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Abstract

Previous studies on the soft coral Lobophytum sarcophytoides (Lobophytum sp.) are mainly about small molecules, and there
has been no systematic research on polysaccharides. In the study, a novel polysaccharide (LCPs-1-A) with immunoenhancing
functions was successfully extracted and purified from the soft coral Lobophytum sp. After preliminary analysis, our data
indicated that LCPs-1-A was composed of glucose and had a molecular weight of 4.90 x 10® Da. Moreover, our findings
showed that LCPs-1-A could promote the proliferation and phagocytosis of RAW264.7 cells, stimulate the production of
NO and ROS, and increase the mRNA expression of IL-1p, IL-6, and TNF-a, which indicated that LCPs-1-A had a good
immunoenhancing activity. Through further studies, we found that LCPs-1-A might play an immunoenhancing role through
the TLR4/NF-kB signaling pathway. Therefore, our results demonstrated that LCPs-1-A might be a natural immunostimulant

for use in medical and food industries.

Keywords Polysaccharide - Soft coral Lobophytum sarcophytoides - RAW?264.7 cell - Immunostimulant - TLR4/NF-xB
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Introduction

The ocean occupies 70% of the Earth’s surface, equivalent
to 90% of the biosphere (Ruocco et al. 2016), so marine
life is a rich source for the discovery of new natural com-
pounds. Due to the particularity of the oceanic environment,
the structures and activities of the polysaccharides produced
by marine organisms are different from those generated by
land organisms (Simmons et al. 2005; Molinski et al. 2009).
Polysaccharides from marine sources have many biological
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activities, such as antioxidant (Liu et al. 2012), immunoregu-
latory (Safari and Hassan 2020), anticoagulant (Synytsya
et al. 2015), antitumor (da Silva Barbosa et al. 2021), hypo-
glycemic (Zhu et al. 2020), and lipid-lowering effects (Liu
et al. 2012). There are also many polysaccharides from
ocean organisms that have been applied in daily life, such
as chitin extracted from shellfish, shrimp, and crab shells,
which are widely used in medicine and the biomedical field
(Younes and Rinaudo 2015). The soft coral Lobophytum sp.
is a marine lower invertebrate that is common in tropical and
subtropical seas. It is known that the main areas of research
on the soft coral are terpenoids, steroids, and other small
molecule substances (Shen et al. 2019; Ye et al. 2020), and
studies on polysaccharides have not yet been reported.
Macrophages are important in the innate immune sys-
tem, can kill pathogens directly by phagocytosis, and can
produce toxic effects by secreting IL-1p, IL-6, TNF-a, NO,
ROS, etc. (Schepetkin and Quinn 2006). Polysaccharides
are high-molecular-mass polymers that can bind to pattern
recognition receptors (PRRs) on cell membranes to form
heterodimers and then recruit different adapters to regulate
downstream gene expression (Takeuchi and Akira 2010;
Couto and Zipfel 2016). It has been reported that most
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polysaccharides can enter macrophages through PRRs on
the cytomembrane and exert immunoenhancing effects (Yan
et al. 2018). In this study, LCPs-1-A, with immunoenhanc-
ing functions, was isolated from soft coral, and its structure
was preliminarily characterized.

Materials and Methods
Materials and Reagents

The soft coral Lobophytum sp. was sampled at 112° 44’
53.37"E, 16° 40’ 11.88" N, 23 m underwater, east of Xisha
Island in July 2018. This soft coral was provided and identi-
fied by Lan Liu, a professor at the School of Marine Sciences
at Sun Yat-sen University.

