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Background: Tumor-associated macrophages (TAMs) are key regulators of the immunosuppressive tumor microenvironment in
hepatocellular carcinoma (HCC). Sustained activation of the JAK2/STAT3 signaling pathway is closely associated with the main-
tenance of the pro-tumorigenic M2 macrophage phenotype. Pleione bulbocodioides polysaccharides (PBPs) have been reported to
exhibit immunomodulatory and antitumor activities; however, whether PBPs regulate TAM polarization in HCC and the involvement
of JAK2/STAT3 signaling remain unclear.

Methods: The monosaccharide composition and molecular-weight distribution of PBPs were first characterized. Their immunomo-
dulatory effects were evaluated in vitro using IL-4/IL-13—-induced M2-polarized RAW264.7 macrophages. In vivo, a Hepal-6 tumor-
bearing mouse model was established to assess the effects of PBPs on tumor growth, intratumoral macrophage composition, and
JAK2/STAT3 signaling. The JAK2/STAT3 inhibitor AG490 was included as a pharmacological reference.

Results: PBPs were identified as high-molecular-weight polysaccharides predominantly composed of mannose and glucose and
exhibited no cytotoxicity toward macrophages within the tested concentration range. In vitro, PBPs attenuated M2-associated marker
expression and reduced the secretion of immunosuppressive cytokines, including interleukin-10 and transforming growth factor-p. In
Hepal-6 tumor-bearing mice, PBPs dose-dependently suppressed tumor growth and remodeled intratumoral macrophage composition,
characterized by a decrease in M2 macrophages and a concomitant increase in M1 macrophages. These effects were accompanied by
suppressed JAK2/STAT3 signaling and coordinated regulation of apoptosis- and angiogenesis-related factors.

Conclusion: PBPs suppress HCC progression in association with modulation of TAM polarization and inhibition of JAK2/STAT3
signaling. These findings provide mechanistic insight into the immunomodulatory actions of PBPs and support their further
investigation as macrophage-targeting agents for HCC.
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Introduction
Hepatocellular carcinoma (HCC), one of the most lethal malignancies worldwide, is characterized by a profoundly
immunosuppressive tumor microenvironment that can compromise the efficacy of current systemic therapies such as
immune checkpoint blockade.' > Most HCC cases still exhibit intrinsic or acquired resistance, despite durable responses
produced by immunotherapy in a subset of patients, underscoring the need for alternative strategies capable of reshaping
immune suppression at the cellular and molecular levels.*

As a dominant immune population within the HCC microenvironment, tumor-associated macrophages (TAMs) are
increasingly recognized to represent a major obstacle to effective antitumor immunity.®” Rather than existing as discrete

activation states, TAMs occupy a continuum of phenotypes. Notably, HCC tumors are preferentially enriched in
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macrophages exhibiting immunosuppressive, M2-like features.® These macrophages are known to support tumor
progression by secreting mediators such as interleukin (IL)-10 and transforming growth factor-B (TGF-f), promoting
angiogenesis, and suppressing antitumor immune responses.’'® Increasing evidence suggests that the persistence of this
M2-skewed state, rather than macrophage abundance alone, represents a critical barrier to immune reprogramming
in HCC.

At the molecular level, the Janus kinase 2/signal transducer and activator of transcription 3 (JAK2/STAT3) pathway has
been implicated as an important regulator of macrophage polarization and tumor-associated inflammation.'""'? Sustained
activation of this pathway is thought to integrate cytokine-driven signals, particularly those mediated by IL-6, to reinforce
M2-associated transcriptional programs while supporting tumor cell survival, angiogenesis, and immune evasion.'*'* In
contrast to transient inflammatory pathways (eg., NF-kB, MAPK, etc)., JAK2/STAT3 signaling is considered a relatively
stable axis enabling macrophage-mediated immune suppression within the tumor microenvironment.'® However, it remains
unclear whether this pathway can be effectively modulated by naturally derived immunomodulators in HCC.

Pleione bulbocodioides (P. bulbocodioides) is a traditional medicinal herb that has garnered increasing attention for
its anti-inflammatory and immunomodulatory properties.'”'® Pleione bulbocodioides polysaccharides (PBPs) have been
reported to exhibit antitumor activity in several experimental settings.'” Nevertheless, their roles in regulating TAM
polarization and the associated signaling mechanisms in the HCC microenvironment remain poorly defined. In particular,
it is unclear whether PBPs attenuate M2-associated macrophage features by targeting pathways that stabilize immuno-
suppressive macrophage programs, such as JAK2/STATS3.

