and TSKgel 
G5000PWXL columns (7.8 mm × 30 cm, Tosoh 
Bioscience, Tokyo, Japan), with 0.01 M NaCl elution 
solution at 0.5 mL/min at 35 °C. The average 
molecular weight of the polysaccharide ranged from 
0.24 to 99.9 x 104Da (Fig. S2 and Table S2).  

Lentinan isolation 
Lentinan (LNT) was isolated from the fruit 

bodies of Lentinula edodes. Lentinan was extracted by 
water abstraction and alcohol precipitation as 
described under ‘Grifola frondosa polysaccharide’s 
information’ section. 

Mouse tumor model and treatments 
On day 0 of the experiments, 0.5 x 105 4T1 cells 

were implanted subcutaneously. Animals were 
randomized on day 7 post injection and given the 
treatments with the following regimen for GFI. GFI in 
0.9% saline were delivered intraperitoneally every 
other day until the end-point, with a dose of 25 
mg/kg, 50 mg/kg and 100 mg/kg (100 μL at the 
concentrations prepared above). The control animals 
were treated with an equal volume of 0.9% saline. In 
the Supplementary Fig. S1, GFI (100 mg/kg, 100 μL) 
treatment was initiated on day 1 post tumor 
implantation and continued every other day until the 
end-point. To compare the in vivo activity of 
polysaccharides derived from GFI and LEN, mice 
were intraperitoneally administered GFI (50 mg/kg), 
LEN (50 mg/kg), or a control solution of 0.9% saline 
seven days after tumor cell injection. Tumor size was 
measured with a caliper on day 7, 14, 21, 28, and 32. 
Tumor volume was calculated using the formula 
(width2 × length)/2. At the end-point, the mice were 
sacrificed, and the tumors were removed, weighed 
and photographed. Tumor inhibitory rates were 
calculated using the formula (x-x)/ x*100, where ‘x’ 
is the average tumor weight of the control group and 
‘x’ is the tumor weight of each mouse in the treatment 
group. The doses of GFI (25 mg/kg, 50 mg/kg and 
100 mg/kg) were represented with GFI-LD, GFI-MD 
and GFI-HD. The dose of Lentinan (50 mg/kg) was 
represented with LNT-MD. 

Cell proliferation, cell viability, cell apoptosis 
and cell cycle progression in vitro 

Cell proliferation assay was used to evaluate the 
antitumor effect of G. frondosa polysaccharides (GFI) 
in vitro using trypan blue staining as previously 
described [25, 26]. In brief, murine breast cancer cells 4T1 
and human breast cancer cells MDA-MB-231were 
used in the study. The cells (1x105 cells/mL, 0.5 
mL/well) were seeded into 24-well cell plates and 
cultured in DMEM (containing 10% FBS and 100 
U/mL penicillin/streptomycin) in an incubator 
containing 5% CO2 at 37°C. Four hours after cell 
inoculation, GFI was added to the cultures at different 
concentrations and incubated for 48 hours. Cell 
proliferation was analyzed by trypan blue staining. 
Each experiment was repeated for at least three times 
for statistical analysis.  

Cell viability was assessed using a CCK-8 
assay[27]. In brief, cells were seeded at a density of 
6,000 cells per well (100 μL) in 96-well cell plates. 
After an overnight incubation, GFI was introduced to 
the cells and incubated for 48 hours. Subsequently, 
10% CCK-8 staining solution (100 μL) was added to 
each well and incubated for 0.5 - 3 hours at 37°C. The 
optical density (OD) was measured and used to 
calculate cell viability.  

Cell apoptosis was detected using flow 
cytometry[28, 29]. Cells were treated with GFI (0, 50, 100 
and 200 μg/mL) for 48 hours, and harvested. The cells 
were washed with cold PBS, resuspended in binding 
buffer, and stained with PE Annexin V and 7-AAD. 
The cells were analyzed by flow cytometry (FACS 
Canto Ⅱ, BD, USA). Percentages of the cells with PE 
Annexin V positive staining were considered as 
apoptotic, whereas 7-AAD-positive staining was 
considered as necrotic.  

Cell cycle progression was performed as 
described[30, 31]. In brief, 4T1 cells were treated with 
GFI for 48 hours, at the concentrations of 0 μg/mL, 
100 μg/mL and 200 μg/mL. The cells were then 
harvested, washed, and fixed with ice-cold 75% 
ethanol at 4°C for 4 hours. After being washed twice 
with ice-cold PBS, the cells were resuspended and 
stained with propidium iodide (25 μg/mL) at room 
temperature for 10 minutes. The cells were analyzed 
by flow cytometry. Cell cycle distribution was 
calculated using ModFit LT. 

