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Abstract. Multiple exopolysaccharides (EPSs) have been 
isolated from various organisms in extreme environments 
and have yielded a variety of activities. The present study 
evaluated the immunomodulatory capabilities of an EPS 
(termed PH‑EPS) derived from the fungus Paecilomyces 
lilacinus PH0016, which was isolated from a tropical and 
hyperhaline environment in southern China. The macrophage 
RAW 264.7 cell line was used to investigate the mechanism of 
PH‑EPS‑induced macrophage activation. The results indicated 
that RAW 264.7 macrophages were activated by PH‑EPS, 
in an effect slightly inferior to lipopolysaccharide (LPS), as 
evidenced by secretion of interleukin (IL)‑1β, tumor necrosis 
factor (TNF)‑α and nitric oxide (NO), and by significantly 
increased phagocytosis in the cells treated with PH‑EPS. 
Nuclear factor (NF)‑κB p65 was significantly translocated into 
the nucleus in the PH‑EPS‑treated cells. In addition, expression 
of inducible NO synthase (iNOS) and IκB‑α degradation were 
enhanced in PH‑EPS‑treated cells. The phosphorylation levels 
of p38, JNK and ERK were also significantly increased in the 
PH‑EPS‑treated cells. Furthermore, IL‑1β and TNF‑α produc-
tion was markedly decreased in PH‑EPS‑treated cells when 
the mitogen‑activated protein kinase (MAPK) pathways were 
blocked by the inhibitor Dectin‑1 and by antibodies against 
Toll‑like receptor 4 (TLR4). The present results indicated that 
PH‑EPS from Paecilomyces lilacinus possessed the capability 

of activating RAW 264.7 cells via the TLR4/NF‑κB/MAPKs 
signaling pathway.

Introduction

Macrophages exist in all vertebrate tissues and are important 
in the immune system, where they may connect innate and 
adaptive immunity (1‑3). Macrophages are involved in acti-
vating many innate and adaptive immune responses, including 
the production of various soluble mediators, the phagocytosis 
of apoptotic cells and even the presentation of non‑self anti-
gens with their own human leukocyte antigen molecules to 
T lymphocytes for initiating adaptive immunity (4). Although 
most of the functions in macrophages are constitutive, fully 
competent activation of macrophages still requires external 
stimulation, such as contact with cytokines, cooperation with 
certain extracellular matrix components and interaction with 
T cells (4). Therefore, macrophages are considered to be the 
major target cells of various biologically active substances. 
Macrophages can be activated through various signaling path-
ways. At present, the most studied signaling pathways related 
to macrophage activation are the mitogen‑activated protein 
kinase (MAPK) and nuclear factor (NF)‑κB pathways (5‑10). 
Various pattern recognition receptors (PRRs) exist on the 
macrophage surface, such as complement receptor type 3 
(CR3), Dectin‑1 and Toll‑like receptors (TLRs)  (11‑14). In 
addition, various stimuli can act as ligands that bind to these 
receptors and then prime the signaling pathways to activate 
macrophages (12‑14).

At present, an increasing number of exopolysaccharides 
(EPSs) have been isolated from special natural sources, 
including bacteria, fungi and plants. Multiple studies have 
shown that EPSs have antioxidant, immunomodulatory, 
antiviral, antibacterial, antitumor and even antidiabetic 
effects  (15‑18). Therefore, EPSs may serve as immune 
modulators in a variety of applications.

Recently, our group discovered a novel fungus strain of 
Paecilomyces lilacinus, PH0016, which was isolated from 
a mangrove environment in Hainan, a tropical and hyper-
haline subenvironment in southern China (19‑21). To date, 
only one study has reported the host‑parasite interactions 
between P. lilacinus and macrophages (22). To the best of our 
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knowledge, there are no studies related to EPSs derived from 
P. lilacinus. The present study isolated the EPS from PH0016 
(termed here PH‑EPS) and investigated its immunomodula-
tory activity and its potential molecular mechanisms in RAW 
264.7 macrophages.