RAW264.7 cells were obtained from the Institute of Cell
Biology, Chinese Academy Sciences (Shanghai, China), and
reagents used for cell culture were ordered from Gibco Life
Technologies (Grand Island, NY, USA). DEAE-cellulose-52
(DEAE-52), methylthiazolyldiphenyl-tetrazolium bromide
(MTT), polymyxin B, neutral red, and Triton X-100 were
purchased from Beijing Soledad Science and Technol-
ogy Co., Ltd. (Beijing, China), and Sephacryl 300 HR was
purchased from Shanghai Yuanye Bio-Technology Co. Ltd
(Shanghai, China). The dextran standards, monosaccharide
standards, lipopolysaccharide (LPS), 1-phenyl-3-methyl-
5-pyrazolone (PMP), and trifluoroacetic acid (TFA) were
ordered from Sigma-Aldrich (MO, USA). NO assay Kkits,
ROS assay kits, and 4',6-diamidino-2-phenylindole (DAPI)
were purchased from Beyotime Biotechnology Co. Ltd (Bei-
jing, China). TRIzol reagent was purchased from Ambion
(Austin, TX, USA), and primer synthesis was commissioned
by Sangon Biotech Co. Ltd. (Shanghai, China). The BCA
protein assay kit was purchased from Beijing Cowin Biotech
Co. Ltd. (Beijing, China). Enhanced chemiluminescence
(ECL) kits were purchased from FdBio Science Biotech Co.
Ltd. (Hangzhou, China). Primary antibodies were purchased
from Abcam, FdBio Science Biotech Co. Ltd. (Hangzhou,
China) and Affinity Biosciences Ltd. (USA). Deionized water
was purified using a Milli-Q system (Milford, MA, USA).
The other chemicals were of analytical grade and were pro-
vided by Damao Chemical Regent Factory (Tianjin, China).

Preparation of the Crude Polysaccharide

Extraction of the crude polysaccharides was based on a
reported method (Lee et al. 2011). Soxhlet extraction was
carried out with petroleum ether to remove lipophilic com-
ponents and pigments from coral powder. After siphoning
at 85 °C for 3 h, the treated powder was placed in an oven at
60 °C to dry overnight. The dried powder was mixed with
water at a ratio of 10 mL/g, and extracted twice at 100 °C for
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4 h. Then, the filtrate was concentrated with a rotary evapo-
rator, and 4 times the volume of 95% ethanol was added
under stirring. After standing at 4 °C for 12 h, the precipi-
tated crude polysaccharide could be obtained by centrifug-
ing at 5000 rpm for 20 min and was named as LCPs.

Separation and Purification of LCPs

Crude polysaccharides contain proteins, which can be
removed by protease and the Sevag method (Song et al.
2017). The crude polysaccharide was redissolved in deion-
ized water, and papain was added (1 mg/mL). The reac-
tion solution was stirred continuously at 60 °C for 4 h.
After the reaction, the solution was heated at 100 °C for
15 min, cooled to room temperature, and centrifuged at
5000 rpm for 20 min. The Sevag reagent (chloroform:n-
butanol=4:1, V/V) was added to the clear supernatant at
a volume ratio of 10:1 (supernatant: Sevag reagent=10:1,
V/V), followed by vortexing for 5 min and centrifuga-
tion at 5000 rpm for 15 min. The supernatant obtained by
centrifugation underwent repeated iterations of the Sevag
method until the proteins were removed. The final solution
was dried with a rotary evaporator to remove the chemical
reagents, redissolved in deionized water, and dialyzed for
24 h, changing the water every 3 h. Finally, the samples
were lyophilized to obtain crude polysaccharides without
proteins.

Crude polysaccharides without proteins (0.4 g) were dis-
solved in 5 mL of distilled water and filtered. The solution
was separated by a DEAE-52 column (2.6 X 30 cm) and
eluted with NaCl solutions at different concentrations (Chu
et al. 2019). The sampling speed was 0.8 mL/min (10 min/
tube) and the solutions in the tubes were analyzed by the
phenol—sulfuric acid method (Dubois et al. 1956). Then, the
products were collected, concentrated, dialyzed, and lyo-
philized. LCPs-1 (60 mg) with the highest purity was dis-
solved in 5 mL of distilled water and filtered. The samples
were separated on a Sephacryl 300 HR dextran gel column
(1.6 X90 cm) and eluted with 0.1 M NaCl solution at a flow
rate of 0.5 mL/min (10 min/tube) for further purification
(Song et al. 2017). In the same way, the purified polysac-
charide was collected and designated LCPs-1-A.

Characterization of LCPs-1-A

LCPs-1-A was dissolved in deionized water, and the UV
spectrum of LCPs-1-A at 190 ~400 nm was determined with
a UV-Vis spectrophotometer (UV-2600, Shimadzu, Japan)
(Liu et al. 2016).