Single-Cell processing for flow cytometry 
Single-Cell suspension for flow cytometry was 

prepared from the tumor tissues, bone marrow, 
peripheral blood, and spleen. Tumors were resected at 
the end-point of the experiments and collected in 
ice-cold PBS for immune cells analysis. In brief, the 
tumors were cut into small pieces (around 1 mm3) and 
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transferred to 50 mL tubes containing 2 mL of 
RPMI-1640 with 0.1% collagenase type I, 0.2% dispase 
type I and 0.2 mg/mL DNAse I. Tissues were 
incubated for 30-60 minutes in a 37°C shaking 
incubator, and filtered through a 70 μm nylon mesh. 
The cell suspension was centrifuged for 5 minutes at 
350g, discarded the supernatant, and re-suspended in 
1 mL RBC lysis buffer for 5 minutes at 37 °C, and 
washed with 10 mL FACS buffer (PBS containing 2% 
FBS). The cell suspension was subjected to 
centrifugation at 350 xg for 5 minutes, and the 
supernatant was discarded. The cell pellet was 
resuspended in 5 mL FACS buffer, and the number of 
viable cells in each sample was determined using 
trypan blue staining. The cells with >90% cell viability 
were used for further analysis. Single-cell suspensions 
were obtained for flow cytometry analysis. 

Whole bone marrow cells were flushed with cold 
PBS from femurs of control tumor-free mice, control 
tumor mice and GFI treated mice, and single-cell 
suspensions were obtained by filtering through a 
70-μm nylon mesh.  

Spleen tissues were dissociated using a rubber 
pestle in 1.5 mL tube with 1 x PBS, and single-cell 
suspension was obtained by filtering through a 70 μm 
nylon mesh.  

Blood was drawn and collected in 0.5 M 
EDTA-coated tubes. The erythrocytes of all the 
samples were lysed by incubating with RBC lysis 
buffer at room temperature for 10 min, and washed 
with FACS buffer by centrifugation at 350 g for 5 
minutes. Pelleted cells were resuspended with FACS 
buffer. Single-cell suspensions were obtained for flow 
cytometry analysis. 

Flow cytometry 
A single-cell suspension was prepared as 

described in the preceding section. The cells were 
incubated with mouse Fc receptor blocking antibody 
in the FACS buffer for 30 minutes on ice, followed by 
staining with the fluorochrome-labelled anti-mouse 
antibodies for 30 min on ice in the dark, and then 
washed with FACS buffer twice. In this study, for cell 
surface protein staining, the cells were incubated with 
7-AAD to assess cell viability, followed by washing 
with FACS buffer once. The cells were resuspended 
with FACS buffer. All the samples were acquired on a 
BD FACS Canto II. All the data were analyzed using 
FlowJo software. 

The following antibodies were used for immune 
profiling: 

Immune cell phenotyping panel 1: CD45- 
APC-eFluor 780, CD11b-APC, Ly-6G/Ly-6C(GR-1)- 
PE-Cyanine7, CD3e- FITC, F4/80-PE and 7-AAD. 

Myeloid cell phenotyping panel 2: CD45- 

APC-eFluor 780, CD11b-APC, Ly6G-FITC, Ly6C- 
PE-Cyanine7 and 7-AAD.  

Lymphoid cell phenotyping panel 3: CD45- 
APC-eFluor 780, CD3e- FITC, CD4-APC, CD8-PE, 
CD19- PE-Cyanine7 and 7-AAD.  

All the information for the antibodies is listed in 
the supplementary Table S1. 

Immunohistochemical staining 
Tumor tissue and spleen samples were fixed in 

10% neutral buffered formalin and then embedded by 
paraffin as described [32]. Serial paraffin sections were 
prepared and then stained with H&E. Immunohisto-
chemical staining was performed using antibodies 
against CD11b, Ly6G, CD3, CD4, CD8, TIGIT, and 
Granzyme B. In brief, all the tissue sections were 
de-waxed in xylene and rehydrated in graded 
ethanol. For antigen retrieval, the slides were treated 
with a pre-heated citrate buffer in a pressure cooker. 
The slides were blocked in 3% hydrogen peroxide 
solution for 5 minutes at room temperature. To detect 
MDSCs, the tissue slides were incubated with rat 
anti-mouse CD11b and Ly6G mAb. To detect T cells, 
the tissue slides were incubated with rat anti-mouse 
CD3+, CD4+ and CD8+ mAb. To detect CD8+T cells 
depletion, the tissue slides were incubated with rat 
anti-mouse CD8+ and TIGIT mAb. Subsequently, the 
secondary antibody Labelled Polymer-HRP (ab6721, 
Abcam) was used to detect primary antibodies. The 
DAB kit (Servicebio, China) was used to detect the 
secondary antibody. All the sections were 
counterstained with Mayer Hematoxylin, dehydrated 
using graded ethanol, vitrificated by dimethyl-
benzene and mounted with mounting medium. 
Washing was performed with PBS between all these 
steps. Images of the sections were observed and 
obtained using a microscope.  

All the information related to the antibodies is 
listed in the supplementary Table S1. 