Accordingly, the present study was conducted to elucidate the immunomodulatory effects of PBPs on macrophage
polarization using both in vitro and in vivo HCC models. By integrating compositional characterization with molecular
and cellular analyses, this study aimed to examine the impact of PBPs on M2-associated macrophage features,
intratumoral macrophage composition, and JAK2/STAT3 signaling activity. Collectively, these findings may provide
insight into the mechanistic basis by which PBPs remodel the tumor immune microenvironment and inform macrophage-
targeted immunomodulatory strategies in HCC.

Materials and Methods

Experimental Animals and Cell Lines

All animal procedures in this study were officially approved by the Ethics Committee of the Experimental Animal Center
of Gansu University of Chinese Medicine (Approval No. SY2025-241). All animals experiments were conducted in
accordance with the guidelines of the American Veterinary Medical Association. The experimental animals used in our
study were male specific pathogen-free C57BL/6J mice (4—6 weeks old, 16-20 g) purchased from Chengdu Yaokang
Biotechnology Co., Ltd. (Chengdu, China). Mice were housed under standard laboratory conditions (22 + 2 °C, humidity
of 50 + 10%, and 12 h/12 h light/dark cycle), with ad libitum access to food and water.

Meanwhile, the experimental cell lines were murine RAW264.7 macrophages and murine HCC cell line Hepal-6
from Suzhou Haixing Biotechnology Co., Ltd. (Suzhou, China). Cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin—streptomycin in a humidified
incubator containing 5% CO, at 37 °C. Prior to use, all cell lines were routinely tested for mycoplasma contamination
and confirmed to be negative.

Reagents and Antibodies

PBPs (product code TDT203) (Shanghai Ronghe Pharmaceutical Technology Development Co., Ltd., Shanghai, China).
Recombinant mouse IL-4 (cat. no. CK15) and IL-13 (cat. no. CH18) (Suzhou GenScript Biotech Corporation, Suzhou,
China). Mouse IL-10 enzyme-linked immunosorbent assay (ELISA) kit (cat. no. JL20242) and mouse TGF-f3 ELISA kit
(cat. no. JL13959) (Shanghai Jianglai Biotechnology Co., Ltd., Shanghai, China). FBS (cat. no. AUS-01S-02) (Cell-Box
Biological Products Trading Co., Ltd., Hong Kong, China). DMEM (cat. no. SH30243.FS) (Cytiva, Logan, UT, USA).
Penicillin—streptomycin solution (cat. no. P1400) and trypsin (cat. no. T1350) (Beijing Solarbio Science & Technology
Co., Ltd., Beijing, China). RNA extraction kit (cat. no. AG21024), reverse transcription kit (cat. no. AG11728), and
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SYBR Green qPCR Master Mix (cat. no. AG11718) (Accurate Biotechnology Co., Ltd., Changsha, China). The 10%
PAGE precast gel kit (cat. no. AP15L535) (Heyuan Liji Biotechnology Co., Ltd., Shanghai, China). An enhanced
chemiluminescence (ECL) ultra-sensitive detection kit (cat. no. 36208ES60) (Yeasen Biotechnology, Shanghai, China).
Fluorescein isothiocyanate-conjugated anti-F4/80 antibody (cat. no. 111602) (BioLegend San Diego, CA, USA).
Phycoerythrin-conjugated anti-CD86 (cat. no. F2108602), Cy5.5-conjugated anti-CD11b (cat. no. F41011b04), and
allophycocyanin-conjugated anti-CD206 (cat. no. F2120603) antibodies (Lianke Biotechnology Co., Ltd., Hangzhou,
China). Primary antibodies against JAK2 (cat. no. AF6022), phospho-JAK?2 (cat. no. AF3024), STAT3 (cat. no. AF6294),
phospho-STAT3 (cat. no. AF3293), BCL-2 (cat. no. AF6139), and B-Actin (cat. no. AF7018) (Affinity Biosciences,
Cincinnati, OH, USA). Polyvinylidene fluoride (PVDF) membranes (cat. no. PR05509) (Merck KGaA, Darmstadt,
Germany). Goat Anti-Rabbit IgG (H+L) HRP (cat. no. S0001) (Affinity Biosciences, Cincinnati, OH, USA).

