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Abstract. Previous studies have shown that endoplasmic 
reticulum (ER) stress serves an important role in shaping 
the immunosuppressive microenvironment by modulating 
resident immune cells. However, the communication between 
ER-stressed tumor cells and immune cells is not fully under-
stood. Exosomes have been reported to play a vital role in 
intercellular communication. Therefore, in order to investigate 
the role of ER stress-related exosomes in liver cancer cells 
mediated macrophage function remodeling, immunohisto-
chemical analysis, western‑blotting immunofluorescence and 
cytokine bead array analyses were performed. The results 
demonstrated that glucose-regulated protein 78 (GRP78) 
expression was upregulated in human liver cancer tissue. 
Moreover, 69.09% of GRP78-positive liver cancer tissues 
possessed macrophages expressing CD68+ (r=0.55; P<0.001). 
In addition to these CD68+ macrophages, interleukin (IL)-10 
and IL-6 expression levels were increased in liver cancer 
tissues. It was also demonstrated that exosomes released by 
ER‑stressed HepG2 cells significantly enhanced the expres-
sion levels of several cytokines, including IL-6, monocyte 
chemotactic protein-1, IL-10 and tumor necrosis factor-α 
in macrophages. Furthermore, incubation of cells with ER 
stress-associated exosomes resulted inactivation of the Janus 
kinase 2/STAT3 pathway, and inhibition of STAT3 using 
S3I‑201 in RAW264.7 cells significantly reduced cytokine 
production. Collectively, the present study identified a novel 
function of ER stress-associated exosomes in mediating 

macrophage cytokine secretion in the liver cancer microen-
vironment, and also indicated the potential of treating liver 
cancer via an ER stress-exosomal-STAT3 pathway.

Introduction

Liver cancer is a common malignant tumor, which was reported 
to account for ~8.2% of cancer-associated mortality globally 
in 2018 (1,2). Escaping immunological surveillance has been 
extensively investigated in liver cancer in the past decade (3); 
however, the precise mechanisms remain unknown. Therefore, 
determining the molecular mechanisms contributing to 
immune escape in liver cancer cells, and identifying specific 
therapeutic targets, require further examination; which will 
improve the efficacy of immunotherapy and the development 
of novel immunotherapeutics.

Endoplasmic reticulum (ER) homeostasis is a basic 
condition for cell survival; however, in a hostile tumor 
microenvironment (TME), tumor cells frequently experience 
glucose and oxygen deprivation, oxidative stress and loss of 
Ca2+ homeostasis, which collectively contribute to the produc-
tion and accumulation of incompletely or incorrectly folded 
proteins in the lumen of the ER (4). Moreover, the accumula-
tion of misfolded proteins results in ER dysfunction, and thus, 
the cell enters a cellular state termed ‘ER stress’ in order to 
maintain cell survival (5,6). Mild and chronic upregulation of 
ER-stress activity enables malignant cells to exhibit several 
aggressive characteristics, such as invasion, metastasis and 
apoptotic-resistance (7). Furthermore, previous studies have 
shown that ER stress may disrupt anti-tumor immunity by 
modulating the role of tumor-associated macrophages (TAMs) 
residing in the TME (8,9). In addition, the intercellular inter-
action between ER-stressed tumor cells and resident immune 
cells in the TME has gained attention in several different 
types of cancer, for example liver cancer (10,11). However, the 
mediators linking these two types of cells are not yet fully 
understood.

Exosomes are a class of extracellular vesicles, possessing 
a double-layer membrane structure, that are secreted by 
almost all cell types and play a vital role in cell-to-cell 
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communication by acting as carriers of cell soluble proteins, 
lipids and RNA (12,13). Exosomes released by tumor cells 
are enriched in immunosuppressive molecules, as well as 
biologically-active soluble factors, which may interact with 
immunological effector cells in the TME, leading to the 
dysfunction of anti-tumor immunity by delivering immu-
nosuppressive signal (14,15). By suppressing the functions 
of immunological effector cells, tumor-derived exosomes 
promote tumor progression and facilitate tumor cell escape 
from immunological surveillance (16,17). Moreover, 
Chen et al (16) reported that exosomes released from hypoxic 
epithelial ovarian cancer cells deliver a range of microRNAs 
(miRNAs) to macrophages, and can remodel macrophages into 
an oncogenic phenotype to promote tumor cell proliferation 
and migration. However, whether exosome releasing from ER 
stressed liver cancer cells is capable of immunosuppression 
remains to be determined.

Therefore, the present study investigated the role of 
exosomes, released from ER-stressed liver cancer cells, on 
macrophage function. Furthermore, it was demonstrated that 
ER stress-associated exosomes increased cytokine production 
via the STAT3 pathway in macrophages.

