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Codonopsis pilosula polysaccharides (CPPs), a class of representative bioactive
compounds derived from Codonopsis pilosula, have attracted considerable
attention recently as natural immunomodulators due to their wide range of
biological activities and favorable safety profile. This review provides a
comprehensive overview of recent advances in the extraction and purification
methods, chemical structural features, immunomodulatory mechanisms, and
the impact of structural modifications on the immunological functions of CPPs.
Notably, this work emphasizes the integration of structural modification
strategies with immunomodulatory mechanisms, a perspective rarely
highlighted in previous reviews. Special attention is given to the macrophage-
centered TLR4/MyD88/NF-xB signaling pathway, which plays a pivotal role in
coordinating adaptive immune responses through cytokine-mediated
interactions with T and B lymphocytes. Structural modification strategies, such
as sulfation, phosphorylation, selenization, and nano-carrier incorporation, have
significantly enhanced the stability, bioavailability, and immunoregulatory
effectiveness of CPPs. Furthermore, this review addresses current challenges,
including structural heterogeneity, lack of standardization, and limited clinical
evidence. This work aims to provide a valuable reference for future research and
applications of CPPs as immunotherapeutic agents and functional
food ingredients.
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1 Introduction

Codonopsis pilosula (Franch.) Nannf., an herbaceous perennial
vine belonging to the Campanulaceae family (1). C. pilosula,a
traditional Chinese medicinal herb, has a long-history of use (2).
The Pharmacopoeia of the People’s Republic of China describes C.
pilosula as having a sweet taste and neutral properties, which
influence the spleen and lung meridians (3). This herb has been
traditionally utilized to enhance the function of the middle burner
and increase qi, as well as to nourish the blood, produce body fluids,
fortify the spleen, and hydrate the lungs (4). It is frequently used in
clinical practice to address issues like spleen deficiency, fatigue,
diminished appetite, breathlessness, and palpitations (5). With
advances in modern medical research, the chemical constituents
and pharmacological activities of C. pilosula have been increasingly
elucidated (6).

Major bioactive components identified include polysaccharides,
saponins, alkaloids, volatile oils, and various flavonoids (7). Among
these, C. pilosula polysaccharides (CPPs) have recently gained
particular attention as abundant, functionally significant, high-
molecular-weight natural products (8). Interestingly, CPPs exhibit
potent and broad immunomodulatory activities (9, 10). CPPs
regulate the immune response via multiple targets and pathways,
participating in the function of macrophages, T/B lymphocytes, and
natural killer (NK) cells, and modulating the secretion of cytokines,
activation of the complement system, and development of immune
organs (15-18). Furthermore, CPPs may serve as a novel type of
natural immunologic adjuvant, enhancing vaccine immunogenicity
and showing great potential in disease prevention and immune
modulation (19).

The bioactivities of polysaccharides bioactivities greatly depend
on their molecular characteristics, including molecular weight,
monosaccharide composition, glycosidic linkages, and the length

Abbreviations: AG-I, arabinogalactan type I; AG-II, arabinogalactan type II; Ara,
arabinose; BW, body weight; CP, cyclophosphamide; CPPs, C. pilosula
polysaccharides; CS-GO-CPP, chitosan-graphene oxide C. pilosula
polysaccharides; CTLs, cytotoxic T lymphocytes; DHAV, Duck Hepatitis A
Virus; EAE, enzyme-assisted extraction; FT-IR, Fourier-transform infrared
spectroscopy; Gal, galactose; Gal, galacturonic; GalA, galacturonic acid; GC-
MS, gas chromatography-mass spectrometry; GFC, gel filtration
chromatography; Glc, glucose; GlcA, glucuronic acid; GPC, gel permeation
chromatography; HPLC, high-performance liquid chromatography; HWE, hot
water extraction; IEC, ion-exchange chromatography; IFN-f, interferon-3; IFN-
Y, interferon-y; IgG, immunoglobulin G; IgM, immunoglobulin M; IL-2,
interleukin-2; IL-6, interleukin-6; MAE, microwave-assisted extraction; Man,
mannose; MyD88, Myeloid differentiation primary response 88; NF-kB, nuclear
factor kappa B; NK, natural killer; NMR, nuclear magnetic resonance; NO, nitric
oxide; OED, orthogonal experimental design; pCPPs, phosphorylated C. pilosula
polysaccharides; Rha, rhamnose; RSM, response surface methodology; Se-CPPs,
selenized C. pilosula polysaccharides; Statl/Stat3, Signal Transducer and
Activator of Transcription 1/3; sCPPs, sulfated C. pilosula polysaccharides;
SWE, subcritical water extraction; Th cells, T helper cells; TLR4, Toll-like
receptor 4; TNF-o, tumor necrosis factor-alpha; UAE, ultrasound-

assisted extraction.
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and distribution of side chains. Hence, detailed structural
characterization and analysis of the structure-activity
relationships of CPPs are crucial for their precise applications (11,
12). Moreover, modern analytical techniques such as Fourier-
transform infrared spectroscopy (FT-IR), nuclear magnetic
resonance (NMR), and gas chromatography-mass spectrometry
(GC-MS) have been developed, which not only aid in
understanding the structure of CPPs but also lay the foundation
for further studies on their immunological functions (13, 14).

In addition to structural studies, extraction and purification
methods play a crucial role in determining the quality and
bioactivity of CPPs. Hot water extraction (HWE) is a relatively
simple and cost-effective method, but the extraction yield is
relatively low, and the bioactivity is not well-preserved. With the
development of new extraction methods, ultrasound-assisted
extraction (UAE), microwave-assisted extraction (MAE), and
enzyme-extracted aqueous solution (EAE) have been developed
(15-18). These methods offer more efficient alternatives to
traditional extraction techniques. Additionally, techniques like
column chromatography, ion-exchange chromatography (IEC),
and gel filtration chromatography (GFC) have been employed to
purify CPPs, enabling high-quality and stable preparations suitable
for downstream structural and functional studies (19, 20).

Recent advancements in CPP research extend beyond natural
extraction methods to include structural modifications (21).
Chemical derivatization approaches, including sulfation,
phosphorylation, and selenization, are employed to enhance the
immunological activity, bioavailability, and stability of CPPs.
Furthermore, nanotechnology, such as CPP-loaded nanoparticles
or polysaccharide-based nanocomposites, offers novel strategies for
targeted delivery systems and immunopotentiation (22-24). These
abundant modification methods provide a theoretical basis and
technical reference for further research on CPPs in pharmaceuticals,
functional foods and immunotherapy (25).

In conclusion, CPPs are naturally occurring, immunologically
active substances that are widely sourced, have high safety, low
toxicity, and possess a wide range of biological activities. They hold
substantial research value and promising application prospects.
This article aims to summarize recent advances in the extraction,
structural characterization, immunological activities, and structural
modifications of CPPs, providing a theoretical and technical basis
for further research on their functional development and
immunomodulatory applications.