Main Instruments

The electrophoresis tank (HT-Zy03) and electrophoresis apparatus (HT-600C and HT-Mini) (Beijing Hongtao Jiyie
Technology Development Co., Ltd., Beijing, China). A NanoDrop 2000C micro-spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) for nucleic acid and protein quantification. TC-96/G/H(b)B thermal cycler (Hangzhou
Bioer Technology Co., Ltd., Hangzhou, China) for reverse transcription. Microtome (D-315), tissue spreading system
(YD-AB3), and cryo-embedding station (YD-6L) (Jinhua Yidi Medical Equipment Co., Ltd., Jinhua, China). KF-FL-005
system (Ningbo Jiangfeng Bioinformatics Technology Co., Ltd., Ningbo, China) for microscopic scanning. GelView
6000Proll imaging system (Guangzhou Boluteng Biotechnology Co., Ltd., Guangzhou, China) for capturing chemilu-
minescent signals.

Characterization of PBPs

Following acid hydrolysis, PBPs were subjected to monosaccharide composition analysis by high-performance anion-
exchange chromatography (HPAEC). Then, the calibration curves were generated using standard monosaccharides,
followed by quantitative analysis based on the peak areas.

Using a series of molecular weight standards, high-performance gel permeation chromatography (HPGPC) was
employed to determine the molecular weight distribution of PBPs. After that, the retention time profiles were referenced
to calculate the weight-average molecular weight (Mw), number-average molecular weight (Mn), and peak molecular
weight (Mp).

In vitro Experiments

Induction of M2-Polarized Macrophages and PBPs Treatment

RAW264.7 macrophages in the logarithmic growth phase were seeded and stimulated with recombinant mouse IL-4 and
IL-13 (20 ng/mL each) for 24 h to induce M2 polarization.?**! Untreated RAW264.7 cells cultured under identical
conditions without cytokine stimulation were used as the control group. Following polarization, cells were thoroughly
washed, and the cytokine-containing medium was replaced with fresh culture medium.

To evaluate the effects of PBPs on established M2-polarized macrophages, PBPs were subsequently added at the
indicated concentrations for an additional 24 h. For dose-response analyses, PBPs were tested at concentrations of 100,
200, and 400 pg/mL. The concentration range used in vitro was determined with reference to previously published
studies investigating the immunomodulatory effects of bioactive polysaccharides.”*** Based on this range, 200 pg/mL
was selected as a representative mid-range concentration for subsequent mechanistic analyses.

Cell Viability Assay Using the Cell Counting Kit-8 (CCK-8)

RAW264.7 cells were seeded into 96-well plates at a density of 5 x 10° cells per well and incubated overnight to allow
cell attachment. Cells were then treated with PBPs at concentrations ranging from 12.5 to 400 pg/mL for 24 h. Cell
viability was assessed using the Cell Counting Kit-8 (CCK-8) according to the manufacturer’s instructions. Absorbance
was measured at 450 nm using a microplate reader. Each experimental condition was tested in triplicate, and cell viability
was expressed as a percentage relative to the untreated control group.
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Cytokine Measurement Using ELISA

The concentrations of interleukin-10 (IL-10) and transforming growth factor-p (TGF-B) in cell culture supernatants were
quantified using commercial enzyme-linked immunosorbent assay (ELISA) kits in accordance with the manufacturers’
protocols. Optical density was measured at 450 nm, and cytokine concentrations were calculated based on standard

curves.

Quantitative Real-Time PCR (qRT-PCR) in vitro

Total RNA was extracted from RAW264.7 cells using an RNA extraction kit and reverse-transcribed into complementary
DNA (cDNA). Quantitative real-time PCR was performed using SYBR Green chemistry. The mRNA expression levels
of Arg-1 and CD206 were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Relative gene expres-
sion was calculated using the 22" method. Primer sequences are provided in Table 1.

Flow Cytometry in vitro

RAW264.7 cells were harvested, washed with phosphate-buffered saline, and stained with a fluorochrome-conjugated
anti-CD206 antibody. Cells were gated based on forward- and side-scatter properties to exclude debris and aggregates.
Data acquisition was performed using a flow cytometer, and the proportion of CD206" cells was analyzed using FlowJo
software. The flow cytometry gating strategy is shown in Supplementary Figure 1.

In vivo Experiments
Hepal-6 Tumor-Bearing Mouse Model and Treatment Protocol
Hepal-6 murine hepatocellular carcinoma cells (2 x 10° cells suspended in 100 pL phosphate-buffered saline) were

1.2* Tumor formation was

subcutaneously injected into the axillary region of mice to establish a tumor-bearing HCC mode
confirmed by palpation approximately 3 days after inoculation.

