
Journal of Immunology Research

Immunotherapy of Liver Diseases

Lead Guest Editor: Dechun Feng
Guest Editors: YinYing Lu, Xiaoni Kong, and Feng Li



Immunotherapy of Liver Diseases



Journal of Immunology Research

Immunotherapy of Liver Diseases

Lead Guest Editor: Dechun Feng
Guest Editors: YinYing Lu, Xiaoni Kong, and Feng Li



Copyright © 2019 Hindawi. All rights reserved.

This is a special issue published in “Journal of Immunology Research.” All articles are open access articles distributed under the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.



Editorial Board

B. D. Akanmori, Congo
Jagadeesh Bayry, France
Kurt Blaser, Switzerland
Eduardo F. Borba, Brazil
Federico Bussolino, Italy
Nitya G. Chakraborty, USA
Cinzia Ciccacci, Italy
Robert B. Clark, USA
Mario Clerici, Italy
Nathalie Cools, Belgium
M. Victoria Delpino, Argentina
Nejat K. Egilmez, USA
Eyad Elkord, UK
Steven E. Finkelstein, USA
Maria Cristina Gagliardi, Italy
Luca Gattinoni, USA
Alvaro González, Spain
Theresa Hautz, Austria
Douglas C. Hooper, USA

Eung-Jun Im, USA
Hidetoshi Inoko, Japan
Juraj Ivanyi, UK
Ravirajsinh Jadeja, USA
Peirong Jiao, China
Taro Kawai, Japan
Alexandre Keller, Brazil
Hiroshi Kiyono, Japan
Bogdan Kolarz, Poland
Herbert K. Lyerly, USA
Mahboobeh Mahdavinia, USA
Giuliano Marchetti, Italy
Eiji Matsuura, Japan
Cinzia Milito, Italy
Chikao Morimoto, Japan
Paola Nistico, Italy
Enrique Ortega, Mexico
Patrice Petit, France
Eirini Rigopoulou, Greece

Ilaria Roato, Italy
Luigina Romani, Italy
Aurelia Rughetti, Italy
Francesca Santilli, Italy
Takami Sato, USA
Senthamil R. Selvan, USA
Naohiro Seo, Japan
Benoit Stijlemans, Belgium
Jacek Tabarkiewicz, Poland
Mizue Terai, USA
Ban-Hock Toh, Australia
Joseph F. Urban, USA
Shariq M. Usmani, USA
Paulina Wlasiuk, Poland
Baohui Xu, USA
Xiao-Feng Yang, USA
Qiang Zhang, USA



Contents

Immunotherapy of Liver Diseases
Dechun Feng , YinYing Lu, Xiaoni Kong , and Feng Li
Editorial (3 pages), Article ID 9343505, Volume 2019 (2019)

Elevated Serum IgG Levels Positively Correlated with IL-27 May Indicate Poor Outcome in Patients
with HBV-Related Acute-On-Chronic Liver Failure
Geng-lin Zhang , Qi-yi Zhao , Chan Xie , Liang Peng , Ting Zhang , and Zhi-liang Gao
Research Article (10 pages), Article ID 1538439, Volume 2019 (2019)

Immunoregulatory Effect of Koumine on Nonalcoholic Fatty Liver Disease Rats
Rongcai Yue, Guilin Jin, Shanshan Wei, Huihui Huang, Li Su, Chenxi Zhang, Ying Xu, Jian Yang, Ming Liu,
Zhiyong Chu , and Changxi Yu
Research Article (9 pages), Article ID 8325102, Volume 2019 (2019)

Overexpression of Tumor Necrosis Factor-Like Ligand 1 A in Myeloid Cells Aggravates Liver Fibrosis in
Mice
Jinbo Guo, Yuxin Luo, Fengrong Yin, Xiaoxia Huo, Guochao Niu, Mei Song, Shuang Chen,
and Xiaolan Zhang
Research Article (15 pages), Article ID 7657294, Volume 2019 (2019)

Immunomodulatory Effects of CombinationTherapy with Bushen Formula plus Entecavir for Chronic
Hepatitis B Patients
Long-Shan Ji, Qiu-Tian Gao, Ruo-Wen Guo, Xin Zhang, Zhen-Hua Zhou, Zhuo Yu, Xiao-Jun Zhu ,
Ya-Ting Gao, Xue-Hua Sun, Yue-Qiu Gao, and Man Li
Research Article (10 pages), Article ID 8983903, Volume 2019 (2019)

TheCrosstalk between Fat Homeostasis and Liver Regional Immunity in NAFLD
Minjuan Ma, Rui Duan, Hong Zhong, Tingming Liang , and Li Guo
Review Article (10 pages), Article ID 3954890, Volume 2019 (2019)

