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Abstract: In our study, a novel bioactive polysaccharide was identified in the larvae of the black
soldier fly (BSF) (Hermetia illucens) as a molecule that activates the mammalian innate immune
response. We attempted to isolate this molecule, which was named dipterose-BSF, by gel-filtration
and anion-exchange chromatography, followed by nitric oxide (NO) production in mouse RAW264.7
macrophage cells as a marker of immunomodulatory activity. Dipterose-BSF had an average molecular
weight of 1.47× 105 and consisted of ten monosaccharides. Furthermore, in vitro assays demonstrated
that dipterose-BSF enhanced the expression of proinflammatory cytokines and interferon β (IFNβ) in
RAW264.7 cells. The inhibition of Toll-like receptor 2 (TLR2) and 4 (TLR4) significantly attenuated
NO production by dipterose-BSF, indicating that dipterose-BSF stimulates the induction of various
cytokines in macrophages via the TLR signaling pathway. This observation was analogous with the
activation of nuclear factor kappa B in RAW264.7 cells after exposure to dipterose-BSF. Our results
suggest that dipterose-BSF has immunomodulatory potential through activating the host innate
immune system, which allows it to be a novel immunomodulator for implementation as a functional
food supplement in poultry, livestock, and farmed fish.
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1. Introduction

The emergence of polysaccharides as therapeutic agents has attracted worldwide attention in
recent decades [1]. Distinct pharmacological properties, such as anti-tumor, immunomodulatory,
anti-diabetes, anticoagulant, antiviral, antioxidant, and other activities were found to be associated
with bioactive polysaccharides [2,3]. Moreover, polysaccharides are relatively safe, non-toxic, and
biodegradable, which make them suitable for application in agriculture and aquaculture fields [4].
Thus, utilization of bioactive polysaccharides might serve as a promising alternative to conventional
therapeutic methods, such as antibiotic treatment and vaccination.

Functional polysaccharides from insects have remained unnoticed compared to those from plants,
fungi, and bacteria. Previously, three novel acidic polysaccharides were successfully identified from
Bactrocera cucurbitae pupae [5], Antheraea yamamai pupae [6], and Bombyx mori pupae [7]. These bioactive
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polysaccharides induce the activation of innate immune responses in mouse macrophage RAW264.7
cells via Toll-like receptor (TLR) signaling pathway, leading to the secretion of various proinflammatory
cytokines and prevention of infectious diseases. According to these findings, insects may have a
remarkable capacity to produce bioactive polysaccharides with therapeutic properties.

The black soldier fly (BSF) (Hermetia illucens) is an insect commonly found in the tropics and warm
temperate regions [8]. The larvae and pre-pupae are massively produced and used as protein sources of
feed for poultry and fish culture [9]. The feeding activity of BSF is restricted to the larval stage; for this
reason, they are not harmful to crops and human habitats [10]. Moreover, recent studies have revealed
that the dietary intake of BSF enhances the immune activities in yellow catfish (Pelteobagrus fulvidraco) [11]
and broiler chicks [12], suppresses the growth of infectious bacteria in weaned piglets [13], increases
serum lysozyme activity in yellow catfish (Pelteobagrus fulvidraco) [11], and increases the expression
of stress response-related genes in Atlantic salmon (Salmo salar) [14]. Dietary inclusion of BSF was
reported to alter gut microbiota, including increased bacterial diversity to improve gut health in rainbow
trout (Oncorhynchus mykiss) [15,16], increased levels of Carnobacterium genus, which is known to act
as a probiotic for microbial communities in rainbow trout (Oncorhynchus mykiss) [17] and poultry [18].
Some studies concluded that BSF might possess bioactive compounds, such as chitin. Based on these
facts, together with previous findings of insect-derived polysaccharides, we further investigated the
possibility of a novel immune activator in BSF.

Here, a novel polysaccharide, named dipterose of BSF (dipterose-BSF), was isolated and purified
from the BSF larvae using a series of purification methods. The molecular weight and monosaccharide
composition of dipterose-BSF were characterized. The potency of dipterose-BSF as an immune activator
was assessed by evaluating the nitric oxide (NO)-producing activity and expression of proinflammatory
cytokines in mouse macrophage-derived RAW264.7 cell line. In addition, the possible signaling
pathways involved in the activation of RAW264.7 cells were elucidated. Therefore, our study shows
the potency of BSF as a source of bioactive polysaccharides that can induce immune responses, as well
as explores its immunomodulatory mechanisms.

2. Materials and Methods

2.1. Preparation of BSF Larvae Extract

BSF (Hermetia illucens) were harvested and collected from the wild in Ainan, Ehime Prefecture,
Japan. The method for collecting BSF eggs and rearing the larvae was adapted from Nakamura et
al. [19]. The reared larvae were autoclaved for 20 min at 121 ◦C to inhibit endogenous enzymes and
stored at –30 ◦C until further use. The frozen BSF larvae were homogenized using a grinder. The
resulting BSF larvae meal was diluted with ten volumes of ultrapure water and mixed gently for 24 h
at 4 ◦C. The supernatant was obtained by centrifugation at 20,000× g for 1 h and concentrated to about
one-tenth of its volume by evaporation in a water bath at 50 ◦C.

2.2. Purification of a Bioactive Polysaccharide from BSF Larvae Extract

Bioactive polysaccharides from BSF were purified as described previously [5–7]. In brief, the
BSF larvae extract was added to four volumes of 100% (v/v) ethanol and mixed gently overnight at
4 ◦C to precipitate the polysaccharides. The polysaccharides were precipitated by centrifugation,
washed consecutively three times with 80% ethanol, and dried under decompression. The precipitate
was dissolved in 20 mM Tris-HCl (pH 8.0), shaken overnight at 4 ◦C, and centrifuged at 20,000× g
to separate the remaining low-molecular-weight compounds. The crude polysaccharides were then
obtained after removing the precipitate.

The crude polysaccharides were injected into a HiPrep 26/60 Sephacryl S-500HR gel-filtration
chromatography column (GE Healthcare, Chicago, IL, USA) pre-equilibrated with 20 mM Tris-HCl
(pH 8.0) and eluted with the same solution at a flow rate of 1.3 mL/min. The eluates were collected
automatically and monitored by the phenol-sulfuric acid method with glucose standard for total
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carbohydrate determination [20]. To evaluate its potent immunomodulatory activity, each eluted
fraction was assayed for NO production in RAW264.7 cells. Fractions exhibiting NO-producing activity
in RAW264.7 cells were then collected and precipitated by the addition of four volumes of 100% (v/v)
ethanol overnight at 4 ◦C. The resulting precipitate was separated by centrifugation and diluted in
20 mM Tris-HCl (pH 8.0).

