
Vol.:(0123456789)1 3

Cellular and Molecular Life Sciences (2018) 75:2627–2641 
https://doi.org/10.1007/s00018-018-2753-8

ORIGINAL ARTICLE

HBeAg induces the expression of macrophage miR‑155 to accelerate 
liver injury via promoting production of inflammatory cytokines

Wenwen Wang1,2 · Hongjun Bian1,2 · Feifei Li1,2 · Xiao Li1,2 · Di Zhang1,2 · Shuohuan Sun1,2 · Shouyang Song1,2 · 
Qiang Zhu1,2 · Wanhua Ren1,2 · Chengyong Qin1,2 · Jianni Qi1,2

Received: 6 July 2017 / Revised: 11 January 2018 / Accepted: 16 January 2018 / Published online: 18 January 2018 
© Springer International Publishing AG, part of Springer Nature 2018

Abstract
Activation of Kupffer cells (KCs) induced that inflammatory cytokine production plays a central role in the pathogenesis of 
HBV infection. The previous studies from our and other laboratory demonstrated miRNAs can regulate TLR-inducing inflam-
matory responses to macrophage. However, the involvement of miRNAs in HBV-associated antigen-induced macrophage 
activation is still not thoroughly understood. Here, we evaluated the effects and mechanisms of miR-155 in HBV-associated 
antigen-induced macrophage activation. First, co-culture assay of HepG2 or HepG2.2.15 cells and RAW264.7 macrophages 
showed that HepG2.2.15 cells could significantly promote macrophages to produce inflammatory cytokines. Furthermore, 
we, respectively, stimulated RAW264.7 macrophages, mouse primary peritoneal macrophages, or healthy human peripheral 
blood monocytes with HBV-associated antigens, including HBcAg, HBeAg, and HBsAg, and found that only HBeAg could 
steadily enhance the production of inflammatory cytokines in these cells. Subsequently, miRNAs sequencing presented 
the up- or down-regulated expression of multiple miRNAs in HBeAg-stimulated RAW264.7 cells. In addition, we veri-
fied the expression of miR-155 and its precursors BIC gene with q-PCR in the system of co-culture or HBeAg-stimulated 
macrophages. Meanwhile, the increased miR-155 expression was positively correlation with serum ALT, AST, and HBeAg 
levels in AHB patients. Although MAPK, PI3K, and NF-κB signal pathways were all activated during HBeAg treatment, 
only PI3K and NF-κB pathways were involved in miR-155 expression induced by HBeAg stimulation. Consistently, miR-
155 over-expression inhibited production of inflammatory cytokines, which could be reversed by knocking down miR-155. 
Moreover, we demonstrated that miR-155 regulated HBeAg-induced cytokine production by targeting BCL-6, SHIP-1, and 
SOCS-1. In conclusion, our data revealed that HBeAg augments the expression of miR-155 in macrophages via PI3K and 
NF-κB signal pathway and the increased miR-155 promotes HBeAg-induced inflammatory cytokine production by inhibiting 
the expression of BCL-6, SHIP-1, and SOCS-1.
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ALT	� Alanine aminotransferase
AST	� Aspartate aminotransferase
AHB	� Acute hepatitis B
CHB	� Chronic hepatitis B
MAPK	� Mitogen-activated protein kinase
BCL-6	� B-cell lymphoma 6
SHIP-1	� Src homology-2 domain-containing inositol 

5-phosphatase 1
SOCS-1	� Suppressor of cytokine signaling-1
TLR	� Toll-like receptors
NK	� Natural killer

Introduction

Hepatitis B is a viral infection that attacks the liver and 
leads to both acute and chronic inflammatory response in 
the liver. Nearly, 257 million people are livingly infected 
with hepatitis B virus, defined as HBsAg positive, in the 
world. According to the survey, complications of hepatitis 
B, including liver cirrhosis and hepatocellular carcinoma, 
cause more than 887,000 people deaths in 2015 [1–3]. The 
prevalence of HBV used to be ≥ 8% in China and once a 
nationwide HBV general survey showed that HBsAg carrier 
rate was 9.75% in population [4]. Hence, hepatitis B is one 
of the major health burden worldwide, especially in China. 
It is well known that HBV can replicate within hepatocytes 
without causing direct cell damage. Nevertheless, the host 
immune response is not only indispensable to control the 
spread of HBV infection, but it is also responsible for the 
inflammatory events causing liver injury [5]. We and others 
have reported that macrophages play an important role in 
the pathogenesis of HBV-induced immune-mediated liver 
injury [6–8]. However, the role of HBV-associated antigens, 
including HBcAg, HBeAg, and HBsAg, in activating mac-
rophages has not been completely elucidated.

MicroRNAs (miRNA) are a class of endogenous, highly 
conserved, small non-coding RNA molecules and originate 
from genome of eukaryotic organisms and even kinds of 
virus. miRNAs have emerged as a major kind of gene expres-
sion regulators at post-transcriptional level and are involved 
in a wide variety of biological processes. Mature miRNA 
interacts with corresponding specific mRNA through imper-
fectly base pairing between the miRNA sequence and the 
3′-untranslated region (3′-UTR) of specific mRNA, and 
leads to translational repression or degradation of target 
mRNA. Emerging evidences have shown that miRNAs play 
a critical role in TLR-induced macrophage activation and 
HBV replication in hepatocyte. For example, miR-146, 147, 
155, and 210, which were induced by TLRs’ stimulation 
in macrophages, functioned as a regulator for TLR-induced 
inflammatory responses through targeting IRAK-1 and 
TRAF6, SHIP-1, or NF-κB1, respectively [9–12]. Ectopic 

expression of miR-155 enhanced the expression of several 
IFN-inducible anti-viral genes by suppressing SOCS-1 to 
promote JAK/STAT signaling pathway in human hepatoma 
cells [13]. Up-regulation of miR-199a-3p and miR-210 in 
HepG2.2.15 cells compared to HepG2 cells may play a role 
in regulating HBV replication and maintenance of a suitable 
level of virion production in persistent infection by targeting 
crucial HBV genes [14]. However, the effect and mechanism 
of HBV-infection-regulated macrophage miRNAs expres-
sion remain ill-defined.