A total of 45 tumor-bearing mice were randomly assigned, using a random number generator, to five experimental
groups (n = 8 per group): model control, low-dose PBPs (75 mg/kg), medium-dose PBPs (150 mg/kg), high-dose PBPs
(300 mg/kg), and AG490 (8 mg/kg). In addition, an age-matched healthy control group (n = 5; no tumor inoculation) was
included for spleen index comparison only.

The dose of AG490 was selected based on previously published studies employing JAK2/STAT3 inhibition in murine
tumor models.>> The doses of PBPs (75, 150, and 300 mg/kg) were determined with reference to prior in vivo studies of
bioactive polysaccharides in murine tumor and immunomodulation models.”® A three-level graded dosing design (1/4x,

1/2x, and 1x) was adopted to facilitate evaluation of dose—response effects. PBPs were administered once daily by oral

Table | List of gPCR Primers Used

Gene Forward/Reverse Sequence (5’ to 3’) | Primer Length (bp)

CD206 | TGGAGGGTGCGGTACACTAA 192
CTGTTCTGACTCTGGACACTTGC

Arg-1 CCAATGAAGAGCTGGCTGGTG 89
AACTGCCAGACTGTGGTCTCC

iNOS GGACGAGACGGATAGGCAGA 120

CD86 ACATGCAAGGAAGGGAACTCT 130

JAK2 ATATGACCGTTGTGTGTGTTCTGGA 8l

STAT3 AGGGCCACAGTAACTGAAGCTGTAA 135
AGGCAACCTCCACATCTCCTG
GGACTGGCTCTATCTGCTTCACA
ACGAAAGTCAGGTTGCTGGT
TGTGTTCGTGCCCAGAATGT

GAPDH | GGTTGTCTCCTGCGACTTCA 183
TGGTCCAGGGTTTCTTACTCC
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gavage, whereas AG490 was administered by intraperitoneal injection. Treatments were continued for 14 consecutive
days.

Investigators responsible for tumor measurement and data analysis were blinded to group allocation. Tumor length
and width were measured using digital calipers, and tumor volume was calculated using the formula: V = (length x
width?)/2. Tumor index was defined as tumor weight/body weight x 100%. The maximum allowable tumor volume did
not exceed 1,500 mm®.

Given the absence of reliable estimates of effect size and variance, this study did not calculate a priori sample size. As
a result, the group size was determined based on prior murine tumor studies of similar design and feasibility

considerations.?”-?

Histological Analysis with Hematoxylin and Eosin (H&E) Staining
Tumor tissues were fixed in 4% paraformaldehyde, embedded in paraffin, sectioned at 4 um, and stained with H&E.
Finally, histopathological changes were examined under a light microscope.

gRT-PCR in vivo

qRT-PCR was performed following total RNA extraction from tumor tissues and reverse transcription into cDNA.
The expression levels of Arg-1, CD206, CD86, iNOS, JAK2, and STAT3 were assessed and normalized to GAPDH.

2*AACt

Similarly, the relative expression was calculated using the method. Primer sequences are provided in

Table 1.

Flow Cytometry in vivo

Tumor tissues were mechanically dissociated into single-cell suspensions. Cells were first gated based on forward- and
side-scatter properties to exclude debris, followed by singlet discrimination. For flow cytometric analysis, 7-aminoacti-
nomycin D (7-AAD) was used as a gating marker to exclude debris and non-specific events. Macrophages were identified
as CD11b"F4/80" cells within the gated population. M1-like macrophages were defined as CD86" cells, whereas M2-like
macrophages were defined as CD206" cells. Data were acquired using a flow cytometer and analyzed using FlowJo
software. The detailed flow cytometry gating strategy is provided in Supplementary Figure 2.

Western Blot

Extraction of the total protein from tumor tissues was completed using RIPA lysis buffer. Equal amounts of protein
(30 pg per lane) were separated on 10% SDS-PAGE gels and transferred onto PVDF membranes. Membranes after
sealing were subjected to incubation with HRP-conjugated anti-rabbit secondary antibodies following incubation with
rabbit-derived primary antibodies (1:1000 dilution) at 4 °C for 8 h. Immunoreactive bands were detected using ECL and
captured with a GelView 6000 Pro imaging system. Band intensities were quantified using ImageJ software.
Phosphorylated proteins were normalized to their corresponding total proteins, and the total protein levels were normal-
ized to B-actin.