Alda-1 Ameliorates Liver Ischemia-Reperfusion Injury by Activating Aldehyde Dehydrogenase 2 and
Enhancing Autophagy in Mice
Meng Li, Min Xu, Jichang Li, Lili Chen, Dongwei Xu, Ying Tong, Jianjun Zhang, Hailong Wu ,
Xiaoni Kong , and Qiang Xia
Research Article (14 pages), Article ID 9807139, Volume 2018 (2019)

Total HLA Class I Antigen Loss with the Downregulation of Antigen-Processing Machinery
Components in Two Newly Established Sarcomatoid Hepatocellular Carcinoma Cell Lines
Wei-Yi Lei , Shih-Chieh Hsiung, Shao-Hsuan Wen, Chin-Hsuan Hsieh, Chien-Lin Chen ,
Christopher Glenn Wallace , Chien-Chung Chang , and Shuen-Kuei Liao
Research Article (12 pages), Article ID 8363265, Volume 2018 (2019)

Mesenchymal Stem Cells Ameliorate Hepatic Ischemia/Reperfusion Injury via Inhibition of Neutrophil
Recruitment
Shihui Li , Xu Zheng , Hui Li, Jun Zheng, Xiaolong Chen, Wei Liu, Yan Tai, Yingcai Zhang,
Genshu Wang , and Yang Yang
Research Article (10 pages), Article ID 7283703, Volume 2018 (2019)

https:orcid.org/0000-0001-7485-762X
https:orcid.org/0000-0002-1406-051X
http://orcid.org/0000-0003-4156-4147
http://orcid.org/0000-0003-0649-0437
http://orcid.org/0000-0002-0225-5483
http://orcid.org/0000-0001-6184-5750
http://orcid.org/0000-0002-4400-6936
http://orcid.org/0000-0003-0439-1187
http://orcid.org/0000-0003-4235-3704
http://orcid.org/0000-0001-8115-0411
http://orcid.org/0000-0002-7047-3634
http://orcid.org/0000-0001-6523-0526
http://orcid.org/0000-0002-6754-143X
http://orcid.org/0000-0002-6421-0010
http://orcid.org/0000-0003-1494-0717
http://orcid.org/0000-0003-3517-4230
http://orcid.org/0000-0002-1406-051X
http://orcid.org/0000-0001-9482-6951
http://orcid.org/0000-0003-0396-8677
http://orcid.org/0000-0002-9084-8210
http://orcid.org/0000-0003-1897-9520
http://orcid.org/0000-0001-7537-3133
http://orcid.org/0000-0003-1727-1280
http://orcid.org/0000-0002-0360-3582
http://orcid.org/0000-0002-3244-4955
http://orcid.org/0000-0002-8515-3246
http://orcid.org/0000-0002-3922-2423


RIPK3-Mediated Necroptosis and Neutrophil Infiltration Are Associated with Poor Prognosis in
Patients with Alcoholic Cirrhosis
Zhenzhen Zhang, Guomin Xie, Li Liang, Hui Liu, Jing Pan, Hao Cheng, Hua Wang , Aijuan Qu,
and Yan Wang
Research Article (7 pages), Article ID 1509851, Volume 2018 (2019)

Enhanced Regeneration and Hepatoprotective Effects of Interleukin 22 Fusion Protein on a
Predamaged Liver Undergoing Partial Hepatectomy
Heng Zhou , Guomin Xie, Yudi Mao, Ke Zhou, Ruixue Ren, Qihong Zhao, Hua Wang , and Shi Yin
Research Article (12 pages), Article ID 5241526, Volume 2018 (2019)

Complement System as a Target forTherapies to Control Liver Regeneration/Damage in Acute Liver
Failure Induced by Viral Hepatitis
Juliana Gil Melgaço , Carlos Eduardo Veloso, Lúcio Filgueiras Pacheco-Moreira, Claudia Lamarca Vitral,
and Marcelo Alves Pinto
Research Article (9 pages), Article ID 3917032, Volume 2018 (2019)

Natural Killer Cells in Liver Disease and Hepatocellular Carcinoma and the NK Cell-Based
Immunotherapy
Pingyi Liu , Lingling Chen, and Haiyan Zhang
Review Article (8 pages), Article ID 1206737, Volume 2018 (2019)

Construction and Characterization of Adenovirus Vectors Encoding Aspartate-𝛽-Hydroxylase to
Preliminary Application in Immunotherapy of Hepatocellular Carcinoma
Yujiao Zhou , Feifei Liu, Chengmin Li, Guo Shi, Xiaolei Xu, Xue Luo, Yuanling Zhang, Jingjie Fu,
Aizhong Zeng , and Limin Chen
Research Article (10 pages), Article ID 9832467, Volume 2018 (2019)