2 Extraction

Polysaccharides are high-molecular-weight substances composed
of multiple monosaccharide molecules connected by glycosidic bonds
and widely exist in nature (26). HWE, EAE, UAE, and MAE are the
general procedures adopted for polysaccharide extraction (Figure 1)
(27-29). Every method possesses special characteristics and
advantages, and the selection of an appropriate extraction
procedure is thus crucial (Figure 2) (30). To better optimize
extraction efficiency and performance, scientists often apply
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FIGURE 1
Preparation process of CPPs.

statistical optimization methods, such as orthogonal experimental
design (OED) and response surface methodology (RSM) (8). These
techniques can optimize extraction conditions to promote yield and
bioactivity, thereby meeting various demands of research and
industrial applications (31).

2.1 Hot water extraction

HWE is the most widely used method for CPP extraction (32,
33). It is simple to operate, inexpensive, and highly efficient and is
suitable for the extraction of most plant polysaccharides (15).
Optimization of extraction conditions is necessary for improving
the extraction efficiency and quality of polysaccharides (34). For
instance, the ideal rise in extraction temperature enhances the
solubility of polysaccharides; however, excessive temperatures
trigger degradation. Similarly, extended extraction time
guarantees the total release of polysaccharides, while excessive
exposure will decline bioactivity. Adjusting the solid-to-liquid
ratio improves the efficiency of solubility and reduces solvent
wastage, while repeated cycle extraction enhances yield (35).
Experiments revealed that, under optimized conditions of 80 °C,
a solid-to-liquid ratio of 1:16, an extraction time of 80 minutes,
and a particle size of 180 wm, the maximum yield of CPPs reached
15.56% (36). Shi et al. optimized RSM extraction conditions and
found optimum parameters of extraction time 2.3 h, extraction
temperature 89 °C, and solid-to-liquid ratio 1:24, under which
15.66% CPPs existed (37). Similarly, Fu et al. employed RSM to
optimize fructan extraction from C. pilosula and reported a yield
of 20.6% obtained with an extraction temperature of 100 °C, a
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solvent-to-material ratio of 40 mL/g, and an extraction time of 2.5
hours in two cycles (38). Li et al. further optimized extraction
conditions and the authors concluded that an extraction
temperature of 85 °C, an extraction time of 1.5 hours, and a
solid-to-liquid ratio of 1:12 provided a final yield of 22.57% after
two extraction cycles (39). Another work reported achieving a
25.7% final yield at 90 °C, using an extraction time of 45 minutes
and a solid-to-liquid ratio of 1:20 (40). In conclusion, the
optimization of extraction parameters, such as temperature,
time, solid-to-liquid ratio, and extraction cycles, useing OED
and RSM is a primary focus in maximizing of both the
efficiency and quality of CPPs extraction.

2.2 Ultrasound-assisted extraction

The UAE utilizes the cavitation process and the mechanical
force of ultrasound waves to rupture the cell walls of plant cells,
improve the penetration of the solvent, and permit the release of
polysaccharides (41). Compared to conventional extraction
technologies, UAE offers numerous advantages including higher
extraction rates, lower energy utilization, and improved yield,
making it easier to operate and more environmentally friendly
(42). In addition, UAE lowers the degradation of heat-sensitive
polysaccharides and preserves their biological activity, making it an
extremely efficient and sustainable extraction technique (43). Cao
et al. investigated the effects of various factors, such as the solid-to-
liquid ratio, ultrasonic power, extraction time, and temperature, on
the yield of CPPs in single-factor experiments. They further
optimized the extraction conditions and found the best
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FIGURE 2
Advantages and disadvantages of different extraction methods for CPPs.

parameters to be:solid-to-liquid ratio = 1:30 (g/mL), power of
ultrasonication = 280 W, time of extraction = 75 minutes, and
temperature of extraction = 74 °C. Under the above conditions, the
extraction yield was 18.42% (16). Similarly, Wang et al. also
performed single-factor tests to investigate the influence of the
temperature, the solid-to-liquid ratio, extraction time, and
ultrasonic power on extraction efficiency. They then optimized
the extraction process using a uniform design method, and found
the optimum conditions to be a 70 °C temperature, a 25:1 solid-to-
liquid ratio, 35 minutes of extraction time, and 135 W of ultrasonic
power. These conditions produced an average extraction yield of
31.26% (44). Furthermore, Wang et al. demonstrated that UAE with
an ultrasonic power of 180 W, a frequency of 60 kHz, and a
treatment time of 30 minutes increased the content of CPPs by
14.7%, while also effectively preserving polysaccharide bioactivity
and other functional ingredients (45). In conclusion, UAE is an
extremely effective, environmentally friendly, and green extraction
technique that holds a vast potential for the extraction of CPPs.
Further research and optimization of UAE parameters can
contribute to enhancing the functional use and industrial
applications of CPPs.
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2.3 Enzyme-assisted extraction

EAE utilizes specific enzymes for the degradation of plant cell
walls or other structural components, thereby facilitating the
efficient release of target molecules under mild conditions (46).
This method has several advantages, including high extraction
efficiency, high selectivity, and the ability to retain heat-sensitive
bioactive compounds,making it widely applicable for
polysaccharide extraction (47, 48). Fan et al. optimized the
polysaccharide extraction process from yeast-fermented fresh C.
pilosula through single-factor experiments combined with RSM.
The results indicated that the optimal extraction condition was 63 °
C of temperature, 6 hours of extraction time, and 4% of enzyme
concentration. Under these conditions, extraction yield was as high
as 17.46%, significantly higher than the 12.69% achieved by
conventional HWE (49). Gao et al. also optimized the extraction
of CPPs by single-factor experiments combined with RSM. The
optimal conditions were found to be an enzyme concentration of
0.2%, an enzymatic hydrolysis time of 1.5 hours, a hydrolysis
temperature of 50 °C, and a pH of 4.2. Under the optimal
conditions, the extraction yield was 25.23% (18). In general,
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compared to traditional extraction methods, EAE is energy-efficient
and environmentally friendly, lowering impurities and reducing
extraction time. Besides, the simplicity of enzyme selection based on
raw material characteristics will enable better extraction efficiency
and quality of polysaccharides. Continued advances in enzyme
selection and process optimization will also contribute to the
broader application of CPPs in various applications.

2.4 Other extraction methods

Apart from the already described extraction methods, scientists
arecontinually seeking simpler and faster ways to obtain CPPs. For
instance, MAE induces fast oscillation of polar molecules inside the
material using microwave electromagnetic fields, therefore
producing both thermal and non-thermal effects. The rapid
heating of the solvent, material causes cell wall rupture and
thereby increasing extraction efficiency (50, 51). Yu et al.
examined CPPs extraction by OED about solid-to-liquid ratio,
microwave radiation power, and extraction time. Water was
found to be the ideal solvent; a temperature of 70 °C, a solid-to-
liquid ratio of 1:40, an extraction period of 20 minutes, and a
microwave power of 500 W, therefore producing an extraction rate
of 14.8% (17). Utilizing the lowered polarity of water at high
temperatures and pressures, subcritical water extraction (SWE)
extracts bioactive compounds. Particularly appropriate for heat-
sensitive materials, this approach is also environmentally benign
and reasonably affordable (52, 53). By employing a temperature of
150 °C, an extraction duration of 45 minutes, and a liquid-to-
material ratio of 12 mL/g, Zhang et al. refined the SWE process for
CPPs, thereby establishing optimal conditions and an extraction
rate of 19.51% (54). A liquid-liquid extraction system that generates
immiscible phases between ethanol and ammonium sulfate,
therefore allowing the separation of target chemicals, is the water-
ethanol/ammonium sulfate aqueous two-phase system (55, 56).
Using this approach, Lu et al. extracted CPPs by optimizing the
conditions to a concentration of 17% ammonium sulfate, 30%
ethanol, an extraction temperature of 40 °C, and a pH of 6.
Under these circumstances, the extractive yield was 31.57% (57).
In conclusion, these advanced extraction methods offer higher
efficiency and selectivity compared to traditional techniques,
enabling the extraction of bioactive compounds under milder
conditions. These techniques show great promise for both
commercial and medicinal uses, as they enhance the bioactivity of
polysaccharides and increase extraction efficiency.