Anion-exchange chromatography on a HiPrep DEAE FF 16/10 column (GE Healthcare) was used
for further purification. The resulting polysaccharides from gel-filtration chromatography were loaded
to the above column pre-equilibrated with 20 mM Tris-HCl (pH 8.0) and eluted with the same solution.
The fractions were produced with a linear gradient of NaCl from 0 to 1.0 M at a flow rate of 2.0 mL/min.
The eluted fractions were collected automatically and assayed for NO production as mentioned above.
The positive fractions in the NO production assay were pooled and precipitated by the addition of
four volumes of 100% (v/v) ethanol overnight at 4 ◦C. The precipitate collected by centrifugation was
lyophilized to obtain the bioactive polysaccharide.

2.3. Determination of Molecular Weight of the BSF Polysaccharide

The molecular weight of the BSF polysaccharide was measured by gel-filtration chromatography
using high-performance liquid chromatography (Hitachi, Chiyoda, Japan) as described previously [5–7].
In brief, the purified polysaccharide (1 mg/mL) was dissolved in 0.2 M phosphate buffer (PB) and
filtered through a 0.22 µm membrane. The sample solution was then applied to a Showdex SB-807
HQ size-exclusion chromatographic column (Showa Denko K.K., Minato, Japan), eluted with 0.2 M
PB (pH 7.5) at a flow rate of 0.5 mL/min, and detected by a refractive index detector. The column
temperature was kept at 35 ◦C. Pullulans of different molecular weights (P-5, P-10, P-20, P-50, P-100,
P-200, P-00, P-800, and P-2500) were passed through the column, and a standard curve was prepared by
plotting their retention time against the logarithms of their respective molecular weights. The molecular
weight was calculated according to the calibration equation from the standard curve of pullulans.

2.4. Determination of the Monosaccharide Composition of the BSF Polysaccharide

Determination of the monosaccharide composition of the BSF polysaccharide was performed
in accordance with our previous studies [5–7]. In brief, the purified polysaccharide (100 µg) was
hydrolyzed by the addition of 2 M trifluoroacetic acid at 100 ◦C for 16 h. The resulting products were
then evaporated using N2 stream and converted to alditol acetates by sequential NaBH4 reduction
and acetylation with Ac2O-pyridine (1:1, v/v) following a published method by Sassaki et al. [21].
Gas chromatography-mass spectrometry (GC-MS) analyses were performed on an Agilent 7890A gas
chromatography system (Agilent Technologies, Santa Clara, CA, USA) equipped with an HP5 capillary
column (30 m × 0.35 mm × 0.25 µm) and connected to a JEOL MS-1050Q instrument (JEOL, Akishima,
Japan). The column temperature was initially set at 100 ◦C, increased gradually to 180 ◦C at the rate of
10 ◦C, held for 5 min, and then elevated to 320 ◦C at 10 ◦C and finally kept for 5 min. Helium was used
as the carrier gas and maintained at 1.0 mL/min. The molar ratio of monosaccharides was calculated
by the area normalization method with myo-inositol used as the internal standard.

2.5. Cell Culture

The mouse macrophage-derived RAW264.7 cell line was obtained from a Cell Bank (RIKEN
BioResource Center, Tsukuba, Japan). Cells were cultured in minimum essential medium (MEM)
(Life Technologies, Grand Island, NE, USA) supplemented with 10% fetal bovine serum, 0.1 mM
non-essential amino acids, 100 U/mL penicillin, and 100 µg/mL streptomycin. Cells were maintained
at 37 ◦C under humidified air with 5% CO2.

2.6. Measurement of NO Production

The nitrite concentration in the supernatant of the culture medium of RAW264.7 cells was measured
using the Griess reagent system kit (Promega, Madison, WI, USA) in accordance with the manufacturer’s
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instructions. Briefly, cells were seeded at 1 × 106 cells/well in a 96-well plate, pre-incubated for 90 min,
and stimulated with 100 ng/mL of lipopolysaccharide (LPS), varying concentrations of larvae extract or
purified polysaccharide in the cultured medium for 24 h at 37 ◦C. The absorbance of culture medium
supernatant was identified at optical density (OD) 540 nm in microplate reader. The nitrite levels in the
culture medium were then measured based on the equation from a NaNO2 standard curve.

2.7. TLR2 and TLR4 Blocking Experiment

RAW264.7 cells were plated in a 96-well plate (1 × 106 cells/well) and then pre-incubated for 1 h at
37 ◦C (5% CO2) with a neutralizing antibody against mouse TLR2 (InvivoGen, San Diego, CA, USA)
or mouse anti-human TLR4 (10 µg/mL) (Invitrogen, Carlsbad, CA, USA) or with an isotype control
antibody (InvivoGen). The purified polysaccharide from the BSF larvae (100 ng/mL) or LPS (100 ng/mL)
was then applied to the wells and incubated for 20 h at 37 ◦C under a humidified atmosphere with 5%
CO2. Nitrite concentrations in the supernatant of the culture medium were measured using the Griess
reagent system kit as described above.

2.8. Isolation of Total RNA and Real-Time PCR

Total RNA was isolated from RAW264.7 cells using RNeasy Plus Universal Mini Kit (Qiagen,
Hilden, Germany) following the manufacturer’s protocol. For complementary DNA synthesis,
500 ng total RNA was reverse-transcribed using the QuantiTect Reverse Transcription kit (Qiagen).
Real-time PCR analysis was performed on a Bio-Rad CFX96 Real-Time PCR detection system (Bio-Rad
Laboratories, Hercules, CA, USA) using SsoFast EvaGreen Supermix (Bio-Rad Laboratories). Primers
were designed and synthesized by Eurofins based on the nucleotide sequence published by Xia et al. [22].
All experiments were run in triplicate, and the average of the four values was used for calculation.
For normalization, glyceraldehyde-3-phosphate dehydrogenase was used as an endogenous reference.
The relative expression of the target gene to the reference gene was calculated using the 2–∆∆Ct method.