The Imbalance between Foxp3+Tregs andTh1/Th17/Th22 Cells in Patients with Newly Diagnosed
Autoimmune Hepatitis
Ma Liang, Zhang Liwen , Zhuang Yun, Ding Yanbo, and Chen Jianping
Research Article (12 pages), Article ID 3753081, Volume 2018 (2019)

http://orcid.org/0000-0002-2605-5697
http://orcid.org/0000-0002-8577-0527
http://orcid.org/0000-0001-6134-5211
http://orcid.org/0000-0002-2605-5697
http://orcid.org/0000-0003-0841-8391
http://orcid.org/0000-0003-0087-6531
http://orcid.org/0000-0003-3462-7277
http://orcid.org/0000-0002-4256-9794
http://orcid.org/0000-0002-1397-1581
http://orcid.org/0000-0002-3328-3153
http://orcid.org/0000-0002-7370-6499
http://orcid.org/0000-0002-9614-1216
http://orcid.org/0000-0002-5505-4140


Editorial
Immunotherapy of Liver Diseases

Dechun Feng ,1 YinYing Lu,2 Xiaoni Kong ,3 and Feng Li4

1Laboratory of Liver Diseases, National Institute on Alcohol Abuse and Alcoholism, National Institutes of Health, Bethesda, MD, USA
2Comprehensive Liver Cancer Center, Beijing 302 Hospital, Beijing, China
3Department of Liver Surgery, Renji Hospital, School of Medicine, Shanghai Jiao Tong University, Shanghai, China
4Department of Molecular and Cellular Biology, Baylor College of Medicine, Houston, TX, USA

Correspondence should be addressed to Dechun Feng; dechun.feng@nih.gov

Received 9 June 2019; Accepted 14 June 2019; Published 21 August 2019

Copyright © 2019 Dechun Feng et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

As an immunological organ, the liver played critical roles
against invading pathogens. Many immune cells such as
Kupffer cells, natural killer (NK) cells, and NKT cells were
located in the liver under normal physiological condition.
Under pathological condition, such as acute or chronic liver
injury, more immune cells migrated into the liver. These cells
may act as friends to clear damaged hepatocytes, promote
liver repair, improve the resolution of liver fibrosis, and elim-
inate liver cancer cells. They may also play bad roles in the
liver, such as further damaging hepatocytes, promoting
hepatic stellate cell activation and live fibrosis, and facilitat-
ing tumor growth. So, how to understand the detailed regula-
tion mechanisms in liver immune cells and how to target
immune cells in the liver to improve the therapy of liver
diseases are a challenging problem in the liver study field.

In this special issue, we have invited a few Research
Articles and Reviews that address such issues.

In the paper titled “Elevated Serum IgG Levels Positively
Correlated with IL-27 May Indicate Poor Outcome in
Patients with HBV-Related Acute-On-Chronic Liver Fail-
ure,” the authors studied the correlation of serum immuno-
globulins including IgG, IgA, and IgM and interleukin-27
(IL-27) in patients with HBV-related acute-on-chronic liver
failure (HBV-ACLF). They compared HBV-ACLF patients
with chronic hepatitis B (CHB) patients as well as normal
control. They found that serum immunoglobulins were pref-
erentially elevated in HBV-ACLF patients. In addition,
serum IgG levels were positively correlated with IL-27.
This study may be helpful for predicting prognosis in
HBV-ACLF patients.

In the paper titled “Immunoregulatory Effect of Koumine
on Nonalcoholic Fatty Liver Disease Rats,” the authors stud-
ied the effects of koumine, the main and active ingredient iso-
lated from Gelsemium elegans, on a rat nonalcoholic fatty
liver disease (NAFLD) model. They showed that Koumine
could significantly reduce improved liver injury in NAFLD
rats. Koumine treatment also decreased the percentages
of Th1 and Th17 cells and increased Th2 and Treg cells
in the liver.

In the paper titled “Overexpression of Tumor Necrosis
Factor-Like Ligand 1 A in Myeloid Cells Aggravates Liver
Fibrosis in Mice,” the authors studied how myeloid cell
derived TNF-like ligand 1 aberrance (TL1A) contributed to
the development of liver fibrosis. They found that overex-
pression of TL1A in myeloid cells accelerated the necrosis
and apoptosis of hepatocytes and promoted activation of
hepatic stellate cells (HSCs). Moreover, TL1A overexpression
in macrophages promoted secretion of platelet-derived
growth factor-BB (PDGF-BB), tumor necrosis factor-α
(TNF-α), and interleukin-1β (IL-1β) which further activated
HSCs and deteriorated liver fibrosis.

