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KEYWORDS Abstract A homopolysaccharide fraction (PEP-1A) with desired immunomodulatory activity was
Exopolysaccharide; isolated from culture broth of Parabacteroides distasonis. Structural characterization uncovered
Parabacteroides distasonis; that PEP-1A had a molecular weight of 3.40 x 10° Da and possessed mannose merely. Comprehen-
Structural characterization; sive analysis of FT-IR, GC-MS and 1D/2D NMR confirmed that the structure of PEP-1A was
Immunomodulatory activity expected as follows:
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Finally, the activity assays on RAW 264.7 macrophages showed that PEP-1A could promote pro-
liferation, increase the production of reactive oxygen species (ROS), enhance the phagocytosis, and
promote the secretion of nitric oxide (NO) and inflammatory cytokines including IL-18, IL-6 and
TNF-o. Furthermore, PEP-1A could give play to immunoregulation effect through NF-kB, MAPK
and Akt signaling pathways. Collectively, the study of PEP-1A offers a molecular underpinning for
the future application of PEP-1A as a potential immunostimulant.
© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Compared with plant polysaccharides and animal polysaccha-
rides, exopolysaccharides (EPS) have attracted the attention of
many researchers due to short production cycle, easy control
of production conditions, relatively stable yield and quality,
and less influence by geography and climate. EPS are long
chain polymer compounds secreted into extracellular broth
or closely connected with cells by microorganism during meta-
bolism (Hidalgo-Cantabrana et al., 2014). As a kind of non-
toxic biological macromolecules, EPS have attracted more
and more attention due to its antitumor (Farag et al., 2020),
antioxidative (Guo et al., 2010), immunomodulatory (Wang
et al., 2020), hypoglycemic (Sun et al., 2021) and other admir-
able biological activities. Among these, most effects of polysac-
charides are thought to be due to the regulation of innate
immunity, and more specifically, the function of macrophages
(Schepetkin and Quinn, 2006). The innate immune response is
the first obstacle to resist pathogens invasion and foreign sub-
stances, where cells like macrophages, not only play a defined
role in major responses to pathogens, but also exert a vital
function on the coordination of tissue homeostasis, adaptive
immune response. Moreover, relevant studies have shown that
enhancing the immune system has a good therapeutic effect on
diseases such as immunosuppression, microbial infection and
malignant tumor (Hotchkiss RS and Monneret G, 2013).

Microorganisms, especially bioactive bacteria, have
attracted extensive attention due to their ability to produce
EPS that may be related to their probiotic activities. To date,
studies on bacterial EPS were concerned about lactic acid bac-
teria, but took little interest in other bacteria with probiotic
activities, especially intestinal bacteria, moreover, most studies
on bacterial EPS had tended to elucidate the preliminary anal-
ysis of molecular weight and monosaccharide composition,
and lost sight of their detailed structure (Hu et al., 2021;
Jiang et al., 2020; Zhao et al., 2021). Parabacteroides distasonis
(P. distasonis), a gram-negative and strictly anaerobic gut bac-
terium, has received increasing research attention due to its
various probiotic activities on attenuating obesity (K. Wang
et al., 2019), colitis (Dziarski et al., 2016), multiple sclerosis
(Cekanaviciute et al., 2017) and colon tumor (Koh et al.,
2021). However, existing studies on P. distasonis mainly
focused on its live status and related membrane substances.
As an important active component of P. distasonis, few writers
have been able to draw systematic research into the character-
ization and biological activities of purified EPS secreted by P.
distasonis, which is detrimental to the subsequent application
and development.

In this study, we isolated and purified a mannan EPS from
P. distasonis, analyzed its possible structure in virtue of FT-IR,
HPLC, GC-MS, and 1D/2D NMR. Its immunoregulatory
activity was also explored on RAW 264.7 macrophages. We
found that NF-kB, MAPK, and Akt signaling pathways may
play a vital role in activation of PEP-1A-stimulated macro-
phages, subsequently leading to a cascade of reactions, includ-
ing promoting the production of ROS and NO, inducing the
release of cytokines and enhancing the phagocytosis. This is
the first study reporting a mannan homopolysaccharide from
P. distasonis to be structurally characterized and its
immunomodulatory activity clarified. The study not only lays
a foundation for future application of PEP-1A but also

expands the application value of P. distasonis. This research
will provide a vital opportunity to advance the understanding
of EPS and further make contributions in interpretating the
therapeutic effect of gut microbiota when ameliorating
diseases.