2.9. Immunoblot Analysis

To prepare cell lysates, cells (1 × 106 cells/well) were washed three times with ice-cold phosphate
buffered saline (PBS) and lysed by sonicating for 30 s with the addition of 200 µL of lysis buffer (137 mM
NaCl, 10 mM phosphate, 2.7 mM KCl, pH 7.4, 1 mM EDTA, and 1% Triton X-100) supplemented with
Halt protease inhibitor cocktail (Thermo Fisher Scientific, Rockford, IL, USA). The cell lysates were
centrifuged at 20,400× g for 20 min at 4 ◦C to discard the insoluble material. For cytosolic and nuclear
protein extraction, NE-PER nuclear and cytoplasmic extraction reagents (Thermo Fisher Scientific)
were used in accordance with the manufacturer’s protocol. Aliquots of 10–20 µg of denatured protein
were separated electrophoretically on 12.5% or 15% sodium dodecyl sulfate-polyacrylamide gels (Atto,
Taito, Japan) and transferred to polyvinylidene difluoride membranes (Millipore Sigma, Burlington,
VT, USA) by electroblotting. The membranes were blocked with tris buffered saline (TBS) (20 mM
Tris-HCl, pH 7.5, 500 mM NaCl) containing 0.5% blocking reagent (Roche, Mannheim, Germany) for 1 h
at 25 ◦C and washed three times with TBS containing 0.1% Tween-20 (TTBS, pH 7.5). The membranes
were then incubated at 4 ◦C overnight with the following primary antibodies: rabbit anti-mouse
inducible nitric oxide synthase (iNOS), rabbit anti-human nuclear factor-kappa B (NF-κB) p65 (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), or mouse anti-human NF-κB inhibitor alpha (IκBα)
(Cell Signaling Technology, Danvers, MA, USA) pre-diluted (1:1000) in immunoreaction enhancer
solution (Can Get Signal Solution 1; Toyobo, Osaka, Japan). Goat anti-human lamin A/C (Santa Cruz
Biotechnology) and mouse anti-mouse α-tubulin (Sigma-Aldrich, St. Louis, MO, USA) were used
as a loading control for nuclear protein and total protein, respectively. After washing with TTBS,
membranes were incubated with anti-rabbit, anti-mouse, or anti-goat IgG alkaline phosphatase diluted
(1:5000) in immunoreaction enhancer solution (Can Get Signal Solution 2; Toyobo) for 1 h at room
temperature. Signal development was observed using CDP-star detection reagent (GE Healthcare) and
visualized using the ImageQuant LAS 4000 (Fujifilm, Minato, Japan).
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2.10. Statistical Analysis

All data are expressed as the mean ± standard error of mean (SEM). Statistical analysis was
performed with one-way analysis of variance (ANOVA) followed by Tukey’s honestly significant
difference (Tukey’s HSD) post hoc test using Minitab (State College, PA, USA) statistical software.
Differences with p < 0.05 were considered statistically significant.

3. Results

3.1. Isolation of a Bioactive Polysaccharide from the BSF Larvae

In order to assess the potency of the BSF larvae for innate immune activation, we first tested
the NO production levels in mouse macrophage-derived RAW264.7 cell line treated with various
concentration of BSF larvae extract. As shown in Figure 1, the addition of BSF larvae extract induced NO
production in RAW264.7 cells in the same manner as that of LPS, a widely known immunomodulator.
Based on this result, we attempted to further identify the potency of BSF larvae by isolating its innate
immune-activator compound.

Figure 1. The extracts of black soldier fly (BSF) larvae stimulate nitric oxide (NO) production in
RAW264.7 cells. RAW264.7 cells were treated with culture medium alone (control), lipopolysaccharide
(LPS; 100 ng/mL), or various concentrations of BSF larvae extract and incubated for 20 h. The levels of
nitrite in the culture medium were measured using the Griess assay, as described in the Materials and
Methods. All experiments were run in triplicate. Results are expressed as means ± standard error of
mean (SEM). Vertical bars indicate SEM of four samples (n = 4). *** p < 0.001 versus the control group.

After a series of processing steps, including water extraction, ethanol precipitation, and
centrifugation, the crude polysaccharides were isolated from the BSF larvae. The purification of
the immunomodulatory compound from BSF larvae extracts was conducted by using it as a marker of
NO-producing activity in RAW264.7 cells. Positive fractions in the NO production assay were separated
and collected using gel filtration and anion-exchange chromatography column on a fast protein liquid
chromatography (FPLC) system. As shown in Figure 2A, several fractions containing sugars were
found to stimulate NO production in RAW264.7 cells. In accordance with our previous findings of
insect-derived polysaccharides [5], we further selected one NO-stimulating fraction that possessed the
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highest molecular weight, which was then further purified by anion-exchange chromatography on a
HiPrep DAEA FF 16/10 column (GE Healthcare) eluted with a linear gradient of NaCl ranging from 0
to 1.0 M. In vitro analysis of the resulting fractions revealed that a single polysaccharide-comprising
peak stimulated NO production in RAW264.7 cells (Figure 2B).

Figure 2. Chromatography profiles of crude polysaccharides in the BSF larvae extract. (A)
Gel-filtration chromatography profile of the crude polysaccharide fraction of BSF larvae extract.
Crude polysaccharides were applied to a Sephacryl S-500HR column. Resulting fractions were collected
and the sugar content was measured using the phenol-sulfuric acid method with glucose as a standard
(filled circle, optical density (OD) 490 nm). RAW264.7 cells were stimulated with these diluted fractions
for 20 h, and the levels of nitrite in the culture medium were measured by the Griess assay (open circle,
OD 540 nm). (B) Anion-exchange chromatography profile of the fractions with NO-producing ability
in RAW264.7 cells on a HiPrep DAEA FF 16/10 column eluted with linear gradient NaCl solution.

High-performance liquid chromatography on a Showdex SB-807 HQ column was performed to
measure the molecular weight of the bioactive polysaccharide. According to the regression equation
from the standard curve made by different Pullulan P-series standards, the average molecular weight
of the bioactive polysaccharide was estimated to be 1.47 × 105. We named this novel polysaccharide
“dipterose of black soldier fly” (dipterose-BSF) after our previous finding of dipterose purified from
the pupae of melon fly (Bactrocera cucurbitae).

3.2. Identification of the Monosaccharide Composition of Dipterose-BSF

The monosaccharide composition of dipterose-BSF was identified by GC-MS analysis with
acid hydrolysis and acetylation techniques (Figure 3). According to the monosaccharide standards,
dipterose-BSF was mainly composed of ten monosaccharides: l-rhamnose, l-fucose, l-arabinose,
d-xylose, d-glucuronic acid, d-mannose, d-glucose, d-galactose, N-acetyl-d-glucosamine, and
N-acetyl-d-galactosamine with a relative molar ratio of 8.1, 2.2, 3.1, 1.5, 5.6, 4.3, 17.8, 23.8, 21.7,
and 11.9, respectively.
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Figure 3. Gas chromatography-mass spectrometry (GC-MS) profile of dipterose-BSF monosaccharides
with acid hydrolysis and acetylation. Peaks: 1, l-rhamnose; 2, l-fucose; 3, l-arabinose; 4, d-xylose;
5, d-glucuronic acid; 6, d-mannose; 7, d-glucose; 8, d-galactose; 9, N-acetyl-d-glucosamine; 10,
N-acetyl-d-galactosamine. Inositol represents myo-inositol, an internal standard used for normalization.