RNA extraction, RNA sequencing, and 
RT-PCR 

Total RNA was extracted using TRIzol method, 
and its concentration was tested by NanoPhotometer 
N120 (IMPLEN, Germany). Real-time PCR was 
performed as described previously [33, 34]. The primers 
are listed in the supplementary Table S3. RNA 
sequencing was performed by BMK (www.biomarker 
.com.cn). Sequencing libraries were generated using 
NEBNext UltraTM RNA Library Prep Kit for Illumina 
(NEB, USA) following the manufacturer’s recommen-
dations, and index codes were added to attribute 
sequences to each sample, sequenced using a 
NovaSeq 6000 (Illumina) according to the 
manufacturer’s instructions.  
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Statistical analysis 
Error bars represent the standard deviation (SD) 

when not otherwise specified (n = 10 or 6). 
Tumor-inhibition rate values are presented as means 
± standard error of the mean (SEM). Significance 
values were determined using t-tests, and significance 
levels were set as follows: *p < 0.05, **p < 0.01, #p < 
0.05, and ##p < 0.01. In this context, ‘ * ’ denotes 
comparisons between the non-tumor normal group 
and the Tumor + 0.9% saline group, while ‘ # ’ 
signifies comparisons between the Tumor + 0.9% 
saline control group and the GFI treatment group. 

Results 
Grifola frondosa polysaccharide (GFI) inhibits 
tumor growth in vivo 

To investigate the effect of GFI on tumor growth, 
we first established 4T1 murine breast cancer model. 
The mice were given intraperitoneal injections of GFI 
(25, 50, 100 mg/kg) once every other day starting 
from day 7 after tumor inoculation, and the process 
was repeated for 32 days (Fig. 1A). Tumor growth 
curve showed that GFI treatment can significantly 
inhibit the growth of 4T1 cells in mice in a dose- and 
time-dependent manner from 21 days post tumor 
inoculation compared with the control group (Fig. 1B; 
p<0.05). During treatment, the body weight of the 
mice showed no significant difference among all the 
groups (Fig. 1C), indicating no toxicity of GFI 
treatment. By the end of the experiment, the tumor 
weight in the three groups with GFI treatment was 
lower than the control group, and the average 
inhibitory rate was 22.26±13.88%, 50.56±11.21% 
(p<0.05) and 77.65±6.49% (p<0.01), respectively (Fig. 
1D and 1E). Therefore, the significant tumor 
suppressive response to GFI was at the dose between 
50 and 100 mg/kg, which is a feasible dose for 
potential drug. These data suggested that the 
pharmacological activation of GFI could effectively 
suppress tumor growth in mice, thus exhibiting a 
dose-effect relationship.  

GFI has no effect on tumor cell viability in vitro 
We investigated whether the tumor suppressive 

effect of GFI is mediated by inducing tumor cell 
apoptosis. Cell proliferation analysis by trypan blue 
staining showed that GFI did not induce 4T1 and 
MDA-MB-231 cells death (Fig. 2A). Treatment of cells 
with GFI did not reduce 4T1 and MDA-MB-231 cell 
viability by CCK-8 assay (Fig. 2B). Cell apoptosis in 
both 4T1 cells treated with GFI and the control did not 
reveal any change as studied by flow cytometry of 
Annexin V/propidium staining analysis, indicating 
the GFI treatment did not induce apoptotic cell death 

(Fig. 2C, Fig. S3A). Furthermore, GFI showed no effect 
on cell cycle distribution by flow cytometry (Fig. 2D, 
Fig. S3B). Thus, we postulate that GFI might not 
directly induce programmed tumor cell death to exert 
its tumor inhibitory effects. 

GFI treatment inhibits MDSCs infiltration into 
the tumor site 

Next, we examined the immune cell profile 
alterations in the 4T1 mice after GFI treatment to 
identify whether the antitumor immune response in 
the tumor microenvironment involved in the tumor 
suppression effects of GFI. First, we analyzed the 
alterations of the immunosuppressive cells 
CD11b+Gr-1+ MDSCs, CD11b+Ly6G+ PMN-MDSCs, 
CD11b+ Ly6C+ M-MDSCs and CD11b+F4/80+ TAMs 
using flow cytometry and immunohistochemical 
analysis (Fig. 3A, Fig. S4A). Interestingly, it was found 
that CD11b+ myeloid cells were significantly reduced 
in 4T1 tumor-bearing mice with GFI treatment 
compared to the untreated ones (Fig. 3, Fig. S4), which 
might be due to the decrease of CD11b+Gr-1+ MDSCs 
percentage with high dose GFI treatment (Fig. 3B), but 
not the CD11b+F4/80+ TAMs (Fig. S4C). Gr-1 antibody 
can recognize two antigens Ly6G and Ly6C, which 
expressed on two distinct subsets of Gr-1+ myeloid 
cells, polymorphonuclear CD11b+Ly6G+ (PMN- 
MDSCs) and monocytic CD11b+Ly6C+ (M-MDSCs), 
both subtypes supporting tumor growth and 
suppressing antitumor immunity[35]. We found that 
CD11b+Ly6G+PMN-MDSCs were the major 
CD11b+Gr-1+ cells subset in the tumor tissue which 
were significantly decreased in the tumor after GFI 
treatment in a dose-dependent manner (Fig. 3C, 3D). 
Immunohistochemical analysis further proved that 
GFI reduced the expression of Ly6G in the tumor of 
4T1 murine models compared with the controls (Fig. 
3E). These results demonstrated that GFI inhibited 
MDSCs infiltration and enrichment in the breast 
tumors. 