In the present study, we demonstrated that co-culture 
of HepG2.2.15 cells and RAW264.7 macrophages could 
significantly promote inflammatory cytokine production. 
Furthermore, we verified that HBeAg, but not HBcAg and 
HBsAg, played a predominant role in HBV promoted inflam-
matory cytokine production from macrophages. Meanwhile, 
the miRNAs sequencing and q-PCR assay found that the 
expression of miR-155 was augmented in HBeAg-stimulated 
macrophages. In addition, over-expression of miR-155 dra-
matically increased cytokines production. In contrast, knock-
down of miR-155 had a reverse effect. Besides, miR-155 
expression was increased in peripheral blood monocytes 
from AHB patients, which was positively correlated with 
ALT, AST, and HBeAg levels in the serum. Mechanistically, 
we unveiled that NF-κB and PI3K signal pathway mediated 
miR-155 expression induced by HBeAg stimulation in mac-
rophages and the inductive miR-155 raised the production 
of inflammatory cytokines by targeting BCL-6, SHIP-1 and 
SOCS-1 after HBeAg stimulation.

Materials and methods

Healthy controls and patients

A total of 31 subjects, including 8 healthy controls, 10 
patients with AHB, and 13 patients with CHB, were enrolled 
from Shandong Provincial Hospital Affiliated to Shandong 
University and the Second Hospital of Shandong University, 
during April 2016 to March 2017 in this study. The criteria 
established the National Viral Hepatitis Conference of China 
(2015) were used to diagnosis AHB and CHB. Eight healthy 
individuals from the Healthy Physical Examination Center 
of Shandong Provincial Hospital Affiliated to Shandong 
University served as control group. Clinical characteristics 
of these enrolled subjects are summarized in Table 1. They 
were all negative for antibodies to HAV, HCV, HDV, HEV, 
and HIV. None of them were all autoimmune liver diseases 
and taking immunosuppressive drugs or anti-viral therapy 
more than 3 months. The study protocol and consent pro-
gram were approved by the Ethics Committee of Shandong 
Provincial Hospital Affiliated to Shandong University.
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Mice, cells, and reagents

C57BL/6J mice were obtained from the Animal Research 
Committee of the Institute of Biology and Cell Biology 
(Shanghai, China) and housed in a specific pathogen-free 
environment. The animal room was kept at 20–22 °C under 
a 12 h light/dark cycle. All animal experiments were under-
taken in accordance with the National Institutes of Health 
Guide for the Care and Use of Laboratory Animals, with the 
approval of the Scientific Investigation Board of the Shan-
dong Provincial Hospital Affiliated to Shandong University, 
Jinan, Shandong Province, China. Mouse primary perito-
neal macrophages were prepared as we described before [6]. 
Briefly, after 1 ml sterile 6% starch solution was injected into 
the peritoneal cavity for 72 h, serum-free DMEM medium 
was used to rinse exudate macrophages. Acquired cells 
were seeded and cultured in complete medium of DMEM 
with 10% FBS overnight, and then, they were treated with 
HBV-associated antigens. Mouse macrophage cell lines 
RAW264.7 were obtained from the American-Type Cul-
ture Collection (Manassas, VA, US). The human hepatoma 
cell lines HepG2 and HepG2.2.15 were obtained from the 
Shanghai Cell Collection (Chinese Academy of Sciences, 
Beijing, China). All cells were cultured in DMEM (Gibco-
BRL, Grand Island, NY, USA) containing 10% (vol/vol) 
FBS (Gibco® Sera, AUS), 100 U/ml penicillin, and 100 μg/
ml streptomycin (Gibco, Grand Island, NY and Scotland, 
UK) and maintained at 37 °C in a humidified incubator 
with 5% CO2. HBcAg (ab119441), HBeAg (ab91273), and 
HBsAg (ab167754) were purchased from Abcam (Abcam, 
Cambridge, MA, USA). Mouse mAb to GAPDH (60004-
1-lg) was purchased from Proteintech Group, Inc. (Rose-
mont, IL, USA). SOCS-1 (TA321593) was from OriGene 

(OriGene Technologies, Inc, Rockville, MD, USA). SHIP-1 
(ab45142) was purchased from Abcam (Abcam, Cambridge, 
MA, USA). Antibodies for BCL-6 (#5650), ERK (#4695), 
p-ERK (#9101), JNK (#9252), p-JNK (#9251), P38 (#9212), 
p-P38 (#4631), P65 (#4764), p-P65 (#3033), AKT (#2920), 
and p-AKT (#4060) were obtained from cell signaling 
(Cell-Signaling Technology, Boston, MA, USA). These 
corresponding HRP-conjugated secondary antibodies were 
purchased from Santa Cruz (Santa Cruz Biotechnology, 
Dallas, TX, USA). PD98059 (ERK inhibitor, HY-12028), 
SB203580 (P38 inhibitor, HY-10256A), SP600125 (JNK 
inhibitor, HY-12041), BAY 11-7082 (NF-κB inhibitor, 
HY-13453), and Wortmannin (PI3K inhibitor, HY-10197) 
were acquired from MCE (MedChemExpress, Pudong New 
Area, Shanghai, China).