In the paper titled “Immunomodulatory Effects of
Combination Therapy with Bushen Formula plus Entecavir
for Chronic Hepatitis B Patients,” the authors evaluated the
beneficial effects of the traditional Chinese medicine Bushen
formula (BSF) in combination of plus entecavir (ETV) in
naïve chronic hepatitis B (CHB) patients and that in CHB
patients with partial virological response to ETV. They found
that the combination therapy with BSF plus ETV increased
Th1 and DC frequencies and decreased Treg frequency in
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naïve CHB patients. In CHB patients with partial virological
response to ETV, the combination therapy downregulated
PD-L1 levels on DCs and the frequency of Treg. The modu-
lation of the immune system in these patients with BSF was
related to HBsAg decline.

In the paper titled “The Crosstalk between Fat Homeo-
stasis and Liver Regional Immunity in NAFLD,” the
authors reviewed how liver nonparenchymal cell, adipo-
cytes, and hepatocytes crosstalk with each other in the
development of NAFLD and NASH. They also summarized
how ncRNAs (including miRNAs and lncRNAs) partici-
pated in the pathological process of NAFLD by changing
body fat homeostasis.

In the paper titled “Alda-1 Ameliorates Liver Ischemia-
Reperfusion Injury by Activating Aldehyde Dehydrogenase
2 and Enhancing Autophagy in Mice,” the authors investi-
gated the novel role of acetaldehyde metabolizing enzyme
ALDH2 in ischemia-reperfusion injury (IRI). Pretreatment
of ALDH2 activator Alda-1 protects mice from IRI. Detailed
mechanism study revealed that Alda-1 treatment could acti-
vate AMPK and autophagy which was very helpful to remove
damaged organelles and protected hepatocyte from necrosis
and apoptosis. These findings collectively indicate that
Alda-1-mediated ALDH2 activation could be a promising
strategy to improve liver IRI by clearance of reactive
aldehydes and enhancement of autophagy.

In the paper titled “Total HLA Class I Antigen Loss with
the Downregulation of Antigen-Processing Machinery
Components in Two Newly Established Sarcomatoid Hepa-
tocellular Carcinoma Cell Lines,” the authors studied HLA
class I antigen abnormalities in sarcomatoid hepatocellular
carcinoma (sHCC). They analyzed the growth characteristics
and HLA class I antigen status of four sHCC cell lines. Cell
lines with nondetectable surface HLA class I antigen expres-
sion, intracellular β2-microglobulin (β2m) and marked HLA
class I heavy chain, and selective antigen-processing machin-
ery (APM) components showed enhanced growth ability.
These findings may have implications for a proper design of
T cell immunotherapy for the treatment of sHCC patients.

In the paper titled “Mesenchymal Stem Cells Ameliorate
Hepatic Ischemia/Reperfusion Injury via Inhibition of Neu-
trophil Recruitment” that studied the protective effects of
mesenchymal stem cells (MSCs) in a rat liver ischemia/reper-
fusion injury (IRI) model” the authors showed that treatment
with MSCs protected rat against hepatic IRI and attenuated
hepatic neutrophil infiltration. The protective effects may
be attributed to the decreased expression of CXCR2 on the
surface of neutrophils and reduced CXCL2 production in
macrophages. MSCs can significantly ameliorate hepatic IRI
predominantly through its inhibitory effect on hepatic neu-
trophil migration and infiltration.

In the paper titled “RIPK3-Mediated Necroptosis and
Neutrophil Infiltration Are Associated with Poor Prognosis
in Patients with Alcoholic Cirrhosis,” the authors explored
the immunomodulatory effects of mesenchymal stem cells
(MSCs) on liver IRI. They showed that treatment with
MSCs protected rat against hepatic IRI, with significantly
decreased liver damage and hepatic neutrophil infiltration.
The mechanisms can be attributed to reduced CXCR2

expression on neutrophils and diminished CXCL2 produc-
tion in macrophages.

In the paper titled “Enhanced Regeneration and Hepato-
protective Effects of Interleukin 22 Fusion Protein on a
Predamaged Liver Undergoing Partial Hepatectomy,” the
authors studied whether the RIPK3 level is correlated with
neutrophil infiltration or poor prognosis in alcoholic
cirrhotic patients. They analyzed 20 samples from alcoholic
cirrhotic patients 5 normal liver samples. The results showed
that the MPO and RIPK3 levels in the liver were positively
related to the Ishak score. The RIPK3 was also significantly
and positively related to the Knodell score. The study sug-
gested that RIPK3-mediated necroptosis and neutrophil-
mediated alcoholic liver inflammatory response are highly
correlated with poor prognosis in patients with end-stage
alcoholic cirrhosis.