Materials and methods

Cell culture. The human liver cancer cell line HepG2 (authen-
ticated using short tandem repeat profiling) and the murine 
macrophage cell line RAW264.7 were purchased from The 
Cell Bank of Type Culture Collection of the Chinese Academy 
of Sciences. Cells were cultured in DMEM (Thermo Fisher 
Scientific, Inc.) containing 10% heat‑inactivated FBS (Thermo 
Fisher Scientific, Inc.) at 37˚C in a humidified 5% CO2 atmo-
sphere.

Exosomes isolation. HepG2 cells were cultured in DMEM 
media containing 10% exosome-free FBS (System Biosciences, 
LLC) up to a confluence of 80%. Exosomes from the superna-
tants of normal cultured HepG2 cells (Exo-con) and HepG2 
cells treated with 2.5 µM tunicamycin (Sigma-Aldrich; 
Merck KGaA) (Exo‑TM) at 37˚C for 24 h were purified using 
ExoQuick Precipitation Solution (System Biosciences, LLC) 
at the volume ratio of 1:5, according to the manufacturer's 
protocol. Supernatants of the Exo-con group and the Exo-TM 
group were collected and centrifuged at 3,000 x g for 15 min 
at room temperature to remove cell debris. ExoQuick precipi-
tation solution was added to the centrifuged supernatant at a 
ratio of 1:5 (v/v), agitated and incubated at 4˚C for 12 h. After 
incubation, the mixture was centrifuged at 3,000 x g for 30 min 
at 4˚C, and the supernatants were removed and discarded. The 
pellet was centrifuged under the same conditions to remove 
excess fluid. Then, the plates (collected exosome mass) were 
washed twice with sterile PBS. Protein quantification of 
exosome preparations was measured using a bicinchoninic 
acid assay kit (Beyotime Institute of Biotechnology).

Transmission electron microscopy (TEM). The morphology 
and size of Exo-con and Exo-TM was measured using TEM 
(JEM‑1230; Jeol Ltd.). Exosomes were stored at ‑80˚C and 
thawed on ice when required. Then, 10 µl suspension liquid 
(sterile PBS) was added onto the formvar carbon-coated copper 

grids and the excess liquid was absorbed using a filter paper. 
Subsequently, 30 µl 2% phosphotungstic acid was added to the 
copper net to negatively stain exosomes at room temperature 
for 5 min, and the excess liquid was removed using filter paper. 
The grids were washed with PBS three times and dried under 
an incandescent lamp. Representative exosome images were 
captured using TEM.

Construction of tissue microarray (TMA). TMA was 
constructed as previously reported (18). Formalin-fixed 
(using 4% paraformaldehyde at room temperature for 24 h) 
and paraffin‑embedded liver cancer tumor tissues and paired 
healthy liver tissues were obtained from the Department of 
Pathology of The First Affiliated Hospital of Anhui Medical 
University between March 2004 and July 2010 as previously. A 
total of 89 patients were included in this study (21 women and 
68 men; age range, 28-76 years; mean ± standard deviation, 
51.0±12.3 years). To identify the target area for construction 
of TMAs, the 4-µm-thick specimen sections were analyzed 
using 0.5% hematoxylin and eosin-staining at room tempera-
ture for 1 min. Then, five representative 1‑mm cores (three 
tumor tissues and two paired healthy tissues) were obtained 
from each patient and marked tissues were embedded into a 
new blank paraffin block according to the design grid using a 
manual tissue arrayer (Nantong Hengtai Graphite Equipment 
Systems Co., Ltd., http://www.smlnq.com/en/index.asp).

Immunohistochemical analysis. The primary hepatocellular 
carcinoma (HCC) tumor tissues used were the same as used 
in a previous study (18). The protocol of the current study 
conforms to the Ethical Guidelines of the 1975 Declaration 
of Helsinki and was approved by the Ethics Committee of 
The First Affiliated Hospital of Anhui Medical University 
(approval no. 20040158). Written consent was provided by all 
the enrolled patients. Sections (thickness, 4 µm) were deparaf-
finized and 3% hydrogen peroxide in methanol was used to 
block endogenous peroxidase activity at room temperature for 
10 min. The slides were placed into heated (96‑98˚C) sodium 
citrate buffer (0.01 M; pH=6.0) for 15 min for antigen retrieval 
and allowed to cool at room temperature. Incubation with 5% 
BSA blocking solution (Beyotime Institute of Biotechnology) 
was performed for 20 min to block non‑specific binding at 
room temperature. The sections were subsequently incubated 
with primary antibodies, including glucose-regulated protein 
78 (GRP78; cat. no. ab108615; Abcam), CD68 (cat. no. ab955; 
Abcam), IL-6 (cat. no. ab9324; Abcam) and IL-10 (cat. 
no. ab34843; Abcam) in a moist chamber at 4˚C overnight; all 
primary antibodies were diluted at 1:200. After incubation, 
PBS was used to wash the sections, which were then incu-
bated with a biotinylated secondary antibody (1:5,000; cat. 
no. BA1004; Wuhan Boster Biological Technology, Ltd.) and 
peroxidase-conjugated streptavidin (cat. no. BA1088; Wuhan 
Boster Biological Technology, Ltd.) at room temperature for 
15-20 min. TMA sections were stained with 1% diamino-
benzidine solution for 1 min and counterstained using 0.5% 
hematoxylin for 30 sec at room temperature, respectively. The 
binding of target antigen was observed under an optical light 
Olympus microscope (magnification, x100 and x400).