GFI treatment decreased MDSCs in the 
peripheral blood  

In patients with cancer, MDSCs were reported to 
be increased in the circulation and correlated with 
tumor burden[36, 37]. Here, we used the 4T1 
tumor-bearing mouse model that has previously been 
demonstrated to show MDSCs expansion in the 
circulation, spleen and the tumor tissues [38, 39]. We 
then investigated the effect of GFI on the MDSCs in 
the peripheral blood of mice with tumors using flow 
cytometry analysis. The results showed that high dose 
of GFI treatment reduced the percentage of Gr-1+ 

MDSCs in the peripheral blood of mice with tumors 
compared with the untreated control group (Fig. 4A). 
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PMN-MDSCs were the dominant subset population 
in the peripheral blood (Fig. 4B). GFI treatment 
decreased the percentage of PMN-MDSCs in a dose 

dependent manner (Fig. 4B, GFI-HD 100 mg/kg 
p<0.001). In addition, GFI treatment also reduced 
M-MDSCs in the blood (Fig. 4C). 

 
 

 
Figure 1. Grifola frondosa polysaccharide suppresses breast cancer growth in the murine models. (A) Experimental procedures. GFI antitumor assay was 
performed using 4T1 cells xenografted mice tumors (0.5x105 cells/each mouse). At one week after tumor inoculation, the mice were given intraperitoneal injections of GFI (25, 
50, 100 mg/kg) once every other day up to 32 days, with 100 μL. Control group were given intraperitoneal injections of 0.9% saline. (B) The tumor volumes of the mice in each 
group of the 4T1 model were measured and calculated at the indicated time points (n = 10). (C) The body weight of mice in each group of the 4T1 model were weighed and 
calculated at the indicated time points (n = 10). (D) Representative photos showing the effect of GFI on tumor growth inhibition in the 4T1 murine model (n = 10). Shown on 
the left is the tumor weight (means ± SD) and tumor-inhibition rate (means ± SEM) in each group of the 4T1 model at the end of assay (n = 10); (E) Shown on the right is the tumor 
weight of each mouse in each group (n = 10). *p<0.05; **p<0.01. Error bars (no specifically indicated), SD. 
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GFI treatment suppressed splenomegaly and 
MDSCs accumulation in the spleen 

It has been acknowledged that MDSCs are also 
produced in the peripheral organ spleen while they 
proliferate in the bone marrow[24, 40]. Here, we 
investigated the effect of GFI on MDSCs in bone 
marrow and spleen of the mice with tumors using 
flow cytometry analysis. The FACS analysis showed 
that the immune suppressive cells MDSCs, 
PMN-MDSCs and M-MDSCs were all increased in the 
bone marrow of tumor-bearing mice compared with 
the normal group (Fig. 5). GFI treatment did not 
suppress the expansion of MDSCs, PMN-MDSCs in 
the bone marrow of 4T1 mice compared with the 
control group (Fig. 5A, 5B), but decreased the 
percentage of Ly6C+ M-MDSCs (Fig. 5C).  

In agreement with the previous reports on 4T1 
murine models[39, 41], the spleen became enlarged in 
untreated tumor-bearing mice, resulting in 3.79-fold 

increase in weight (0.517 g) compared to the normal 
mice (0.107 g), whereas GFI treatment effectively 
suppressed spleen enlargement in 4T1 tumor-bearing 
mice (GFI-HD: 0.365 g) (Fig. 6A, 6B). It has been 
previously reported that splenomegaly in both cancer 
patients and tumor-bearing mice was caused by the 
expansion of CD11b+Gr-1+ myeloid immuno- 
suppressor cells and was positively correlated with 
tumor size[1, 2]. The number of splenocytes in the 
spleens of 4T1 mice increased 7.95-fold more than the 
normal mice, while the number of splenocytes were 
decreased after GFI treatment (Fig. 6C). FACS data 
showed that CD11b+Gr-1+MDSCs significantly 
increased in the spleen of untreated tumor-bearing 
mice compared with the normal mice (up to 61.3 ± 
8.02% vs 1.81 ± 0.19%), while the content of MDSCs in 
the spleen of tumor bearing mice after GFI treatment 
decreased to 56.6 ± 6.74% (GFI-LD), 49.1 ± 11.2% 
(GFI-MD) and 18.2 ± 5.14%, respectively (Fig. 6D). 