LCPs-1-A (1 mg/mL) was filtered through a 0.22-pm
filter membrane. The molecular weight of the sample was
determined by HPGPC (Gao et al. 2009), which was per-
formed with an LC-20A HPLC system (Shimadzu, Tokyo,
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Japan) equipped with a PolySEP-GFC-P 4000 column
(Phenomenex, 300 X 7.8 mm) and an evaporative light scat-
tering detector (ELSD). The temperature of the detector
was set at 60 °C, the gain value was 10, and the column
temperature was 35 °C. Ultra-pure water was used as the
mobile phase, and the flow rate was 1.0 mL/min. The injec-
tion volume was 20 pL. A standard curve of molecular
weight was constructed with dextran standards at the same
concentration.

LCPs-1-A was scanned in the range of 4000 ~400 cm™!
with a Fourier transform infrared spectrometer (Spectrum
Two, PerkinElmer, USA), and the data were recorded (Wang
et al. 2017).

The monosaccharide composition was analyzed accord-
ing to a previously reported method with some modifica-
tions (Lin et al. 2020). Briefly, LCPs-1-A (5 mg) was hydro-
lyzed with 2 mL of 3 MTFA at 120 °C for 6 h. After that,
1 ~2 mL of methanol was added to the reaction solution, and
the solution was dried with a rotary evaporator; this process
was repeated three times to remove excess TFA. The hydro-
lysate was redissolved in deionized water (800 pL), 0.3 M
NaOH (100 pL), and a 0.5 M PMP methanol solution (100
pL), mixed and reacted at 70 °C for 30 min. After cooling,
0.3 M HCI (105 pL), deionized water (200 pL), and chloro-
form (700 pL) were added. Last, we removed PMP by cen-
trifugation. The upper aqueous phase was filtered through
a 0.22-pm membrane and analyzed with an HPLC system
(LC-20A, Shimadzu) with a C18 column (4.6 X250 mm i.d.
5 um, Waters) and an ultraviolet detector. The flow rate was
1.0 mL/min with 0.1 M phosphate buffer (pH 6.7) -acetoni-
trile (83:17). The sample volume was 20 pL for detection.
Meanwhile, the monosaccharide standards were subjected
to the same treatments.

LCPs-1-A (30 mg) was dissolved in D,O (0.55 ml) and
lyophilized, and this process was repeated three times.
Finally, D,O (0.55 mL) was added to the sample, and a
600 MHz NMR apparatus (Bruker BioSpin, Germany) was
used for structural determination (Liao et al. 2018). 'H
NMR and *C NMR spectra were recorded.

Determination of Inmune Activity in RAW264.7
Cells

Cell Culture

RAW264.7 cells were derived from BALB/c mouse mono-
nuclear macrophages, which is a classical cell model for
studying the immune response in vitro. RAW264.7 cells
were cultured at 37 °C in DMEM (Gibco, USA) supple-
mented with 10% fetal bovine serum (Gibco, USA) and 1%
penicillin and streptomycin (Gibco, USA) in a 5% CO?2 incu-
bator (Wang et al. 2019).

Cell Viability Assay

The cell viability assay was based on a reported method
(Mosmann 1983). RAW?264.7 cells were inoculated into
96-well plates at a density of 2 x 10* cells/well for 12 h of
adherent growth. The old culture medium was discarded,
and new culture medium was added to the cells with 2,
4,6, 8, 10, or 12 pg/ml LCPs-1-A. The control group and
positive drug group were treated with culture medium and
LPS (1 pg/mL), respectively, and the cells were incubated
for 24 h. At the end of incubation, the cells were observed
under a microscope. After the observation, the supernatant
was discarded, and 20 pL of MTT (5 mg/mL) solution was
added to each well. After 4 h, the supernatant was removed,
and 200 pL of DMSO was added for cell lysis and crystal
solubilization. Then, the absorbance at 490 nm was meas-
ured with a microplate reader after shaking on a horizontal
shaker for 10 min.