The tenth paper discussed the beneficial role of interleu-
kin 22 (IL-22) in liver regeneration deficiency in chronic liver
disease patients and liver IRI after surgery. They found that
IL-22 treatment prior to IRI effectively reduced liver damage
through decreased liver injury and improved liver histology.
IL-22 can also promote liver regeneration in mice with pre-
damaged livers following PHx. IL-22 may be considered as
a promising therapeutic agent to improve liver regeneration
deficiency and liver IRI in patients.

In the paper titled “Complement System as a Target for
Therapies to Control Liver Regeneration/Damage in Acute
Liver Failure Induced by Viral Hepatitis,” the authors evalu-
ated the role of complement components in acute liver failure
(ALF) caused by viral hepatitis. They found low levels of C3a
in plasma samples with high frequency of C3a, C5a, and
C5b/9 deposition in liver parenchyma. The data suggested
that the complement system may be involved in liver dys-
function in viral-induced acute liver failure.

In the paper titled “Natural Killer Cells in Liver Disease
and Hepatocellular Carcinoma and the NK Cell-Based
Immunotherapy,” the authors reviewed the NK cell pheno-
typic and functional changes in liver diseases. They discussed
the role of NK cells in chronic viral hepatitis, alcoholic liver
diseases, nonalcoholic fatty liver disease (NAFLD)/NASH,
and hepatocellular carcinoma (HCC). In the review, NK
cell-based immunotherapy for cancer was also discussed.

In the paper titled “Construction and Characterization of
Adenovirus Vectors Encoding Aspartate-β-Hydroxylase to
Preliminary Application in Immunotherapy of Hepatocellu-
lar Carcinoma,” the authors described a DC vaccine targeting
aspartate-β-hydroxylase (AAH), a tumor-associated cell sur-
face protein. They tested the antitumor effect of the vaccine
in HepG2 cells and found significantly enhanced lysis effect
of cytotoxic T lymphocytes (CTLs) in the vaccine group.
The approach can be considered as a potential candidate
for DC-based immunotherapy of HCC.

In the paper titled “The Imbalance between Foxp3+Tregs
and Th1/Th17/Th22 Cells in Patients with Newly Diagnosed
Autoimmune Hepatitis,” the authors studied the numbers of
Foxp3+Tregs and Th1-Th17-Th22 cells newly diagnosed
autoimmune hepatitis (AIH) patients. They showed that
active AIH patients had significantly decreased numbers of
Foxp3+Tregs and increased numbers of Th1/Th17/Th22
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cells. Also, the serum levels of IL-17A and IL-22 were corre-
lated positively with liver injury. The findings demonstrated
that an imbalance between Tregs and Th1-Th17-Th22 cells
might contribute to the pathogenic process of AIH.
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Background and Aims. Serum immunoglobulins are frequently increased in patients with chronic liver disease, but little is known
about the role of serum immunoglobulins and their correlations with interleukin-27 (IL-27) in patients with HBV-related acute-on-
chronic liver failure (HBV-ACLF). This study was aimed at determining the role of serum immunoglobulin (IgG, IgA, and IgM)
levels and their associations with IL-27 in noncirrhotic patients with HBV-ACLF. Methods. Samples were assessed from thirty
patients with HBV-ACLF, twenty-four chronic hepatitis B (CHB) subjects, and eighteen normal controls. Disease severity of
HBV-ACLF was evaluated. Serum IL-27 levels were examined by enzyme-linked immunosorbent assay. Immunoglobulin levels
were assessed using immunoturbidimetric assay. Correlations between immunoglobulin levels and IL-27 were analyzed. Receiver
operating characteristic (ROC) curves were used to predict the 3-month mortality. Results. 25 (83.3%) HBV-ACLF patients had
elevated serum IgG levels (>1 ULN), 14 (46.7%) patients had elevated IgA, and 15 (50%) had raised IgM. IgG, IgA, and IgM
levels were higher in HBV-ACLF patients than in CHB patients and normal controls. Moreover, IgG, IgA, and IgM levels were
positively correlated with Tbil levels but negatively correlated with prothrombin time activity (PTA) levels. Additionally, IgG
levels were significantly increased in nonsurviving patients than in surviving HBV-ACLF patients (P = 0 007) and positively
correlated with MELD score (r = 0 401, P = 0 028). Also, IgG levels were positively correlated with IL-27 levels in HBV-ACLF
patients (r = 0 398, P = 0 029). Furthermore, ROC curve showed that IgG levels could predict the 3-month mortality in
HBV-ACLF patients (the area under the ROC curve: 0.752, P = 0 005). Conclusions. Our findings demonstrated that serum
immunoglobulins were preferentially elevated in HBV-ACLF patients. IgG levels were positively correlated with IL-27 and
may predict prognosis in HBV-ACLF patients.