3 Separation and purification

The crude polysaccharides thus obtained through the above-
discussed methods may also contain contaminants such as proteins,
pigments, monosaccharides, inorganic salts, and lipids (56). These
impurities may interfere with the structural analysis and bioactivity
tests of the polysaccharides;therefore, adequate separation and
purification are essential (58). General purification methods

Frontiers in Immunology

10.3389/fimmu.2025.1641928

involve the extraction of polysaccharides with 80%-95% ethanol
for several hours to remove oligosaccharides and low-molecular-
weight constituents (59). Protein impurities can be removed by the
Sevag procedure or trichloroacetic acid precipitation, and pigments
can be eliminated by hydrogen peroxide oxidation or adsorption to
a macroporous resin (60). Further purification may be achieved by
precipitation techniques or column chromatography (31). EPM is a
standard procedure for fractionating crude polysaccharides,
whereby polysaccharides with different molecular weights
precipitate successively as the concentration of the organic solvent
increases (61). Column chromatography techniques, including IEC
and GFC, are employed frequently (28). IEC isolates acidic and
neutral polysaccharides using gradient elution using sodium
chloride solutions, and GFC fractionates polysaccharides based on
molecular weight differences (19, 20, 62).

Briefly, the extraction of CPPs typically involves several key
steps. Initially, C. pilosula is thoroughly washed and dried at 40 °C
in an oven or vacuum dryer, then powdered. The powder is defatted
twice with 95% ethanol successively for two hours each to remove
pigments, oligosaccharides, lipids, and other small-molecule
compounds. The resulting residue is then subjected to three
cycles of HWE (each lasting two hours), filtered, and
concentrated. The crude polysaccharides are ethanol-precipitated,
recovered by centrifugation, and purified by removing protein with
the Sevag method and activated carbon adsorption for
decolorization. Dialysis, evaporation, ethanol precipitation,
filtration, and freeze-drying operations yield crude CPPs. The
crude CPPs, for further purification, are dissolved in double-
distilled water and subjected to IEC (e.g., DEAE-cellulose, DEAE-
Sepharose) and GFC (e.g., Sephadex G, Sephacryl S). The purified
polysaccharides are subsequently harvested by buffer elution,
dialyzed, concentrated, and freeze-dried to obtain high-purity
CPPs (8, 63, 64).

4 The structural characteristics of
CPPs

Polysaccharides are complex carbohydrates composed of
monosaccharide residues linked via glycosidic bonds. Key structural
characteristics include molecular weight, monosaccharide
composition, glycosidic linkage types, and their specific
arrangement. In recent years, various analytical methods have been
utilized to elucidate the chemical architecture of CPPs.

4.1 Molecular weight

The molecular weight of polysaccharides plays a crucial role in
determining their biological activities and is therefore considered an
important parameter reflecting their physicochemical properties
and functional potential (65). Determining molecular weight
facilitates a deeper understanding of the relationship between
polysaccharide structure and function and is commonly estimated
using statistical averaging methods (60). Traditional techniques,
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such as viscometry, light scattering, and osmometry, have been
widely used, however, they tend to be complex and susceptible to
experimental errors (66, 67). Currently, more accurate and reliable
methods are preferred, including high-performance liquid
chromatography (HPLC), gel permeation chromatography (GPC),
high-performance gel permeation chromatography, and high-
performance size-exclusion chromatography (14, 38, 68, 69). Due
to variations in the types of CPPs, as well as differences in
extraction, purification processes, and analytical methods, the
reported average molecular weights of CPPs vary across studies
(12,70). For instance, in hot-water extraction methods, temperature
and extraction duration significantly affect the resulting molecular
weight. Increasing the temperature and extending the extraction
time within an appropriate range can enhance the yield of high-
molecular-weight polysaccharides. However, excessive heat may
cause polysaccharide degradation, resulting in a decrease in
molecular weight (71). Zou et al, for example, extracted pectic
polysaccharides from C. pilosula roots at 50 °C and 100 °C, yielding
50WCP-II-I (71.6 kDa) and 100WCP-II-I (53.2 kDa), respectively,
highlighting the influence of temperature on molecular size.
Moreover, the pore size of ultrafiltration membranes can also
affect the molecular weight distribution of polysaccharides (72). Li
et al. separated CPPs into three fractions using membranes with
different molecular weight cut-offs, yielding CPPS-I (< 60 kDa),
CPPS-II (60-100 kDa), and CPPS-IIT (> 100 kDa), demonstrating
the impact of membrane filtration on polysaccharide size
profiling (14).

4.2 Monosaccharide composition

Monosaccharide composition serves as a fundamental basis for
elucidating the structural features, physicochemical properties, and
structure-activity relationships of polysaccharides (73). Variations
in purification techniques or raw material sources can lead to
differences in monosaccharide ratios, glycosidic bond types, and
linkage sequences (28). To analyze the monosaccharide profile of
CPPs, commonly employed techniques include gas
chromatography (GC), HPLC, NMR, and IR (74, 75). Su et al.
separated a homogeneous polysaccharide, CPP-1, from the roots of
C. pilosula, which consisted of mannose (Man), glucose (Glc),
galacturonic (Gal), and arabinose (Ara) with a molar ratio of
5.86:51.69:34.34:8.08 (70). Similarly, Bai et al. isolated two
polysaccharides, CPPla and CPPlc; CPPla consisted of
rhamnose (Rha), Ara, galacturonic acid (GalA), Gal, and Glc in a
molar ratio of 1:12:1:10:3. However, CPP1c had a higher proportion
of GalA, which may be accountable for its more active biological
activity compared to CPPla (11). Zhang et alidentified eight
monosaccharides present in CPPs, namely Man, Rib, Rha,
glucuronic acid, GalA, Glc, Gal, and Ara,with Glc being the most
prevalent at 49.87%. The molar ratio of the monosaccharides was
found to be 0.53:0.60:0.51:3.50:9.55:21.73:4.78:2.38 (74).
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4.3 Structural characteristics