Neutral Red Uptake Assay

The phagocytic ability was measured by a neutral red
uptake assay (Weeks et al. 1987; Liu et al. 2017b).
RAW264.7 cells (1x10° cells/well) were seeded into
96-well plates and incubated for 12 h. Different groups
were treated with culture medium, LCPs-1-A or LPS for
24 h. After that, the supernatant was removed, and 100 pL.
of 0.75 mg/mL neutral red-PBS solution was added to each
well and incubated for 45 min. Finally, the supernatant was
discarded, the cells were washed with PBS three times, and
then 100 pL/well cell lysis buffer (ethanol: glacial acetic
acid=1:1, V/V) was added. After 2 h, the absorbance was
measured at 540 nm.

NO Production Determination

RAW264.7 cells (2 10° cells/well) were plated in 96-well
plates and incubated overnight. The old medium was dis-
carded, and the cells were treated with culture medium,
LCPs-1-A or LPS. After 24 h of cultivation, 50 pL of the
supernatant was taken, and the same volume of Griess rea-
gent was added. The absorbance was measured at 540 nm
with a microplate reader after the mixed solution incubated
at 37 °C for 10 min. Additionally, NaNO, was used as a
standard product to prepare the standard curve, and the con-
centration of NO in the supernatant of each group was deter-
mined with the standard curve (Yu et al. 2013).

Polymyxin B (PMB) is a specific antagonist of LPS
(Velkov et al. 2013). To exclude the interference from endo-
toxin in LCPs-1-A, confirmatory experiments were con-
ducted with or without the addition of PMB to the samples,
which could determine whether endotoxin was contained in
LCPS-1-A by detecting the expression level of NO.

@ Springer



206

Marine Biotechnology (2022) 24:203-215

Effect of LCPs-1-A on the Production of ROS

The fluorescence intensity of ROS was assessed by a
reported method with some modifications (Rastogi et al.
2010; Sadhu et al. 2019). RAW264.7 cells (3 X 10° cells/
dish) were seeded in confocal dishes overnight, then the
medium was discarded, and the cells were treated with blank
medium, LPS (1 pg/mL) or LCPs-1-A (12 pg/mL). Incuba-
tion was continued for 24 h. The cells were then washed with
PBS and DMEM with 0.1% DCFH-DA was added followed
by incubation for another 30 min. The cells were fixed with
4% paraformaldehyde in PBS for 30 min, washed with PBS
again, and 0.2% Triton X-100 in PBS was added for 10 min,
which was used to increase cell permeability. After wash-
ing with PBS, the cells were treated with DAPI for stain-
ing. After 15 min, the cells were washed and observed
under a confocal microscope (LSM880, Zeiss, Germany)
and all images were acquired using the same intensity and
photodetector.

The determination of ROS was referred to the reported
assay (Ren et al. 2017). RAW264.7 cells (1 x 10° cells/well)
were inoculated into 96-well plates for 12 h. After treating
with culture medium, LCPs-1-A or LPS for 24 h, the super-
natant was removed, and DMEM with 0.1% DCFH-DA was
added to cells after rinsing with PBS three times, followed
by further incubation for 30 min in the dark. The cells were
suspended in PBS after washing with PBS. The fluorescence
intensity of cell suspension was measured at 500-nm excita-
tion and 525-nm emission wavelengths using a fluorescence
microplate reader (FilterMaxF5, Molecular Devices, USA).

Quantitative Real-Time PCR (qRT-PCR) Analysis

RAW264.7 cells (1x 10° cells/well) were plated in 6-well
plates for 12 h, and different concentrations of LCPs-1-A and
LPS were added to stimulate the cells. After 24 h of culture,
RNA was extracted with TRIzol reagent, reverse-transcribed
into cDNA with a reverse transcription kit, and then amplified
into cDNA. Real-time PCR was performed with the incor-
poration of SYBR green using a LightCycler 480 real-time
PCR system (Roche). Program settings and primer sequences
are shown in the Tables 1 and 2. Relative expression levels
of the target genes were analyzed by the 2722 method with
GAPDH as an internal reference (Yuan et al. 2020).