Co‑culture of macrophages and HepG2/HepG2.2.15

Transwell co-culture experiments were performed in 6-, 
12-, or 24-well plates with 0.4 μm pore sizes in inner wells 
(3412, 3401, and 3413, Corning, NY, USA) to physically 
separate macrophages and HepG2/HepG2.2.15. Approxi-
mately 4 × 105/ml macrophages were seeded and adhered 
to the lower chamber using DMEM with 10% FBS. Next, 
3 × 105/ml HepG2/HepG2.2.15 cells were added into the 
upper chamber in the same medium. The membrane of 
Boyden Chamber with 0.4 μm pore sizes allowed the interac-
tion of soluble substances between the two cell types. After 
co-incubation for 12, 24, 36, and 48 h at 37 °C in a humidi-
fied incubator with 5% CO2, macrophages were harvested 
with TRizol for evaluation of cytokine mRNA and miRNA 
expression levels by q-PCR or with the RIPA lysis buffer 
supplemented with a protease inhibitor ‘cocktail’ for pro-
teins of signal pathway by Western blot.

q‑PCR for mRNA and miRNA quantification

Total RNA was extracted from macrophages with the 
miRNeasy Mini Kit (217004; Qiagen, Germantown, MD, 
USA) according to manufacturer instructions. For detection 
of miR-155 quantification, cDNA was prepared in a reverse-
transcription reaction using a miScript II RT kit (218161; 
Qiagen, Nasdaq, NY, USA). Then, the cDNA templates were 
analyzed using corresponding primer pairs and miScript 
SYBR Green PCR kit (218073; Qiagen, Nasdaq, NY, USA) 
according to manufacturer’s instructions. U6 snRNA was 
used as an internal control.

For mRNA quantification, cDNA was synthesized using 
a First-Strand cDNA Synthesis kit (RR047A; TaKaRa, 
Kusatsu, Shiga, Japan). Expression of TNF-α, IL-6, and 
IFN-β was determined by quantitative real-time PCR using 
SYBR Premix Ex Tap™ (TaKaRa, Kusatsu, Shiga, Japan) 
with GAPDH as an internal normalized reference. Specific 

Table 1   Clinical characteristics of enrolled subjects

AHB patients with acute hepatitis B, CHB patients with chronic hepa-
titis B, BMI body mass index
a Median ± SD

Group Healthy con-
trols

AHB CHB

Case 8 10 13
Sex (male) 8 7 11
BMIa 22.69 ± 1.65 24.08 ± 2.09 25.69 ± 1.81
Age (years)a 42 ± 14.59 45.5 ± 14.16 48 ± 13.60
ALT (U/l)a 17 ± 7.53 1568 ± 1168.66 343 ± 741.71
AST (U/l)a 21 ± 5.48 1457.5 ± 1176.76 243 ± 464.07
HBV-DNA 

positive 
(> 103 copies/
ml)

0 10 (100%) 11 (84.62%)

IIBsAg positive 0 10 (100%) 13 (100%)
HBeAg positive 0 10 (100%) 9 (69.23%)
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primers were used as described previously [15] and indicated 
as follows: 5′-GCCAC CACGC TCTTC TGTCT-3′ (sense) 
and 5′-TGAGG GTCTG GGCCA TAGAA C-3′ (antisense) 
for TNF-α; 5′-ACAAC CACGG CCTTC CCTAC-3′ (sense) 
and 5′-CATTT CCACG ATTTC CCAGA-3′ (antisense) 
for IL-6; 5′-AGTTA CACTG CCTTT GCC-3′ (sense) and 
5′-GTTGA GGACA TCTCC CAC-3′ (antisense) for IFN-β; 
and 5′-CAAGG TCATC CATGA CAACT TTG-3′ (sense) 
and 5′-GTCCA CCACC CTGTT GCTGT AG-3′ (antisense) 
for GAPDH. Real-time PCR analyses were run on the Light-
Cycler Real-Time PCR System (Roche Diagnostics, USA) 
as described previously [16].

Enzyme‑linked immunosorbent assay (ELISA)

The cell-culture supernatants were collected, and the con-
centration of IL-6 (KMC0061, Invitrogen, Carlsbad, CA, 
USA), TNF-α (KMC3011, Invitrogen, Carlsbad, CA, USA), 
and IFN-β (439407, BioLegend, Inc. San Diego, CA) was 
measured using a commercially available ELISA kit (Invit-
rogen, Carlsbad, CA, USA) as described previously [16]. All 
protocols were conducted according to the manufacturer’s 
instructions.

Library preparation and sequencing of small RNA

The small RNA library and sequencing were performed 
by Annoroad Gene Technology (Beijing, China). After 
RAW264.7 macrophages were stimulated with HBeAg for 
0, 24, or 36 h, total RNA was extracted and separated by 
15% agarose gels to obtain the small RNA (18–30 nt). Small 
RNA sample was precipitated by ethanol and centrifuged. In 
addition, the library was prepared with Small RNA Sample 
Preparation Kit (Illumina, RS-200-0048, San Diego, CA, 
USA) according to manufacturer’s instructions. RNA con-
centration of library was measured using Qubit® RNA Assay 
Kit (Invitrogen, Carlsbad, CA, USA) in Qubit® 2.0 (Invitro-
gen, Carlsbad, CA, USA) to preliminary quantify and then 
diluted to 1 ng/μl. Insert size was assessed using the Agi-
lent Bioanalyzer 2100 system (Agilent Technologies, CA, 
USA), and after the insert size consistent with expectations, 
qualified insert size was accurate quantitative using Taqman 
fluorescence probe of AB Step One Plus Real-Time PCR 
system (library valid concentration > 2 nM). The qualified 
libraries were sequenced by an Illumina Hiseq 2500 platform 
and generated 50 bp single-end reads.