Due to the complex branching and linkage patterns of different
CPPs, structural characterization is typically challenging (8).
Structural analysis of polysaccharides primarily involves the
identification of monosaccharide linkage sequences and glycosidic
bond conformations. Common analytical techniques for CPPs
structural elucidation include FT-IR, NMR, and GC-MS (9, 11,
70). A full structural characterization of polysaccharides typically
requires the integration of multiple analytical techniques. FT-IR
spectroscopy provides valuable information regarding functional
groups and bond types within the polysaccharide molecule (76).
The broad band of absorption at 3300-3450 cm™" corresponds to
the stretching vibration of the free hydroxyl (-OH) group, indicative
of the high hydroxyl content in polysaccharides, which is directly
related to their solubility in water (77). Bands of absorption 2800-
2950 cm ! are attributed to C-H stretching vibrations (methyl or
methylene groups), which correspond to the carbon skeleton of the
sugar ring (76). Common signals in 1000-1200 cm™* correspond to
the pyranose ring and glycosidic linkage stretching vibrations (77,
78), while 1025-1152 ¢cm™" bands of absorption also confirm the
presence of pyranose rings (38, 70). In addition, bands at 852 cm™
and 893 cm™" of absorption are characteristic of the presence of o
and B-glycosidic linkages, respectively (14, 76). Bands at 1600-1750
cm™' show vibrational characteristics of carboxyl (C=0) and ester
(COOCH;) groups, which are usually present in pectic
polysaccharides (12, 79, 80). Detailed determination of glycosidic
bond configuration and linkage structures is achieved with "H NMR
spectroscopy (81). The chemical shift of the anomeric carbon (C1)
can determine the configuration of the sugar ring, and o-anomers
would typically be in the range of 5.0-5.5 ppm (14), whereas [3-
anomers appear in 4.5-5.0 ppm (76). "H NMR also identifies signals
for branched structures or distinct functional groups such as
methylated high-galacturonic regions (11). GC-MS also aids in
polysaccharide characterization, providing quantitative
information on monosaccharide composition. The interplay of
these analysis techniques gives a clearer vision of the structural
complexity of polysaccharides (82, 83). Zou et al. isolated two pectic
polysaccharides, 50WCP-II-I and 100WCP-II-I, from the roots of
C. pilosula. The backbone of 50WCP-II-I primarily consists of a
long homogalacturonan (HG) region composed of GalA units,
some of which are methyl-esterified. Embedded within the HG
backbone are short rhamnogalacturonan-I (RG-I) regions, in which
Rha residues at the O-4 position are substituted with
arabinogalactan type I (AG-I) and arabinogalactan type II (AG-
II) side chains (Figure 3A). In contrast, 100WCP-II-I contains two
major branched regions: one in which GalA residues at the O-2
position are substituted with AG-I side chains and another where
Rha residues at the O-4 position are substituted with AG-II side
chains in the RG-I domain. The backbone also contains methyl-
esterified HG region, and Rha residues are mainly 1,2-linked
(Figure 3B) (72). Yang et al. Found another pectic polysaccharide,
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(A) Predicted structure of 50WCP (B) Predicted structure of 100WCP (C) Predicted structure of CPP1b (D) Predicted structure of CPPS3 (E) Predicted

structure of CPP.

CPP1b, from C. pilosula, whose backbone is constituted by 1,4-
linked o-D-GalA and methyl-esterified o-D-GalA, alternately
interspersed with minor amounts of 1,2-linked B-L-rhamnose,
1,2,6-linked o-D-Gal and terminal o-L-Ara. Methylation analysis
and NMR spectroscopy results demonstrated that side chains
contain Ara and branched Gal residues (Figure 3C). In summary,
the overall structure can be considered as a pectin containing RG-I-
type rhamnogalacturonan regions consisting of a linear backbone
with sparse branching. Ultrastructurally, CPP1b were amorphous,
ovoid granules with sheet-like surface morphology (83). CPPS3, a
water-soluble polysaccharide extracted from the roots of C. pilosula,
was isolated. Its branched backbone is constituted by (1—3)-linked
B-N-acetylgalactosamine, (1—3)-linked o-rhamnose and (1—52,3)-
linked B-Gal. The degree of branching of this water-soluble
polysaccharide is approximately 26%, meaning that one side
chain exists for every four backbone residues. Its side chains
consist of (1—5)-linked ci-arabinofuran, (1—4)-linked B-Gal and
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(1—2)-linked o-rhamnose-Ara disaccharide chains. Its side chains
were found to contain B-glycosidic linkages by infrared
spectroscopy (Figure 3D) (84). Sun et al. Found a water-soluble
polysaccharide from C. pilosula roots. Its backbone is constituted by
(1—3)-linked B-D-pyranogalactose, (1—2,3)-linked B-D-
pyranogalactose and (1—3)-linked a-D-pyranorhamnose. The O-
2 position of Gal residues is substituted, in a 1:1 ratio, with side
chains of a disaccharide, which consists of (1—5)-linked o-L-
arabinofuranose units (Figure 3E) (85).

5 Immunological activity

Immunomodulation is the most striking biological activity of
CPPs. So far, it has been reported that CPPs can significantly
modulate the immune system through multiple pathways and
mechanisms, which involve various components of the immune

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1641928
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Pan et al.