The expression of GRP78 was scored by multiplying the 
staining intensity (0 for negative staining; 1 for light yellow; 
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2 for orange-brown and 3 for brown) with the percentage of 
stained cells (0 for negative; 1 for ≤10%; 2 for 11‑50%; 3 for 
51‑75%; and 4 for >75%). Moreover, the product <5 and ≥5 
indicated low and high expression levels of GRP78 and the 
product between 3-5 was grouped as medium expression (18). 
CD68, interleukin (IL)-6 and IL-10 distribution was scored by 
counting the mean percentage of positive cells in five random 
fields of each sample.

Western blotting. Total cellular and exosomal proteins were 
lysed using RIPA buffer (Beyotime Institute of Biotechnology) 
with 1 nM PMSF, quantified with a bicinchoninic acid assay, 
and then ~20 µg of total proteins were loaded per lane and 
resolved on 10% gels using SDS-PAGE. Proteins were 
transferred onto PVDF membranes (EMD Millipore) and 
blocked with 5% non-fat milk at room temperature for 2 h. 
The membranes were washed three times with Tris Buffered 
saline Tween solution and then incubated with the following 
primary antibodies: Mouse anti-β-actin (cat. no. 3700; 
Cell Signaling Technology, Inc.), rabbit anti-CD63 (cat. 
no. ab217345; Abcam), rabbit anti-CD81 (cat. no. ab109201; 
Abcam), rabbit anti-tumor susceptibility gene 101 (TSG101; 
cat. no. ab125011; Abcam), rabbit anti-Calnexin (cat. no. 2679; 
Cell Signaling Technology, Inc.), rabbit anti-Janus kinase 2 
(JAK2; cat. no. ab108596; Abcam), rabbit anti-phosphorylated 
(p)-JAK2 (cat. no. ab32101; Abcam), rabbit anti-STAT3 (cat. 
no. ab119352; Abcam), rabbit anti-p-STAT3 (cat. no. ab76315; 
Abcam) and rabbit anti-GRP78 (cat. no. BS1154; Biogot 
Technology Co., Ltd.) at 4˚C overnight; all primary antibodies 
were diluted at 1:1,000. Horseradish peroxidase-labeled 
anti-mouse (cat. no. BS12478) or anti-rabbit (cat. no. BS13278) 
immunoglobulin G (both Biogot Technology Co., Ltd.) were 
used as the secondary antibodies at a dilution of 1:10,000 for 
2 h at 37˚C. The bands were visualized using SuperSignal 
West Dura (Thermo Fisher Scientific, Inc.) and the intensity 
of the bands were semi-quantitative analyzed using Scion 
Image software (version 4.0.3.2; http://softwaretopic.informer.
com/search-scion-image).

Immunofluorescence. To detect macrophages that had incor-
porated exosomes, RAW264.7 cells were co-cultured with 
PKH67- (Sigma-Aldrich; Merck-KGaA) labeled exosomes for 
12 h at 37˚C, and subsequently fixed with 4% formaldehyde for 
30 min at 37˚C and permeabilized with 0.1% Triton‑X. Cells 
were imaged using a confocal microscope (Leica Microsystems 
GmbH; magnification, x100) after counter‑staining cells with 
DAPI (1 mg/ml) at room temperature for 5 min.