2. Materials and methods

2.1. Materials and chemicals

P. distasonis ATCC 8503 and RAW 264.7 cells were purchased
from American Type Culture Collection (ATCC). DEAE Cel-
lulose DE-52, neutral red, polymyxin B (PMB), 3-(4,5-Dime
thylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT)
were purchased from Beijing Solarbio Science and Technology
Co. Ltd. (Beijing, China). Lipopolysaccharide (LPS) and
monosaccharide standards were purchased from Sigma-
Aldrich (SaintLouis, USA). The dextran standards were pur-
chased from Acmec Bioochemical Co., Ltd. (Shanghai, China).
The antibody p-IxB-a, IxB-a, p-IKK, p-JNK, p-38 were pur-
chased from Cell Signaling Technology (Beverly, MA, USA).
The antibody p-p65, p635, p-Akt, GAPDH, B-Tubulin were pur-
chased from Affinity Biosciences LTD. (USA). NO assay Kkit,
DAPI staining solution, Alexa Flour 488-labeled Goat Anti-
Rabit IgG (H + L) were purchased from Beyotime Institute
of Biotechnology (Shanghai, China). The ROS assay kit was
purchased from Elabscience Biotechnology Co. Ltd. (Wuhan,
China). Dulbecco’s modified eagle’s medium (DMEM), fetal
bovine serum (FBS) and streptomycin/penicillin were pur-
chased from Gibco life technology (Waltham, MA, USA). All
other reagents involved were analytically pure.

2.2. Extraction, isolation and purification of the
exopolysaccharide

P. distasonis was cultured in BHI medium for 48 h at 37 'C
under anaerobic condition. Then the seed solution was pas-
saged twice with 3% inoculum. After that, the fermentation
broth was collected for further study. The separation and
purification methods were similar to previous studies (Zhai
et al., 2021). In brief, the crude exopolysaccharide (named as
PEP) was obtained by water extraction and alcohol precipita-
tion, the protein in the polysaccharide was removed by papain
and Sevag reagent, and the pigment was removed by AB-8
macroporous adsorption resin.

Then PEP solution was loaded onto DEAE cellulose DE-52
column (26 mm x 30 cm), and eluted stepwise with ultrapure
water and different NaCl concentrations (0.1, 0.2, 0.3 and
0.5 M). Fraction was collected by determination of total sugar
content using phenol-sulfuric acid method. The ultrapure
water eluate was collected and lyophilized to obtain PEP-1.
Then PEP-1 solution was subjected to Sephacryl S-300HR col-
umn (16 mm x 90 cm). The fraction detected by same method
was harvested, dialyzed and lyophilized to obtain PEP-1A.

2.3. Determination of chemical composition

Total carbohydrate content of PEP-1A was assayed by phe-
nol-sulfuric acid method with D-mannose as the standard
(Liu et al., 2018). The protein content of PEP 1-A was mea-
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sured using BCA protein assay kit (Beijing Cowin Biotech,
China) with Bovine serum albumin as the reference.

2.4. Determination of molecular weight

The homogeneity and molecular weight of PEP-1A was deter-
mined through HPGPC as a previous report (Zhang et al.,
2017) with some modifications. PEP-1A solution (I mg/mL)
was analyzed using HPLC instrument (LC-20A, Shimadzu)
equipped with an evaporative light-scattering detector (ELSD)
and PolySep-GFC-P 4000 column (300 x 7.8 mm, Phenom-
enex). The mobile phase was ultrapure water at a flow rate
of 1.0 mL/min. The drift tube temperature was 60 ‘C, and
the gain value was 10. The column temperature was 35 C
and the injection volume was 20 pL. A linear curve was estab-
lished by a series of dextran standards.

2.5. Analysis of monosaccharide composition

The monosaccharide composition of PEP-1A was performed
in the light of a previous method with slight modifications
(Shen et al., 2017). In brief, 5.0 mg PEP-1A and 2 mL 3 M
TFA solution were added to a sealed tube and were hydrolyzed
at 120 °C for 6 h. The hydrolysate was rotated for several times
with methanol to remove residual TFA. The residue, dissolved
in deionized water, was treated with 100 uL 0.5 M PMP solu-
tion at 70 °C for 30 min in alkaline condition. After derivatiza-
tion, 100 pL 0.3 M HCI solution and 200 uL deionized water
were added to the reactant to neutralization and dilution. Then
the resulting solution was treated with CHCI; for several times
to remove extra PMP. Finally, the water layers were combined
and passed through 0.45 um filter membrane for HPLC anal-
ysis. A series of monosaccharide standards were derivatized in
the same way and were finally analyzed by HPLC. 20 uL of
solution was injected into a C;g column (4.6 x 250 mm,
5 um, Waters) and analyzed by HPLC instrument (LC-20A,
Shimadzu) coupled with a diode array detector (DAD). The
mobile phase was consisted of 0.05 M phosphate buffer (pH
6.7) and acetonitrile (83:17, v/v) at a flow rate of 1.0 mL/
min. The detection wavelength was 250 nm.

2.6. Methylation analysis

Methylation analysis of PEP-1A was carried out based on the
reported method with minor revisions (Tian et al., 2021).
Briefly, the vacuum-dried PEP-1A (6 mg) and 5 mL DMSO
were added to a sealed tube and sonicated for 1 h at 18-20
C, followed by adding 600 mg NaOH powder, then sonicated
for another 1 h. Afterwards, the resulting solution was treated
with 500 pL CH;l and sonicated for 10 min in the dark, the
step was repeated three times. Then the reactant was added
4 mL ultrapure water to stop methylation, and 3 mL CHCl;
was added to extract permethylated polysaccharide. After
washing with ultrapure water for several times, the organic
phase was rotated dried, and the residue, dissolved in 3 mL
3 M TFA, was hydrolyzed at 120 °C for 6 h. After removing
the residual TFA by co-evaporation with methanol for three
times, the residue was reduced by adding 2 mL ultrapure water
and 20 mg NaBH, for 2 h at room temperature in the dark,
and the glacial acetic acid was added to adjust pH to about