 

 
Figure 2. Grifola frondosa polysaccharide does not induce apoptosis of 4T1 cells in vitro. (A) GFI was added to the cultures of 4T1 and MDA-MB-231 cells at the 
concentrations of 0, 50, 100, 150, 200 μg/mL, followed by 48 hours incubation. Cell proliferation was analyzed by trypan blue staining and cell counting. Each experiment was 
repeated three times. (B) 4T1 cells were treated with GFI for 48 hours. Next, 10% CCK-8 staining (100 μL) was added to each well and incubated for 0.5 - 3 hours, at 37°C. The 
optical density (OD) value was measured and calculated. Each experiment was repeated three times. (C) 4T1 cells were treated with GFI (0, 50, 100, 200 μg/mL) for 48 hours, 
followed by flow cytometry using propidium iodide (PI)/Annexin V staining. Each experiment was repeated three times. (D) 4T1 cells were treated with GFI (0, 100, 200 μg/mL) 
for 48 hours. The cell cycle of 4T1 cells was detected with PI staining by flow cytometry. *p<0.05; **p<0.01. Error bars, SD. 
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Consequently, it was found that CD11b+ Ly6G+ 
PMN-MDSCs were the major type among MDSCs, 
and the percentage of Ly6G/CD45 decreased to 
51.0±9.34%, 38.2±7.55% and 30.1±5.74% of MDSCs 
after GFI treatment in the spleen compared with the 
control (Ly6G/CD45: 54.4±10.51%) (Fig. 6E, 6F). In 
accordance, H&E analyses of spleen tissues showed 
indistinct boundaries between the red and white 
pulps in the spleens of the model mice, which 

indicated that the structure of spleen tissues in the 
mice receiving GFI was restored similar to that in the 
control mice (Fig. 6G). Moreover, immuno- 
histochemical analysis proved that Ly6G+ MDSCs 
were decreased in the spleen of 4T1 murine models 
with GFI treatment compared with the control (Fig. 
6G). Therefore, we concluded that GFI treatment 
could inhibit the expansion and accumulation of 
MDSCs in the spleen of the tumor-bearing mice. 

 

 
Figure 3. Grifola frondosa polysaccharide suppresses the infiltration of MDSCs in the tumors. (A) Representative FACS plots illustrate the gating to assess Gr-1+, 
Ly6G+ and Ly6C+ cells in the tumor from the control or GFI-treated 4T1 murine model. (B-D) After mice were sacrificed, single-cell suspensions were obtained from the tumor 
of the control or GFI-treated 4T1 mice. Single-cell suspensions were stained with MDSCs cell surface markers (CD45, CD11b, Gr-1(Ly6G/Ly6C), Ly6G and Ly6C antibodies). 
MDSCs were detected by flow cytometry. Summary of the % of MDSCs (CD45+Gr-1+), PMN-MDSCs (CD45+CD11b+ Ly6G+) and M-MDSCs (CD45+CD11b+Ly6C+) in tumor 
of the control or GFI-treated 4T1 mice (n = 5). (E) Left, Immunohistochemistry staining showed the protein expression level of CD11b and Ly6G in the tumors of the control 
or GFI-treated 4T1 mice. Right, Relative protein expression level of the % of CD11b and Ly6G was calculated by image-pro plus in tumor of the control or GFI-treated 4T1 mice. 
*p<0.05; *p<0.01. Error bars, SD. 
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GFI treatment activates antitumor immune 
response in mice 

It has been reported that MDSCs potently inhibit 
T-cell-mediated antitumor immunity in the cancer 
patients and the tumor murine models[2, 35]. Therefore, 
we investigated whether GFI may affect the 
antitumoral T cells responses in the peripheral blood, 
spleen and tumor site. Interestingly, the number and 
percentages of CD3+, CD4+ and CD8+ T lymphocytes 
were significantly increased in the spleen and blood of 
GFI-treated mice (Fig. 7A - 7F). Consistently, GFI 
treatment increased the populations of CD3+ and 
CD8+ T lymphocytes at the tumor site in the 
tumor-bearing mice (Fig. 7G).  

 

 
Figure 4. Grifola frondosa polysaccharide suppresses the enrichment of 
MDSCs in the peripheral blood. (A) After the mice were sacrificed, MDSCs were 
analyzed with cell surface markers (CD45+CD11b+ Gr-1+) in peripheral blood from 
the control or GFI-treated 4T1 murine model using flow cytometry (n = 4). GFI 
treatment decreased Gr-1+MDSCs enrichment in the peripheral blood as observed 
by using flow cytometry analysis. (B-C) Flow cytometry analyzed the density of 
PMN-MDSCs (B) and M-MDSCs (C) in the peripheral blood from the control or 
GFI-treated 4T1 murine model, staining with CD45, CD11b, Ly6G and Ly6C 
antibodies (n = 4). *p<0.05; *p<0.01; #p<0.05; ##p<0.01; Error bars, SD. 