To detect the expression levels of IL-6 and IL-10 in 
CD68-positive cells, the sections were prepared as described 
for immunohistochemistry and incubated at 4˚C overnight 
with mouse anti-CD68 (1:200; cat. no. ab955; Abcam), 
rabbit anti-IL-10 (1:200; cat. no. ab34843; Abcam;) or rabbit 
anti-IL-6 (1:200; cat. no. ab9324; Abcam) and goat anti-mouse 
IgG (H+L) unconjugated or goat anti-rabbit IgG (H+L) uncon-
jugated secondary antibodies (1:5,000; cat. nos. BS13271 and 
BS12471; Biogot Technology Co., Ltd.) for 2 h at 37˚C. Cells 
were counter-stained with DAPI (100 ng/ml) for 5 min at room 
temperature. Co-localization of CD68 with IL-6 or IL-10 
was determined using an Olympus fluorescence microscope 
(magnification, x100).

Cytokine bead array (CBA) analyses of inflammatory factors. 
RAW264.7 cells were co-cultured with Exo-con and Exo-TM 
for 24 h at 37˚C, then the culture supernatants were collected 
to detect the expression levels of IL-10, IL-6, monocyte 
chemo-attractant protein-1 (MCP-1) and tumor necrosis 
factor-α (TNF-α). The aforementioned inflammatory factors 
were measured using a mouse CBA kit (cat. no. 552364; BD 
Biosciences), according to the manufacturer's protocol.

Statistical analysis. SPSS version 16.0 software (IBM Corp.) 
was used for statistical analysis. Data are presented as the 
mean ± SD of ≥3 independent experiments. Kaplan‑Meier 
analysis was performed to determine the association between 
GRP78 expression and overall survival (OS) time of patients 
with liver cancer and log-rank test was used to determine 
statistical significance, while Spearman's rank correlation 
analysis was performed to assess the association between 
IL-10 and IL-6. The association between GRP78 expression 
levels and clinicopathological characteristics was determined 
using the χ2 test or Mann-Whitney test. A paired t-test was used 
for comparison between two groups, and a one-way ANOVA 
followed by Tukey's test post hoc test was used for comparing 
≥3 groups. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Activation of ER stress is associated with poor prognosis in 
patients with liver cancer. To determine whether ER stress was 
increased in liver cancer tissues, the expression of GRP78, an 
ER stress biomarker, was measured in 89 paraffin‑embedded 
liver cancer specimens using immunohistochemical staining. 
It was found that GRP78 protein expression was primarily 
located in the cytoplasm in a diffuse pattern (Fig. 1A). Of the 
89 liver cancer specimens, 61.80% (55/89) of tissues stained 
positive for GRP78 (Fig. 1B). Moreover, GRP78 protein expres-
sion was also measured by western blotting in three freshly 
resected liver cancer tissues, and it was demonstrated that 
GRP78 expression was higher in tumor tissues compared with 
the paired healthy liver tissues (Fig. 1C and D). Furthermore, 
the association between clinicopathological characteristics 
and GRP78 expression in patients with liver cancer is shown 
in Table I. The results indicated that GRP78 expression was 
associated with hepatitis, cirrhosis, larger tumor size and poor 
differentiation (Table I). In addition, Kaplan-Meier analysis 
was used to analyze the association of GRP78 expression with 
overall survival (OS) time of 35 patients with liver cancer. It 
was identified that patients with lower expression levels of 
GPR78 had a significantly longer OS time compared with 
patients with higher expression levels of GPR78 (Fig. 1E).

Activation of ER stress is associated with macrophage recruit‑
ment and cytokines secretion. TAMs serve a vital role in liver 
cancer progression (19). Therefore, to investigate whether 
upregulation of ER stress activity is associated with macro-
phage recruitment, the expression of the macrophage surface 
marker CD68 was determined in liver cancer tissues. The 
results suggested that CD68-positive cells were distributed 
sporadically in tissues with low GRP78 expression, whereas 
the number of CD68-positive cells was higher and cells were 
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present in clusters in tissues with GRP78-high expression 
(Fig. 2A).

Furthermore, the association between the expression 
levels of GRP78 and IL‑10 and IL‑6 in infiltrating macro-
phages was assessed using immunohistochemical staining. 
Both low and high GRP78 expressing liver cancer tissues 
stained positively for IL-10 and IL-6, and higher GRP78 
expressing tissues secreted increased quantities of IL-10 and 
IL-6 (Fig. 2B). As macrophages produce various cytokines 
including IL-10 and IL-6 (18,19), the expression levels of 
these cytokines were determined in CD68+ macrophages 
in liver cancer tissues using double immunofluorescence 
staining of CD68/IL-6 (Fig. 2C) and CD68/IL-10 (Fig. 2D). 
The results demonstrated that tissues overexpressed GRP78 
protein frequently infiltrating large number of macrophages, 
and these macrophages expressed higher levels of IL-10 and 
lower levels of IL-6 than those macrophages resided in HCC 
tissues that expressed lower levels of GRP78 protein. Thus, 
these results suggest that the activation of ER stress may 

be correlated with macrophages infiltration and cytokines 
secretion in liver cancer, and macrophages were identified 
as an important group of immunosuppressive cells in liver 
cancer.