Table 1 Amplification program of qRT-PCR

Reaction temperature ~ Reaction time

Predegeneration 95 °C 30s

PCR reaction 95 °C 5s

(x40 cycles) 60 °C 10s
75 °C 15s

@ Springer

Table 2 Primer sequences of real-time PCR analysis

Genes Sequences (5'—3')

GAPDH Forward GTGTTCCTACCCCCAATGTGT
Reverse ATTGTCATACCAGGAAATGAGCTT

IL-1B Forward CTTCAGGCAGGCAGTATCACTC
Reverse TGCAGTTGTCTAATGGGAACGT

1L-6 Forward CCTACCCCAATTTCCAATGCTC
Reverse GGTCTTGGTCCTTAGCCACTC

TNF-a Forward GATCGGTCCCCAAAGGGATG
Reverse GTGGTTTGTGAGTGTGAGGGT

Immunofluorescence Assay for NF-kB

The nuclear translocation of NF-kB was evaluated by the
immunofluorescence assay (Wu et al. 2020). RAW264.7
cells (5x 107 cells/dish) were inoculated in confocal dishes.
After overnight culture, the cells were treated with culture
medium, LCPs-1-A or LPS for 24 h, fixed, and successively
permeated. Then, 1% BSA in PBS was added to block the
cells at room temperature for 1 h, and NF-kB p65 antibody
in 1% BSA (1:200) was added for incubation overnight at
4 °C. After rinsing with PBS, the secondary antibody in 1%
BSA (1:200) was added and incubated at 37 °C for 1 h. After
washing, DAPI was added for staining for 15 min. After
washing again, the cells were observed under a confocal
microscope and all images were obtained using the same
intensity and photodetector.

Western Blot Analysis

RAW?264.7 cells (2 million cells/well) were seeded onto
six-well plates for one night and then treated with culture
medium, LCPs-1-A or LPS for 2 h. Protein was extracted
on ice, and cells were lysed with cell lysis buffer (RIPA:
PMSF =50:1, V/V, plus one part phosphatase inhibitor
per 10 mL). Next, the supernatant was collected and quan-
tified with a BCA protein assay kit. Finally, the protein
was denatured at 100 °C. The denatured protein (20 pg)
was separated by 10% SDS-PAGE, and the bands were
transferred to polyvinylidene fluoride membranes and
then sealed with BSA blocking solution for 2 h. After cut-
ting the membranes, diluted primary antibodies (Table 3)
were added for incubation overnight. The membranes
were washed with TBST three times, and diluted second-
ary antibodies (1:3000) were added and incubated for 2 h.
The target bands were detected with ECL kits and recorded
with a Chem Studio 815 system (UVP, USA). ImageJ was
used to analyze the bands, with f-Tubulin as an internal
reference (Jeong et al. 2019).
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Table 3 Information of antibodies employed in western blot

Name Cat. no. species Dilution
TLR4 ab95562, Rat monoclonal IgG 1:1000
MyD88 Cat. # AF5195, Rabbit monoclonal IgG 1:1000
p65 Cat. # AF5006, Rabbit monoclonal IgG 1:1000
p-p65 Cat. # AF2006, Rabbit monoclonal IgG 1:1000
B-Tubulin Cat. # FD0064, Mouse monoclonal IgG 1:7500

Statistical Analysis

All experiments in this study were repeated at least three
times, and the experimental results are expressed as the
mean + standard deviation. Paired comparisons were per-
formed using a ¢ test. SPSS software was used to compare the
significance of data between groups by one-way ANOVA,
and P <0.05 indicated that the data were significant.

Results and Discussion
Isolation and Purification of LCPs-1-A

Crude polysaccharide was extracted from coral powder
with a yield of 8.5%. Four components (LCPs-1, LCPs-
2, LCPs-3, and LCPs-4) were obtained from DEAE-52
(Fig. 1a). The main component (LCPs-1) was collected and
further purified by Sephacryl 300 HR to obtain LCPs-1-A
and LCPs-1-B (Fig. 1b). The sugar content of LCPs-1-A was
94.31% by the phenol—-sulfuric acid method and the sugar
content of LCPs-1-B was low, so the research focused on
LCPs-1-A.

Structural Features

According to the UV spectrum (Fig. 1¢), LCPs-1-A showed
no obvious absorption at 260 nm and 280 nm, suggesting
that LCPs-1-A contained almost no nucleic acids or proteins
(Zhao et al. 2019).