Materials and methods

Antibodies and reagents. Antibodies targeting NF‑κB p65 (cat. 
no. ab32536), inhibitor of κB (IκB)‑α (cat. no. ab32518), p38 
(cat. no. ab170099), phosphorylated (p‑)p38 (cat. no. ab47363), 
ERK (cat. no. ab115799), p‑ERK (cat. no. ab222493), inducible 
nitric oxide synthase (iNOS, cat. no. ab213987), TLR2 (cat. 
no. ab209217), TLR4 (cat. no. ab13556), JNK (cat. no. ab179461), 
p‑JNK (cat. no. ab124956), Dectin‑1 (cat. no. ab140039) and 
CD11b (also known as CR3, cat. no. ab133357) were purchased 
from Abcam. Lipopolysaccharide (LPS), fetal bovine serum 
(FBS), streptomycin, penicillin‑G, the pyrrolidine dithio-
carbamate (PDTC) and BAY11‑7082 inhibitors, Dulbecco's 
modified Eagle's medium (DMEM), enhanced chemilumi-
nescence (ECL) kit, and nitric oxide (NO) assay kit (Griess 
reagent) were obtained from Gibco (Thermo Fisher Scientific, 
Inc.). 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium 
bromide (MTT), dimethyl sulfoxide (DMSO), polymyxin B 
(PMB), FITC‑dextran, and the inhibitors of p38 (SB203580), 
JNK (SP600125) and ERK (PD98059) were purchased from 
Sigma‑Aldrich (Merck KGaA). Murine ELISA Kits for detec-
tion of tumor necrosis factor (TNF)‑α (cat. no. EK0527) and 
interleukin (IL)‑1β (cat. no. EK0394) were purchased from 
Wuhan Boster Biological Technology, Ltd.

Preparation of PH‑EPS. The fungus strain P. lilacinus 
PH0016 was maintained in Hainan Provincial Key Laboratory 
of Tropical Medicine. Preparation of EPSs from P. lilacinus 
PH0016 was performed as previously described  (15). In 
brief, Paecilomyces lilacinus PH0016 was cultured in Potato 
Dextrose Agar on a rotator at 180 rpm at 28˚C for 10 days. 
Then, the concentrated supernatant of the culture was obtained 
using a rotary evaporator and was further processed by ethanol 
precipitation, dialysis and protein depletion. The crude poly-
saccharides were then purified through Sephadex G‑75 and 
DEAE‑Sepharose (Klamar). After being dialyzed and lyophi-
lized, the purified PH‑EPS was obtained. The PH‑EPS was 
confirmed to be free of protein and nucleic acid by ultraviolet 
detection at absorbance of 260 and 280 nm, respectively. The 
components of PH‑EPS (32.3 kDa) included rhamnose, fucose, 
xylose, glucose, mannose and galactose, in which the relative 
molar ratio was 17.5:16.9:2.3:21.5:27.4:14.4, based on gas chro-
matography.

Cell culture. The mouse macrophage cell line RAW 264.7 was 
purchased from The Cell Bank of Type Culture Collection of 
Chinese Academy of Sciences. Cells at the logarithmic phase 
were cultured with or without PH‑EPS (0‑800 µg/ml) in DMEM 
supplemented with streptomycin (100 µg/ml), penicillin‑G 
(100 U/ml) and 10% FBS in a standard humidified incubator 
(Sanyo Electric Co., Ltd.) at 37˚C containing 5% CO2.

MTT assay. RAW 264.7 cells (4x105 cells/ml) at logarithmic 
phase were cultured at 37˚C with 5% CO2 in 96‑well plates 

overnight. They were then treated with various doses of 
PH‑EPS (0‑800 µg/ml) or LPS (1 µg/ml) for 24 h. Thereafter, 
MTT reagent (5 mg/ml, 10 µl/well) was added to the well at 
37˚C for another 4 h. Finally, the supernatant was discarded, 
and DMSO (150 µl) was added into each well for solubilizing 
the formazan. The absorbance of the dissolved solutions 
was detected at 490 nm using a microplate reader (EXL808; 
BioTek Instruments, Inc.).