Exosomes released from ER‑stressed liver cancer cells increase 
cytokine expression. To investigate whether ER stress-associ-
ated exosomes affected cytokine expression in macrophages, 
HepG2 cells were co-cultured using different concentrations of 
TM for 24 h, and the GRP78 protein expression was detected 
using rabbit anti-GRP78. It was found that the expression of 
GRP78 was increased in a concentration-dependent manner 
and peaked when cells were incubated with 2.5 µM TM 
(Fig. 3A and B). HepG2 cells were also treated with 2.5 µM 
TM for 12, 24 and 48 h, and GRP78 expression was increased 
in a time-dependent manner, although it appears that 48 h 
has a slightly higher expression level of GRP78 proteins than 
24 h, there was no significant difference between 24 and 48 h 
(Fig. 3C and D). Therefore, treating HepG2 cells with 2.5 µM 

Table I. Association between clinicopathological features and GRP78 expression in patients with hepatocellular carcinoma.

 GRP78 expression
Clinicopathological ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
features Case (n) Low (n) High (n) χ2/Z P-value

Sex    6.541 0.019a

  Female 21 13 8
  Male 68 21 47 0.234 0.665
Age, years
  <60 50 18 32
  ≥60 39 16 23
Hepatitis    6.75 0.013a

  No 23 14 9
  Yes 66 20 46
Cirrhosis    6.773 0.016a

  No 42 22 20
  Yes 47 12 35
AFP value    -0.317 0.751
  <20 39 16 23
  ≥20, <400 21 7 14
  ≥400 29 11 18
Clinical stages    1.136 0.333
  I/II 65 27 38
  III/IV 24 7 17
Tumor size    -2.024 0.043a

  <5 29 15 14
  ≥5, <10 46 16 30
  ≥10 14 3 11
Differentiated degree    -2.664 0.008a

  High 18 17 15
  Middle 50 16 29
  Low 18 1 11

aP<0.05. GRP78, glucose-regulated protein 78; AFP, alpha-fetoprotein.
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TM for 24 h was considered the optical conditions to induce 
ER stress in subsequent experiments.

To physically characterize exosomes secreted from HepG2 
cells, exosomes were isolated from the conditioned media of 
TM‑treated cells. The purified pellets were imaged using TEM, 
and double-membrane structure vesicles that were within 
the expected diameter range of exosomes (30-100 nm) were 
observed (Fig. 3E). Furthermore, the presence of CD63 and 
TSG101, two specific exosomal markers, was observed, and 

the negative control, calnexin, was not identified in exosomes 
(Fig. 3F). Thus, the results suggest that the purified isolated 
pellets were exosomes.

Tumor cells can modulate the function of neighboring 
or distant cells via exosome-mediated delivery of molecules 
to recipient cells (20). To assess whether ER-stressed liver 
cancer cells modulated the role of macrophages via exosomes, 
RAW264.7 cells were cultured with PKH67-labeled exosomes, 
and the labeled exosomes were observed to be taken up by 

Figure 1. GRP78 expression is positively associated with poor prognosis in patients with liver cancer. (A) Representative images of the low, moderate and 
high expression levels of the ER stress marker protein GRP78 in liver cancer tissue samples. Magnifications, x100 for upper panel; x400 for lower panel. 
(B) Percentage of liver cancer tissues of negative, low, moderate and high expression levels of GRP78. (C) Western blot analysis of GRP78 protein expression 
in three human liver cancer tissue samples, and (D) semi-quantitative analysis of band intensity using Scion Image 4.0.3.2 relative to GAPDH intensity. 
(E) Kaplan‑Meier curves of overall survival in patients stratified into high‑ and low‑GRP78 expression groups. GRP78, glucose‑regulated protein 78; 
ER, endoplasmic reticulum; Cum survival, cumulative survival.
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RAW264.7 macrophages (Fig. 4A). To determine the effect 
of ER stress-associated exosomes on RAW264.7 cell immune 
function, cells were incubated with Exo-con and Exo-TM, and 
the levels of IL-6, MCP-1, IL-10 and TNF-α were detected 
using a CBA inflammatory cytokine kit. The results indicated 
that IL-6 (Fig. 4B; P<0.05), IL-10 (Fig. 4C; P<0.05) and 
MCP‑1 (Fig. 4D; P<0.01) levels were significantly increased 
in Exo-TM treated cells, while the levels of TNF-α (Fig. 4E; 
P>0.05) were slightly decreased in Exo-TM treated RAW264.7 

cells compared with Exo-con treated cells. Collectively, the 
results suggest that exosomes released from ER-stressed 
HepG2 cells influence the expression profile of cytokines 
secreted by macrophages.