3.3. Effects of Dipterose-BSF on the Activation of Innate Immune System In Vitro

To investigate the immunomodulatory activity of dipterose-BSF, the levels of nitrite were measured
in RAW264.7 cells treated with various concentrations of dipterose-BSF. As expected, the levels of
nitrite were significantly increased in dipterose-BSF-treated RAW264.7 cells in a dose-dependent
manner (Figure 4A). Surprisingly, the addition of 100 ng/mL dipterose-BSF induced NO production
in RAW264.7 cells in a similar manner as that of LPS, a potent immunomodulator. In macrophages,
including RAW264.7 cells, NO is synthesized by iNOS. To evaluate whether the expression of iNOS
protein is affected by stimulation with dipterose-BSF, we monitored the expression level of iNOS
protein in RAW264.7 cells by immunoblot analysis (Figure 4B). Treatment with indicated dose of
dipterose-BSF resulted in a dose-dependent increase in the level of iNOS protein.

Figure 4. Stimulation with dipterose-BSF induces NO production via the activation of iNOS protein
in RAW264.7 cells. (A) RAW264.7 cells were stimulated with culture medium alone (control), LPS
(100 ng/mL), or various concentrations of dipterose-BSF for 20 h. The nitrite concentrations in the
culture medium were then measured using the Griess assay as described in the Materials and Methods.
All experiments were run in triplicate (B) RAW264.7 cells were incubated with culture medium alone
(control), LPS (100 ng/mL), or various concentrations of dipterose-BSF for 6 h. The expression level
of iNOS protein was monitored by immunoblot analysis using a rabbit anti-mouse iNOS antibody.
Immunoblot image shown here is representative of triplicate. Results are expressed as means ± SEM.
Vertical bars indicate SEM of three samples (n = 3). *** p < 0.001 versus the control group.
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It is widely accepted that innate immune response is stimulated by the recognition of pattern
recognition receptors (PRRs), including TLRs, to induce NO production and various proinflammatory
cytokines via the activation of downstream signaling molecules. To investigate whether dipterose-BSF
stimulates cytokine expression in macrophages, we analyzed the expression of the proinflammatory
cytokines, interferon regulatory factor 3 (IRF3) and IRF7, in RAW264.7 cells treated with various
concentrations of dipterose-BSF using real-time PCR analysis (Figure 5). The mRNA expression of
several proinflammatory cytokines, such as tumor necrosis factor-alpha (TNF-α), interleukin (IL)-6,
and IL-1β mRNA, which was mediated by a myeloid differentiation primary response protein 88
(MyD88)-dependent pathway, was significantly increased at 6 h after dipterose-BSF treatment in a
dose-dependent manner. In addition, dipterose-BSF also significantly evoked the mRNA expression
level of IRF7 and interferon β (IFNβ), which was mediated by an MyD88-independent pathway at 6 h
after the addition of dipterose-BSF in a dose-dependent manner. Unexpectedly, dipterose-BSF did not
affect the expression of IRF3 mRNA in RAW264.7 cells.

Figure 5. Treatment with dipterose-BSF induces the expression of cytokines and interferon regulatory
factor 7 (IRF7) in macrophages. RAW264.7 cells were stimulated with culture medium alone (control),
LPS (100 ng/mL), or various concentrations of dipterose-BSF. The mRNA expression of the indicated
cytokines, IRF3, and IRF7 was measured using real-time PCR analysis at 6 h after treatment with culture
medium, dipterose-BSF or LPS. All experiments were run in triplicate, and the results represent the
means ± SEM of four samples for each gene analyzed. Vertical bars indicate SEM. *** p < 0.001 as
compared with the control group.

3.4. Effects of TLR2 and TLR4 Inhibition on the NO-Producing Activity of Dipterose-BSF In Vitro

Our findings revealed that dipterose-BSF induces proinflammatory cytokine and NO production
via MyD88-dependent and -independent pathways through the recognition of TLRs in RAW264.7 cells.
Therefore, to investigate whether dipterose-BSF induces NO production in RAW264.7 cells via TLRs,
we applied neutralizing antibodies against TLR2 and TLR4 to inhibit their function, and thus determine
their effect on NO production by RAW264.7 cells (Figure 6). Both antibodies significantly attenuated
dipterose-BSF-induced NO production, indicating that dipterose-BSF stimulates the induction of the
innate immune system via the TLR signaling pathway.
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Figure 6. Dipterose-BSF induces NO production in macrophages via the Toll-like receptor (TLR)
signaling pathway. Neutralizing antibodies against TLR2 and TLR4 (10 µg/mL) or isotype control IgG
(control IgG) were applied to mouse macrophage-derived RAW264.7 cells for 30 min, followed by 20 h
of incubation with dipterose-BSF or LPS. Cells in control group were untreated neither with neutralizing
antibodies nor stimulants (dipterose-BSF or LPS). The levels of nitrite in the culture medium were then
measured using the Griess assay. All experiments were run in triplicate. The results are expressed
as means ± SEM. Vertical bars indicate SEM of six samples (n = 6). *** p < 0.001 versus the control
IgG group.

3.5. Effects of Dipterose-BSF on the TLR Signaling Pathway

We found that dipterose-BSF stimulates the innate immune system in RAW264.7 cells via the TLR
signaling pathway. NF-κB is an important transcription factor functioning downstream of the TLR
signal transduction pathway and is mainly stored in the cytoplasm in an inactive form by binding
with IκBα, the inhibitor NF-κB. The degradation of IκBα leads to the nuclear translocation and
activation of NF-κB. To investigate whether NF-κB regulates dipterose-BSF activities, we monitored the
degradation of IκBα and the translocation of NF-κB to the nucleus after treatment with dipterose-BSF.
The application of dipterose-BSF to RAW264.7 cells induced rapid degradation of IκBα in the same
manner as that of LPS (Figure 7A). The degradation of IκBα occurred at 15 min post-treatment with
dipterose-BSF, but recovered to basal levels after 60 min. On the other hand, the nuclear translocation
of NF-κB was found to be increased at 15 min post-treatment with dipterose-BSF, suggesting the
correlation with the result of IκBα degradation (Figure 7B).
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Figure 7. Dipterose-BSF induces the activation of NF-κB via the degradation of IκBα in macrophages.
(A) RAW264.7 cells were treated with dipterose-BSF (100 ng/mL) or LPS (100 ng/mL) for 0, 15, 30, 45, or
60 min. The expression level of IκBα was detected using immunoblot analysis. α-tubulin served as
a protein loading control. The same blot was cut and blotted using anti-mouse α-tubulin antibody.
(B) RAW264.7 cells were incubated with dipterose-BSF (100 ng/mL) or LPS (100 ng/mL) for 0, 15, 30,
45, or 60 min. The expression level of NF-κB was monitored using immunoblot analysis. Lamin A/C
was used as a protein loading control. The same blot was stripped and re-blotted using anti-lamin
A/C antibody. Immunoblot images shown here are representative of two independent experiments.
Data were expressed as means ± SEM of two samples. Quantitative analysis of protein level on the blot
was calculated using ImageJ software (version 1.52a).