NO production. The macrophage RAW 264.7 cells at loga-
rithmic phase were cultured at 37˚C with 5% CO2 for 1 day and 
then incubated with PH‑EPS (0‑600 µg/ml) or LPS (1 µg/ml, 
as positive control) for a day. The NO production was detected 
using a commercially available Griess reagent kit (Molecular 
Probes; Thermo Fisher Scientific, Inc.). A sodium nitrite stan-
dard curve was established for calculating the concentration 
of nitrite and the 540 nm absorbance was recorded using a 
microplate reader.

Cytokine assay. RAW 264.7 macrophage cells at logarithmic 
phase were cultured and treated with PH‑EPS (0‑600 µg/ml) 
or LPS (1 µg/ml) for 1 day. The concentration of TNF‑α and 
IL‑1β in the supernatants of the cell culture was detected 
using commercially available ELISA kits from Wuhan Boster 
Biological Technology, Ltd.

Determination of dextran uptake by flow cytometry. The 
dextran uptake by RAW 264.7 cells was identified as in a 
previous study (15). RAW 264.7 cells (5x105 cells/ml in each 
well) were cultured with PH‑EPS (0‑600  µg/ml) or LPS 
(1 µg/ml) for 1 day at 37˚C with 5% CO2 in 6‑well plates. 
Cells were collected, followed by suspension in 1  mg/ml 
FITC‑labeled dextran (100 µl/well). Thereafter, cells were 
further cultured at 37˚C with 5% CO2 for 0.5 h. Then cold 
PBS (2 ml) mixed with 0.02% sodium azide and 1% human 
serum (Gibco; Thermo Fisher Scientific, Inc.) were added to 
each well to terminate the uptake of dextran. Finally, the RAW 
264.7 cells were washed with cold PBS for three times and 
the level of the dextran uptake was indicated as the fluores-
cence intensity detected by flow cytometry (FACSCalibur; 
BD Biosciences) and analyzed by FlowJo software version 10 
(FlowJo LLC).

Immunofluorescence analysis. The RAW 264.7 macro-
phage cells (5x105 cells/ml in each well) were incubated on 
glass coverslips and treated with PH‑EPS (200 µg/ml) or 
LPS (1 µg/ml, for positive control) for 1 h. Subsequently, 
the cells were rinsed with cold PB at least three times and 
fixed with 4% paraformaldehyde at 37˚C for 30‑60  min. 
Thereafter, the cells were permeabilized with 0.2% Triton 
X‑100, blocked with bovine serum albumin (5% in PBS; 
Gibco; Thermo Fisher Scientific, Inc.) at 37˚C for 30 min, and 
incubated with anti‑NF‑κB p65 (1:100) at 37˚C for 30 min. 
Then, the cells were thoroughly rinsed in PBS and incubated 
with a Cy3‑labeled goat anti‑rabbit IgG secondary antibody 
(cat. no. BA1032; Wuhan Boster Biological Technology, Ltd.) 
at 1:100 for 30 min at 37˚C. DAPI was used as a nuclear 
counterstain at 37˚C for 30 min. Images were captured via 
an Olympus FV300 confocal laser scanning microscope 
(Olympus Corporation).
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Western blotting. Western blotting was performed as 
described previously (23). Briefly, the RAW 264.7 cells at 
logarithmic phase were treated with PH‑EPS (0‑600 µg/ml) 
or LPS (1 µg/ml) for 24 h, then the cells were washed three 
times with PBS and lysed in RIPA buffer (1 mM EDTA, 
0.1% Triton X‑100, 50 mM Tris, 1 mM phenylmethylsulfonyl 
fluoride, 1% sodium deoxycholate and 150 mM NaCl). The 
concentration of the protein in the supernatant was determined 
by a protein assay kit (bicinchoninic acid; Pierce, Thermo 
Fisher Scientific, Inc.). The supernatants were separated 
by 12% SDS‑PAGE and the gel was then transferred onto 
PVDF membranes (EMD Millipore) using a mini transblot 
system (Bio‑Rad Laboratories, Inc.). Thereafter, the PVDF 
membranes were blocked with 10% non‑fat milk at 37˚C for 
2 h, incubated with the aforementioned primary antibodies 
(see the Antibodies and Reagents section; diluted 1:100) 
overnight at 4˚C, followed by incubating with horseradish 
peroxidase‑conjugated goat anti‑rabbit IgG secondary anti-
bodies (1:100; cat. no. ab205718; Abcam) for 1‑2 h at room 
temperature. Enhanced chemiluminescence (ECL) Western 
Blotting Substrate A and B (cat. no. AR1170; Wuhan Boster 
Biological Technology, Ltd.) were used at 1:1 for detecting 
target proteins and the semi‑quantitated band densities were 
acquired using ImageJ 1.8.0 (National Institutes of Health).