ER stress‑associated exosomes enhance cytokines expres‑
sion by activating the STAT3 pathway. The underlying 
mechanism via which ER stress-associated exosomes affects 
cytokine expression in macrophages was subsequently 

Figure 2. Upregulation of GRP78 is associated with macrophage infiltration and an inflammatory microenvironment in liver cancer. (A) Representative images 
of CD68 protein expression in GRP78high or GRP78low liver cancer tissues. (B) Representative images of IL-6 and IL-10 expression levels in liver cancer tissues 
with GRP78high or GRP78low expression levels. Immunofluorescence was used to measure the expression pattern of IL‑6 (C) and IL‑10 (D) in CD68+ cells in 
GRP78-positive liver cancer tissues. Scale bar, 50 µm. GRP78, glucose-regulated protein 78; IL, interleukin.
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examined. The JAK2/STAT3 signaling pathway plays a vital 
role in the macrophage inflammatory response (21); therefore, 
whether the Exo-TM-mediated inflammatory response is 
JAK2/STAT3-dependent was investigated. It was found that 
Exo‑TM significantly increased the protein expression levels 
of both p-JAK2 (P<0.05) and p-STAT3 (P<0.05; Fig. 5A-C). 
Furthermore, inhibition of STAT3 activation, using a selec-
tive STAT3 inhibitor (100 µM S3I-201; MedChemExpres) at 
37˚C for 24 h, significantly decreased the Exo‑TM‑induced 
increase in p-STAT3 expression (Fig. 5D and E; P<0.05), but 
only slightly decreased p-JAK2 expression (Fig. 5D and F; 
P>0.05).

The results also demonstrated that inhibition of STAT3 
abrogated Exo-con- and Exo-TM-induced elevation of IL-6 
(Fig. 6A; P<0.05), IL-10 (Fig. 6B; P<0.05) and MCP-1 (Fig. 6C; 
P<0.01) levels secreted by RAW264.7 cells; however, inhibi-
tion of STAT3 did not affect TNF-α levels (Fig. 6D; P>0.05). 

Therefore, the results suggested that ER stress-associated 
exosomes increased the levels of IL-6, MCP-1 and IL-10 in 
macrophages via the JAK2/STAT3 signaling pathway.

Discussion

Primary liver cancer is one of the most common types 
of malignancies (1,2). Moreover, surgical resection is the 
primary treatment method for patients with early stage of liver 
cancer (2). However, due to the asymptomatic nature of the 
early stage of liver cancer, it is frequently diagnosed at the 
later stages, at which point surgery may not be suitable (2). 
Therefore, understanding the causes and mechanisms of drug 
resistance in liver cancer may improve the effects of chemo-
therapy on liver cancer, and thus, increase survival.

Systemic chemotherapy and target therapy are the two 
most frequently used treatment strategies for unresectable 

Figure 3. Characteristics of ER stress-associated exosomes. (A) HepG2 cells were treated with 0, 1.25, 2.5 and 5 µM TM for 24 h, and (B) GRP78 protein 
expression was measured and semi-quantitatively analyzed, relative to β-actin intensity. (C) HepG2 cells were treated with 2.5 µM TM for 12, 24 and 48 h, and 
(D) GRP78 protein expression was measured and semi-quantitatively analyzed, relative to β-actin intensity. (E) Representative transmission electron microscope 
images of Exo-TM. Scale bar, 100 nm. (F) Expression levels of CD63, TSG101, CD81, β-actin and Calnexin were measured using cell lysates or exosomes by 
western blotting. *P< 0.05, **P< 0.01. ER, endoplasmic reticulum; TM, tuniamycin; GRP78, glucose-regulated protein 78; Exo-TM, exosomes from the superna-
tants of HepG2 cells treated with 2.5 µM tunicamycin; TSG101, tumor susceptibility gene 101; Exo-con, exosomes from the supernatants of control HepG2 cells.
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and advanced liver cancer; however, these only improve OS 
modestly compared with best supportive care, due to drug 
resistance (22,23). Thus, novel treatment regimens are required 
to prolong survival. Escaping immune surveillance is one of 
the hallmarks of cancer (24,25), and investigating the specific 
molecular mechanisms involved in the modulation of immune 
escape in liver cancer cells may identify potential therapeutic 
target for clinical treatment of liver cancer.