4. Discussion

Polysaccharides, along with proteins, lipids, and polynucleotides, are fundamental biological
macromolecules that play an important role in the growth and development of a living organism [1].
Natural polysaccharides from different sources, including plant, fungi, seaweed, and animal have been
widely studied and reported to stimulate immune activities through direct or indirect interaction with
immune system components [1–3,23]. Recently, insects are not only promising feedstuffs for livestock
or cultured fish, but are known to exhibit functions for optimizing animal health [24]. Dietary inclusion
of dried housefly (Musca domestica) pupa [25] and defatted yellow mealworm (Tenebrio molitor) [26]
has been shown to increase disease resistance against pathogenic Edwardsiella tarda in red seabream
(Pagrus major). Yellow mealworm is also known to increase the enzyme activities of the immune systems
of European seabass (Dicentrarchus labrax) [27], rainbow trout [28], mandarin fish (Siniperca scherzeri) [29],
and pearl gentian grouper (Epinephelus lanceolatus × Epinephelus fuscoguttatus) [30]. Our previous
studies showed that bioactive polysaccharides from the melon fly (Bactrocera cucurbitae) [5], Japanese
oak silkmoth (Antheraea yamamai) [6], and silkmoth (Bombyx mori) [7] successfully prevent bacterial
diseases via the activation of innate immunity. In the present study, we isolated a novel bioactive
polysaccharide from the larvae of BSF (Hermetia illucens) that can activate innate immune response in
mouse RAW264.7 macrophages. Furthermore, FPLC analysis revealed that several separated-fractions
from the crude polysaccharides of BSF larvae were found to induce NO production in vitro, indicating
the existence of another substance with therapeutic potential for further identification. Hence, the
polysaccharide contained in the BSF larvae might play a role in enhancing immunity or altering the
gut microbiota in fish or animals.

Innate immunity is widely known as the first line of defense against pathogenic microorganisms
and viral infections. Macrophages, together with monocytes and granulocytes, are the main components
of the innate immune system and are constantly being used as the main targets to describe immune
system activation via the stimulation of immunomodulatory polysaccharides [3,23,31,32]. Among
these components, macrophages seem to attract more interest due to their diverse functionality, not
only in immunity, but also in other functional activities, such as development, homeostasis, and
tissue repair [33]. Macrophages can eliminate foreign matters directly via phagocytosis and indirectly
via the induction of numerous macrophage-derived biological factors, such as production of NO
and reactive oxygen species, secretion of proinflammatory cytokines, including TNF-α, IL-1β, IL-6,
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IL-8, IL-12, and activation of IFNβ [1,3,31,34,35]. In our current study, we found a novel immune
activator in the extracts of BSF larvae (Hermetia illucens) that can stimulate the production of NO
and secretion of proinflammatory cytokines in the same manner as that of LPS, a widely known
immunomodulator. NO production in mouse macrophage-derived RAW264.7 cells was used as a
marker of immunomodulatory activity to asses this newly identified compound. We named this
water-soluble immune activator dipterose-BSF.

The activation of innate immunity by macrophages is induced by the recognition of
pathogen-associated molecular patterns (PAMPs) in lipids, peptides, nucleic acids, proteins, and
carbohydrates in microorganisms [36,37]. Moreover, chitin and chitin derivatives, which are mainly
found in the exoskeleton of insects and are comprised of N-acetyl-β-d-glucosamine, can also stimulate
innate immunity due to their existence in the cell walls of pathogenic fungi [38]. Although a wide
variety of bioactive substances and peptides can be found in insect species, Ohta et al. [5] revealed
that insects could induce novel immune activators that are not chitin, chitin derivatives, proteins,
or peptides. Further analysis using ultrafiltration and proteinase treatment indicated that the novel
immune activator from insects was a polysaccharide [6,7]. In our present study, we identified a novel
acidic polysaccharide in the BSF larvae (Hermetia illucens), termed dipterose-BSF, with a molecular
weight of 1.47 × 105 and composed of ten monosaccharides.

Generally, the immunomodulatory activities of polysaccharides are strongly related with their
structural features, such as molecular weight, monosaccharide composition, and glycosidic bonds [23,32].
Previous studies suggest that polysaccharides with a high molecular mass usually exhibit significant
biological activities compared with low-molecular-mass polysaccharides, as the high-molecular-mass
polysaccharides may exhibit more repetitive structures, which could interact with receptors or other
membrane targets [39]. The immunomodulatory polysaccharides from insects, such as silkrose
of Antheraea yamamai (Silkrose-AY) [6], silkrose of Bombyx mori (Silkrose-BM) [7], and dipterose of
Bactrocera cucurbitae (dipterose-BC) [5] were found to be high-molecular-weight polysaccharides,
suggesting a positive correlation between high molecular weight and immunomodulatory activity of
the bioactive polysaccharides. Similar to previous findings, the current study showed that dipterose-BSF
has a high molecular weight (1.47 × 105) and induced the activation of innate immunity in RAW264.7
cells in the same manner as that of LPS.

As described above, polysaccharides with medicinal properties rely on their structure to induce
the activation of the immune system. In our current study, we did not show the glycosidic bond
of dipterose-BSF. However, monosaccharide analysis by GC-MS system revealed that dipterose-BSF
predominantly contains d-galactose, d-glucose, and l-arabinose. Previous studies have proven that the
presence of galactose, glucose, and arabinose as monosaccharides can stimulate immunomodulatory
activities in RAW264.7 macrophage cell lines [23,32,39], YAC-1 lymphoma cell lines [32], and mice
splenocytes [32,39,40]. Besides, dipterose-BSF also possesses l-rhamnose, an activated monosaccharide
that mainly exists in plants, fungi, or bacteria [41]. Although insects, in contrast to plants, cannot
synthesize uridine diphosphate (UDP)-rhamnose via the de novo pathway of UDP-d-glucose [42],
Ohta et al. [5,6] suggested that insects can produce UDP-rhamnose using a de novo pathway from
another unidentified UDP-sugar. Therefore, further investigation in this matter is needed to get a
better insight into how insects can produce bioactive polysaccharides. Thus, our results suggest that
the immunomodulatory activities of dipterose-BSF are closely related to its specific monosaccharides,
which may serve as recognition sites of cell receptors, leading to the activation of immune response.