Inhibition of MAPK and NF‑κB pathways. Specific inhibitors 
were used for inhibiting the MAPK and NF‑κB pathways 
as described previously (15). In brief, p38 MAPK inhibitor 
(25 µM SB203580), NF‑κB inhibitors (10 µM BAY11‑7082 
or 50 µM PDTC), ERK inhibitor (25 µM PD98059) and JNK 
inhibitor (25 µM SP600125) were used to pretreat the RAW 
264.7 cells for 1 h. Thereafter, the cells were treated with or 
without 1 µg/ml LPS or 200 µg/ml PH‑EPS for 1 day at 37˚C. 
ELISA kits were then used to detect the levels of IL‑1β and 
TNF‑α in the supernatant.

Blocking experiments with antibodies. The roles of Dectin‑1, 
CR3, TLR2 and TLR4 on the production of cytokines 
induced by PH‑EPS were also investigated as described previ-
ously (15). Briefly, the cells were first incubated with 20 µg/ml 
blocking antibodies against Dectin‑1, CR3, TLR2, or TLR4 
for 2 h. Subsequently, the cells were treated with 200 µg/ml 
PH‑EPS and incubated for 1 day. ELISA kits were employed to 
determine the IL‑1β and TNF‑α in the supernatants.

Statistical analysis. Data analysis was performed using 
GraphPad Prism 6 software (GraphPad Software, Inc.). 
Non‑parametric two‑tailed Student's t‑test was used to analyze 
the difference of data from two samples and one‑ or two‑way 
ANOVA was used for comparing more than two samples 
followed by Bonferroni's post‑hoc test. Values are presented as 
mean ± standard deviation. P<0.05 was considered to indicate 
a statistically significant difference.

Results and Discussion

Effect of PH‑EPS on the RAW 264.7 cell viability. Since 
natural polysaccharides are less harmful and highly suscep-
tible to biodegradation than synthetic polymers, interest in 
the potential of EPSs for immunostimulatory therapy has 

increased sharply (24,25). In recent years, many microbial 
EPSs with novel functional properties have been isolated (26). 
The surface localization enables the EPSs to interact with 
micro‑ and macro‑organisms more easily. In addition, 
numerous polysaccharides isolated from natural sources are 
recognized as effective biological response modifiers with low 
toxicity, and used as safe and efficacious adjuvants in vaccines 
against pathogens and cancer (27). Considering that macro-
phages have an important role in the immune response against 
various stimuli of bacteria, the murine RAW 264.7 macro-
phage cell line was selected in the present study to investigate 
the potential immunomodulatory activity of PH‑EPS. The 
cells were treated with different concentrations of PH‑EPS for 
1 day and the MTT assay was used to measure cell viability. 
It was found that treatment with PH‑EPS concentrations of up 
to 600 µg/ml had no significant effect on the viability of RAW 
264.7 cells (Fig. 1).

NO production and iNOS expression. Macrophages are 
activated by various factors, including bacterial LPS and 
proinflammatory cytokines. Many cytokines can be secreted 
by activated macrophages, including IL‑1β, TNF‑α and other 
chemical mediators of inflammation such as NO (28). NO is 
produced by NO synthase, among which iNOS is the major 
contributor to NO production (29). As a signif﻿﻿icant intra‑ and 
extracellular messenger, NO participates in the elimination of 
microbes and tumor cells (29,30).