5.5 to terminate the reaction. Methanol was added several
times to dry the reduction solution, and then the residue was
treated with 2 mL acetic anhydride and pyridine at 95 °C for
1 h. After acetylation, the solution was dried and dissolved
with 1 mL CHCls. Finally, 1 pL of solution was analyzed after
filtration using a GC-MS instrument (Trace DSQ II, Thermo
Fisher Scientific) equipped with a TG-5SILMS column
(30 m x 0.25 mm x 0.25 um). The gas carrier was Helium with
a flow rate of 1.0 mL/min. The inlet temperature was 250 °C,
and the ion source temperature was 180 °C. The column tem-
perature was increased from 100 °C to 250 °C at a rate of 3
‘C/min, and kept at 250 'C for 5 min. The mass range was
40-400 m/z.

2.7. UV, FT-IR and NMR spectrum analysis

PEP-1A solution (0.5 mg/mL in deionized water) was scanned
from 200 nm to 400 nm on a UV-Vis spectrophotometer (UV-
2600, Shimadzu, Japan).

FT-IR spectrum of PEP-1A was recorded on a Fourier
transform-infrared spectrometer (Spectrum Two, PerkinEl-
mer, USA) in the range of 4000400 cm ™' at a resolution of
4 cm

35 mg PEP-1A was exchanged three times with D,O by
repeated freezing and thawing, and then dissolved in
0.55 mL D,O. The '"H NMR, '*C NMR, COSY, HSQC,
HMBC were recorded on a Cyroprobe 600 MHz spectrometer
(Bruker BioSpin, Germany).

2.8. Immunomodulatory activity of PEP-14 on RAW 264.7 cells

2.8.1. Cell culture and treatments

The RAW 264.7 murine macrophage was grown in DMEM
medium supplemented with 10% FBS and 1% penicillin—
streptomycin at 37 °C in a humidified incubator containing
5% CO,.

The cells were incubated overnight to adhere before treat-
ment. Briefly, the cells treated with LPS (1 pg/mL) were con-
sidered as positive controls; while cells without any other
treatments were considered as negative controls.

2.8.2. Cell viability assay

Cells were cultured in a 96-well plate at a density of 2 x 10*
cells/well. After treatments with LPS (1 pg/mL), PEP-1A
(10-100 pg/mL) and DMEM medium for 24 h, cells were
observed and photographed on an inverted microscope (Nikon
Eclipse Ts2, Japan). Then the subsequent operation was same
as the previous report (Zhou et al., 2021). Finally, the absor-
bance of every well was measured at 490 nm using a microplate
reader (Epoch 2, BioTek, USA).

2.8.3. ROS assay

Cells were cultured in a 96-well plate at a density of 1 x 10°
cells/well. After the same treatments as Section 2.8.2., ROS
determination was followed by the previous method (Wu
et al., 2020), while the fluorescence intensity of each well was
examined using a fluorescence microplate reader (SpectraMax
i3x, Molecular Devices, Austria) at excitation wavelength of
500 nm and emission wavelength of 525 nm.
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Purification and characterization of PEP-1A. Elution curve of PEP-1A by DEAE Cellulose DE-52 (A) and Sephacryl S-300HR

(B). HPGPC (C), UV (D) and FT-IR spectrum (E) of PEP-1A. HPLC of standard monosaccharide and PEP-1A (F).

Table 1  Glycosyl linkages analysis of PEP-1A based on GC-MS.

RT (min) Methylated sugar Mass fragments (m/z) Molar ratio Type of linkage
28.64 2, 3, 4, 6-Me4s-Manp 43, 71, 87, 101, 117, 129, 145, 161, 205 7.41 Manp-(1-

31.51 3, 4, 6-Mes-Manp 43, 87, 129, 161, 189 3.90 —2)-Manp-(1—
32.01 2, 4, 6-Mes-Manp 43, 71, 87, 99, 101, 117, 129, 161, 234 1.00 —3)-Manp-(1—
32.66 2, 3, 4-Mes-Manp 43, 87, 99, 101, 117, 161, 189 2.43 —6)-Manp-(1—
35.77 3, 6-Me,-Manp 43, 87, 99, 113, 129, 189, 233 6.17 —2, 4)-Manp-(1—
36.04 2, 4-Me,-Manp 43, 87, 117, 129, 189, 201, 233 0.36 —3, 6)-Manp-(1—
37.99 3-Me;-Manp 43, 87, 129, 189, 201, 261 0.24 -2, 4, 6)-Manp-(1-
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Fig. 2 'H NMR spectrum (A) and '>*C NMR spectrum (B) of PEP-1A.

2.8.4. NO assay

Cells were seeded in a 96-well plate at a density of 2 x 10° cells/
well. After the same treatments as Section 2.8.2., NO determi-
nation was same as the previous method (Wu et al., 2021),
finally the optical density of each well was determined at
540 nm using a microplate reader.