TABLE 1 Summary of the immunomodulatory activity of CPPs.
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Name Model Dosage Effect Rif.
CPPs-DINI Cyclophosphamidejimmunosuppressed 200 mg/kg (oral) Modulated serule imllnunoglobulins and cytokines; ©)
mice improved gut microbiota.
RCNP, RCAP- I . . N
12 RAW?264.7 macrophages 1.6-1000 pg/mL (in vitro) RCAP-1/2 induced NO production; RCNP inactive. (12)
WCP-I/la C3H/He] mice 100 mg/kg (orzlll); I?eyer’s patch cells Elevated IL-6, TGF-B3, TNF-0; increased spleen index and (80)
(in vitro) sIgA.
CPPS-1I:10 kg (i.p.); DOX:1 I Enh: d h larization; d t
CPPS-I/II/III B16F10 tumor-bearing mice mefkg (i.p.) mg/kg  Enhanced macrophage polarization; suppressed tumor (14)
(iv.) growth.
CpP BALB/c mice 50-200 mg/kg (oral) Increased cytokines, IgG, sIgA, and cecal lactobacilli. (101)
Enhanced NO and cytoki; tion; i d
CPPs RAW?264.7 macrophages 6.25-400 ug/mL (in vitro) hance R and cytokine secretion; Improve (81)
phagocytosis.
CPG $180 tumor-bearing mice 50-100 mg/kg (oral) 'Inhlblte'd tumor growth; promoted humoral and cellular ©95)
immunity.
CPW, CPS0.2/ THP-1 cells 500 pg/mL (in vitro) CPW anti-inflammatory; CPS series immunostimulatory (105)
0.5/1 (esp. CPS0.2).
0.05-0.15 L (ip.); 500 L (i
CPPS OVA-immunized mice me/m ,E: P )) ug/mL (in Increased lymphocyte proliferation and antibody levels. (96)
vitro
CPPS, sCPPS Splenic lymphocyte‘s; OVA-immunized | 0.196-12.5 ug/mL (in vitro); 0.05-0.15 = sCPPs s‘uperior in T-cell activation and antibody 23)
mice mg/mL (s.c.) production.
sCPPs ND-vaccinated chickens 0.5-2.0 mg/mL (i.m.) Enhanced lymphocyte proliferation and antibody titers. (24)
I d ph: is, NO, IL-4, IFN-y, and NF-xB
C5-GO-CPP RAW264.7 cells 0.78-12.5 pg/mL (in vitro) nereased phagocytosis ¥ and NEK 22)
activation.
CPPS, sCPPS Cyclophosphamideiimmunosuppressed Oral doses unspecified Improved immune- organs and immunoglobulin levels; Q1)
mice sCPPS more effective.
sCPPS Chicken T lymphocytes 0.391-6.25 pg/mL (in vitro) Promoted T-cell proliferation and IL-2 expression. (113)
pCPPS, CPPS Duck hepatocytes; DHAV infection 4.88-39 pg/mL (in vitro) pCPPS inhibited DHAV replication; CPPS inactive. (25)
Dose-dependent TNE-o, IL-1B i ; enhanced
CPP Ana-1 macrophages; mice 0.01-0.62 mg/g (oral/in vitro) . ose-dependen ¢  increase; enhance (88)
immune organs.
CPP Weaned piglets 1-2% dietary supplementation Improved mucosal immunity (SIgA, IgG, IgM). (109)
CPP Laying hens 1.25-20 g/L (in vitro); 5-10 g/L (i.m.) Antioxidant activity; increased ND antibody titers. (108)
CpP Weaned piglets 200-800 mg/kg (diet) Improved growth, immunity, antioxidant capacity. (112)
50-200 k; 1); d th:
cpp COPD model rats mg/kg (oral); dexamethasone ) L inflammation; modulated NE-kB/TkBo. (106)
1.95 mg/kg
LCPP TNEF-o.-stimulated HepG2 cells 1.25-25 mg/mL (in vitro) Inhibited complement activation and C3 expression. (104)
CPP Chicken lymphocytes; ND-vaccinated 31-500 pg/mL (in vitro); 5-100 mg/kg = Enhanced lymphocyte proliferation and ND antibody 1)
hens (im.) titers.
CPPS-NE, Hydrocortisone-immunosuppressed 300-900 mg/kg (oral) Improved immunity; CPPS-NE superior to CPPS. (7)
CPPS mice
CPP Cyclophosphamide—imr.nunosuppressed 250-1000 mg/kg (oral) Increased Peyfer’s patches, T-cell subsets, and IgA/IL-2/ ©2)
Balb/c mice IFN-y expression.

system, including immune cells, immune organs, immune factors

and complement. Although CPPs exhibit multidimensional

immune-regulatory effects, evidence indicates that their primary

5.1 Regulation of immune cells

5.1.1 Macrophages

immunomodulatory role centers on macrophage activation,
which in turn initiates and orchestrates subsequent adaptive
immune responses through cytokine secretion and antigen
presentation (Table 1).
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Macrophages are key components of the innate immune
system. They possess the ability to phagocytose kill pathogens, as
well as remove apoptotic cells (86). Through recognition of
pathogen-associated molecular patterns, macrophages rapidly
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FIGURE 4
Macrophage-centric immunomodulatory mechanism of CPPs.

respond to infections by releasing cytokines such as interleukin-1
and tumor necrosis factor-alpha (TNF-o), thereby initiating
inflammatory responses. In addition, as professional antigen-
presenting cells, macrophages activate T cells, thus bridging
innate and adaptive immunity while also participating in tissue
repair and immune homeostasis (86, 87). The immunomodulatory
effects of CPPs on macrophages are primarily mediated through
receptor-dependent pathways. Notably, multiple studies have
demonstrated that CPPs engage Toll-like receptor 4 (TLR4) on
macrophage surfaces, triggering the Myeloid differentiation primary
response 88 (MyD88)-dependent cascade and activating the NF-xB
signaling pathway. This sequence constitutes the principal
immunoregulatory axis by which CPPs initiate downstream
cytokine production and adaptive immune modulation (Figure 4)
(88). In addition to NF-kB activation, CPPs also modulate
alternative signaling pathways. For example, Sun et al. reported
that pectic polysaccharides RCAP-1 and RCAP-2 significantly
promoted nitric oxide (NO) production in RAW264.7
macrophages, and mechanistic studies revealed that their activity
was accompanied by enhanced phosphorylation of ERK and p38
MAPK, indicating that MAPK signaling contributes to CPP-
mediated cytokine release in parallel with NF-xB (12). Likewise, Ji
et al. found that a low-molecular-weight (<30 kDa) fructan fraction
activated TLR4/MyD88 signaling while simultaneously triggering
JNK and p38 pathways, thereby amplifying IL-6 and TNF-o
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secretion in a dose-dependent manner (81). Animal models
further corroborate the macrophage-centered immunostimulatory
role of CPPs. A compound preparation of CPPs significantly
increased spleen indices and serum levels of granulocyte-
macrophage colony-stimulating factor and TNF-o. in BALB/c
mice, primarily through M1 macrophage polarization and
activation of the Statl/Stat3 pathways (10). In melanoma-bearing
C57BL/6 mice, the medium-molecular-weight (30-100 kDa)
fraction CPPS-II enhanced the M1/M2 macrophage ratio,
suppressed Stat3 phosphorylation, and synergized with
chemotherapy to boost antitumor immunity (14). These results
indicate that the STAT family is a critical target of CPP-mediated
immune regulation, with Statl activation and Stat3 inhibition
driving pro-inflammatory and antitumor phenotypes. To address
the variability in reported molecular weights, we standardized the
classification as follows: low-molecular-weight (<30 kDa), mid-
molecular-weight (30-100 kDa), and high-molecular-weight
(>100 kDa) fractions. While both low-MW B-(2—1)-fructans and
mid-MW pectic polysaccharides (e.g., CPPS-II) exhibit
macrophage-activating properties, their bioactivity likely arises
from distinct structural motifs and receptor interactions
(Table 2). Low-MW fructans primarily engage TLR4/MyD88 and
MAPK signaling, whereas mid-MW pectins with RG-I domains
contribute to M1 polarization via Statl/Stat3 regulation.
Collectively, these findings highlight that CPP-induced
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TABLE 2 Structural motifs of CPPs and their immunological activities.