 
Figure 5. Grifola frondosa polysaccharide did not suppress the expansion of 
MDSCs in the bone marrow. (A) After the mice were sacrificed, MDSCs were 
analyzed with the cell surface markers (CD45+CD11b+ Gr-1+) in the bone marrow 
from the normal, control or GFI-treated 4T1 murine model using flow cytometry (n 
= 4). GFI treatment did not suppress Gr-1+ MDSCs expansion in the bone marrow as 
seen through flow cytometry analysis. (B-C) Flow cytometry analyzed the density of 
PMN-MDSCs (B, CD45+CD11b+Ly6G+) and M-MDSCs (C, CD45+CD11b+Ly6C+) in 
the bone marrow from the normal, control or GFI-treated 4T1 murine model, 
staining with CD45, CD11b, Ly6G and Ly6C antibodies (n = 4). *p<0.05; *p<0.01; 
#p<0.05; ##p<0.01; Error bars, SD. 

 
Because analysis of intratumoral immune cell 

populations displayed quantitative changes by GFI 
treatment, we further analyzed the potential 
alterations of gene expression and thus performed 
RNA sequencing in tumors harvested from mice that 
were treated with GFI or 0.9% saline. The sequencing 
analysis showed that GFI treatment could trigger the 
alterations of genes at the mRNA level, 1018 
differentially expressed genes (p< 0.05) with 832 
genes higher and 186 genes lower in the tumor 
samples of 4T1-mice treatment compared to control 
(Fig. 8A, 8B). Subsequent of these gene were enriched 
on immune system (GO term biological process) (Fig. 
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8C). In addition, we performed gene set enrichment 
analysis (GSEA) to study the function of all gene as 
described [42, 43]. Immune response pathways such as 
innate immune response activation, complement 
activation and granulocyte chemotaxis were 
significantly enriched in GFI group (Fig. 8D). The data 
analysis also found gene expression linked to the 
phagocytic function in tumor from GFI-treated mice 

was enhanced (Fig. 8E). The phagocytic function of 
innate immunity is related to its antitumor activity[44]. 
Moreover, gene set enrichment analysis also revealed 
that the pathway involved in immune response 
activation were positively enriched in toll like 
receptor, T cell receptor and NK cell mediated 
cytotoxicity (Fig. 8F), indicating that GFI enhances 
antitumor immune response in the 4T1-bearing mice. 

 

 
Figure 6. Grifola frondosa polysaccharide suppresses the expansion of MDSCs in the spleen. Representative images of spleens. After mice were sacrificed, the spleen 
weights of the mice in each group were measured and calculated at the end of the assay (n = 10). After mice were sacrificed, a single cell suspension was obtained from the spleens 
of normal, control and GFI-treated mice (n = 3). Total cell number in spleens were counted and calculated. After the mice were sacrificed, MDSCs were analyzed with the cell 
surface markers (CD45+CD11b+Gr-1+) in the spleens from the normal, control or GFI-treated 4T1 murine model using flow cytometry (n = 4). GFI treatment decreased Gr-1+ 

MDSCs enrichment in the spleen as observed through flow cytometry analysis. GFI treatment decreased Ly6G+ PMN-MDSCs enrichment in the spleen using flow cytometry 
analysis (n = 4). GFI treatment decreased Ly6C+ M-MDSCs enrichment in the spleen using flow cytometry analysis (n = 4). Left, H&E, CD11b and Ly6G staining of the spleen from 
the normal, control or GFI-treated 4T1 murine model. Right, relative protein expression level of the % of CD11b (upper) and Ly6G (lower) was calculated by Image-pro plus. 
*p<0.05; *p<0.01; #p<0.05; ##p<0.01; Error bars, SD. 
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Figure 7. Grifola frondosa polysaccharide increased T cells in the peripheral blood, spleen and tumors. After mice were sacrificed, a single cell suspension was 
obtained from the blood and spleens of normal, control and GFI-treated mice. Single cell suspensions were stained with T lymphocyte cell surface markers (CD45, CD3, CD8 
and CD4 antibodies). Stained cells were detected by flow cytometry. (A), (B) and (C) GFI increased the percentage of CD3+ (A), CD8+ (B), and CD4+ (C) T cells in the peripheral 
blood from the normal, control or GFI-treated 4T1 murine model (n = 4). (D), (E) and (F) GFI increased the percentage of CD3+ (D), CD8+ (E), and CD4+ (F) T cells in the 
peripheral blood from the normal, control or GFI-treated 4T1 murine model (n = 4). (G) Upper, H&E, CD3 and CD8 staining of the tumors from the control and GFI-treated 
4T1 murine model. Lower, Relative protein expression level of the % of CD3 (left) and CD8 (right) was calculated by Image-pro plus in tumor of the control or GFI-treated 4T1 
mice. *p<0.05; *p<0.01; #p<0.05; ##p<0.01; Error bars, SD. 
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In the tumor microenvironment, MDSCs can 
hinder T cell effector functions. To gain deeper 
insights into the molecular mechanisms responsible 
for T cell activation by GFI, we analyzed RNA-seq 
data to examine the expression of genes related to T 
cell-mediated cytotoxicity and the negative regulation 
of T cell activation. Our findings revealed a significant 
down-regulation of TIGIT (p=0.0004) and an 
up-regulation of granzyme B (p=0.0002) in response 
to GFI treatment (Fig. 9A). TIGIT is known to 
contribute to the 'exhaustion' state of infiltrating T 
cells by binding to CD155 on MDSCs[45]. We further 
validated TIGIT were significantly decreased in 