The polymyxin B was employed to exclude the presence of
endotoxin in PEP-1A. In brief, the cells were pre-treated with
PMB (100 U/mL) for 1 h (Xu et al., 2018), then the cells were
cultured with or without PEP-1A (100 pg/mL) and LPS
(1 pg/mL) respectively for 24 h. Afterwards, the NO
production was measured by Griess Reagent.

2.8.5. Phagocytosis assay

Cells were seeded in a 96-well plate at a density of 1 x 10° cells/
well. After the same treatments as Section 2.8.2., neutral red
determination was the same as previous method (You et al.,
2020), eventually the absorbance of each well was recorded
at 540 nm by a microplate reader.

2.8.6. Determination of the mRNA expression of IL-1f, IL-6,
TNF-o and iNOS

Cells were plated in a 6-well plate at a density of 1 x 10°
cells/well. After the same treatments as Section 2.8.2., the total
RNA was extracted with Trizol reagent based on the instruc-
tions. Then, the RNA was reverse transcribed into cDNA using
the Reverse transcription kit (TOYOBO Biotech, Japan)
according to the protocol. The cDNA was amplified by using

the SYBR Real-time PCR kit (TOYOBO Biotech, Japan) on
Real-time fluorescence quantitative PCR  instrument
(LightCycler 96, Roche, Switzerland). The sequence of each
primer was shown in Table S1. GAPDH was served as the
reference gene. The expression of mRNA was calculated by
the 2722 method.

2.8.7. Nuclear translocation of p65

Cells were seeded in confocal dishes at a density of 1.5 x 10°
cells/dish. After treated with LPS (1 pg/mL), PEP-1A
(100 pg/mL) and DMEM medium for 6 h, the subsequent
procedure was performed as previous literature (Wang et al.,
2016). Eventually, cells were observed and photographed using
a laser confocal microscope.

2.8.8. Western blot

Cells were plated in a 6-well plate at a concentration of 2 x 10°
cells/well. After the same treatments as Section 2.8.2., the oper-
ations of protein extraction and western blot were the same as
previous report (Qin et al., 2018). The membrane was blocked
in BSA blocking solution for 2 h at room temperature with
gentle shaking. Then, the membranes were incubated with pri-
mary antibody overnight at 4 ‘C. Afterwards the membranes
were incubated with the corresponding secondary antibody
for 2 h at room temperature with gentle shaking. The mem-
branes were finally detected using ECL detection kit and pho-
tographed using Chem Studio 815 system (UVP, USA).
Protein expression was analyzed by Image J (USA).
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Fig. 3 HSQC (A) and COSY (B) spectrum of PEP-1A.

2.9. Statistical analysis

All of the tests were performed in triplicate. Data were
expressed as mean =+ standard deviation (SD) and one-way
ANOVA was used to analyze the significant differences
between groups by SPSS 20 (IBM, USA). And p < 0.05
showed significant difference.

3. Results

3.1. Purification and characterization of PEP-1A4

The deproteinized and decolorized EPS were purified through
column chromatography to obtain purified polysaccharides.
As shown in Fig. 1A, four fractions were harvested by DEAE

Cellulose DE-52 separation, encoded as PEP-1, PEP-2, PEP-3
and PEP-4, respectively. The yield of PEP-1, PEP-2, PEP-3
and PEP-4 were 21.01%, 25.23%, 21.49% and 24.64%, respec-
tively. PEP-1 was a fraction eluted from ultrapure water, indi-
cating that PEP-1 was a neutral polysaccharide. On account of
higher purity and better activity, PEP-1 was further purified by
Sephacryl S-300HR column (Fig. 1B) to obtain the purity frac-
tion, which was named as PEP-1A (yield of 54.74%). PEP-1A
was subsequently analyzed for structural elucidation and
immunomodulatory activity.

The total sugar content of PEP-1A was determined to be
96.83% = 1.12%, and the protein content of PEP-1A was
measured to be 2.26% =+ 0.76%. HPGPC was used to ana-
lyzed the molecular weight of PEP-1A. As shown in Fig. 1C,
PEP-1A exhibited a single and sharp peak, which indicating
the highly purity of PEP-1A. And the molecular weight of
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Table 2 The 'H and *C chemical shift (ppm) of PEP-1A.