To identify whether PH‑EPS could increase the production 
of NO, the RAW 264.7 cells were treated with 1 µg/ml LPS or 
0‑600 µg/ml PH‑EPS. As presented in Fig. 2A, LPS treatment 
greatly increased the production of NO. PH‑EPS treatment also 
induced significant NO production in a dose‑dependent way 
(Fig. 2A). Considering that PH‑EPS was isolated from the 
fungus P. lilacinus, there is a possibility that the production 
of NO in PH‑EPS‑treated RAW 264.7 cells may be related to 
endotoxin contamination. To rule out this possibility, PMB, 
which binds to the lipid A moiety, was used to inhibit the 
biological activity of the LPS, as described previously (15). 
PH‑EPS and LPS were pretreated with 50 µg/ml PMB and 
then applied to the RAW 264.7 cells as aforementioned. The 

Figure 1. Effect of PH‑EPS on the viability of RAW 264.7 cells. Cells were 
treated with various concentrations of PH‑EPS for 1 day, and an MTT assay 
was used to determine cell viability. Data are expressed as mean ± standard 
deviation of 6 experiments. *P<0.05 vs. UT group. PH‑EPS, exopolysaccha-
rides derived from the fungus Paecilomyces lilacinus PH0016; UT, untreated.
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results indicated that NO production induced by LPS was 
significantly inhibited after LPS was pretreated with PMB, but 
the PMB pretreatment had no effect on PH‑EPS‑induced NO 
production. Thus, it can be concluded that the PH‑EPS itself, 
but not an endotoxin contamination, was the mediator of the 
NO production in macrophages.

To investigate whether a potential upregulation of iNOS 
was the underlying mechanism of the induced NO secretion 
in the PH‑EPS‑treated RAW 264.7 cells, the iNOS protein 
expression levels were measured by western blotting. The 
iNOS protein expression levels were significantly increased in 
the LPS‑treated cells (Fig. 2B). PH‑EPS treatment also signifi-
cantly induced iNOS expression, similar to NO production, in 
PH‑EPS‑treated cells (Fig. 2B). These results demonstrated 
that PH‑EPS could promote NO secretion via the upregulated 
iNOS expression in the RAW 264.7 cells.

PH‑EPS enhances secretion of IL‑1β and TNF‑α. IL‑1β and 
TNF‑α are two crucial proinflammatory cytokines produced 
by activated macrophages and are crucial for innate and 
adaptive immunities  (28). IL‑1β is produced in activated 
macrophages and it initiates a signaling cascade, leading to 
the transcription of various inflammatory cytokines. In addi-
tion, it can affect B cell proliferation and T cell maturation, 
and induce the expression of several inflammatory molecules, 
including NO, cyclooxygenase‑2, prostaglandin E and phos-
pholipase A2 (31,32). As a multifunctional cytokine, TNF‑α 
can initiate a cytokine cascade and induce the expression of 

immunoregulatory and inflammatory cytokines or other medi-
ators in an autocrine manner (28). TNF‑α secreted by activated 
macrophages is also a potential agent for cancer treatment 
through induction of tumor cell necrosis and apoptosis (33,34).

Thus, in the present study, the IL‑1β and TNF‑α levels 
were measured using ELISA assays, in order to determine 
whether PH‑EPS affected their secretion. As presented in 
Fig. 3, compared with the untreated control group (0 µg/ml), 
there was a significant increase in the levels of IL‑1β and 
TNF‑α in the LPS‑treated group (positive control). For the 
PH‑EPS‑treated groups, the levels of IL‑1β and TNF‑α were 
dose‑dependently increased (Fig. 3). These results indicated 
that PH‑EPS had the modulatory capacity of activating the 
RAW 264.7 cells to produce IL‑1β and TNF‑α.

PH‑EPS enhances phagocytic uptake in macrophage cells. 
Phagocytosis by macrophages is a vital function of innate immu-
nity, ingesting abnormal cells, cell debris, foreign particles and 
microorganisms. A key characteristic of activated macrophages 
is the increased phagocytic capability (35). Therefore, to inves-
tigate whether PH‑EPS could affect macrophage phagocytosis, 
the RAW 264.7 cells were co‑incubated with FITC‑labeled 
dextran and PH‑EPS for 1 day, while LPS was used as a positive 
control. The fluorescent intensity in the cells was then detected 
in order to evaluate the effects of PH‑EPS or LPS treatment on 
the phagocytic abilities of macrophages. Compared with the 
untreated control group, the fluorescent intensities in LPS‑ and 
PH‑EPS‑treated RAW 264.7 cells were significantly increased. 