Alterations in the TME, such as Ca2+ balance disorders, 
hypoxia and protein glycosylation inhibition, result in aber-
rant accumulation of misfolded or unfolded proteins in the 
ER, which cause ER stress to maintain homeostasis (4). 
Continuous activation of ER stress is a symbolic trait in a 
number of cancer types, including liver cancer (26,27), 
and serves a vital role in maintaining homeostasis via the 
activation of the three unfolded protein response (UPR) 
branches (28). In the present study, it was identified that 
61.8% (55/89) of liver cancer tissues stained positively for 
GRP78, and activation of ER stress was correlated with 

inflammation and aggressive disease characteristics in 
patients with liver cancer. Moreover, a previous study showed 
that several ER stress-associated genes, such as PKR-like ER 
kinase, activating transcription factor 6 and inositol essential 
enzyme 1α were upregulated in HCC tissues (18). However, 
the precise function of ER stress in shaping the TME and 
the anti-tumor immune response has not been previously 
examined. ER stress has been reported to induce inflamma-
tory responses, and numerous ER stress-associated diseases 
also exhibit inflammatory phenotypes (29). Furthermore, 
ER stress‑associated inflammation is necessary for tissue 
remodeling, which contributes to tissue injury and serves 
an important role in promoting the development of a variety 
of inflammation‑associated diseases (30). It has also been 
shown that ER-stressed tumor cells can either directly induce 
inflammation, via the UPR pathway, or indirectly interact 
with innate immune cells.

Cytokines released by ER-stressed tumor cells may 
act as warning signals for non-tumor cells (31). Chronic 

Figure 4. Incubation with Exo-TM increases expression of cytokines in macrophages in vitro. (A) Confocal microscopy was used to measure the incorpora-
tion of PKH67-labeled exosomes into RAW264.7 cells. Cells were incubated with Exo-con and Exo-TM for 24 h, and (B) IL-6, (C) IL-10, (D) MCP-1 and 
(E) TNF-α levels were measured using a CBA inflammatory factor kit. *P< 0.05, **P< 0.01 with indicated groups. Exo-Con, exosomes from the supernatants 
of control HepG2 cells; Exo-TM, exosomes from the supernatants of HepG2 cells treated with 2.5 µM tunicamycin; IL, interleukin; MCP-1, monocyte 
chemotactic protein-1; TNF-α, tumor necrosis factor-α; CBA, cytokine bead array.
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inflammation is involved at various stages of promoting tumor 
progression, via a number of different mechanisms (32,33). For 
example, chronic inflammation may promote the production of 
tumor-promoting cytokines from tumor cells or tumor-asso-
ciated immune cells, via the NF-κB and STAT3 signaling 
pathways (32,33). TAMs have also been reported to express 
additional cytokines, such as TNF-α, IL-6 and IL-10 (34). 
IL-6 is a potent driver of tumor growth and metastasis in 
several tumor models and can protect against apoptosis via 
the activation of STAT3 in a hypoxic microenvironment (35). 
Furthermore, IL‑10 is the primary anti‑inflammatory factor 
secreted by TAMs, which promotes tumor progression by 

enhancing tumor cell proliferation, invasion, stimulating 
tumor angiogenesis and inhibiting the anti-tumor immune 
response (36). MCP-1 is a small cytokine belonging to the CC 
chemokine family, which has specific chemotactic activation 
effect on monocytes and macrophages (37). Previous studies 
have shown that MCP‑1 is an important pro‑inflammatory 
cytokine that helps to recruit TAMs in TME (38). TAMs also 
secreted TNF-α to promote epithelial-mesenchymal transition 
and cancer stemness (39). Moreover, inflammation promotes 
tumor progression by inhibiting cell apoptosis and activating 
angiogenesis (40,41). In the present study, it was found that 
GRP78 expression was positively associated with CD68, 

Figure 5. Exo-TM enhances cytokine expression by activating the JAK2/STAT3 pathway. RAW264.7 cells were treated with Exo-con or Exo-TM for 24 h. 
(A) Protein expression levels of the JAK2/STAT3 pathway were measured by western blot analysis. Blots presented in (A) were semi-quantitatively analyzed 
for comparing the (B) p-STAT3/STAT3 and (C) p-JAK2/JAK2 ratios, relative to β-actin intensity. (D) Western blot analysis of the protein expression levels 
of members of the JAK2/STAT3 signaling pathway in RAW264.7 cells treated with Exo-TM and S3I-201. Blots presented in (D) were semi-quantitatively 
analyzed for comparing the (E) p-STAT3/STAT3 and (F) p-JAK2/JAK2 ratios, relative to β-actin intensity. *P< 0.05, **P< 0.01 with indicated groups. Exo-Con, 
exosomes from the supernatants of control HepG2 cells; Exo-TM, exosomes from the supernatants of HepG2 cells treated with 2.5 µM tunicamycin; TM, 
tunicamycin; JAK2, Janus kinase 2; p-, phosphorylated.
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IL-10 and IL-6 levels. In addition, protein expression levels 
of IL-10 and IL-6 in CD68+ TAMs were increased in the 
GRP78-positive liver cancer tissues, which was consistent with 
a previous study (18). Therefore, the present results suggested 
that ER stress plays an important role in hampering anti-tumor 
immunity in liver cancer cells. However, the mechanism via 
which ER stress exerts modulation of the TME, and thus 
remodeling the anti-tumor effect of immune cells to promote 
tumor progression, remains unknown.