Sugar residues C1 H1 C2 H2 C3 H3 C4 H4 C5 HS C6 H6/H6'
A 1,2-0-Manp 100.53 78.40 70.48 70.65 70.80 60.94
5.22 4.05 3.84 3.75 3.70 3.74/3.83
B 1,2,4,6-0-Manp 102.14 78.79 70.15 77.82 70.47 66.57
5.08 3.97 3.95 3.87 3.83 3.67/3.81
C 1,3,6-a-Manp 102.14 69.96 77.87 70.83 70.58 66.36
5.07 4.00 3.68 3.65 3.72 3.77/3.84
D 1,2,4-0-Manp 98.18 78.66 70.65 77.82 73.29 60.82
5.04 3.95 3.92 3.86 3.68 3.64/3.78
E 1,3-a-Manp 98.18 70.80 77.87 70.47 73.19 61.05
5.02 3.92 3.87 3.81 3.66 3.68/3.75
F 1-a-Manp 102.14 70.00 71.16 70.59 71.16 60.67
4.97 4.01 3.72 3.77 3.74 3.72/3.78
G 1,6-0-Manp 99.32 70.15 70.56 71.17 70.68 65.56
4.83 3.92 3.74 3.72 3.77 3.73/3.86
A N 4 \
A A [ \ I N J A
s g 5 r60
} G,G(H1/C6) g
—DGHI/C i 65
= DGHIC6—> ;'?
— =6 & o 170
— 5 - ' H
i . E,D(HI1/C2) ,r?) " L75
AjE“"/(v?’) /F,D(lll/(‘4);:.5\ .
z N\ £ EB(H1/C4)) g
/l),l)(lll/(‘l) ’\F,(‘(Hll_ﬁ's) 80 2
AA(H1/C2) i =
F,B(H1/C2 g5 =
5 90
o
4 ey BBHG/CT)
: ol
3 ﬁ A B(ll2/(‘l)q SOge
= 3o R C,C(H6/C1 100
3 i e g
5.2 5.1 5.0 49 48 4.7 4.6 45 4;4 4.3 4.2 4.1 4.0 3.9 3.8 3.7 3.6 3.5
B 12 (ppm)

4—1-a-D-Manp
%6)-&-D-Manp-( 1]-{»6)-a-n-Manp-(l]-[»s)-a-D-Manp-(l}-[»Z)-a-D-Manp-( 1H3)-a-D-Manp-(lH.Z)-u-D-Manp-( 1}—}
2 3 * 2 : G ¢ 4 2l

T T
a-D-Manp-1 a-D-Manp-1

Fig. 4

PEP-1A was measured to be 3.40 x 10° Da according to the
standard curve.

UV spectroscopy was used to examine the purity of PEP-
1A. As shown in Fig. 1D, no absorption at 260 nm and
280 nm indicated that PEP-1A contained little or no nucleic
acid and protein, respectively.

FT-IR spectroscopy was an important auxiliary method to
identify the functional groups in PEP-1A. As presented in
Fig. 1E, the wide peak at 3325 cm™' and the weak signal
at 2931 cm ™! indicated the stretching vibration of O-H and

a-D-Manp-1

HMBC spectrum (A) and predicted structure (B) of PEP-1A.

C-H, respectively. The absorption band at 1646 cm™ ' indi-

cated the presence of bound water (Cheng et al., 2020), and
the weak absorption at 1547 cm™' represented the trace
amount of N-H bending of amide bonds of proteins (Wang
et al., 2015), which was consistent with the result of protein
content determination. The signals of 1129 cm~', 973 cm™!
and 1026 cm™!' were attributed to pyranose ring (Zhang
et al., 2022). The strong peaks at 809 cm ™' and 570 cm™!
were ascribed to o-glycosidic linkage of mannose residue
(Liu et al., 2018).
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The HPLC chromatography (Fig. 1F) showed that PEP-1A
was a homopolysaccharide, which was only consisted of man-
nose. The above result was in line with the result of 809 cm™"
absorption in IR spectrum.

3.2. GC-MS analysis

Methylation analysis was a vital approach to distinguish the gly-
cosidic linkage of PEP-1A. Complete methylation of PEP-1A
was confirmed by the disappearance of O-H band (3000-
3500 cm™ ') in FT-IR spectrum (Fig. S1). The total ion chro-
matogram of GC-MS analysis was shown in Fig. S2A, and
the mass spectrum of the fractions were illustrated in Fig. S2-
B-S5B. Seven sugar residues were found by comparing the ion
fragments of partially methylated alditol acetates with the NIST
database. The results of methylation on PEP-1A were summa-
rized in Table 1. There were 1,5-Ac,-O-methyl-mannitol,
1,2,5-Ac3-O-methyl-mannitol, 1,3,5-Ac3;-O-methyl-mannitol,
1,5,6-Acs-O-methyl-mannitol, 1,2,4,5-Ac4-O-methyl-mannitol,

200 ul
A T

1,3,5,6-Acs-O-methyl-mannitol, 1,2,4,5,6-Acs-O-methyl-
mannitol with a molar ratio of 7.41:3.90:1.00:2.43:6.17:0.36:0.
24, which indicating that PEP-1A contained the glycosidic
linkage of Manp-(1—, —2)-Manp-(1-, —3)-Manp-(1-, —
6)-Manp-(1—, —»2,4)-Manp-(1 -, —3,6)-Manp-(1 -, —-2,4,6)-
Manp-(1 — . The total number of non-reducing ends was almost
equal to the total number of branching residues, indicating that
PEP-1A was completely methylated (Zhang et al., 2016).