Data Analysis

Statistical analyses were performed using GraphPad Prism software. All data are presented as mean+standard deviation
(SD). Following testing for normality and homogeneity of variance, all data were analyzed by one-way analysis of
variance (ANOVA) followed by Tukey’s multiple comparisons test for determining muti-group differences. A P-value
< 0.05 was considered statistically significant. The number of biological replicates (n) is indicated in the figure
legends.

For in vitro cell-based experiments, all assays were performed using at least three independent biological replicates,
with technical replicates as indicated. For downstream molecular and cellular analyses of tumor tissues in in vivo
experiments (eg., qRT-PCR, Western blot, and flow cytometry), samples from three randomly selected mice per group
were used as independent biological replicates.
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Results

Monosaccharide Composition and Molecular Weight Distribution of PBPs
According to the HPAEC analysis, PBPs were predominantly composed of mannose and glucose, with minor amounts of
galactose and galacturonic acid (Table 2).

HPGPC (Table 3) identified three major molecular-weight fractions, dominated by a high—molecular-weight fraction
(Mw = 135.6 kDa). Therefore, PBPs mainly consisted of macromolecular polysaccharide components.

In vitro Experiments

PBPs Did Not Affect the Viability of RAW264.7 Cells and M2-Polarized Macrophages

PBPs at varied concentrations (12.5-400 pg/mL) were used to treat RAW264.7 cells and IL-4/IL-13—induced M2-
polarized macrophages for 24 h. Cell viability assays showed no significant changes in macrophage viability across the
tested concentration range (Figure 1). Consequently, subsequent in vitro experiments were conducted within this
concentration range.

PBPs Reduced Argl and CD206 mRNA Expression in M2-Polarized Macrophages

Consistent with the induction of an M2-polarized state, Argl and CD206 mRNA expression levels were increased in
RAW264.7 macrophages after IL-4/IL-13 stimulation. Conversely, PBP treatment led to reduced Argl and CD206
transcript levels. Meanwhile, PBPs decreased Argl and CD206 mRNA expression in a concentration-dependent manner
over the range of 100400 pg/mL, showing consistent effects observed at 200 ug/mL (Figure 2).

PBPs Decreased CD206 Surface Expression in M2-Polarized Macrophages

Based on the results of flow cytometry, compared with the model group, PBP treatment reduced the proportion of
CD206-positive macrophages. The greatest reduction in CD206-positive cells was observed at a PBP concentration of
200 pg/mL (Table 4 and Figure 3).

Table 2 Monosaccharide Composition of PBPs

Monosaccharide Composition Analysis | Content (ng/mg)
Fucose 0.00
Galactosamine Hydrochloride 0.00
Rhamnose 0.00
Arabinose 0.00
Glucosamine Hydrochloride 0.00
Galactose 13.58
Glucose 213.14
Xylose 0.00
Mannose 340.64
Fructose 0.00
Ribose 0.00
Galacturonic Acid 12.92
Guluronic Acid 0.00
Glucuronic Acid 0.00
Mannuronic Acid 0.00

Table 3 Molecular Weight Determination of PBPs

RT (min) | Mp (Da) | Mw (Da) | Mn (Da) | Peak area (%)

33.021 137,556 135,646 132,523 78.06
38.133 16,166 16,188 15,685 10.72
44.083 1388 1363 1308 11.22
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Figure | Effects of PBPs on RAW264.7 cell viability. (A) RAW?264.7 cells treated with PBPs (0—400 ug/mL) for 24 h. (B) M2-polarized RAW?264.7 cells (pre-treated with IL-
4/IL-13 for 24 h) exposed to PBPs for an additional 24 h. Viability was assessed in both cases. Data are presented as mean * SD (n = 3).
Note: Compared with the Control group *:P<0.05.
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Figure 2 Effects of PBPs on reducing M2 marker gene expression in RAW264.7 macrophages. (A) Argl mRNA expression; (B) CD206 mRNA expression after 24 h of PBP
treatment (100—400 pg/mL). Data are presented as mean * SD (n = 3).
Note: Compared with the Model group **: P<0.01.