Exosomes play a critical role in intercellular communi-
cation by delivering their contents, such as proteins, DNA 
and miRNA, to cells in local microenvironments or distant 
target cells (14,42). In the present study, it was hypothesized 
that exosomes may transmit ER stress-associated signals to 
macrophages and modulate their function. In the present 
study, purified exosomes were labeled with PKH67 and it was 
found that RAW264.7 cells effectively engulfed the labeled 
exosomes released by HepG2 cells. Moreover, ER-stressed 
liver cancer cells released exosomes, which significantly 
increased the levels of IL-6, IL-10 and MCP-1, and slightly 
increased TNF-α levels. It was also demonstrated that treat-
ment of cells with Exo-TM for 24 h activated the JAK2/STAT3 
signaling pathway, which has an important role in inflamma-
tion response and liver cancer progression (43). The contents 
of exosomes are very complex; currently, >10,000 proteins, 
200 lipids, 2,000 mRNAs and ~1,000 micro(mi)RNAs have 

been reported to be present in exosomes secreted by different 
cells (44). In a previous study, exosomes derived from 
ER-stressed liver cancer cells transmitted miRNA-23a-3p to 
macrophages resulting in the upregulation of programmed 
death-ligand 1 expression in macrophages (18). However, 
transfection of macrophages with either miRNA-23a-3p 
mimics or inhibitor did not affect the secretion of cytokines, 
such as IL-10 and IL-6 (data not shown). Thus, the precise 
mechanism contributing to the upregulation of cytokine 
secretion by ER stress-associated exosomes requires further 
investigation.

STAT3 not only plays an indispensable role in early 
embryonic development and differentiation of bone marrow 
cells, but also participates in the regulation of physi-
ological functions such as tumor growth, differentiation, 
angiogenesis, invasion, metastasis and immune escape (45). 
Furthermore, the activation of STAT3 is an established 
pathway that mediates the inflammatory immune response in 
response to cytokine signals (46,47). To investigate whether 
STAT3 was involved in Exo‑TM‑induced inflammation, the 
expression of p-STAT3 in RAW264.7 treated with Exo-TM 
was determined, and it was found that p-STAT3 expres-
sion was increased in cells treated with Exo-TM for 24 h. 
Furthermore, inhibition of STAT3 using S3I-201 signifi-
cantly reduced p-STAT3 expression in cells and decreased 
the levels of MCP-1, IL-6 and IL-10. Collectively, the present 

Figure 6. Inhibition of STAT3 decreases Exo-TM-induced cytokine expression. RAW264.7 macrophages were treated with Exo-con or Exo-TM with or 
without S3I-201 for 24 h. (A) IL-6, (B) IL-10, (C) MCP-1 and (D) TNF-α levels were measured using a CBA inflammatory factor kit. *P< 0.05, **P< 0.01 with 
indicated groups. Exo-Con, exosomes from the supernatants of control HepG2 cells; Exo-TM, exosomes from the supernatants of HepG2 cells treated with 
2.5 µM tunicamycin; IL, interleukin; MCP-1, monocyte chemotactic protein-1; TNF-α, tumor necrosis factor-α; CBA, cytokine bead array.
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results suggest that activation of the JAK2/STAT3 pathway 
may be a potential mechanism, via which exosomes secreted 
by ER‑stressed liver cancer cells mediate the inflammatory 
response. S3I-201 not only inhibits STAT3-STAT3 complex 
formation, STAT3-DNA binding and transcriptional activi-
ties, but also inhibits STAT1 and STAT5 (48). Thus, STAT1 
and STAT5 may be also involved in S3I-201-induced cyto-
kine expression reduction.

In conclusion, the present result suggested that ER-stressed 
liver cancer cells promoted cytokine expression via 
exosome-mediated activation of the JAK2/STAT3 pathway 
in macrophages, which resulted in immunosuppression of 
macrophages, thus facilitating tumor progression. Therefore, 
the present study identified the potential of targeting 
the exosomal-STAT3 signaling pathway to abrogate ER 
stress-associated immune suppression in liver cancer.
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