3.3. 1D/2D NMR analysis

The "H NMR spectrum of PEP-1A was shown in Fig. 2A,
seven anomeric protons at 5.22, 5.08, 5.07, 5.04, 5.02, 4.97
and 4.83 ppm in a ratio of nearly 7:1:3:8:6:13:5 were encoded
A, B, C, D, E, F, G, respectively. No obvious peak in ¢
5.40 ppm, which indicated that PEP-1A only contained
pyranose (Xu et al., 2019). In *C NMR spectrum (Fig. 2B),
four signals were found in the anomeric region at 102.15,
100.53, 99.33 and 98.17 ppm. The peaks at the o 4.83-

150+
N
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< 100~
>
o)
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B Concentration of PEP-1A (ng/mL)
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& e
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/

Fig. 5 Effect of PEP-1A on cell viability (A) and cell morphology (B). *p < 0.05, **p < 0.01.
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5.22 ppm in 'H spectrum and the peaks at the § 98-102 ppm in
3¢ spectrum, indicated that PEP-1A was mostly consisted of
a-configurations (Chatterjee et al., 2018; Yang et al., 2018;
Zhang et al., 2019). From the HSQC spectrum (Fig. 3A), the
anomeric carbon signals at 100.53 and 99.32 ppm were corre-
lated to the anomeric proton signals 6 5.22 ppm (A), ¢
4.83 ppm (G), respectively. However, the anomeric carbon sig-
nal at 102.14 ppm was correlated to the proton signals ¢
5.08 ppm (B), 6 5.07 ppm (C) and ¢ 4.97 ppm (F), respectively.
All the 'H and "*C signals were assigned (Table 2) using COSY
and HSQC spectrum.

Residue A has an anomeric proton with a chemical shift at
05.22 ppm. The chemical shift of H-2 (6 4.05 ppm), H-3
(6 3.84 ppm), H-4 (6 3.75 ppm), H-5 (6 3.70 ppm), H-6 (¢
3.74, 6 3.83 ppm) were attributed on the basis of the COSY
spectrum (Fig. 3B). The carbon signals from C-1 to C-6 were
identified in the light of the HSQC spectrum, which were ¢
100.53 ppm, ¢ 78.40 ppm, 6 70.48 ppm, § 70.65 ppm, o
70.80 ppm and J 60.94 ppm, respectively. Compare with stan-
dard methyl mannitol (Agrawal, 1992), the downfield shifts of
the C-2 (6 78.40 ppm) carbon signal suggested that residue A
was — 2)-o-D-Manp-(1-.

Deduced in the same way, residue B, C, D, E, F, G were
identified to be — 2, 4, 6)-a-D-Manp-(1-, -3, 6)-o-
D-Manp-(1-, -2, 4)-a-D-Manp-(1 -, —3)-a-D-Manp-(1-,
o-D-Manp-(1—, —6)-a-D-Manp-(1—, respectively.

Monosaccharide residue binding site of PEP-1A were estab-
lished according to the spectrum of HMBC (Fig. 4A). The

A 600=
500+

400+

Hs

300

200+

ROS level (% of control)

100+

0= T
control LPS 10 25 50 100

a

Concentration of PEP-1A (ng/mL)

%
ax
o
>k

5
Ny EmE EEE
control LPS 10 25 50 100

Concentration of PEP-1A (pg/mL)

3600
3000+
2400+
1800+
1200+

600+

Relative mRNA levels (iNOS)

internal residue interactions were observed as following:
Du.1/Ges, Fr/Deas Eni/Dea, Bus/Ceuts Frui/Ces, Anoa/
Be.i, Fri/Bea, Fui/Bea, Apa/Ecs, Anci/Aca, Bue/Be.is
Cu6/Cc1, Dui/Dea,  Ens/Ec, Gu.i/Ges, Ch.s/Ge.i-
Eventually, combined with GC-MS results, the structure of
PEP-1A was deduced in Fig. 4B, which showed that PEP-1A
was a branched polysaccharide with multiple linkage patterns.
In previous report, polysaccharides only containing mannose
are rare. Marine bacterium Edwardsiella tarda was reported
to produce a homopolysaccharide with mannose as a mono-
mer containing both o-and B-configurations (Guo et al.,
2010). SSEPS2, a mannan isolated from Sanghuangporus san-
ghuang, was comprised of 1,3-, 1,2,6-, and 1,2-linked
o-D-Manp residues in the main skeleton, with the branches
composed of a-D-1,6-linked Manp residues, along with a ter-
minal a-D-Manp residue (Cheng et al., 2020). Mannan from
yeast cell wall with good antioxidant activities, but its structure
was unknown (Liu et al., 2018). In general, there are some
differences between the structure of the above mannan and
PEP-1A, indicating that PEP-1A was a novel polysaccharide.

3.4. Effect of PEP-1A on cytotoxicity and morphology of RAW
264.7 cells

Before studying the immunostimulatory activity of PEP-1A, a
MTT assay was performed to evaluate the cytotoxicity of
PEP-1A on RAW 264.7 macrophage cells, and the cell viability
of blank control was considered as 100%. As shown in

I — I
control LPS 100

L]
60 Concentration of PEP-1A (ng/mL)

50

-
>
L

w
=
L

NO concentration (umol/L)

10 25 50

i~}

50 ns

40+

30 -
10T

NO concentration (umol/L)

0~ T
LPS

PEP-1A _
(100pg/mL)

PMB - - + - +

- + +

+

+

Fig. 6  Effect of PEP-1A on ROS production (A), NO production (B), relative mRNA expression of iNOS (C) and the effect of PMB on

NO production (D). *p < 0.05, **p < 0.01, ns = no significance.
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Fig. 5A, PEP-1A (10-100 pg/mL) stimulated the proliferation
of RAW 264.7 cells in a concentration-dependent manner
compared to the blank control group, indicating that PEP-
1A was non-toxic to RAW 264.7 cells in the experimental
concentrations.