GFI-treated 4T1 tumor-bearing mice using RT-PCR 
and immunohistochemical analysis (Fig. 9B, 9D). 
Granzyme B plays a vital role in enabling CD8+ T cells 
to eliminate cancer cells within the tumor 
microenvironment. Nevertheless, we detected that the 
mRNA and protein expression of granzyme B were 
elevated in GFI-treated 4T1 tumor-bearing mice (Fig. 
9C, 9D). These results demonstrated that GFI 
treatment can restore and activate antitumor immune 
responses in the tumor microenvironment by 
enhancing activation of innate immune response, and 
infiltration and activation of CD8+T cell. 

 

 
Figure 8. Grifola frondosa polysaccharide activated immune response. A comparison of mRNA level in the tumor of GFI group and control group by using RNA 
sequencing (n = 3). (A) Heatmap showing the differentially expressed mRNAs in tumor treated with control and GFI. (B) Volcano plots of differentially expressed genes in tumor 
from GFI-treated mice compared to control mice (-log10 (P value) ≤0.05 and fold change (FC≥1.5)). (C) Gene Ontology (GO) Categories biological process results showed the 
genes of immune system process were enriched in tumor of GFI-treated mice versus control mice. (D) GSEA for all genes results related to gene sets in innate immune response 
activation, granulocyte chemotaxis and complement activation in tumor of GFI-treated mice versus control mice. (E) KEGG class results showed the genes of phagosome, toll like 
receptor, T cell receptor and NK cell mediated cytotoxicity were enriched in tumor of GFI-treated mice versus control mice. (F) GSEA results showed that the genes of the 
antitumor immune response activation pathway were enriched in tumor of GFI-treated mice versus control mice.  
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Figure 9. Grifola frondosa polysaccharide activated CD8+ T cells in the tumors. (A) Heatmap of the genes obtained from T cell-mediated cytotoxicity and negative 
regulation of T cell activation in RNA-seq data. (B-C) qPCR assays to measure the mRNA levels of TIGIT (B) and granzyme B (C) in control-treated and GFI-treated mice. (D) 
Left, Immunohistochemistry staining showed the protein expression level of TIGIT and granzyme B in the tumors of the control or GFI-treated 4T1 mice. Right, Relative protein 
expression level of the % of TIGIT (upper) and granzyme B (lower) was calculated by Image-pro plus in tumor of the control or GFI-treated 4T1 mice. *p<0.05; *p<0.01; #p<0.05; 
##p<0.01; Error bars, SD. 

 
 

Discussion 
The recognition of the importance of tumor- 

induced immune suppression in cancer has led to a 
shift regarding approaches for cancer immunotherapy 

[46]. MDSCs are a major component of the tumor 
immune cell infiltrate, and these cells are proved to 
weaken the efficiency of antitumor immune responses 
of CD4+ T, CD8+ T cells [9, 35, 47]. Therefore, it has 
become increasingly clear that a strategy eliminating 
MDSCs for successful cancer therapy could act alone, 
or synergistically with other anticancer therapies. In 

this study, we have shown that GFI treatment resulted 
in a significant reduction in the percentage of MDSCs 
in the spleen, blood, and tumor tissues of mice. This 
reduction was found to be negatively correlated with 
the percentages of CD4+ T and CD8+ T cells. 
Additionally, it was negatively correlated with the 
growth of 4T1 cells in the mice. Thus, in the context of 
4T1 mice, GFI, a polysaccharide-rich extract from G. 
frondosa, effectively depleted MDSCs, leading to the 
activation of the host's antitumor immune response.  

MDSCs can be categorized into two subtypes: 
PMN-MDSCs and M-MDSCs, both of which play 
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roles in suppressing antitumor immunity and 
promoting tumor growth. Previous research has 
shown that the expansion of PMN-MDSCs is 
associated with tumor stage and splenomegaly in 
breast cancer patients and mice[7, 15, 48]. In our study, 
GFI exhibited a concentration-dependent inhibition of 
splenomegaly, and this inhibition was found to have a 
negative correlation with the number and proportion 
of MDSCs. Furthermore, it was observed that the 
majority of these MDSCs were CD11b+Ly6G+ 