Figure 2. Effect of PH‑EPS on iNOS expression and NO production. RAW 264.7 cells were treated with LPS (1 µg/ml) or the indicated dose of PH‑EPS for 1 day. 
(A) NO levels in the supernatant were measured. ***P<0.001, with comparisons indicated by brackets. (B) iNOS protein expression was analyzed by western 
blotting and the protein ratios were calculated. ***P<0.001 vs. UT group. Data are expressed as mean ± standard deviation of triplicate experiments. PH‑EPS, 
exopolysaccharides derived from the fungus Paecilomyces lilacinus PH0016; iNOS, inducible NO synthase; NO, nitric oxide; LPS, lipopolysaccharide; 
UT, untreated; PMB, polymyxin B; NS, not significant.
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As presented in Fig. 4, LPS‑treated cells had the strongest 
increase of fluorescent intensity. PH‑EPS‑treated cells had a 
dose‑dependent increase of fluorescent intensity (Fig. 4). These 
results demonstrated that PH‑EPS could activate macrophages 
to enhance their capability of phagocytosis.

PH‑EPS induces NF‑κB activation and IκB‑α degradation. 
NF‑κB, composed of a family of transcription factors, serves 
a key role in immunity, inflammation, cell survival, prolif-
eration and differentiation (10). Inactive NF‑κB is a complex 
containing IκB‑α, p50 and p65. The degradation, but not 
phosphorylation, of IκB‑α by stimuli such as LPS or PH‑EPS 
is the first step of activation of NF‑κB, leading to phos-
phorylation of p50 and p65. Thereafter, the p‑p50 and p‑p65 
subunits translocate from the cytoplasm into the nucleus, 
where they regulate different target genes (8,9,36). During 
this process, IκB‑α is degraded but not phosphorylated.

In order to investigate the role of the NF‑κB p65 signaling 
pathway in the PH‑EPS‑activated macrophages, immuno-
fluorescence analysis was performed to observe whether 
the translocation of NF‑κB p65 in the nucleus occurred. As 
expected, NF‑κB p65 in the untreated RAW 264.7 cells was 

mainly localized in the cytoplasm, while NF‑κB p65 obviously 
localized in the nucleus following treatment with 200 µg/ml 
PH‑EPS or 1 µg/ml LPS (Fig. 5A). In addition, compared with 
the untreated group, the protein expression levels of IκB‑α 
were significantly reduced in the cells treated with PH‑EPS 
in a dose‑dependent way; this reduction was also found in the 
LPS‑treated positive control group (Fig. 5B). These results 
indicated that IκB‑α was degraded in a dose‑dependent 
manner in PH‑EPS‑treated macrophages.

To further confirm that PH‑EPS‑mediated macrophage 
activation was associated with NF‑κB signaling, NF‑κB 
inhibitors (BAY11‑7082 and PDTC) were used to block 
NF‑κB signaling and then the levels of IL‑1β and TNF‑α 
were detected. Compared with unblocked cells, IL‑1β and 
TNF‑α levels were significantly decreased in RAW 264.7 
cells following NF‑κB inhibition (Fig. 5C and D). Together, 
the present results demonstrated that the NF‑κB signaling 
pathway was associated with IL‑1β/TNF‑α induction and 
macrophage activation.

PH‑EPS promotes phosphorylation of MAPKs. MAPKs are 
serine‑threonine kinases and MAPK phosphorylation can 

Figure 4. Effect of PH‑EPS on phagocytic uptake. The phagocytic uptake of FITC‑labeled dextran in RAW 264.7 cells was determined by flow cytometry. 
(A) Representative plots. (B) Quantitative histogram analysis about the phagocytic uptake of FITC‑dextran in the experimental groups. Data are expressed as 
mean ± standard deviation of 4 replicates. ***P<0.001 vs. UT group. PH‑EPS, exopolysaccharides derived from the fungus Paecilomyces lilacinus PH0016; 
FITC, fluorescein isothiocyanate; UT, untreated; LPS, lipopolysaccharide.