Then we observed the morphology of RAW 264.7 cells after
treatments, as shown in Fig. 5B, the cells in the control group
were plump and round without pseudopod. While the cells
stimulated by PEP-1A showed pseudopodia, and the cell vol-
ume was obviously enlarged and spindle shaped. Generally,
morphological changes in RAW 264.7 cell indicated cellular
activation, which made macrophages more capable of respond-
ing to invaders from pathogens (Wang et al., 2014). The result
indicated that PEP-1A might activate the macrophages.

3.5. Effects of PEP-1A4 on ROS production of RAW 264.7 cells

Reactive oxygen species (ROS) play vital roles in host defense
(Yu et al.,, 2014). DCFH-DA was used to determine the pro-
duction of ROS. As presented in Fig. 6A, compared to control
cells, the production of ROS was significantly increased after
treatment with PEP-1A, indicating that PEP-1A motivated
the generation of intracellular ROS.

A
= 150+ - -
E ek
=
3 e
? ns -
2 1004
2
£
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£ 504
-
@
-
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&

0- I
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Concentration of PEP-1A (ug/mL)

R
xx
xx

control LPS 10 25 50 100
Concentration of PEP-1A (ug/mL)

Relative mRNA levels (IL-6)

3.6. Effects of PEP-14 on NO production and iNOS expression
of RAW 264.7 cells

Nitric oxide (NO) is derived from L-arginine by catalysis of
nitric oxide synthases (NOS). As an important intercellular
signaling molecule, NO participates in plenty of immune
responses to defense against pathogens (Wink et al., 2011).
Herein we measured the NO production and the mRNA
expression of iNOS. As shown in Fig. 6B and 6C, compared
to the control cells, both the mRNA expression of iNOS
and the NO production were observably increased in a dose-
dependent manner after being stimulated by PEP-1A. The
above results suggested that PEP-1A stimulation might pro-
mote the NO production by increasing the expression of iNOS
thereby to exert the immunostimulatory activity in RAW
264.7 cells.

As shown in Fig. 6D, the presence or absence of PMB
had no significant effect on NO production after stimulated
by PEP-1A. While, NO production was sharply decreased
when co-treated with LPS and PMB compared to treated
LPS merely, indicating that the immunostimulatory activity
of PEP-IA on RAW 264.7 cells had no concern with
endotoxin.
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Fig. 7  Effect of PEP-1A on neutral red uptake (A), Relative mRNA expression of IL-1B (B), IL-6 (C) and TNF-a (D). *p < 0.05,

*xp < 0.01.
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3.7. Effects of PEP-1A4 on phagocytosis of RAW 264.7 cells

Phagocytosis is the most critical process of macrophages to
resist and clear pathogens (Gordon, 2016). The phagocytic
activity of RAW 264.7 cells were firstly investigated by the
uptake of neutral red. As shown in Fig. 7A, compared to the
control cells, treatment with PEP-1A markedly increased the
phagocytosis rate of neutral red in a concentration-
dependent manner. The above results suggested that PEP-1A
could improve the phagocytosis activity of RAW 264.7 cells
so as to activate their corresponding immune response.

3.8. Effects of PEP-1A4 on IL-1f, IL-6, TNF-o. expression of
RAW 264.7 cells

Inflammatory cytokines like IL-1f, IL-6, TNF-a are an impor-
tant type of cytokines expressed by macrophages after activa-
tion and are responsible for regulating the host immune
response (Y. Wang et al., 2019). To further determine whether
the immunostimulatory activity of PEP-1A could influence the
production of cytokines, the mRNA expressions of IL-10,
IL-6, TNF-a were measured. As shown in Fig. 7B-7D, the

Merge

Control

LPS
(Ipg/mL)

PEP-1A
(100pg/mL) M

expression of IL-1P along with IL-6 and TNF-o had a dra-
matic increase in a dose-dependent manner after treatment
with PEP-1A compared with control group. These results indi-
cated that PEP-1A exerted the immunostimulatory effect by
promoting the secretion of IL-1f, IL-6, TNF-a.

3.9. Signaling pathways of PEP-14 on RAW 264.7 cells

NF-«B is a heterodimer complexes consisted mainly of p65
and p50. When inactivation, p65 is combined with inhibitory
protein IxkB in the cytoplasm. After activation by a lot of
inducers, like polysaccharides, the upstream IxB kinase
(IKK) is activated and phosphorylated, afterwards the IxB
proteins are phosphorylated and released from p65, subse-
quently p65 proteins become phosphorylated and translocate
into the nucleus to activate transcription of a variety of genes
(Oeckinghaus et al., 2011). NF-kB signaling pathway is
thought to be relevant to the immunomodulation by regulating
the expression of related genes in immune and inflammatory
responses (Li and Verma, 2002). The nuclear translocation of
p65 was investigated in PEP-1A-treated RAW 264.7 cells by
laser confocal microscopy. As shown in Fig. 8, only few p65

DAPI pé5

Fig. 8 Effect of PEP-1A on nuclear translocation of p65, scale label: 20 pm.
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was translocated to nucleus in control cells, however, obvious
nuclear translocation of p65 was observed in PEP-1A-treated
cells, along with LPS-treated cells, which revealed that PEP-
1A induced the activation of macrophages by translocating
the p65 to the nucleus. Furthermore, we investigated the
expression of p65-related proteins using western blot assay.
As shown in Fig. 9, PEP-1A stimulation could increase the
phosphorylation of IKK, IxkB-a and p65 on macrophages.
These above results indicated that PEP-1A might enhance
the immunomodulatory ability of macrophages by activating
the NF-«B signaling pathway.