PMN-MDSCs. Numerous polysaccharides or polysac-
charide-protein complexes from fungi have shown to 
produce their antitumor effect, through mechanisms 
that seem to enhance innate immune and cell- 
mediated immune responses, especially phagocytosis 
by macrophages [19, 49-51]. However, only in the recent 
years, the evidence indicated that fungi-derived 
polysaccharides inhibited the immunosuppressive 
function of MDSCs in the tumor-bearing host [52, 53]. 
The polysaccharide from L. edodes promoted the 
differentiation of CD11b+Ly6C+ M-MDSCs to inhibit 
tumor growth in mice [54, 55]. We also observed that 
lentinan significantly reduced the presence of 
M-MDSCs in the blood and spleen of tumor-bearing 
mice. However, it's noteworthy that lentinan did not 
effectively inhibit splenomegaly (Figure S5 and S6). 
Lentinan is a β-D-glucan with β-1,3-, and β-1,6- 
glucosidic linkages and the triple-helix 
conformation[56]. In contrast, polysaccharides from G. 
frondosa encompass β-D-glucan, α-D-glucan and 
heteropolymer[57]. Consequently, the differing 
structural compositions of polysaccharides from G. 
frondosa and L. edodes may underlie their varying 
mechanisms of action. This may represent a novel 
mechanism how polysaccharides from G. frondosa 
inhibit breast cancer growth by suppressing immune 
suppressor cells MDSCs, mainly PMN-MDSC.  

MDSCs inhibit antitumor immunity and pro-
mote tumor progression via multiple mechanisms[2]. 
One of the major mechanisms is that MDSCs suppress 
cytotoxic T cells immune responses to facilitate tumor 
immune escape[47]. Here, we found that GFI inhibited 
tumor growth in mice in a dose-dependent manner, 
but did not affect 4T1 cells proliferation in vitro. 
Therefore, we hypothesized that GFI may restore and 
activate tumor-infiltrating T lymphocytes by 
eliminating MDSCs. We proved that GFI increased 
the population of CD3+ and CD8+ T lymphocytes in 
the periphery and the tumor tissues of 4T1 
tumor-bearing mice. TIGIT is an inhibitory regulator 
highly expressed in human and murine tumor 
infiltrating T cells[58]. Recent studies have shown that 
MDSCs negatively regulate T cell functions targeting 
TIGIT/CD155 pathway[59]. We also found that GFI 
reduced the mRNA and protein expression of TIGIT 

in the tumor tissues. Meanwhile, the levels of 
Granzyme B were consistently higher in CD8+ T cells 
of the GFI treated mice. Taken together, GFI 
eliminated MDSCs, and restored and activated CD8+ 

T cells immune response to inhibit tumor growth in 
the tumor microenvironment.  

It is well-known that MDSCs descend from the 
immature myeloid cells (IMCs), which are produced 
in the bone marrow in the tumor-bearing host[24]. In 
addition to originating from bone marrow, 
CD11b+Gr-1+ MDSCs that accumulated in the spleen 
of tumor-bearing mice have also been reported to be 
mainly produced from the hematopoietic stem and 
progenitor cells of the splenic red pulp, and showed a 
distinct immunosuppressive phenotype[60-62]. GFI 
administration in the tumor-bearing mice, in the 
present study, significantly reduced the percentage 
and number of splenic MDSCs and increased the 
percentage of CD8+T cells in the spleen, but did not 
reduce the percentage of CD11b+Gr-1+ MDSCs in the 
bone marrow. Therefore, we concluded that GFI 
promoted the occupancy of spleen by the CD8+ T cells 
via actively inhibiting the replenishment and 
accumulation by Ly6G+ PMN-MDSCs, and GFI 
treatment reduced the tumor-infiltrating MDSCs via 
suppressing the expansion of splenic MDSCs. Future 
studies will focus on understanding how GFI inhibits 
MDSCs expansion in the spleen and their migration to 
the tumor site. 

Although, polysaccharides from G. frondosa, as 
immune agonists, have been used against cancer in 
preclinical studies and in selected clinical patients, the 
underlying mechanisms have not yet been completely 
understood. In the future studies, we will extract and 
purify the components of GFI to obtain the MDSCs 
inhibitor and further investigate the structure and 
functional mechanisms to explore its potential to be 
employed in antitumor immune therapy. Taken 
together, we demonstrated a novel mechanism of GFI 
that inhibited breast cancer growth by suppressing 
immune suppressor cells to restore and reactivate 
antitumor immune response. We found that GFI 
reduced MDSCs infiltration in the tumor tissue, and 
consequently led to an increase in the percentage and 
activation of CD8+ T cells. Furthermore, we revealed 
that GFI reduced the expansion of splenic MDSCs, 
which resulted in the decrease of MDSCs percentage 
in the circulation and the tumor tissue in the 
tumor-bearing host. Our findings lay the foundation 
of the application of fungal polysaccharides, as novel 
agents, in anticancer therapies to combine with other 
agents, thus achieving more effective outcomes. 
Purification of the components and identifying the 
crystal structures of GFI components warrants further 
investigation in the future.  
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