In the molecular weight chromatogram of LCPs-1-A
(Fig. 1d), the retention time of LCPs-1-A was approxi-
mately 5.11 min. The molecular weight of LCPs-1-A was
4.90x 10% Da according to the standard curve of dextran.

FT-IR can be used to analyze the glycosidic bond
type, functional group type, and sugar ring configuration
of polysaccharides. As shown in Fig. le, LCPs-1-A had
a strong and wide peak at 3326 cm™', which was caused
by the -OH stretching vibration, which is characteristic
of all polysaccharides (Wang et al. 2018b). The absorp-
tion peaks at 2900 cm™! and 1412 cm™! were caused by
C-H stretching vibrations and bending vibrations, respec-
tively (Han et al. 2021). The band at 1640 cm™! was a

water peak, indicating that there was a certain amount of
bound water in the polysaccharide (Liu et al. 2019). Bands
at 1000-1200 cm™! were caused by the stretching vibra-
tions of C—O—C and C—OH in the pyran structure (Liu et al.
2017a). The signals at 850 cm™! and 578 cm™! were indica-
tive of the a-configuration (Zhang et al. 2016a; Wu et al.
2016). In addition, there was no absorption at 1555 cm™!
or 1740 cm™!, suggesting that LCPs-1-A had a low protein
content and no uronic acid, respectively (Kpodo et al. 2017,
Peng et al. 2019). In summary, the FT-IR results showed
that LCPs-1-A had typical structural characteristics of
polysaccharides.

According to the monosaccharide composition analysis
(Fig. 1f), we knew that LCPs-1-A was mainly composed of
glucose. Combined with the FT-IR results, LCPs-1-A might
be a glucan composed of a-Glcp.

NMR is a powerful method used to analyze polysaccha-
rides, as it can provide some information on the anomeric
configuration, glycosidic linkages, repeat units, and so on
(Yang et al. 2019). 'H and '*C NMR experiments of LCPs-
1-A were carried out (Fig. 2a, b). LCPs-1-A had two main
signal peaks in the anomeric proton region, which were
5.33 ppm and 4.90 ppm; thus, it could be inferred that LCPs-
1-A had two sugar residues. The signal at 4.70 ppm came
from D,0, while the protons of C2-C6 between 3.0 and
4.5 ppm were blurred and overlapped, making it difficult
to identify the attribution (Yang et al. 2020). In the °C
NMR spectrum, the anomeric carbon signals (99.99 ppm,
98.60 ppm) were the two primary peaks and corresponded
to the 'H-NMR spectrum. However, only one monosaccha-
ride was found to be present by PMP-HPLC analysis, which
showed that LCPs-1-A had two connection modes (Wang
et al. 2018a). The peaks between 95 and 101 ppm indicated
that LCPs-1-A was a polysaccharide with an o configuration
(Li et al. 2011). There were no peaks near §2—-88 ppm, sug-
gesting the absence of furanose (Zhang et al. 2018). C3 and
C5 of pyranose generally appear at shifts below 80 ppm (Li
et al. 2020). Therefore, LCPs-1-A contained pyranose but
not furanose. The peaks in the range of 60 ~90 ppm were
attributed to C2 ~ C6 glucose (Li et al. 2020). However, the
specific structure of LCPs-1-A cannot be determined due
to the presence of various binding sites in polysaccharides.

In summary, LCPs-1-A is highly likely a glucan com-
posed of a-Glcp with a molecular weight of 4.90 x 10° Da.