Western blot analysis

The cultured cells were washed with cold phosphate-buff-
ered saline (PBS) and lysed with RIPA lysis buffer (Beyo-
time Biotechnology, Songjiang District, Shanghai, China) 
supplemented with a protease inhibitor ‘cocktail’. After 

the protein concentrations were measured using the bicin-
choninic acid assay (Pierce, Rockford, IL, USA), equal 
amounts of protein lysates were separated by SDS/PAGE 
and transferred to PVDF membranes (Millipore, Billerica, 
MA, USA) for immunoblot analysis as described previ-
ously [16, 17]. The membranes were then incubated with 
the primary antibodies overnight at 4 °C. After washing with 
TBST, the membranes were hybridized with the correspond-
ing HRP-conjugated secondary antibody (Santa Cruz Bio-
technology, Dallas, TX, USA). Finally, an enhanced ECL 
chemiluminescence reagent kit (Millipore, Billerica, MA, 
USA) was used to detect the objective protein in accordance 
with the manufacturer’s protocol.

Application of ago‑ or antago‑miR‑155 and RNAi

Ago- or antago-miR-155 and corresponding negative con-
trol miRNA were purchased from Genepharma (Pudong 
new area, Shanghai, China). RNAi of SOCS-1, SHIP-1, and 
BCL-6 were acquired from Santa Cruz (Santa Cruz Bio-
technology, Dallas, TX, USA). These miRNA or/and RNAis 
were added to cells using the INTERFERin® Transfection 
Reagents (Polyplus-transfection®, Illkirch, NY, USA) fol-
lowing the manufacturer’s protocol.

Statistical analysis

All data were presented as a result of three or four inde-
pendent experiments and expressed as the mean ± SD. 
GraphPad Prism software (GraphPad Software, San Diego, 
CA, USA) was used for these data analysis. The Student’s t 
test or one-way analysis of variance (ANOVA) was applied 
to confirm significant differences between groups. Two-
way ANOVA was applied to ensure significant differences 
between treatments, in different cell cohorts, or at different 
timepoints. Spearman correlation analysis was performed 
between the miRNA-155 expression and serum ALT, AST, 
HBeAg, HBsAg, or HBV-DNA levels. In all cases, Values 
of p < 0.05 were considered to be statistically significant.

Results

HepG2.2.15, but not HepG2, induced RAW 264.7 
macrophages to produce cytokines in the co‑culture 
system

The previous studies from our and other laboratory demon-
strated that macrophages play an important role in immune 
hepatitis, including viral hepatitis and drug-induced hepatitis 
[6], but the effect and mechanism of HBV-associated antigen 
for macrophage activation are still not thoroughly under-
stood. Therefore, in this study, we first analyzed the role of 
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HBV-associated antigens, including HBcAg, HBeAg, and 
HBsAg, in HBV-induced macrophage activation. As shown 
in Fig. 1a–c, high levels of HBcAg, HBeAg, and HBsAg 
could be detected in HepG2.2.15 cells, which was integrated 
HBV genome DNA in HepG2 cells. Second, we examined 
the role of HBV-associated antigens in macrophage activa-
tion using the co-culture system. We found that HepG2.2.15 
cells made RAW264.7 macrophages to become more 
stretched and multilateral (Fig. 1d). However, RAW264.7 
cells co-cultured with or without HepG2 cells still kept the 
round morphology. Previously, we have demonstrated that 
the change of cellular morphology foreboded macrophage 
activation upon LPS challenge [16]. Therefore, we further 
evaluated the status of macrophage activation by detecting 
the production of inflammatory cytokines. To our surprise, 
HepG2.2.15 cells increased the expression and secretion 
of TNF-α, IL-6, and IFN-β of RAW264.7 cells (Fig. 1e–g) 
compared with HepG2 cells. Taken together, these results 
imply that HBV antigens might potentiate macrophages 
activation.

HBeAg played a predominant role in inducing 
cytokine production of macrophages

Most generally, except HBV-DNA replication, HBV-associ-
ated antigens (including HBcAg, HBeAg, and HBsAg) were 
also promptly production after HBV infection. To identify 
which antigens play an essential role in inducing mac-
rophage activation, we stimulated RAW 264.7 macrophages 
with different antigens (2 μg/ml) or their mixture. As shown 
in Fig. 2a, cellular morphology of macrophages was greatly 
changed after stimulation with HBeAg or mixture for 12 and 
24 h. Meanwhile, we detected the production of cytokines. 
Consistently, as shown in Fig. 2b–d, the expression and 
secretion of TNF-α, IL-6, and IFN-β were remarkably raised 
in macrophages stimulated with HBeAg or mixture for 24, 
36, and 48 h. In addition, we also found that HBcAg played a 
weak role in the secretion of TNF-α and expression of IFN-
β. To further validate the effect of HBV-associated antigens 
on other macrophages, we confirmed the role of HBeAg 
with mouse primary peritoneal macrophages. As shown in 

Fig. 1   HepG2.2.15, but not HepG2, induced RAW 264.7 mac-
rophages cytokine production in the co-culture system. The contents 
of HBeAg and HBsAg were measured by electrochemilumines-
cent immunoassay (ECLIA) in cultural supernatant of HepG2 and 
HepG2.2.15 cells (a, b). The expression of HBcAg was evaluated 
with western blot assay in HepG2 and HepG2.2.15 cells (c). After 
HepG2 or HepG2.2.15 and RAW264.7 cells were co-cultured with 

transwell for 24, 36, or 48  h, the morphology of RAW264.7 mac-
rophages was observed with light microscope (d original magnifica-
tion, ×100). The expression of TNF-α, IL-6, and IFN-β was tested 
with q-PCR (the left of e–g), and the secretion of them was analyzed 
with ELISA (the right of e–g). Data are shown in six independent 
experiments (mean ± SD of quadruplicates in a, b and triplicates in 
e–g). *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 2e, the morphology of peritoneal macrophages was also 
more flattening and applanate in HBeAg or mixture treated 
macrophages. At the same time, the production of TNF-α, 
IL-6, and IFN-β was also increased in these two groups 
(Fig. 2f–h). It seemed that primary peritoneal macrophages 
were more sensitive to HBcAg stimulation compared to 
RAW264.7 macrophage.