1. Introduction

Acute-on-chronic liver failure (ACLF) is a dramatic clinical
syndrome characterized by the sudden loss of hepatic cells
leading to multiorgan failure in patients with preexisting
chronic liver diseases [1]. The leading cause of ACLF in

China is chronic HBV infection, while it is often a result of
alcoholic cirrhosis in western countries [2]. An unclear path-
ogenesis of HBV-ACLF and the lack of effective treatment
options result in an extremely high mortality rate. Substantial
evidence indicates that immunity-mediated inflammation
plays an essential role in HBV-ACLF. Particularly, different
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arms of the innate and adaptive immune cells make criti-
cal contributions to the development and progression of
HBV-ACLF [3, 4].

Classically referred as core part of humoral immunity,
immunoglobulins have been shown to play key roles in
several types of liver diseases. Serum immunoglobulins are
frequently elevated in chronic liver disease and cirrhotic
patients [5, 6]. In addition, characteristic patterns of eleva-
tion in serum immunoglobulins are observed in specific liver
diseases such as raised immunoglobulin G (IgG) in autoim-
mune hepatitis, raised immunoglobulin A (IgA) in alcoholic
liver disease, and raised immunoglobulin M (IgM) in pri-
mary biliary cholangitis (PBC), which can be applied to aid
diagnosis in clinical practice [7–10]. These pieces of evidence
strongly link immunoglobulins with immune-mediated liver
injury. However, less information has been available about
the role of immunoglobulins in patients with HBV-ACLF.

Interleukin-27 (IL-27) is a relatively new cytokine that
belongs to the IL-12 family. IL-27 is a heterodimeric cytokine
composed of the Epstein-Barr virus-induced gene 3 (EBI3)
and IL-27p28, which engages a receptor composed of gp130
and IL-27Ra that activates the JAK-STAT and MAPK signal-
ing pathways [11]. IL-27 has both proinflammatory and anti-
inflammatory properties that act on various types of cells
depending on the context [11, 12]. Most studies mainly focus
the effects of IL-27 on T cells. Also, IL-27 has been evidenced
to regulate the expression of immunoglobulins by B cells.
Several recent reports showed that IL-27 can induce the
production of IgG1 by B cells and support antibody-driven
autoimmune disease [13–15]. However, another report
revealed that IL-27 can directly inhibit the growth of leuke-
mic B cells [16]. To date, less is known about the correlations
between IL-27 levels and the expression of immunoglobulins
in patients with HBV-ACLF.

An important report enrolling patients with HBV-
associated acute liver failure (HBV-ALF) clearly revealed that
massive accumulation of plasma cells secreting IgG and IgM
was found in the liver tissue [17]. In view of the similar
pathogenicmechanisms betweenHBV-ALF andHBV-ACLF,
we hypothesized that serum immunoglobulins could be
elevated in patients with HBV-ACLF and that higher levels
may indicate the unfavorable outcome. Therefore, in the
present study, our aim was to determine the role of serum
immunoglobulin levels (IgG, IgA, and IgM) and their correla-
tions with IL-27 in noncirrhotic patients with HBV-ACLF.

2. Patients and Methods

2.1. Study Design and Patients. This study used clinical data
and serum samples from our prospective study investigating
the pathogenesis of HBV-ACLF patients. Briefly, thirty
HBV-ACLF patients admitted to our department between
June 2009 and May 2010 were enrolled. The inclusion crite-
rion was based on the published works and clinical practice
guideline. Adult noncirrhotic patients with HBV-ACLF
who were willing to participate and consented to the study
were enrolled based on previously described inclusion
criteria [18, 19]. The exclusion criteria were the following:
(1) evidence of other liver diseases including autoimmune

liver diseases (autoimmune hepatitis and PBC), Wilson’s dis-
ease, or cancer; (2) coinfection with other hepatitis virus or
HIV virus; (3) treatment with artificial liver support or
immunomodulatory drugs; (4) history of alcohol or drug
abuse; and (5) records of renal, cardiovascular, pulmonary,
or rheumatic diseases and pregnant women. Cirrhosis was
clinically diagnosed when a small and nodular liver was
found on imaging tests before enrollment [20]. Each patient
was treated with supportive internal treatment. All HBV-
ACLF patients were followed up at least 6 months. The clin-
ical outcome was recorded as surviving or nonsurviving.
Twenty-four chronic hepatitis B (CHB) patients and eighteen
normal controls (NC) from our hospital during the same
period were recruited as controls. CHB was diagnosed based
on previously described criteria [18, 19]. Clinical assessment
was performed at admission prior to therapy. Peripheral
blood was collected at admission; serum was separated and
stored at -80°C until being analyzed. The study was con-
ducted in accordance with the Declaration of Helsinki, and
the protocol was assessed and approved by our hospital’s
ethics committee. Written informed consent was obtained
from each participant before the study.