Polysaccharide

Target cells/pathways

Key structural motifs Dominant immune activity

fraction
RCAP-1 High GalA content, methyl-esterified pectic Pro-inflammatory activation (NO, Macrophages via NF-xB and TLR4/ 12)
regions TNF-o, IL-6 secretion) MyD88
RCAP-2 High GalA content, methyl-esterified pectic Pro-inflammatory activation (NO, Macrophages via NF-xB and TLR4/ 12)
regions TNF-o,, IL-6 secretion) MyD88
2—1)-B-D-fructan backbone, (2—6)-3-D- . - . .
CPPs @=1)-p rfrljc::n ;:anco}:le es (2=6)-p Pro-inflammatory cytokine induction Macrophages via TLR4/MyD88 (81)
CPPS-II Medium-MW pectifl-rich with RG-I M1 macrophage‘ polariz‘ation, anti- Macrophages, STAT1/3 (14)
domains tumor immunity
Compl t inhibition, IL-10 Compl t path C3), anti-
50WCP-II-1 Branched RG-I regions with GalA >60% ompiement IhibIlon omplement pathway (C3), anti (72)
induction inflammatory macrophages
C it t inhibition, IL-10 C 1 t path C3), anti-
100WCP-11-1 Branched RG-I regions with GalA >60% omplement Intibition omplement pathway (C3), anti (72)
induction inflammatory macrophages
Enhanced lymph liferation,
sCPPs Sulfated glucan residues nhance Ymp ocyte Prf’ Heration T and B lymphocytes (24)
antibody production
Balanced Th1/Th2 cytoki
Se-CPPs Selenoxide-modified pectin alance K cytoiine T lymphocytes (23)
upregulation
CS-GO-CPP Nano-carrier conjugation' with chitosan- Enhanced phafgoc‘ytosis, NF-«xB Macrophages 2)
graphene oxide activation

immunoregulation involves a coordinated network of NF-xB,
MAPK, and STAT cascades that together fine-tune macrophage
responses (12, 14, 81).

5.1.2 T lymphocytes

T lymphocytes are the primary effector cells in adaptive
immunity, recognizing and killing infected or tumor cells.
According to their function, The cells can be mainly divided into
T helper cells (Th cells) and cytotoxic T lymphocytes (CTLs) (89).
Th cells secrete cytokines to stimulate the proliferation and
differentiation of B cells and CTLs, regulating and amplifying the
immune response, while CTLs induce the death of abnormal cells. T
cells can also proliferate to form memory cells, which produce an
efficient immune response upon re-infection with the same antigen
(90). CPPs have exhibited remarkable immunomodulatory effects
on T cells in multiple in vitro and in vivo studies. In vitro, CPPs
could markedly enhance the proliferation of peripheral blood
lymphocytes from chickens. The proliferation of CD4" T cells
was more pronounced than that of CD8" T cells, and CPPs did
not affect the proliferation of peripheral blood mononuclear cells
from chickens. This indicates that CPPs may enhance cellular
immunity, possibly by enhancing the proliferation and
differentiation of Th cells (91). In immunosuppressed mice
induced by cyclophosphamide (CP), low and medium doses of
CPPs markedly increased the expression of CD3", CD4", and CD8"
T cell subsets in the small intestinal mucosa. However, high doses of
CPPs exhibited a slight inhibitory effect. Furthermore, CPPs
increased the thymus and spleen indices, promoting the
development and maturation of T cells (92). CPPs can also

Frontiers in Immunology

10

regulate the differentiation of T cells in Peyer’s patches. CPPs
inhibited the differentiation of CD8" T cells and enhanced the
differentiation of CD4" T cells, which was reflected in the increased
CD4"/CD8" ratio and enhanced immune response (80).

In summary, CPPs can promote the proliferation and
differentiation of T cells, as well as balance thereby enhancing
adaptive immunity. These effects are closely related to the
development and maturation of immune organs and the
restructuring of the cytokine network.

5.1.3 B lymphocytes

B lymphocytes mediate humoral immunity. B lymphocytes
recognize antigens and differentiate into plasma cells, which
secrete antibodies that can either inhibit a pathogen or facilitate
its phagocytosis by another cell (93). Antibodies can also activate
the complement system, providing feedback to the immune
response. Few B cells differentiate into memory cells that rapidly
divide in response to secondary infection with the same antigen
(94). C. pilosula fructan (CPG) can significantly increase the B cell-
mediated humoral immunity in S180 tumor-bearing mice. Tumor-
specific immunoglobulin G (IgG) and immunoglobulin M (IgM)
levels in the sera of mice injected with CPG were higher than those
in the control group, which means that the B cell activity was
enhanced, and the antibody secretion was increased. Thymus and
spleen indices were increased. The proportion of CD19* B cells in
the spleen was increased in the CPG group. Mechanistically, CPG
upregulated the expression of interleukin-2 (IL-2), interferon-y
(IFN-v), and TNF-o to induce the proliferation and
differentiation of B cells (95). CPPs demonstrated vigorous
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adjuvant activity in the vaccine model, greatly enhancing the
immunogenicity of the vaccine and promoting B cell activation
and antibody production (96). These results suggested that it is
possible to use immune enhancement and antitumor therapy based
on the regulation of B cells.

5.1.4 Natural killer cells

NK cells are a crucial component of innate immunity. NK cells
can kill virus-infected and tumor cells without prior antigenic
stimulation (97). NK cells recognize the lack of expression of
major histocompatibility complex class I molecules on target cells
and induce cytolysis of target cells through the release of perforin,
granzymes, and cytokines like IFN-y, which can mediate the
function of other cells (98). CPPs can enhance the activity of NK
cells. In BALB/c mice, the medium and high doses of CPPs can
enhance the cytotoxicity of NK cells and induce the maturation and
function recovery of immune cells (10). It offers an explorative basis
for the study of new immunomodulators.

5.2 Modulation of immune organs

There are two types of immune organs: central immune organs
(such as the bone marrow and thymus) and peripheral immune
organs (including the spleen and lymph nodes). The Immune organ
index is the ratio of the weight of the immune organ and the body
weight (BW). It can reflect the development and function of the
immune organ (an important indicator of immune function) (99).
In addition, the immune organs can also secrete cytokines, such as
IL-2, IL-6, IFN-y, and TNF-o. These cytokines can induce the
activation, proliferations, and differentiation of immune cells and
are involved in both inflammatory and anti-infection processes. It is
very essential to ensure structure and function of the immune organ
to maintain the immune homeostasis, prevent pathogen invasion,
and induce the correct response to vaccines (100).

CPPs have strong protective and regulatory effects in the CP-
induced immunosuppressive mouse model. In the present
experiment, the mice were injected intraperitoneally with CP at
60 mg/kg-BW-d for three consecutive days and then administered
different doses of CPPs (50, 100, 200 mg/kg/day) orally for 7 days.
The spleen index of all groups was significantly increased compared
to the model group, and the spleen index of the 100 mg/kg/day
group was even higher than that of the standard control group. The
thymus index of the 200 mg/kg/day group was significantly
increased and approached the normal group. In addition, the liver
index of the 100 and 200 mg/kg/day groups was significantly
increased compared with the model group (101). These findings
indicate that CPPs effectively alleviate CP-induced damage to
immune organs, particularly improving spleen atrophy, and also
exert protective and enhancing effects on thymus and liver-related
immune functions. CPPs may improve immunity by increasing
immune organ indices and relieving immune organ suppression,
providing experimental evidence for their potential as natural

immunomodulators.
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5.3 Modulation of immune factors

Immune factors are important molecules that mediate the
regulation of the immune system, such as cytokines, antibodies,
and complement. Cytokines include interleukins, interferons and
tumor necrosis factors (102). They can mediate the proliferation,
differentiation and activation of immune cells. They are involved in
both innate and adaptive immune responses. Antibodies are
secreted by B cells to mediate the neutralization of target cells,
enhance phagocytosis of target cells, and induce antibody-
dependent cellular cytotoxicity. Complements can directly cause
damage to the pathogen’s membrane and cause inflammation. They
can also enhance the effects of the antibody (103).