MAPK and Akt signaling pathways have been also thought
to be vital to the proliferation, differentiation, survival and
migration of macrophages (Fang and Richardson, 2005;
Linton et al., 2019). We detected the proteins of MAPK (in-
cluding ERK, JNK and p38) and Akt by Western blot. We
found that PEP-1A could induced the phosphorylation of
ERK, JNK, p38 and Akt in RAW 264.7 cells (Fig. 10), which
suggested that Akt and MAPK signaling pathways were also
involved in the immunoregulation of PEP-1A.

Combined with above results, it could be concluded that
PEP-1A might activate macrophages based on NF-kB, MAPK
and Akt signaling pathways to exert immunomodulatory
activity. Meanwhile, we draw a schematic diagram (Fig. 11)
to illustrate the possible mechanisms underlying the
immunoregulatory activity of PEP-1A.

4. Discussion

As biological response modifiers, EPS showed good
immunomodulatory activity (Tian et al., 2021; Wang et al.,
2021; Zhang et al., 2018). When the organism is in a state of
immune deficiency such as infection or cancer, immunoregula-
tion is crucial. Immunotherapy by improving immune function
has also become one of the clinical methods to treat cancer
(Elena Gonzalez-Guge et al., 2011). Considering that
PEP-1A is also an EPS, we conjectured that PEP-1A has
immune-enhancing effects similar to those of the polysaccha-
rides mentioned above. Through experiments, we found that
PEP-1A had the capacity to promote the phagocytosis,
increase the production of ROS, NO, iNOS, IL-1p, IL-6,
TNF-0, and to activate NF-kB, MAPK and Akt signaling
pathway, and thus played an immunomodulatory role.
According to reports (Chatterjee et al., 2018; Cheng et al.,
2020; Lakra et al., 2020; Liu et al., 2018), EPS containing only
mannan is rare, and the structure of most mannans have not
been identified, meanwhile the most literatures showing its
activities are mainly antioxidant and anticancer. In this study,
we isolated a mannan containing seven sugar residues from
P. distasonis for the first time and demonstrated its
immunomodulatory activity. The discovery of mannan could
make up for the current scarcity of mannan. At the same time,
as a novel mannan, the discovery of PEP-1A can broaden our
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Fig. 9  Effect of PEP-1A on NF-kB signaling pathway. Representative blot images (A). Protein expression of p-IKK (B), p-IxB-o/IkB-o

(C) and p-p65/p65 (D). *p < 0.05, **p < 0.01, ns = no significance.
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om the activity of intestinal bacteria including P. distasonis from the

PEP-1A Wy perspective of EPS in the future, so as to provide a new insight

} H into the probiotic effect of intestinal bacteria, thereby more pro-
biotic activities of intestinal bacteria can be explored.

. Collectively, this is the first study to illuminate the detailed
| l 3 structure and immunomodulatory activity of PEP-1A from P.

" distasonis. The study lays a groundwork which PEP-1A will

D Wr-ca complex R have potential application as a complementary drug for
@ K immunocompromised and immunodeficient populations,
(e B : meanwhile further provides fresh perspective to discussed the

gut microbiota with abundant probiotic effect.

Activation of immune N .
Ui response genes \ i 5. Conclusions
v

I ("axt) (538 JINK JERK) A In conclusion, a novel polysaccharide (PEP-1A) was extracted

NN NN/ \', ANV AN/ and purified from P. distasonis. PEP-1A had a backbone
of - 6)-a-D-Manp-(1 - 3, 6)-a-D-Manp-(1 — 2, 4, 6)-a-D-

Fig. 11  Possible signaling pathways related to the activation of Manp-(1 — 2)-a-D-Manp-(1 — 3)-a-D-Manp-(1 — 2, 4)-0-
macrophages by PEP-1A. D-Manp-(1 — with relatively high branching degree. More-
over, PEP-1A was found to have an immunomodulatory effect

through enhancing the phagocytosis and increasing the secre-

understanding of the structure and immunomodulatory tion of ROS, NO, IL-1f, IL-6 and TNF-a, along with activat-

activity of mannan. ing NF-kB, MAPK and Akt signaling pathways. This is the

Gut bacteria have their own unique behavior, presenting first time that we discovered and purified exopolysaccharide
their health-promoting effects in the form of polysaccharides. from P. distasonis with the potential as immunostimulant.
P. distasonis is a probiotic gut strain with a variety of activities, The research not only paves a molecular foundation for the
meanwhile EPS is the metabolic by-product of P. distasonis. application of EPS, but also provides new insight into the pro-

Therefore, it is possible to hypothesis that maybe we can discuss biotic mechanism of gut microbiota.
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