2.2. Analysis of the Expression of IgG, IgA, and IgM. Human
IgG, IgA, and IgM quantitation kits were purchased from
Roche Diagnostics (Indianapolis, IN, USA). Serum concen-
trations of IgG, IgA, and IgM were analyzed using immuno-
turbidimetric assay through an autoanalyzer (TBA-30FR
Toshiba, Tokyo, Japan) according to the manufacturer’s
guidelines. All values were compared to the normal ranges
which were reported as 8-16 g/L for IgG, 0.7-3.3 g/L for
IgA, and 0.5-2.2 g/L for IgM.

2.3. Analysis of IL-27 Levels by Enzyme-Linked
Immunosorbent Assay. Serum IL-27 concentrations were
quantified by sandwich enzyme-linked immunosorbent
assay (ELISA) using commercial kits (BioLegend, San Diego,
CA, USA) according to the manufacturer’s protocol. Serum
IL-27 levels were quantified by using standard samples with
known cytokine concentrations provided by the manufac-
turer and expressed as pg/mL. The detection sensitivity was
11 pg/mL.

2.4. Virological Assessment and Liver Biochemical Assays.
Serum HBV markers, including hepatitis B s antigen
(HBsAg), hepatitis B e antigen (HBeAg), hepatitis B e anti-
body (HBeAb), and hepatitis B c antibody (HBcAb), were
determined using the Elecsys system (Hoffmann-La Roche,
Basel, Switzerland). HBV-DNA levels were quantitated by
Real-Time Quantitative PCR using the ABI7300 (Applied
Biosystems, Foster City, CA, USA). The limit of detection
of HBV-DNA was 100 IU/mL. Liver biochemical assays were
quantitated using an autoanalyzer (TBA-30FR Toshiba,
Tokyo, Japan). Prothrombin time activity (PTA) was mea-
sured using an automatic hemostasis/thrombosis analyzer
(STA Compact, Holliston, MA, USA).

2.5. Assessment of Complications and Disease Severity.
Complete medical histories, physical examinations, and
laboratory parameters were assessed for all HBV-ACLF
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patients. Complications (including spontaneous bacterial
peritonitis, hepatic encephalopathy, hepatorenal syndrome,
and upper gastrointestinal bleeding) were closely monitored
and diagnosed based on our previously described standards
[21]. Model for end-stage liver disease (MELD) score and
MELD-Na score were used to assess disease severity and
calculated as previously described [22]. If the sodium value
was below 125 mmol/L, it was set to 125 mmol/L, and if the
value was above 140 mmol/L, it was adjusted to 140 mmol/L.
Moreover, the recently developed Chronic Liver Failure
Consortium (CLIF-C) ACLF score for classification and
prognostic assessment of ACLF patients was also applied to
evaluate the disease severity [23]. CLIF-C ACLF score was
calculated as follows: CLIF − CACLF = 10 × 0 33 × CLIF −
OFs + 0 04 × Age + 0 63 × ln WBC count − 2 .

2.6. Statistical Analysis. Data were analyzed using SPSS ver-
sion 20.0 software (IBM Corporation, Armonk, NY, USA)
and expressed as frequencies, medians, and ranges or as
means ± standard errors. Differences in variables were ana-
lyzed using ANOVA and Student’s t-tests (for normally
distributed data) or Kruskal-Wallis and Mann-Whitney U
tests (for nonnormally distributed data). Categorical data
were analyzed using the Chi-square test and Fisher’s exact
test. Correlation analysis was evaluated by the Pearson or
Spearman test. Receiver operating characteristic (ROC)
curves were used to predict the 3-month mortality. Compar-
isons of ROC curves were performed using the DeLong test.
A two-sided P < 0 05 was considered statistically significant.

3. Results

3.1. Characteristics of Patients. The characteristics of
HBV-ACLF, CHB, and normal controls are presented in
Table 1. No significant differences existed among the three
groups for the age (P = 0 073) or gender ratio (P = 0 718).
Moreover, no statistically significant difference was found
between the CHB and HBV-ACLF groups with respect to
the presence of HBeAg (P = 0 061).