CPPs possess multidimensional pharmacological effects on
regulating immune factors. On one hand, CPPs significantly
regulate the secretion of multiple cytokines with bidirectional
modulation. For example, low-molecular-weight (<30 kDa) (-
(2—1)-fructan-rich fractions have been shown to bind TLR4 and
activate MyD88-dependent NF-«B signaling pathways, resulting in
increased production of pro-inflammatory cytokines such as TNF-
o and IL-6, which are beneficial for applications in vaccine
adjuvants and tumor immunotherapy (81). Conversely, pectic
polysaccharides enriched in rhamnogalacturonan-I regions with
high galacturonic acid content (>60%) exhibit complement C3
inhibitory activity (CHso=2.06 mg/mL) and upregulate anti-
inflammatory cytokine IL-10, suggesting potential utility in
autoimmune and chronic inflammatory diseases such as COPD
(104). When CPPs were applied to lipopolysaccharide-stimulated
THP-1 inflammatory models, CPPs suppressed the expression of
pro-inflammatory cytokines TNF-o. and IL-1f while enhancing the
activity of immune function in non-stimulated THP-1 cells,
indicating that CPPs have the potential to balance the expression
of immune factors (105). When applied to the chronic obstructive
pulmonary disease model, CPPs downregulated the expression of
pro-inflammatory cytokines (TNF-c, IL-6, IL-1B) and upregulated
the expression of the anti-inflammatory cytokine IL-10 by
suppressing the NF-kB signaling pathway, thereby reducing the
expression of pro-inflammatory cytokines and alleviating airway
inflammation (106). When applied to CP-induced
immunosuppressed mice, CPPs significantly increased the
contents of IL-2, IL-6 and TNF-o in serum and enhanced the
immune response (107). When applied to poultry models, CPPs
increased the titers of Newcastle disease virus antibodies, indicating
that CPPs can enhance the humoral immune response and improve
the vaccine effectiveness (108). When applied to piglets, CPPs
significantly upregulated the protein and mRNA expression of
SIgA, 1gG and IgM in the small intestinal mucosa, indicating that
CPPs can participate in local intestinal immunity (109).

Emerging evidence suggests that gut microbiota modulation may
represent a primary mechanism underlying the systemic
immunoregulatory effects of CPPs. Specifically, CPPs have been
shown to enrich butyrate-producing bacterial taxa, leading to
increased production of short-chain fatty acids (SCFAs) such as
butyrate. Butyrate acts as a ligand for G-protein-coupled receptor 43
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(GPR43), a receptor expressed on colonic epithelial cells and immune
cells. Engagement of GPR43 can drive the differentiation and expansion
of regulatory T cells (Tregs), thereby contributing to mucosal and
systemic immune tolerance (9). From a translational perspective, it
remains to be elucidated whether gut microbiota modulation
constitutes the dominant axis of CPPs immunoregulation in vivo or
acts in parallel with direct immune cell binding. Comparative studies
evaluating germ-free versus conventional animal models could clarify
the relative contributions of microbiota-dependent and microbiota-
independent mechanisms.

5.4 Modulation of the complement system

Complement is an essential component of innate immunity
(110). It consists of some plasma proteins and can be activated by
the classic, alternative, and lectin pathways. After activation,
complement can directly lyse pathogens and help phagocytes
eliminate antigens by releasing active fragments, such as C3a and
C5a and attracting immune cells to initiate an inflammatory
response. Moreover, it synergizes with antibodies to amplify
adaptive immunity and plays irreplaceable roles in infection
control, immune surveillance, and maintaining immune
balance (111).

Research has shown that CPPs possess definitive regulatory
effects on the complement system, with anti-complement activity
confirmed in several studies. For example, Lu CPPs significantly
inhibit the activation of both classical and alternative complement
path. The half-maximal inhibitory concentration (CHs,) for the
classical pathway was 2.061 + 0.127 mg/mL, and for the alternative
pathway (APs) it was 6.725 + 0.895 mg/mL, with effects showing
explicit dose dependency. Mechanistic studies revealed that Lu
CPPs significantly suppressed complement C3 expression in
TNF-o-stimulated human hepatoma HepG2 cells. With
increasing LCPP concentrations, C3 mRNA levels declined in a
dose-dependent manner, suggesting inhibition of inflammation-
mediated complement activation (104). Additionally, pectic
polysaccharides 50WCP-II-I and 100WCP-II-I, extracted from C.
pilosula roots, demonstrated complement-fixing activity. Enzymatic
hydrolysis showed that activity was primarily mediated by branched
regions, with high molecular weight hydrolysates (e.g., 50WCP-II-
Ia and 100WCP-II-Ia) exhibiting greater activity than the native
polysaccharides (72).

In vivo studies have also shown that CPPs positively regulate
immune parameters. For instance, CPPs significantly increased
serum levels of immunoglobulins (IgA, IgM, IgG) and
complement components C3 and C4 in weaned piglets, thereby
enhancing overall immune function (112). These findings provide
pharmacological evidence for the use of CPPs in treating diseases
associated with complement overactivation, including autoimmune
disorders.
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6 Structural modification and
immunoactivity

In recent years, structural modification of CPPs to enhance
their immunomodulatory activities has received considerable
attention. Physical or chemical modification can significantly
increase the water solubility, stability and bioavailability of CPPs,
thereby enhancing their immune function and facilitating the
development of new immunostimulants.

Sulfation is the most commonly reported method of modification
of polysaccharides. Previous reports have demonstrated that sulfated
C. pilosula polysaccharides [sCPPs; () Configuration, 1—6-f-
glucan, degree of sulfation (DS) 0.26-0.32] exhibited enhanced
immunoactivity (113). Due to the presence of additional negative
charges and spatial structures, sCPPs can bind more strongly to
receptors on immune cells and activate the immune response. Our
results showed that sCPPs can significantly promote the proliferation
of lymphocytes and the secretion of cytokines. When co-stimulated
with phytohemagglutinin-P, sCPPs exhibited higher T lymphocyte
proliferation than unmodified CPPs, which proved that sCPPs had
enhanced T-cell mediated immunity. In addition, sCPPs could
significantly increase the levels of IgG and IgM in the serum of
mice, upregulate the expression level of the interferon-f (IFN-f3)
gene, and enhance antiviral immunity (Figure 5) (24).

Phosphorylation is the most frequently reported polysaccharide
modification strategy. Phosphorylated C. pilosula polysaccharides
(pCPPs) showed apparent antiviral activity. As shown in (25),
pCPPs could markedly inhibit DHAV infection, enhance the
survival rate of duck embryo hepatocytes,and decrease the titers
of viral replication and particles. Meanwhile, pCPPs could attenuate
DHAV-induced IFN-f} expression, indicating that they may inhibit
viral replication to exert their anti-inflammatory activity. The
introduction of phosphate groups enhanced the negative charge
and spatial complexity of CPPs, and increasing the interactions
between CPPs and viruses, as well as phagocytic cells, and
significantly enhanced the immunoactivity of CPPs.