Figure 3. Effect of PH‑EPS on the secretion of IL‑1β and TNF‑α. RAW 264.7 cells were treated with LPS (1 µg/ml) or the indicated dose of PH‑EPS for 
1 day. (A) TNF‑α and (B) IL‑1β levels in the culture media were determined by ELISA. Data are expressed as mean ± standard deviation of 5 replicates. 
***P<0.001 vs. UT group. PH‑EPS, exopolysaccharides derived from the fungus Paecilomyces lilacinus PH0016; IL, interleukin; TNF, tumor necrosis factor; 
LPS, lipopolysaccharide; UT, untreated.
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lead to the activation of NF‑κB signaling following diverse 
extracellular stimuli, such as LPS, polysaccharides and proin-
flammatory cytokines (37). At present, ERK, JNK and p38 are 
considered to be the major cascades related to MAPK activa-
tion. These MAPK‑related pathways are important in signal 

transduction, can regulate cytokine release and affect multiple 
cell functions (38). Several studies have reported that polysac-
charides and LPS can result in the phosphorylation of p38, 
JNK and ERK, and subsequently in the cytokine secretion and 
NO release, in activated macrophages (39‑41).

Figure 5. Effect of PH‑EPS on NF‑κB signaling pathway. (A) Representative images (magnification, x600) captured by confocal laser scanning microscopy. 
Double immunofluorescence staining (NF‑κB p65 subunit, red; nucleus, blue) was used to analyze the localization of NFκ‑B. (B) IκB‑α degradation was 
analyzed by western blotting. Data are expressed as mean ± standard deviation of 3 replicates. ***P<0.001 vs. UT group. (C) Effect of NF‑κB inhibitors on the 
TNF‑α and (D) IL‑1β secretion induced by LPS or PH‑EPS. Data are expressed as mean ± standard deviation of 6 replicates. ***P<0.001 vs. control group. 
PH‑EPS, exopolysaccharides derived from the fungus Paecilomyces lilacinus PH0016; NF, nuclear factor; IκB, inhibitor of κB; TNF, tumor necrosis factor; 
IL, interleukin; LPS, lipopolysaccharide; UT, untreated.
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The present study investigated whether MAPK signaling 
pathways were associated with the macrophage activation by 
PH‑EPS treatment. The protein expression levels of ERK, 
JNK and p38, and their phosphorylated counterparts, were 
determined in the PH‑EPS‑treated cells via western blotting. 
Compared with the untreated control group, the levels of 
p‑ERK, p‑JNK and p‑p38 in the PH‑EPS‑treated cells were 
significantly enhanced (Fig. 6A‑C). In the LPS‑treated cells, 

the levels of p‑ERK, p‑JNK and p‑p38 were also signifi-
cantly increased. In addition, to further verify that MAPK 
phosphorylation was required for macrophage activation, 
the levels of IL‑1β and TNF‑α in cells co‑treated with 
MAPK inhibitors were detected by ELISA. As presented in 
Fig. 6D and E, when the phosphorylation of ERK, JNK and 
p38 in LPS or PH‑EPS‑treated RAW 264.7 cells was inhib-
ited by PD98059, SP600125 and SB203580, respectively, 

Figure 6. Effect of PH‑EPS on MAPK signaling pathway. RAW 264.7 cells were cultured with the indicated dose of PH‑EPS or LPS (1 µg/ml) for 1 day. 
(A) Protein expression levels of p‑ERK, (B) p‑JNK and (C) p‑p38 were normalized to total ERK, JNK, and p38, respectively. Data are expressed as 
mean ± standard deviation of 3 replicates. *P<0.05, **P<0.01 and ***P<0.001 vs. UT group. (D) RAW 264.7 cells were pretreated with the indicated MAPK 
inhibitors for 2 h, followed by incubation with LPS (1 µg/ml) or PH‑EPS (200 µg/ml). Levels of TNF‑α and (E) IL‑1β were determined by ELISA. Data are 
expressed as mean ± standard deviation of 4 replicates. *P<0.05, **P<0.01 and ***P<0.001 vs. control group. PH‑EPS, exopolysaccharides derived from the 
fungus Paecilomyces lilacinus PH0016; MAPK, mitogen‑activated protein kinase; p‑, phosphorylated; LPS, lipopolysaccharide; TNF, tumor necrosis factor; 
IL, interleukin.
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the secreted levels of IL‑1β and TNF‑α were significantly 
reduced. These results indicated that MAPKs (ERK, JNK 
and p38) participated in macrophage activation following 
PH‑EPS treatment.