The initial step in the activation of innate immunity is the recognition of unique chemical structures
of foreign matters, known as PAMPs, by PRRs [43,44]. One of the PRRs that have often been associated
with the stimulation of immune responses by polysaccharides is TLRs [3,43,45]. To date, 12 distinct TLR
family members have been found in mammals [46]. Among the TLR members, TLR2 and TLR4 have
proven to be important PRRs involved in the recognition of PAMPs induced by bacteria, fungi, parasites,
and viruses [37,47]. Naturally derived polysaccharides, such as those from Ganoderma lucidum [48],
Pseudallescheria boydii [49], Phoma herbarum [50], and Lepidium meyenii [51] have been found to be
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associated with TLR2 and TLR4 receptors for inducing immunomodulatory activities. In the current
study, neutralizing antibodies against TLR2 and TLR4 significantly attenuated the NO-producing
activity of dipterose-BSF. Additionally, it is notable that, in this study, dipterose-BSF stimulated both
TLR2 and TLR4, in contrast to our previous findings in dipterose-BC that exhibited recognition by
TLR4 but not TLR2 [5].

The stimulation of TLR2/4 receptor facilitates the activation of several downstream signaling
molecules, such as the adaptor molecule MyD88, IL-1R-associated kinases, transforming growth
factor-β-activated kinase (TAK1), TAK1-binding protein 1 (TAB1), TAB2, and TNF receptor-associated
factor 6. The subsequent interaction between these signaling molecules plays critical roles in the release
of NF-κB into the nucleus, triggering the transcriptional activation of proinflammatory cytokines
and production of NO via the secretion of iNOS protein [37,43]. Secretion of cytokines, such as
TNF-α, IL-6, and IL-1β is specifically mediated by MyD88-dependent pathways, whereas IFNβ is
secreted by the activation of IRF3 via an MyD88-independent pathway [22,52,53]. In our research,
treatment of RAW264.7 cells with dipterose-BSF significantly increased the expression levels of not
only the proinflammatory cytokines, such as TNF-α, IL-6, and IL-1β, but also those of IFNβ, indicating
that dipterose-BSF is involved in both MyD88-dependent and -independent pathways to generate
proinflammatory cytokines. Moreover, stimulation with dipterose-BSF induced the degradation of IκB
and translocation of NF-κB into the nucleus. Taken together, our results demonstrate that TLR2 and
TLR4 were the possible receptors of dipterose-BSF in RAW264.7 cells. However, TLR is at least one of
many receptors involved in the activation of macrophages, indicating that some other receptors may
also be associated with dipterose-BSF stimulation [43].

5. Conclusions

In summary, we successfully identified a novel polysaccharide from BSF larvae, named
dipterose-BSF, which can activate the innate immunity of mammalian macrophages. Our present study
provided us with a wider perspective of the utilization of insects, not only for protein sources, but
also as promising functional feed ingredients for further implementation in poultry, livestock, and fish
farming. Although the mass-producing techniques of BSF have been well developed, optimization
of the purification methods of dipterose-BSF is still needed to achieve wider implementation at an
industrial scale. Further investigation of dipterose-BSF by in vivo analysis is also necessary to elucidate
its optimal dose for practical application.
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15. Huyben, D.; Vidaković, A.; Hallgren, S.W.; Langeland, M. High-throughput sequencing of gut microbiota in
rainbow trout (Oncorhynchus mykiss) fed larval and pre-pupae stages of black soldier fly (Hermetia illucens).
Aquaculture 2019, 500, 485–491. [CrossRef]

16. Rimoldi, S.; Gini, E.; Iannini, F.; Gasco, L.; Terova, G. The effects of dietary insect meal from Hermetia illucens
prepupae on autochthonous gut microbiota of rainbow trout (Oncorhynchus mykiss). Animals 2019, 9, 143.
[CrossRef]

17. Bruni, L.; Pastorelli, R.; Viti, C.; Gasco, L.; Parisi, G. Characterisation of the intestinal microbial communities
of rainbow trout (Oncorhynchus mykiss) fed with Hermetia illucens (black soldier fly) partially defatted larva
meal as partial dietary protein source. Aquaculture 2018, 487, 56–63. [CrossRef]

18. Kawasaki, K.; Hashimoto, Y.; Hori, A.; Kawasaki, T.; Hirayasu, H.; Iwase, S.; Hashizume, A.; Ido, A.;
Miura, C.; Miura, T.; et al. Evaluation of black soldier fly (Hermetia illucens) larvae and pre-pupae raised on
household organic waste, as potential ingredients for poultry feed. Animals 2019, 9, 98. [CrossRef]

19. Nakamura, S.; Ichiki, R.T.; Shimoda, M.; Morioka, S. Small-scale rearing of the black soldier fly, Hermetia illucens
(Diptera: Stratiomyidae), in the laboratory: Low-cost and year-round rearing. Appl. Entomol. Zool. 2015, 51,
161–166. [CrossRef]

20. Dubois, M.; Gilles, K.A.; Hamilton, J.K.; Rebers, P.A.; Smith, F. Colorimetric method for determination of
sugars and related substances. Anal. Chem. 1956, 28, 350–356. [CrossRef]

21. Sassaki, G.L.; Souza, L.M.; Serrato, R.V.; Cipriani, T.R.; Gorin, P.A.J.; Lacomini, M. Application of acetate
derivatives for gas chromatography–mass spectrometry: Novel approaches on carbohydrates, lipids and
amino acids analysis. J. Chromatogr. A 2008, 1208, 215–222. [CrossRef]

22. Xia, M.Z.; Liang, Y.L.; Wang, H.; Chen, X.; Huang, Y.Y.; Zhang, Z.H.; Chen, Y.H.; Zhang, C.;
Zhao, M.; Xu, D.X.; et al. Melatonin modulates TLR4-mediated inflammatory genes through MyD88-and
TRIF-dependent signaling pathways in lipopolysaccharide-stimulated RAW264.7 cells. J. Pineal Res. 2012, 53,
325–334. [CrossRef] [PubMed]

http://dx.doi.org/10.5582/ddt.2015.01025
http://www.ncbi.nlm.nih.gov/pubmed/25994059
http://dx.doi.org/10.1371/journal.pone.0114823
http://dx.doi.org/10.1016/j.carbpol.2015.09.070
http://dx.doi.org/10.1038/s41598-018-27241-3
http://dx.doi.org/10.1603/0022-2585-39.4.695
http://dx.doi.org/10.1016/j.aspen.2010.11.003
http://dx.doi.org/10.1111/are.13611
http://dx.doi.org/10.1292/jvms.17-0236
http://www.ncbi.nlm.nih.gov/pubmed/29657236
http://dx.doi.org/10.1016/j.anifeedsci.2017.08.012
http://dx.doi.org/10.1016/j.fsi.2018.12.057
http://www.ncbi.nlm.nih.gov/pubmed/30590165
http://dx.doi.org/10.1016/j.aquaculture.2018.10.034
http://dx.doi.org/10.3390/ani9040143
http://dx.doi.org/10.1016/j.aquaculture.2018.01.006
http://dx.doi.org/10.3390/ani9030098
http://dx.doi.org/10.1007/s13355-015-0376-1
http://dx.doi.org/10.1021/ac60111a017
http://dx.doi.org/10.1016/j.chroma.2008.08.083
http://dx.doi.org/10.1111/j.1600-079X.2012.01002.x
http://www.ncbi.nlm.nih.gov/pubmed/22537289