As a newly developed modification strategy, selenization
showed great potential in immunoenhancement. Selenium is an
essential trace element which has been reported to possess specific
antioxidant and immunomodulatory activities. As shown in (23),
the immunomodulatory activity of selenium-modified CPPs (Se-
CPPs) was significantly more potent than that of CPPs. In vitro, Se-
CPPs could dramatically enhance the proliferation of lymphocytes
and increase the CD4¥/CD8" T cell ratio, reflecting an improved
balance of the immune system. In vivo, the serum levels of IgG, IgM,
IFN-y, IL-2, and IL-4 in mice administered with Se-CPPs were
increased, and the mice exhibited higher indices of immune organ
and immune cell function. The formation of a novel quaternary
structure of CPPs (selenoxide bond O=Se=0) endowed CPPs with
new biological functions and enhanced the antioxidant property
and bioavailability of CPPs (Figure 6).
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Nanotechnology offers new opportunities to enhance the
immunostimulatory properties of CPPs. For example, a
nanocomposite of CPPs and chitosan-graphene oxide (CS-GO-
CPP) exhibited enhanced macrophage-activating properties. The
results revealed that CS-GO-CPP enhanced the phagocytosis of
RAW264.7 macrophages, increased NO production, elevated the
secretion of IL-4 and IFN-y, and upregulated costimulatory
molecules, including CD40, CD86, and F4/80 (22). Further
mechanistic studies revealed that CS-GO-CPP activates the NF-
KB pathway to upregulate the expression of NF-xB and promote the
nuclear translocation of p65, thereby enhancing macrophage
immune responses. In addition, nano-carriers can further
improve the stability and in vivo retention of CPPs, as well as
targeting and cellular uptake, which greatly enhances the
immunoregulatory effects.

Comparatively, different modification strategies exhibit distinct
immunological advantages. Sulfation generally enhances the
negative charge density of CPPs, improving their recognition by
immune cell surface receptors and resulting in stronger lymphocyte
proliferation and antibody production, which makes it particularly
effective for vaccine adjuvant applications (24). Phosphorylation, on
the other hand, has shown pronounced antiviral effects by
attenuating viral replication and modulating type I interferon
responses, suggesting its potential utility in infectious disease
models (25). Selenization tends to produce the most profound
systemic effects, not only enhancing T and B cell activity but
also balancing Th1/Th2 cytokine secretion, thereby improving
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overall immune homeostasis and antioxidant capacity (23).
Nanocarrier-based modifications are unique in that they do not
directly alter polysaccharide chemistry but rather improve stability,
bioavailability, and targeted delivery, thus complementing chemical
modifications (22). Taken together, sulfation may be optimal for
adjuvanticity, phosphorylation for antiviral interventions,
and selenization for systemic immunoenhancement, while
nanotechnology offers an important auxiliary strategy to
maximize efficacy.

In summary, structural modification strategies, including
sulfation, phosphorylation, selenization, and the introductionof
nanocarriers, can be used to enhance the immunostimulatory
activity of CPPs. These new and diverse strategies provide a solid
foundation for the further development and functional expansion of
CPPs in the field of immune modulation.

7 Conclusion and future prospects

As one of the primary active components of C. pilosula, CPPs
exhibit diverse morphologies, a wide range of sources, and
remarkable bioactivities (114-116). In recent years, CPPs have
gained increasing attention in research focusing on their
extraction methods, structural characteristics, immunoregulatory
effects, and structural modification strategies, providing a
comprehensive understanding of their immunomodulatory
properties and translational potential. Notably, macrophage
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activation appears to be the primary immunoregulatory axis
through which CPPs exert their wide-ranging effects, serving as
the initiating signal for the modulation of adaptive immunity and
systemic immune homeostasis. Currently, extraction technologies
for CPPs have evolved from traditional HWE to various modern
and environmentally friendly methods, including EAE, UAE, MAE,
and SWE (49, 81, 117). These advancements have significantly
improved both extraction efficiency and the retention of bioactive
components. Further refinement through multi-step gradient
ethanol precipitation, IEC, and GPC provide a solid foundation
for structural elucidation and functional studies of CPPs (118, 119).

Structurally, CPPs are predominantly heterogeneous pectic
polysaccharides, mainly composed of monosaccharides such as
GalA, Gal, Ara, and Rha. The complex linkage patterns between
the backbone and side chains are closely associated with their
biological activity (120, 121). In terms of immunomodulation,
CPPs exhibit multifaceted and multi-targeted immunoenhancing
effects, including macrophage activation, promoting the
proliferation and differentiation of T and B lymphocytes,
enhancing NK cell functions, improving immune organ indices,
and regulating cytokines and the complement system (72, 80, 96).
Their mechanisms of action involve the activation or inhibition of
key signaling pathways, including NF-xB, TLR4/MyD88, and STAT
(signal transducer and activator of transcription), showcasing their
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broad-spectrum immunoregulatory potential. Additionally, CPPs
hold promise for applications in adjuvant development, anti-tumor
immunity, and intervention in immunosuppressive disorders
(81, 106).

Structural modification has emerged as a powerful strategy for
enhancing the immunological activity of CPPs. Chemical
modifications, including sulfation, phosphorylation, and
selenization, significantly improve the binding affinity of CPPs to
immune cell surface receptors, thereby boosting immune response
efficiency (23-25). Furthermore, nanocarrier-based systems
enhance the stability and targeting ability of CPPs, expanding
their applicability in immunotherapy (22).

Despite these advancements, several challenges remain. First,
the structural complexity of CPPs limits the comprehensive analysis
of their structure-activity relationships. There is an urgent need for
high-throughput, fine-resolution structural characterization
techniques, and a standardized nomenclature system. Second,
research on CPPs’ mechanisms is primarily at the cellular and
animal levels, with limited clinical validation. Their safety profile,
metabolic pathways, and long-term effects require systematic
evaluation. Furthermore, the precise regulatory mechanisms of
CPPs in specific immune-related diseases, such as autoimmune
disorders and tumor immune evasion, remain unclear, hindering
their application in precision medicine.
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Future research directions include:

1. Strengthening the detailed structural elucidation of CPPs
and establishing a structure-function database to support
further understanding of their immunological mechanisms.

. Integrating systems biology and multi-omics technologies
to uncover the dynamic regulatory roles of CPPs within in
vivo immune networks.

3. Promoting standardized extraction and formulation
development to facilitate the translational leap from basic
research to clinical applications.

. Conducting larger-scale and higher-quality preclinical and
clinical studies to validate the efficacy and safety of CPPs in
areas such as vaccine adjuvants, immunodeficiencies, and
cancer immunotherapy.

In conclusion, CPPs, as naturally derived immunoreactive
polysaccharides, hold significant promise for advancing
immunological research and developing innovative functional
foods and biopharmaceutical applications. Through
interdisciplinary collaboration and technological innovation,
CPPs are expected to bridge the gap from “laboratory discovery”
to “clinical application” in the field of immune intervention.
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