Next, to eliminate the slight role of HBcAg and HBsAg 
for RAW264.7 macrophages activation not because of dose 
or timepoints, the RAW264.7 cells were simulated with 
HBcAg or HBsAg for longer time and larger dose. The 
results showed that HBcAg indeed altered the morphol-
ogy of RAW264.7 cells (Fig. 3a, upper) and promoted the 
expression and secretion of TNF-α (Fig. 3b, c) after incu-
bation with higher dose or longer time, but no significant 
differences were found for the change of cell morphology 
(Fig. 3a, lower) and TNF-α production (Fig. 3d, e) of mac-
rophages under stimulation with HBsAg at different time or 
dose points. All together, these data suggest that HBeAg is 
a most critical protein in HBV-associated antigen inducing 
macrophage activation.

HBeAg‑induced miR‑155 expression in macrophages

Accumulating data had shown that miRNAs play a critical 
role in macrophages activation by TLR [9], but the role of 
HBV-associated antigens in inducing macrophage miRNAs 
expression has not been clearly identified. Given that the effect 
of HBeAg on macrophage activation, microRNAs sequencing 
assay were performed to identify miRNAs involved in HBeAg-
induced macrophage activation. The results revealed that miR-
155 expression was significantly up-regulated after HBeAg 
stimulating RAW264.7 macrophage for 24 and 36 h (Fig. 4a). 
Afterwards, we detected the expression of miR-155 and BIC, 
the precursor of miR-155, with quantitative real-time PCR in 
RAW 264.7 cells after co-culture with HepG2 or HepG2.2.15 
cells. As shown in Fig. 4b, the expression of BIC and miR-
155 were enhanced about 7- and 30-fold. Furthermore, miR-
155 expression was induced in a time-dependent manner. To 

further verify the effect of HBV-associated antigens on miR-
155 and BIC expression, we treated RAW264.7 macrophages 
with different antigens or their mixture for different timepoints. 
As shown in Fig. 4c, BIC expression was raised approximately 
50 fold and miR-155 was up-regulated about more than 100 
fold in HBeAg or mixture stimulated macrophages. Similarly, 
the expression of BIC and miR-155 were also promoted in 
mouse primary peritoneal macrophages (Fig. 4d) or human 
peripheral blood monocytes (Fig. 4e) after stimulation with 
HBeAg and mixture. Notably, miR-155 expression was also 
increased in peritoneal macrophages after HBcAg stimulation 
(Fig. 4d). However, no any effect on these two macrophages 
was found in HBsAg treatment group. This result was in line 
with the level of cytokines (Figs. 2, 3). Taken together, these 
results implicated that HBeAg, but not HBcAg and HBsAg, 
was a pivotal element in inducing miR-155 expression in 
macrophages.

The increased miR‑155 in human peripheral blood 
monocytes of patients with AHB was positively 
correlated with some clinical parameters

To verify the correlation of miR-155 expression and multi-
ple clinical indexes in patients with HBV infection, we col-
lected peripheral blood monocytes of 8 healthy individuals, 10 
patients with AHB and 13 patients with CHB and evaluated 
miR-155 expression. As shown in Fig. 5a, there was a sig-
nificant increase of miR-155 expression in peripheral blood 
monocytes of AHB patients compared with that of healthy 
controls. Reversely, its expression was decreased in periph-
eral blood monocytes of CHB patients compared with that 
of healthy controls. Next, we analyzed the correlation of 
miR-155 expression and clinical features, such as ALT, AST, 
HBeAg, HBsAg and HBV-DNA, in AHB patients. As shown 
in Fig. 5b–d, the expression of miR-155 was positively cor-
related with serum ALT and AST levels and HBeAg content. 
Yet, its expression was irrelevant with HBsAg and HBV-DNA 
(Fig. 5e, f). In addition, peripheral blood monocytes of healthy 
individuals were stimulated with the serum from AHB patients 
with higher concentration of HBeAg, and the results showed 
that miR-155 expression was remarkably induced (Fig. 5g). 
Taken together, these results indicated that a higher miR-155 
expression in peripheral blood monocytes of AHB patients 
might be closely related to HBeAg contents and contribute 
to hepatocyte damage. Of course, the exact role of miR-155 
in liver injury induced by HBV infection requires further 
investigation.

Fig. 2   HBeAg might play a predominant role in macrophage 
cytokines production. a–d RAW264.7 macrophages were stimulated 
with HBcAg, HBeAg, HBsAg, or their mixture (2 μg/ml) for 12, 24, 
36, or 48 h. The cell morphology was observed with light microscope 
(a original magnification, ×100). The expression of TNF-α, IL-6, 
and IFN-β was tested with q-PCR (the top of b–d), and the secretion 
of them was analyzed with ELISA (the bottom of b–d). e–h Mouse 
primary peritoneal macrophages were treated with HBcAg, HBeAg, 
HBsAg, or their mixture (2 µg/ml) for 36 h. The cell morphology was 
observed with light microscope (e original magnification, ×100). The 
expression of TNF-α, IL-6 and IFN-β was tested with q-PCR (the top 
of f–h), and the secretion of them was analyzed with ELISA (the bot-
tom of f–h). Data are representative of three independent experiments 
(mean ± SD of triplicates in b–d and f–h). *p < 0.05, **p < 0.01, 
***p < 0.001

◂
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NF‑κB and PI3K signaling pathway mediated 
the up‑regulation of miR‑155 expression 
after HBeAg stimulation