Biomolecules 2019, 9, 677 14 of 15

23. Ferreira, S.S.; Passos, C.P.; Madureira, P.; Vilanova, M.; Coimbra, M.A. Structure–function relationships of
immunostimulatory polysaccharides: A review. Carbohydr. Polym. 2015, 132, 378–396. [CrossRef] [PubMed]

24. Gasco, L.; Finke, M.; van Huis, A. Can diets containing insects promote animal health? J. Insects Food Feed
2018, 4, 1–4. [CrossRef]

25. Ido, A.; Iwai, T.; Ito, K.; Ohta, T.; Mizushige, T.; Kishida, T.; Miura, C.; Miura, T. Dietary effects of housefly
(Musca domestica) (Diptera: Muscidae) pupae on the growth performance and the resistance against bacterial
pathogen in red sea bream (Pagrus major) (Perciformes: Sparidae). Appl. Entomol. Zool. 2015, 50, 213–221.
[CrossRef]

26. Ido, A.; Hashizume, A.; Ohta, T.; Takahashi, T.; Miura, C.; Miura, T. Replacement of fish meal by defatted
yellow mealworm (Tenebrio molitor) larvae in diet improves growth performance and disease resistance in
red seabream (Pagrus major). Animals 2019, 9, 100. [CrossRef]

27. Henry, M.A.; Gasco, L.; Chatzifotis, S.; Piccolo, G. Does dietary insect meal affect the fish immune system?
The case of mealworm, Tenebrio molitor on European sea bass, Dicentrarchus labrax. Dev. Comp. Immunol.
2018, 81, 204–209. [CrossRef]

28. Henry, M.A.; Gai, F.; Enes, P.; Peréz-jiménez, A.; Gasco, L. Effect of partial dietary replacement of fishmeal by
yellow mealworm (Tenebrio molitor) larvae meal on the innate immune response and intestinal antioxidant
enzymes of rainbow trout (Oncorhynchus mykiss). Fish Shellfish Immunol. 2018, 83, 308–313. [CrossRef]

29. Sankian, Z.; Khosravi, S.; Kim, Y.O.; Lee, S.M. Effects of dietary inclusion of yellow mealworm (Tenebrio molitor)
meal on growth performance, feed utilization, body composition, plasma biochemical indices, selected
immune parameters and antioxidant enzyme activities of mandarin fish (Siniperca scherze) juveniles.
Aquaculture 2018, 496, 79–87. [CrossRef]

30. Song, S.G.; Chi, S.Y.; Tan, B.P.; Liang, G.L.; Lu, B.Q.; Dong, X.H.; Yang, Q.H.; Liu, H.Y.; Zhang, S. Effects of
fishmeal replacement by Tenebrio molitor meal on growth performance, antioxidant enzyme activities and
disease resistance of the juvenile pearl gentian grouper (Epinephelus lanceolatus ♂× Epinephelus fuscoguttatus
♀). Aquac. Res. 2018, 49, 2210–2217. [CrossRef]

31. Beutler, B. Innate immunity: An overview. Mol. Immunol. 2004, 40, 845–859. [CrossRef]
32. Bi, S.; Jing, Y.; Zhou, Q.; Hu, X.; Zhu, J.; Guo, Z.; Song, L.; Yu, R. Structural elucidation and immunostimulatory

activity of a new polysaccharide from Cordyceps militaris. Food Funct. 2018, 9, 279–293. [CrossRef] [PubMed]
33. Wynn, T.A.; Chawla, A.; Pollard, J.W. Origins and hallmarks of macrophages: Development, Homeostasis,

and Disease. Nature 2013, 496, 445–455. [CrossRef] [PubMed]
34. Aderem, A.; Underhill, D.M. Mechanisms of phagocytosis in macrophages. Annu. Rev. Immunol. 1999, 17,

593–623. [CrossRef] [PubMed]
35. Macmicking, J.; Xie, Q.; Nathan, C. Nitric oxide and macrophage. Annu. Rev. Immunol. 1997, 15, 323–350.

[CrossRef]
36. Yan, Z.; Hansson, G.K. Innate immunity, macrophage activation, and atherosclerosis. Immunol. Rev. 2007,

219, 187–203. [CrossRef]
37. Akira, S.; Takeda, K. Toll-like receptor signalling. Nat. Rev. Immunol. 2004, 4, 499–511. [CrossRef]
38. Lee, C.G.; da Silva, C.A.; Lee, J.Y.; Hartl, D.; Elias, J.A. Chitin regulation of immune responses: An old

molecule with new roles. Curr. Opin. Immunol. 2008, 20, 684–689. [CrossRef]
39. Rong, Y.; Yang, R.; Yang, Y.; Wen, Y.; Liu, S.; Li, C.; Hu, Z.; Cheng, X.; Li, W. Structural characterization of

an active polysaccharide of longan and evaluation of immunological activity. Carbohydr. Polym. 2019, 213,
247–256. [CrossRef]

40. Kralovec, J.A.; Metera, K.L.; Kumar, J.R.; Watson, L.V.; Girouard, G.S.; Guan, Y.; Carr, R.I.; Barrow, C.J.;
Ewart, H.S. Immunostimulatory principles from Chlorella pyrenoidosa—Part 1: Isolation and biological
assessment in vitro. Phytomedicine 2007, 14, 57–64. [CrossRef]

41. Giraud, M.F.; Naismith, J.H. The rhamnose pathway. Curr. Opin. Struct. Biol. 2000, 10, 687–696. [CrossRef]
42. Oka, T.; Nemoto, T.; Jigami, Y. Functional analysis of Arabidopsis thaliana RHM2/MUM4, a multidomain

protein involved in UDP-D-glucose to UDP-L-rhamnose conversion. J. Biol. Chem. 2007, 282, 5389–5403.
[CrossRef] [PubMed]