PBPs Reduced IL-10 and TGF-f3 Secretion in M2-Polarized Macrophages

ELISA of culture supernatants demonstrated significantly reduced secretion of the immunosuppressive cytokines IL-10
and TGF-B in M2-polarized macrophages following the exposure to PBPs. Therefore, PBPs could functionally attenuate
the M2 phenotype (Figure 4).
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Table 4 Proportion of CD206" Macrophages After PBPs Treatment

Group Tranches

The Proportion of M2-type Macrophages (%)

Normal

Model

PBPs (100 pg/mL)
PBPs (200 pg/mL)
PBPs (400 pg/mL)

23.70 £ |.42%*
32.27 £ 0.64
2847 + 1.08%*
24.17 £ 0.47**
26.43 + 0.50%*

Note: Compared with Model group ** P<0.01.

In vivo Experiments
PBPs Reduced Tumor Burden and Altered Spleen Index in Hepal-6 Tumor-Bearing Mice
In the Hepal-6 tumor-bearing mouse model, the administration of PBPs resulted in a dose-dependent reduction in tumor
index. Moreover, compared with the model group, high-dose PBPs and the JAK2/STAT3 inhibitor AG490 produced
greater reductions in tumor index, whereas medium-dose PBPs showed intermediate effects (Figure 5A).

Furthermore, tumor-bearing mice had higher spleen index than in age-matched healthy mice. In addition, high-dose
PBPs further increased the spleen index when compared to the model group (Figure 5B).
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Figure 3 The effect of PBPs on downregulating CD206 surface expression in M2 macrophages. Representative flow cytometry histograms after 24 h of exposure to PBPs
(100400 pg/mL). Quantitative analysis of CD206-positive cells is provided in Table 4. Data are presented as mean = SD (n = 3).
Note: Compared with the Model group **: P<0.01.
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treatment with PBPs (100-400 pg/mL). Data are presented as mean + SD (n = 3).
Note: Compared with the Model group **: P<0.01.
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Figure 5 Effects of PBPs on tumor and spleen indices. (A) Tumor index after 14 days of PBP treatment (75-300 mg/kg/day) or AG490 treatment in Hepal-6 tumor-bearing
mice. (B) Spleen index measured in tumor-bearing mice under the same conditions, with age-matched healthy mice included as a control. Data are presented as mean * SD
(n = 8 per group).

Note: Compared with the Model group *: P<0.05; and **: P<0.01.

Histopathological Changes in Tumor Tissues Following PBPs Treatment

In accordance with the results of H&E staining, disorganized cellular architecture, frequent mitotic figures, basophilic
cytoplasm, and areas of necrosis and fibrosis were observed in tumor tissues from model mice. In contrast, reduced mitotic
activity and smaller necrotic areas were noticed in tumor tissues from mice exposed to high-dose PBPs or AG490 (Figure 6).
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PBPs(300 mg/kg)

Figure 6 Representative H&E-stained tumor sections (%X400). Yellow arrows: mitotic figures; red arrows: basophilic cytoplasm; and black arrows: necrotic/fibrotic areas.

PBPs Modulated Macrophage Polarization Markers and JAK2/STAT3 Transcripts in Tumor Tissues

qRT-PCR showed that high-dose PBPs reduced mRNA expression of JAK2, STAT3, as well as Arg-1 and CD206 (two
M2-associated markers) in tumor tissues. Conversely, there was increased expression of CD86 and iNOS, two M1-
associated markers. Similar expression patterns were observed in the AG490-treated group (Figure 7).

PBPs Reshaped Intratumoral Macrophage Composition

As evidenced by flow cytometry of tumor-infiltrating immune cells, the proportion of M2 macrophages was reduced,
while that of M1 macrophages was increased in a dose-dependent manner after treatment with PBPs. Additionally,
comparable changes were observed in the AG490-treated group (Table 5 and Figure 8).

PBPs Inhibited JAK2/STAT3 Activation and Regulated Apoptosis- and Angiogenesis-Related Proteins

Western blot showed that high-dose PBPs reduced the phosphorylation of JAK2 and STAT3 in tumor tissues. PBP
treatment also upregulated the expression of BAX (a pro-apoptotic protein), and downregulated the expression of BCL-2
(a anti-apoptotic protein) and VEGF (an angiogenesis-related protein). Similar protein expression patterns were observed
in the AG490-treated group (Figure 9).

Discussion
TAMs are increasingly recognized as key determinants of immune suppression and therapeutic resistance in HCC.?**° In
this work, PBPs were found to attenuate M2-associated macrophage features, remodel intratumoral macrophage
composition, and suppress tumor growth in vivo. In parallel, there was reduced activity of the JAK2/STAT3 pathway,
a phenomenon that has been implicated in macrophage polarization and tumor-promoting inflammation.'*3!