The previous studies from our and other laboratory dem-
onstrated that LPS stimulation mainly activate three signal 
pathway, including MAPK, NF-κB and PI3K [9, 17], and 
it was also shown that miR-155 expression is regulated by 
NF-κB activation [18]. To clarify the mechanism of HBeAg 
regulating miR-155 expression, we tested the activation of 
above three signal pathways. Similar to the other previous 
observation, we found MAPK, NF-Κb, and PI3K activa-
tion in RAW 264.7 macrophages both in co-culture system 
and in HBeAg stimulation (Fig. 6a, b). To further reveal the 
signal pathway responsible for HBeAg-regulated miR-155 
expression in macrophage activation, we pre-treated RAW 
264.7 cells with the corresponding inhibitors for 30 min 
and subsequently treated with HBeAg. As shown in Fig. 6c, 
these inhibitors significantly repressed the phosphoryla-
tion of ERK, p38, JNK, p65, and AKT. Furthermore, we 

found that either inhibition of NF-κB by Bay 11-7082, or 
PI3K by Wortmannin decreased BIC and miR-155 levels 
in HBeAg-stimulated macrophages (Fig. 6d), rather than 
that of MAPK signal pathway. Taken together, these data 
suggested that HBeAg induced a variety of signal pathway 
activation, including MAPK, NF-κB, and PI3K. However, 
it is worth noting that the expression of miR-155 was only 
modulated through NF-κB or PI3K pathway in HBeAg-
stimulated macrophages.

miR‑155 promoted HBeAg‑induced cytokine 
production by targeting BCL‑6, SHIP‑1, and SOCS‑1

The previous studies have demonstrated that miR-155-targeted 
multiple molecules to control the activation and inhibition of 
different signal pathways [19–21]. Figure 7a shows the binding 
sites of miR-155, which have been reported, by microRNA 
prediction programs Targetscan. Subsequently, we tested these 
three proteins expression in RAW 264.7 macrophages after co-
culture with HepG2 or HepG2.2.15 cells or stimulating with 

Fig. 3   HBsAg did not affect the production of RAW264.7 mac-
rophage cytokine at any timepoints and concentration. RAW264.7 
macrophages were stimulated with HBcAg or HBsAg. The cell mor-
phology was recorded with light microscope (a original magnifica-

tion, ×100). The expression of TNF-α was tested with q-PCR (b, d), 
and the secretion of them was analyzed with ELISA (c, e). Data are 
representative of three independent experiments (mean ± SD of trip-
licates in b–e). *p < 0.05, **p < 0.01, ***p < 0.001
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HBeAg. As shown in Fig. 7b, c, the expression of SOCS-1 
and SHIP-1 was decreased in macrophages after co-culture 
or HBeAg stimulation. On the contrary, the expression of 
BCL-6 was increased. To identify the effect of miR-155 on 
the cytokine production in HBeAg-stimulated macrophages, 
RAW 264.7 macrophages were transfected with angomir- 
or antago-mir-155, then stimulated with HBeAg. As shown 
in Fig. 7d, miR-155 expression was obviously up-regulated 
in angomir-155 group, especially after HBeAg treatment. 
Moreover, the expression and secretion of IL-6 were potenti-
ated when miR-155 was overexpressed (Fig. 7e, f). Inversely, 
the antago-mir-155 transfection significantly down-regulated 
miR-155 expression, particularly in the HBeAg stimulation 
group (Fig. 7g). The expression and secretion of IL-6 were 
also diminished when miR-155 was knocked down (Fig. 7h, 
i). Meanwhile, we detected the expression of SOCS-1, SHIP-1, 
and BCL-6, three pivotal targets of miR-155, after transfec-
tion with angomir- or antago-mir-155. As shown in Fig. 7j, k, 
angomir-155 effectively decreased the expression of SOCS-1, 

SHIP-1, and BCL-6, while antago-mir-155 significantly 
increased their expression.

Given that SOCS-1, SHIP-1, and BCL-6 were negative 
regulator in various signal pathways, we simultaneously 
knocked down the three targets by small RNA interference 
and miR-155 by antago-mir-155 in RAW 264.7 cells, and 
HBeAg was used to stimulate these cells to observe cytokine 
production. As shown in Fig. 7l, these small RNA effectively 
inhibited their expression in protein level. Besides, they greatly 
reversed antago-mir-155 caused the decrease of TNF-α and 
IL-6 expression and secretion (Fig. 7m, n). Taken together, 
these data supported that the increased miR-155 promoted 
HBeAg-induced inflammatory cytokine production in mac-
rophages by reducing the expression of negative regulators, 
such as BCL-6, SHIP-1, and SOCS-1.

Fig. 4   HBeAg-induced miR-155 expression in different kinds of mac-
rophages. RAW264.7 macrophages were stimulated with HBeAg for 
24 or 36 h, and microRNA sequencing assay was performed accord-
ing to the manufacturer’s protocols (a). After HepG2 or HepG2.2.15 
and RAW264.7 cells were co-cultured with transwell for 24, 36, 
or 48  h, the expression of miR-155 and BIC was measured with 
q-PCR (b). RAW264.7 macrophages were stimulated with HBeAg 

for 24, 36, or 48 h, and miR-155 and BIC expression was evaluated 
with q-PCR (c). Mouse primary peritoneal macrophages (d) and 
peripheral blood monocytes of health controls (e) were treated with 
HBeAg for 36  h, and miR-155 and BIC expression was evaluated 
with q-PCR. Data are representative of three independent experi-
ments (mean ± SD of triplicates in b, c and quadruplicates in d, e). 
*p < 0.05, **p < 0.01, ***p < 0.001
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Discussion

Hepatitis B virus (HBV) infection remains a major pub-
lic health problem. In addition, hepatitis B virus invades 
and replicates within hepatocyte to result in liver acute or 
chronic inflammatory response. Efficient control of hepa-
titis B virus requires the coordinate of innate and adaptive 
immune responses. Innate immunity has been involved in 
rapidly recognize viral proteins and nucleic acids and tissue 
damage. It induces inflammatory response through produc-
tion of chemokines and pro-inflammatory cytokines, dimin-
ishes viral infected hepatocytes by NK cells directly medi-
ated killing, and goes along with recruitment and maturation 
of adaptive immune cells [22].