43. Takeuchi, O.; Akira, S. Pattern recognition receptors and inflammation. Cell 2010, 140, 805–820. [CrossRef]
[PubMed]

44. Kawai, T.; Akira, S. The role of pattern-recognition receptors in innate immunity: Update on Toll-like
receptors. Nat. Immunol. 2010, 11, 373–384. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.carbpol.2015.05.079
http://www.ncbi.nlm.nih.gov/pubmed/26256362
http://dx.doi.org/10.3920/JIFF2018.x001
http://dx.doi.org/10.1007/s13355-015-0325-z
http://dx.doi.org/10.3390/ani9030100
http://dx.doi.org/10.1016/j.dci.2017.12.002
http://dx.doi.org/10.1016/j.fsi.2018.09.040
http://dx.doi.org/10.1186/s41240-019-0123-6
http://dx.doi.org/10.1111/are.13677
http://dx.doi.org/10.1016/j.molimm.2003.10.005
http://dx.doi.org/10.1039/C7FO01147D
http://www.ncbi.nlm.nih.gov/pubmed/29168868
http://dx.doi.org/10.1038/nature12034
http://www.ncbi.nlm.nih.gov/pubmed/23619691
http://dx.doi.org/10.1146/annurev.immunol.17.1.593
http://www.ncbi.nlm.nih.gov/pubmed/10358769
http://dx.doi.org/10.1146/annurev.immunol.15.1.323
http://dx.doi.org/10.1111/j.1600-065X.2007.00554.x
http://dx.doi.org/10.1038/nri1391
http://dx.doi.org/10.1016/j.coi.2008.10.002
http://dx.doi.org/10.1016/j.carbpol.2019.03.007
http://dx.doi.org/10.1016/j.phymed.2005.09.002
http://dx.doi.org/10.1016/S0959-440X(00)00145-7
http://dx.doi.org/10.1074/jbc.M610196200
http://www.ncbi.nlm.nih.gov/pubmed/17190829
http://dx.doi.org/10.1016/j.cell.2010.01.022
http://www.ncbi.nlm.nih.gov/pubmed/20303872
http://dx.doi.org/10.1038/ni.1863
http://www.ncbi.nlm.nih.gov/pubmed/20404851


Biomolecules 2019, 9, 677 15 of 15

45. Zhang, X.; Qi, C.; Guo, Y.; Zhou, W.; Zhang, Y. Toll-like receptor 4-related immunostimulatory polysaccharides:
Primary structure, activity relationships, and possible interaction models. Carbohydr. Polym. 2016, 149,
186–206. [CrossRef] [PubMed]

46. Akira, S.; Uematsu, S.; Takeuchi, O. Pathogen recognition and innate immunity. Cell 2006, 124, 783–801.
[CrossRef]

47. Aderem, A.; Ulevitch, R.J. Toll-like receptors in the induction of the innate immune response. Nature 2000,
406, 782–787. [CrossRef] [PubMed]

48. Lin, K.I.; Kao, Y.Y.; Kuo, H.K.; Yang, W.B.; Chuo, A.; Lin, H.H.; Yu, A.L.; Wong, C.H. Reishi polysaccharides
induce immunoglobulin production through the TLR4/TLR2-mediated induction of transcription factor
Blimp-1. J. Biol. Chem. 2006, 281, 24111–24123. [CrossRef]

49. Figueiredo, R.T.; Bittencourt, V.C.B.; Lopes, L.C.L.; Sassaki, G.; Barreto-Bergter, E. Toll-like receptors (TLR2
and TLR4) recognize polysaccharides of Pseudallescheria boydii cell wall. Carbohydr. Res. 2012, 356, 260–264.
[CrossRef]

50. Zhang, X.; Ding, R.; Zhou, Y.; Zhu, R.; Liu, W.; Jin, L.; Yao, W.; Gao, X. Toll-like receptor 2 and Toll-like
receptor 4-dependent activation of B cells by a polysaccharide from marine fungus Phoma herbarum YS4108.
PLoS ONE 2013, 8, e60781. [CrossRef]

51. Zha, Z.; Wang, S.Y.; Chu, W.; Lv, Y.; Kan, H.; Chen, Q.; Zhong, L.; Yue, L.; Xiao, J.; Wang, Y.; et al. Isolation,
purification, structural characterization and immunostimulatory activity of water-soluble polysaccharides
from Lepidium meyenii. Phytochemistry 2018, 147, 184–193. [CrossRef]

52. Bagchi, A.; Herrup, E.A.; Warren, H.S.; Trigilio, J.; Shin, H.S.; Valentine, C.; Hellman, J. MyD88-dependent
and MyD88-independent pathways in synergy, priming, and tolerance between TLR agonists. J. Immunol.
2007, 178, 1164–1171. [CrossRef] [PubMed]

53. Yamamoto, M.; Sato, S.; Hemmi, H.; Hoshino, K.; Kaisho, T.; Sanjo, H.; Takeuchi, O.; Sugiyama, M.; Okabe, M.;
Takeda, K.; et al. Role of adaptor TRIF in the MyD88-independent Toll-like receptor signalling pathway.
Science 2003, 301, 640–643. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.carbpol.2016.04.097
http://www.ncbi.nlm.nih.gov/pubmed/27261743
http://dx.doi.org/10.1016/j.cell.2006.02.015
http://dx.doi.org/10.1038/35021228
http://www.ncbi.nlm.nih.gov/pubmed/10963608
http://dx.doi.org/10.1074/jbc.M601106200
http://dx.doi.org/10.1016/j.carres.2012.02.028
http://dx.doi.org/10.1371/journal.pone.0060781
http://dx.doi.org/10.1016/j.phytochem.2018.01.006
http://dx.doi.org/10.4049/jimmunol.178.2.1164
http://www.ncbi.nlm.nih.gov/pubmed/17202381
http://dx.doi.org/10.1126/science.1087262
http://www.ncbi.nlm.nih.gov/pubmed/12855817
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Preparation of BSF Larvae Extract 
	Purification of a Bioactive Polysaccharide from BSF Larvae Extract 
	Determination of Molecular Weight of the BSF Polysaccharide 
	Determination of the Monosaccharide Composition of the BSF Polysaccharide 
	Cell Culture 
	Measurement of NO Production 
	TLR2 and TLR4 Blocking Experiment 
	Isolation of Total RNA and Real-Time PCR 
	Immunoblot Analysis 
	Statistical Analysis 

	Results 
	Isolation of a Bioactive Polysaccharide from the BSF Larvae 
	Identification of the Monosaccharide Composition of Dipterose-BSF 
	Effects of Dipterose-BSF on the Activation of Innate Immune System In Vitro 
	Effects of TLR2 and TLR4 Inhibition on the NO-Producing Activity of Dipterose-BSF In Vitro 
	Effects of Dipterose-BSF on the TLR Signaling Pathway 

	Discussion 
	Conclusions 
	References