Consistently, PBPs suppressed M2-associated characteristics across experimental systems. In vitro, PBPs reduced
expression of canonical M2 markers and decreased secretion of immunosuppressive cytokines (eg., IL-10 and TGF-B) in
IL-4/IL-13—induced macrophages under non-cytotoxic conditions. Consistent with attenuation of M2-associated pro-
grams, rather than binary repolarization, these changes were observed without evidence of complete conversion toward
an M1 phenotype. In line with current views, this pattern indicates that macrophage polarization represents a continuum
of functional states, instead of discrete endpoints.

In vivo, PBP treatment was associated with the remodeling of the tumor immune microenvironment, characterized by
reduced prevalence of M2 macrophages and relatively increased M1-associated populations within tumor tissues. These
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Figure 7 Effects of PBPs on modulating macrophage polarization and the expression of genes related to the JAK2/STAT3 pathway in tumors. (A and B) M2 markers (Arg-1,
and CD206); (C and D) M| markers (CD86, and iNOS); (E and F) JAK2 and STAT3 transcripts. Data are presented as mean + SD (n = 3).
Note: Compared with the Model group *: P<0.05; and **: P<0.01.

immunological changes occurred alongside reduced tumor burden and improved histopathological features, supporting
a functional relationship between macrophage composition and tumor progression. The administration of PBPs was also
associated with elevated spleen index. In tumor-bearing models, alterations in spleen index have been reported frequently
in the context of immune modulation induced by immunotherapeutic or immunomodulatory interventions, including
bioactive polysaccharides. However, the immunological basis of this observation requires further cellular and functional
characterization given that changes in spleen index may also reveal tumor-driven extramedullary hematopoiesis or
expansion of immunosuppressive myeloid populations.*® In mice treated by AG490, a JAK2/STAT3 inhibitor, there were

comparable antitumor and immunological effects, supporting the involvement of this pathway in the observed

responses.”*35

The JAK2/STAT3 pathway has been documented to regulate immunosuppressive macrophage phenotypes and tumor-
associated inflammation.*®>® PBP treatment was associated with reduced activation of JAK2/STAT3 signaling, together

Table 5 Percentages of M| and M2 Macrophages in Tumors Following PBPs Treatment

Group Tranches | The Proportion of MI-Type Macrophages (%) | The Proportion of M2-Type Macrophages (%)
Model 271 £ 049 15.73 £ 4.79
PBPs (75 mg/kg) 3.92 + 0.67 2.30 * |.22%*
PBPs (150 mg/kg) 4.87 £ 0.55 0.76 = 0.49**
PBPs (300 mg/kg) 6.16 £ 1.35%* 0.58 + 0.27**
AG490 (8 mg/kg) 10.31 + |.50%* 1.77 £ 1.37**

Note: Compared with Model group ** P<0.01.
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Figure 8 Effects of PBPs on promoting M| and suppressing M2 macrophage prevalence in tumors. Representative flow cytometry plots of tumor-infiltrating macrophages
after PBP or AG490 treatment. Macrophages were gated as CD|1b"F4/80" cells; M| macrophages were defined as CD86" cells and M2 macrophages as CD206" cells.
Quantitative analysis is provided in Table 5. Data are presented as mean = SD (n = 3).

Note: Compared with the Model group *: P<0.05; and **: P<0.01.

with coordinated regulation of apoptosis- and angiogenesis-related proteins, including BAX, BCL-2, and VEGEF. The
proposed axis would be dampened, beyond phosphorylation-dependent regulation, as evidenced by the reduction in both
the phosphorylated and total JAK2/STAT3 levels. Such patterns are compatible with the engagement of endogenous
negative-feedback mechanisms, including SOCS-mediated JAK degradation, STAT3 proteasomal turnover, and attenua-
tion of IL-6/gp130-driven feed-forward signaling.***** These molecular changes provide a mechanistic framework for the
suppressed tumor growth observed in our study. Nevertheless and critically, the present findings establish potential
association, rather than direct causality, despite the presence of pathway involvement as supported by the parallel effects
of PBPs and AG490.