Macrophages represent a category of heterogeneous 
population of immune cells with multiple functions in 
body homeostasis and disease initiation, maintenance, 
and resolution [16]. They serve as important innate immu-
nocytes and are especially abundant in the liver. Stud-
ies indicated that every 100 hepatocytes are along with 
20–40 macrophages in healthy rodent livers [23]. Mac-
rophages, named Kupffer cells in the liver, are the first 
barrier against pathogens accessing into the liver and are 
activated with PRR, including TLR, Nod-like receptors, 
RIG-like receptors, C-type lectins, and scavenger receptors 
[24]. The roles of Kupffer cells are seemingly contradic-
tory during HBV infections. Several studies have revealed 
that Kupffer cells, exposed upon HBV, are activated to 

Fig. 5   miR-155 expression of human peripheral blood monocytes 
was positively correlation with the content of ALT, AST, and HBeAg 
in serum of patients with AHB. The expression of miR-155 was 
determined with q-PCR in peripheral blood monocytes of health con-
trols and patients with AHB (a). The correlation between miR-155 
expression and the content of ALT (b), AST (c), HBeAg (d), HBcAg 

(e), or HBV-DNA (f) were analyzed. Peripheral blood monocytes of 
health controls were collected and cultured with the serum of health 
controls or patients with AHB (g H-M peripheral blood monocytes of 
health controls, H-S the serum of health controls, AHB-S the serum 
of patients with AHB). Data are representative of three independent 
experiments (mean ± SD of triplicates in a, g)



2637HBeAg induces the expression of macrophage miR-155 to accelerate liver injury via promoting…

1 3

inhibit HBV replication by producing chemokines and 
pro-inflammatory cytokines in primary hepatocytes [25, 
26]. Nevertheless, other studies have supported that HBV 
decreased the PRR signal pathway and production of pro-
inflammatory cytokines by Kupffer cells, and increased 
the expression of membrane-bound inhibitory ligands and 
secretion of immune-regulatory cytokines by Kupffer cells 
[27–29]. These data verify that Kupffer cells are indispen-
sable for the progress of effective anti-viral immunity. In 
this study, we first observed that HepG2.2.15 cells have 
been integrated HBV genome and continued to express 
higher level HBV-associated antigens, including HBcAg, 
HBeAg, and HBsAg. After co-culture with RAW 264.7 
macrophages, HepG2.2.15 cells, but not HepG2 cells, 
remarkably induced the production of pro-inflammatory 
cytokines. Similar to the previous research, our data sup-
port the conclusion that HBV infection promotes mac-
rophage activation. The difference is that we further evalu-
ated the antigens essential for HBV-inducing macrophage 
activation. We demonstrated that HBeAg promoted the 
change of morphology and production of pro-inflam-
matory cytokines not only in RAW 264.7 macrophages, 
but also in mouse primary peritoneal macrophages. We 
have previously reported that cytoskeleton rearrange-
ment facilitated TLR4-inducing macrophage activation 
[16]. Although HBcAg increased the production of pro-
inflammatory cytokines, macrophage morphology was not 
changed in mouse primary peritoneal macrophages. There-
fore, we speculated that HBeAg, but not HBcAg, might 

affect macrophage activation by regulating cytoskeleton 
rearrangement, which needs further investigation in the 
future.

Accumulating data showed that miRNAs, serve as the 
most widely studied kind of non-coding RNA molecules, 
play a pivotal role in the regulation of essential biological 
and pathological processes, such as cell differentiation, pro-
liferation, apoptosis, immunity, autophagy, and metabolism 
[30–32]. They control gene expression by mediating deg-
radation and/or blocking translation of mRNA. Recently, 
several miRNAs have been well characterized in the modu-
lation of TLR activation in monocytes or macrophages and 
have been demonstrated to negatively or positively regulate 
the activation of MAPK-, NF-κB-, and/or PI3K-signaling 
pathway and subsequent production and inhibition of pro-
inflammatory cytokines [9, 12, 32]. Hence, miRNAs repre-
sent a special family to restrict or accelerate inflammatory 
responses. However, the effect of HBV on miRNAs expres-
sion in macrophages remains unknown. In the present study, 
we have provided evidence to show that the expression of 
miR-155 is markedly induced by HBV.

Mature miR-155 originates from pri-miR-155 sequence, 
shortly named BIC gene, and is a sheared product. It, ini-
tially identified as a specific miRNA for immune and hemat-
opoietic cells, is among the first miRNAs connected to 
inflammation and immunity [33, 34]. Actually, miR-155 has 
been demonstrated to regulate the production of cytokines 
in multiple immune cells. The expression of miR-155 is 
induced in various immune cell lineages by treatment with 

Fig. 6   NF-κB and PI3K-signaling pathway mediated the up-regula-
tion of miR-155 expression after HBeAg stimulation. The non- and 
phosphorylation of ERK, JNK, P38, P65, and AKT were exam-
ined with western blot in co-culture of HepG2 or HepG2.2.15 and 
RAW264.7 macrophage (a) and HBeAg treatment experiments (b). 
RAW264.7 macrophages were pre-treated with the inhibitor of ERK, 