Immunoenhancement Activity of LCPs-1-A
Morphologic Observations and Cell Viability Assay
Morphological changes in RAW264.7 cells can reflect
the cell state, and when the cells undergo morphological

changes, from round to polygonal morphology, this indicates
that the cells are activated (Ueta et al. 2019). According
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Fig.1 a LCPs was separated by a DEAE-52 column (2.6 %30 cm).
LCPs-1, LCPs-2, LCPs-3, and LCPs-4 were obtained by eluting with
0, 0.05, 0.1, and 0.2 M NaCl solutions, respectively; b the elution
curve of LCPs-1 on a Sephacryl 300 HR column; ¢ the UV spectrum
of LCPs-1-A; d the molecule weight by GPC analysis; e the FT-IR

to the results (Fig. 3a), the morphology of the cells in the
control group showed no change, but the cells in the LCPs-
1-A group changed from round to polygonal morphology.
These cells were similar to those in the LPS group, indicat-
ing that LCPs-1-A had an activating effect. The MTT assay
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is a simple and classical method to detect the viability and
proliferation of cells (Lii et al. 2012). The results (Fig. 3b)
showed that LCPs-1-A had no toxic effect on RAW?264.7
cells and promoted their proliferation, which was the same
tendency as the LPS group.
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Fig.2 'HNMR (a) and *C
NMR (b) spectra of LCPs-1-A
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Phagocytosis of macrophages is a key indicator to activate
cells against pathogens (Liu et al. 2006). After activation,
cells will produce NO to prevent the replication of pathogens
(Jeong et al. 2019). Therefore, we studied the changes in the
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ually enhanced, and the release of NO also increased, which
was consistent with the trend of the positive drug group.
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Fig. 3 a Morphological changes of cells; b effects of LCPs-1-A treat-
ment on the cell viability; ¢ effects of the LCPs-1-A on the phago-
cytosis of RAW264.7 cells; d effects of different concentrations of
LCPs-1-A on the secretion of NO production; e endotoxin contami-
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ANOVA. #*p<0.05, ¥¥p <0.01. Values are mean + SD (standard devi-
ation) (n=4). Scale bars: 50 pm
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These results suggested that LCPs-1-A could enhance the
phagocytosis of cells and produce NO to resist pathogens,
thus enhancing immunity. In addition, the interference of
endotoxin on LCPs-1-A was excluded in the experiment.
As shown in Fig. 3e, the addition of PMB to LCPs-1-A had
no effect on NO release from macrophages, indicating that
the NO production was caused by LCPs-1-A rather than
endotoxin.

Effect of LCPs-1-A on the Production of ROS

ROS at moderate concentrations play an important role in
transmitting signals, promoting phagocytosis of cells, and
resisting pathogen invasion (Ren et al. 2017). Therefore,
ROS are a crucial indicator to evaluate the activation of mac-
rophages. As shown in Fig. 4a, the intensity of the green
fluorescence in the LCPs-1-A group (12 pg/mL) was sig-
nificantly stronger than that of the control group but similar
to the LPS group. Figure 4b also showed that ROS secretion
in the LCPs-1-A group increased in a dose-dependent man-
ner. These results suggested that LCPs-1-A could promote
the secretion of ROS in macrophages, thus enhancing the
resistance of cells to pathogens.

Quantitative Real-Time PCR (qRT-PCR) Analysis

The cytokines IL-1p, IL-6, and TNF-« play an indispensable
role in immune regulation (Bao et al. 2013). The relationship

Control

Alexa Fluor 488

DAPI

Merge

Fig.4 Fluorescence microscope images (a) and quantification (b)
of ROS secretion in RAW264.7 cells. Paired comparisons were per-
formed using a ¢ test and SPSS software was used for statistical analy-
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between LCPs-1-A and IL-1, IL-6, and TNF-« was verified
by qRT-PCR. As shown in Fig. 5a, with increasing LCPs-
1-A concentration, the mRNA expression of cytokines
IL-1p, IL-6, and TNF-a was notably elevated, which was in
agreement with the trend of the LPS group, demonstrating
that LCPs-1-A had a good immunoenhancing effect.

Immunofluorescence Assay for NF-kB

NF-xB is an important transcription factor that regulates
the expression of genes involved in immune responses in
activated macrophages (Han et al. 2018). The most promi-
nent feature of NF-xB activation is the translocation of
NF-kB from the cytoplasm into the nucleus. To investigate
the effect of LCPs-1-A on NF-kB, an immunofluorescence
assay was used. As shown in Fig. 5b, the fluorescence of
p65 in the control group indicated that cytoplasmic p65
was not translocated into the nucleus, while the fluores-
cence marked by red arrows in the LCPs-1-A and LPS
groups showed that cytoplasmic p65 had translocated into
the nucleus and become activated. Therefore, we con-
cluded that the immunoenhancing activity of LCPs-1-A
might be related to the NF-«xB signaling pathway.