Currently, a series of recognized polysaccharides can exert immunomodulatory or antitumor effects predominantly
through canonical inflammatory pathways, particularly NF-xB and MAPK signaling.”**"*** Polysaccharides derived
from Ganoderma lucidum and Astragalus membranaceus, for example, enable the regulation of the activation of
macrophages and the release of inflammatory cytokines primarily via NF-kB- and MAPK-dependent mechanisms,
presenting a common paradigm in polysaccharide research.*>*’ In contrast, comparatively fewer studies have centered
on the JAK2/STAT3 axis in the context of macrophage polarization, despite its established role in sustaining M2-
associated transcriptional programs. Meanwhile, several studies exploring the effect of some polysaccharides on STAT3
phosphorylation rarely position JAK2/STAT3 as a macrophage-centered regulatory axis or integrate phenotypic, signal-
ing, and in vivo validation. On the basis of the above, the present findings established a link of PBP-mediated
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Figure 9 Effects of PBPs on regulating protein expression related to JAK2/STAT3 signaling, apoptosis, and angiogenesis in tumors. (A) Representative Western blot images;
(B) p-JAK2/JAK2; (C) p-STAT3/STAT3; (D) BCL-2; (E) BAX; (F) VEGF. Data are presented as mean + SD (n = 3).
Note: Compared with the Model group * P<0.05; and **: P<0.01.

immunomodulation to a JAK2/STAT3 signaling axis governing macrophage polarization, with AG490 selected as
a pathway-matched pharmacological reference.

PBPs were identified as high—-molecular-weight polysaccharides predominantly composed of mannose and glucose.
At present, polysaccharides with similar compositional features have been associated with immunomodulatory activity,
our study, however, fail to resolve linkage patterns, branching structures, or receptor interactions responsible for the
bioactivity of PBPs.*®*° Consequently, this study merely yielded speculative evidence on the potential engagement of
mannose receptors or other pattern recognition receptors, necessitating dedicated structural and receptor-level
investigation.

A strength of this study is the construction of an integrative experimental framework, combining in vitro macrophage
polarization assays with in vivo tumor-bearing models to generate convergent immunological and therapeutic evidence
within a macrophage-centered mechanistic context. Simultaneously, this study ensured internal consistency across
molecular, cellular, and tissue-level readouts through the use of multiple analytical platforms, including qRT-PCR,
Western blot, and flow cytometry. Furthermore, dose—response analyses supported the robustness of the observed effects
and facilitated the interpretation of PBP activity within a defined experimental window.

Nevertheless, this study still has several limitations. Firstly, our mechanistic analyses emphasized on macrophage
polarization markers and JAK2/STAT3 signaling within a single murine HCC model. Additional investigation is needed
to extend these findings to other immune compartments, tumor models, and translational parameters such as pharmaco-
kinetics and toxicology. Secondly, this study failed to directly examine the functional properties of macrophages,
including phagocytic capacity, effector functions, or direct tumor cell interactions, despite systematic assessment of
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macrophage phenotypic markers and cytokine profiles. Furthermore, given that most measurements were performed at
the experimental endpoint, it remained unresolved regarding the temporal relationships among JAK2/STAT3 modulation,
macrophage reprogramming, and tumor suppression. In addition, this study did not carry out systemic immune profiling
in non—tumor-bearing animals, even with age-matched healthy mice included as a control for spleen index assessment.

Collectively, PBPs can modulate macrophage-driven immune suppression in HCC, with JAK2/STAT3 signaling
identified as a key molecular correlate of this process. This study demonstrates the roles of PBPs, a type of naturally
derived polysaccharide fraction, in remodeling the tumor immune microenvironment and suppressing tumor progression
in vivo, supporting macrophage-targeted immunomodulation as a complementary anti-HCC strategy.

Conclusion

In summary, PBPs can modulate the macrophage compartment within the HCC microenvironment and suppress tumor
progression in vivo. PBPs can attenuate M2-associated macrophage features, and reshape intratumoral macrophage
composition, which are associated with the inactivation of JAK2/STAT3 signaling as well as coordinated regulation of
apoptosis- and angiogenesis-related pathways. This study demonstrates the immunomodulatory activity of PBPs in HCC,
encouraging the feasibility of targeting TAM-driven immune suppression through non-cytotoxic immunomodulatory
strategies. In the future, additional efforts should be made to define the structure—activity relationships and upstream
sensing receptors of PBPs, establish the causal role of JAK2/STAT3 signaling using macrophage-specific approaches,
and validate these effects in other HCC models and in combination with existing systemic therapies.
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