JNK, P38, P65, and AKT signal pathway (c, d). Western blot ana-
lyzed the non- and phosphorylation of ERK, JNK, P38, P65, and 
AKT (c). The expression of miR-155 and BIC was observed with 
q-PCR (d). Similar observations were obtained in three independent 
experiments (mean ± SD of triplicates in d). *p < 0.05, **p < 0.01, 
***p < 0.001
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TLR ligands, specific antigens, and inflammatory cytokines 
[35]. Further studies have suggested that miR-155 also 
involved in functions outside the immune and hematopoi-
etic systems [36, 37]. Bala et al. demonstrated that miR-155 
contributes to alcohol-induced liver injury through increase 
of TNF-α production in macrophages [18]. In addition, the 
expression of miR-155 is augmented in plasma and serum 

in patients with inflammatory and alcoholic liver injuries 
[38, 39]. These data point out a potential role of miR-155 
in liver injury diseases. However, to date, the role of miR-
155 in HBV-associated antigens in regulating macrophage 
activation has not been clearly identified. In this study, we 
show that the expression of miR-155 is markedly raised 
by HBeAg, occasionally by HBcAg in different kinds of 

Fig. 7   miR-155 regulated HBeAg inducing cytokines production by 
targeting BCL6, SHIP1, and SOCS-1. Targetscan of microRNA pre-
diction programs showed the binding sites of miR-155 and BCL6, 
SHIP1, and SOCS-1 (a). The expression of BCL6, SHIP1, and 
SOCS-1 was examined with western blot in co-culture of HepG2 or 
HepG2.2.15 and RAW264.7 macrophage (b) and HBeAg treatment 
experiments (c). After angomir-155 or negative control miRNA was 
transfected into RAW264.7 macrophages for 12 h and the cells were 
treated with HBeAg for 36 h, miR-155 expression (d) and IL-6 pro-
duction (e, f) were examined with q-PCR and ELISA. After antago-
mir-155 or negative control miRNA was transfected into RAW264.7 
macrophages for 12  h and the cells were treated with HBeAg for 
36 h, miR-155 expression (g) and IL-6 production (h, i) were exam-
ined with q-PCR and ELISA. After angomir-155 or negative con-
trol miRNA was transfected into RAW264.7 macrophages for 36  h 

and the cells were treated with HBeAg for 30  min, the expression 
of BCL6, SHIP1, and SOCS-1 was detected with western blot (j). 
After antago-mir-155 or negative control miRNA was transfected 
into RAW264.7 macrophages for 36 h and the cells were treated with 
HBeAg for 30 min, the expression of BCL6, SHIP1, and SOCS-1 was 
detected with western blot (k). RNAi of BCL6, SHIP1, or SOCS-1 
was transfected into RAW264.7 cells and interference efficiency of 
them was analyzed with Western blot (l). Both antago-mir-155 or 
negative control miRNA and RNAi of BCL6, SHIP1, and SOCS-1 
or scramble control were transfected into RAW264.7 for 24  h, and 
the cells were stimulated with HBeAg for 24  h. The expression 
and secretion of TNF-α and IL-6 were evaluated with q-PCR and 
ELISA (m, n). Data are representative of four independent experi-
ments (mean  ±  SD of triplicates in d–n). *p  <  0.05, **p  <  0.01, 
***p < 0.001, &p < 0.05, &&p < 0.01, &&&p < 0.001
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macrophages. Importantly, we also analyze the correla-
tion of miR-155 expression and several clinical indexes in 
monocytes of health controls, patients with AHB or CHB. 
We found that the expression of miR-155 was increased in 
monocytes of patients with AHB, and decreased in mono-
cytes of patients with CHB, compared with health controls. 
The reason, that miR-155 expression was conflicting in 
patients with AHB and CHB, might be the different sta-
tus of immune response between of them. Moreover, we 
elucidated that the expression of miR-155 was positively 
related to ALT, AST, and HBeAg in the serum of patients 
with AHB.

The previous reports have suggested that miR-155 can be 
induced by the activation of TLRs and other agonists and 
subsequently regulate several key targets to feedback cor-
responding signal pathway in the innate immune response. 
For example, miR-155 is up-regulated in response to the 
TLR4 agonist LPS or the TLR3 agonist poly(I:C) during 
the macrophage inflammatory responses [40, 41]. Next, 
the increased miR-155 represses the expression of SHIP-1 
mRNA and protein and leads to Akt phosphorylation upon 
LPS stimulation in RAW 264.7 cells [42]. In addition, Fen 
Du et al.’s study indicated that miR-155 enhanced inflam-
matory response to LPS through targeting SOCS-1 [43]. 
Nazari-Jahantigh et al. found that miR-155 directly repressed 
expression of BCL-6, a transcription factor that attenuates 
NF-κB signaling, to promote atherosclerosis in macrophages 
[44]. However, whether miR-155 may also attenuate inflam-
matory response under other circumstances, including HBV-
associated inflammation, has not been delineated. In this 
study, we found that HBV-related antigens were able to 
enhance the phosphorylation level of ERK, p38, JNK, p65, 
and AKT. To further investigate the mechanism of these 
above signal pathways in regulating miR-155 expression, we 
pre-treated macrophages with their corresponding inhibitor. 
We validated that NF-κB and PI3K signal pathway played 
an important role in HBeAg-induced miR-155 expression in 
macrophages. More importantly, we indicated that HBeAg-
induced miR-155 functions as positive regulator in HBeAg-
induced expression of inflammatory cytokines by targeting 
BCL-6, SHIP-1, and SOCS-1 in macrophages.

In summary, our results have demonstrated that HBV 
antigens obviously promoted inflammatory cytokine pro-
duction and miR-155 expression. Moreover, we validated 
that HBeAg played a pivotal role in macrophage inflamma-
tory cytokine production and miR-155 expression. In addi-
tion, miR-155 positively regulated cytokines production in 
HBeAg-induced macrophage activation by targeting BCL6, 
SHIP1, and SOCS-1. Importantly, miR-155 expression was 
enhanced in monocytes of patients with AHB, and positively 
correlated with ALT, AST, and HBeAg in the serum. Thus, 
these findings unveil a novel intricate physiological inter-
play between miR-155 and HBV infection. In other words, 

miR-155 represents a new positive regulator in macrophage 
activation in HBV-infection microenvironments, which 
might be a potential candidate for HBV-induced liver injury.
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