Western Blot Analysis

Pattern recognition receptors (PRRs) are a class of innate
immune system receptors that can recognize and eliminate

b
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group. Values are mean +SD (n=4). Scale bars: 25 pm
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Fig.5 a The effects of LCPs-
1-A on the mRNA expression
of cytokines (IL-1p, IL-6, and
TNF-o)) in RAW?264.7 cells; b
nuclear translocation of NF-xB.
Paired comparisons were per-
formed using a ¢ test and SPSS
software was used for statistical
analysis of the data by one-way

ANOVA. *p<0.05, **p <0.01 200
vs. control group. Values are 0 Control 4 8 10 12 LPS
mean+ SD (n=4). Scale bars: T LcPsaA
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pathogen invasion (Short et al. 2019). Generally, polysac-
charides cannot enter cells directly but are recognized by
PRRs on the cytomembrane (Yan et al. 2018) and enter
cells mainly through Toll-like receptors (TLRs), comple-
ment receptor 3 (CR3), mannose receptor (MR), beta glucan

receptor (GR), scavenger receptor I (SR), or Dectin-1 (Wu
et al. 2018). As an important class of PRRs, TLRs family
has been identified 10 TLRs in humans and 13 TLRs in mice
(Kawai and Akira 2006). Among them, TLR4 plays a cru-
cial role in the transmission of many natural polysaccharides
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Fig.6 The expression of p-p65, p-65, TLR4, and MyD88 proteins
in RAW?264.7 cells. The values of “p-p65/p-65” were calculated by
gray-scale value of bands. p-Tubulin was used as total protein load-
ing control. Paired comparisons were performed using a ¢ test and

(Wang et al. 2015; Zhou et al. 2017). Besides, studies have
shown that polysaccharides with a major monosaccharide
composition consisting of glucose are likely to be TLR4
agonists (Zhang et al. 2016b), and the NF-kB signaling path-
way is a classical pathway in immunity (Lawrence 2009).

Fig.7 The possible mechanism
of LCPs-1-A-induced mac-
rophages immune enhancement.
After LCPs-1-A recognized,
TLR4 can recruit MyD88,
activate NF-xB, and promote
the expression of the proinflam-
matory cytokines

@ Springer

2.0 o

p-p65/p65
TLR4/B-Tubulin

.¢°\ \3"9 * 2 O O

N _

® LCPs-1-A
Concentration (pug/mL)

& & LR RN
& — =
® LCPs-1-A
Concentration (pg/mL)

MyD88/B-Tubulin

P SO
N~

LCPs-1-A
Concentration (ug/mL)
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Therefore, we hypothesized that the immunoenhancing
effect of LCPs-1-A occurs through the TLR4/NF-xB sign-
aling pathway, and we verified the key proteins p65, p-p65,
MyD88 (an adaptor of the TLRs), and TLR4 in this pathway.
The results (Fig. 6) showed that different concentrations of
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LCPs-1-A could indeed play an immunoenhancing role simi-
lar to LPS. Therefore, we inferred that the immunoenhancing
effect of LCPs-1-A might be mediated by the TLR4/NF-xB
signaling pathway.

Conclusions

In conclusion, the sugar content of LCPs-1-A obtained from
the soft coral Lobophytum sp. was 94.31%, and it might be
a glucan composed of a-Glcp with an average molecular
weight of 4.90x 10° Da. The experiment results indicated
that LCPs-1-A is a natural and nontoxic polysaccharide with
a good immunoenhancing effect on RAW264.7 cells. Over a
range of concentrations, LCPs-1-A promoted the prolifera-
tion and phagocytosis of RAW264.7 cells. In addition, it
stimulated the secretion of NO and ROS and increased the
mRNA expression of related cytokines (IL-1p, IL-6, and
TNF-a). The immunoenhancing activity of LCPs-1-A might
be due to its effect on the TLR4/NF-kB signaling pathway
(Fig. 7). Therefore, LCPs-1-A may be a candidate immune
enhancer, which has potential application prospects in medi-
cal and food industries.
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