PH‑EPS enhances secretion of IL‑1β and TNF‑α in RAW 
264.7 cells via TLR4 and Dectin‑1. Since polysaccharides are 
large molecules that cannot penetrate the cell membrane 
directly, it is impossible for polysaccharides to modulate 

Figure 8. PH‑EPS modulates the activation of RAW264.7 cells through the TLR4(Dectin‑1)/NF‑κB/MAPK pathway. PH‑EPS binds to TLR4 and Dectin‑1, 
which further activate the NF‑κB and MAPK signaling pathways, respectively, resulting in the enhanced production of NO, and secretion of the proinflamma-
tion cytokines TNF‑α and IL‑1β. PH‑EPS, exopolysaccharides derived from the fungus Paecilomyces lilacinus PH0016; TLR, Toll‑like receptor; NF, nuclear 
factor; MAPK, mitogen‑activated protein kinase; NO, nitric oxide; TNF, tumor necrosis factor; IL, interleukin.

Figure 7. Effect of anti‑PRR antibodies on cytokine secretion in PH‑EPS‑treated RAW264.7 cells. Blocking antibodies against the PRRs TLR2, TLR4, CR3 
and Dectin‑1 (20 µg/ml) were used to pretreat RAW 264.7 cells for 1 h, and then the cells were incubated with PH‑EPS (200 µg/ml) for 24 h. (A) Levels of 
TNF‑α and (B) IL‑1β in the supernatants were determined by ELISA. Data are expressed as mean ± standard deviation of 4 replicates. ***P<0.001 vs. control 
group. PRR, pattern recognition receptor; PH‑EPS, exopolysaccharides derived from the fungus Paecilomyces lilacinus PH0016; TLR, Toll‑like receptor; 
CR, complement receptor; TNF, tumor necrosis factor; IL, interleukin.
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immune response and intracellular events through interac-
tion with intracellular target molecules. Therefore, it is 
reasonable to hypothesize that receptor binding on the cell 
surface may be one of the pathways by which PH‑EPS acts 
on macrophages. To recognize various components on the 
fungal cell wall, macrophages express PRRs on their surface 
through which pathogen‑associated molecular patterns can 
be recognized (42). Recent studies have demonstrated that 
PRRs such as TLR4, TLR2, CR3 and Dectin‑1 have signifi-
cant roles in macrophage activation when being exposed to 
polysaccharides (14,43‑45).

To investigate whether TLR4, TLR2, CR3 and Dectin‑1 
were involved in the activation of the PH‑EPS‑treated RAW 
264.7 cells, the functions of TLR4, TLR2, CR3 and Dectin‑1 
were blocked by their corresponding monoclonal antibodies 
and then the cells were treated with PH‑EPS. Thereafter, IL‑1β 
and TNF‑α levels in the cell supernatants were determined. 
The results demonstrated that blocking TLR4 and Dectin‑1 
significantly inhibited the IL‑1β and TNF‑α secretion in 
PH‑EPS‑treated cells compared with the unblocked control 
group (Fig. 7). By contrast, blocking TLR2 and CR3 failed to 
inhibit the IL‑1β and TNF‑α secretion (Fig. 7). These results 
indicated that TLR4 and Dectin‑1 may be the direct recep-
tors of PH‑EPS involved in PH‑EPS‑induced macrophage 
activation.

In summary, the results of the present study demon-
strated that PH‑EPS has the immunostimulatory capability 
of activating RAW 264.7 cells, as evidenced by augmented 
expression of NO, IL‑1β and TNF‑α, and by enhanced phago-
cytosis ability. In addition, the results indicated that Dectin‑1 
and TLR4 may be two potential receptors that PH‑EPS can 
directly bind, thus activating the NF‑κB and MAPK signaling 
pathways. The proposed mechanism is summarized in Fig. 8. 
The current study demonstrated that PH‑EPS may be a prom-
ising adjuvant or antitumor agent with immunomodulatory 
activity.
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