3.2. Serum Levels of IgG, IgA, and IgM Increased in
HBV-ACLF Patients Independently of the Presence of
HBeAg. IgG, IgA, and IgM levels in serum samples from
HBV-infected patients and uninfected controls were assessed
using commercial kits. Overall, there were more patients with
serum elevated immunoglobulins levels (defined as >1 time
the upper limit of normal, >1 ULN) in the HBV-ACLF group
when compared with the CHB group for elevated IgG levels
(83.3% vs. 54.2%, P = 0 034), for elevated IgA levels (46.7%
vs. 25%, P = 0 156), and for elevated IgM levels (50% vs.
8.3%, P = 0 001). Moreover, serum IgG levels were signif-
icantly increased in patients with HBV-ACLF (mean
21.21 g/L) when compared with CHB subjects (median
16.83 g/L, P = 0 002) and normal controls (mean 11.44 g/L,
P < 0 001; Figure 1(a)). Also, serum IgA levels were sig-
nificantly increased in patients with HBV-ACLF (mean
3.15 g/L) than in CHB subjects (mean 2.50 g/L, P = 0 042)
and normal controls (mean 2.27 g/L, P = 0 001; Figure 1(a)).
Moreover, serum IgM levels were significantly increased in

patients with HBV-ACLF (median 2.19 g/L) when compared
with CHB subjects (median 1.38 g/L, P < 0 001) and normal
controls (median 0.92 g/L, P < 0 001; Figure 1(a)). We then
determined the correlations between HBeAg presence and
immunoglobulin levels. In the CHB group, no significant dif-
ferences existed in IgG, IgA, or IgM levels between HBeAg-
positive (n = 16) and HBeAg-negative patients (n = 8)
(P = 0 337, P = 0 890, and P = 0 503, resp.; Figure 1(b)). Also,
no significant differences existed in IgG, IgA, or IgM levels
between HBeAg-positive HBV-ACLF patients (n = 12) and
patients with HBeAg-negative HBV-ACLF (n = 18)
(P = 0 776, P = 0 634, and P = 0 755, resp.; Figure 1(c)).

3.3. Increased Serum IgG, IgA, and IgM Levels Were Closely
Associated with Liver Injury in HBV-Infected Patients. We
subsequently analyzed the correlations between IgG, IgA,
and IgM levels and serum total bilirubin (Tbil), plasma
PTA, serum albumin, serum globulin, serum ALT, serum
AST levels, and serum HBV-DNA loads in CHB and
HBV-ACLF patients. Interestingly, serum Tbil levels were
positively correlated with IgG, IgA, and IgM levels
(r = 0 387, P = 0 004; r = 0 372, P = 0 006; and r = 0 515,
P < 0 001, resp.; Figure 2(a)), while plasma PTA levels
were negatively correlated with IgG, IgA, and IgM levels
(r = −0 482, P < 0 001; r = −0 258, P = 0 059; and r = −0 557,
P < 0 001, resp.; Figure 2(b)) in these HBV-infected subjects.
In addition, serum albumin levels were negatively corre-
lated with IgG, IgA, and IgM levels (r = −0 539, P < 0 001;
r = −0 266, P = 0 052; and r = −0 485, P < 0 001, resp.;
Figure 2(c)). Serum globulin levels were positively correlated
with IgG and IgA levels (r = 0 300, P = 0 027 and r = 0 350,
P = 0 010; Figure 2(d)). However, no significant correlations
existed between IgG, IgA, or IgM levels and ALT levels, AST
levels, or HBV-DNA levels in these HBV-infected patients
(all P > 0 05). These findings suggest that increased serum
IgG, IgA, and IgM levels were closely associated with liver
injury in HBV-infected patients.

3.4. IgG Levels Were Closely Associated with Clinical Outcome
in HBV-ACLF Patients. We stratified patients into three
stages according to the natural history of HBV-ACLF
[24, 25], the ascent stage (n = 5), the plateau stage
(n = 13), and the descent stage (n = 12). Interestingly, IgG
levels were significantly lower in patients at the descent
stage (17 04 ± 1 35 g/L) than in patients at the ascent stage
(23 11 ± 1 96 g/L, P = 0 022) and in patients at the plateau
stage (24 33 ± 1 32 g/L, P = 0 001). However, no significant
differences existed in IgA or IgM levels among HBV-ACLF
patients at different stages (Figure 3(a)). During the follow-
up period, eighteen HBV-ACLF patients survived, while
twelve patients died. Then, we examined the correlations
between clinical outcome and expression of IgG, IgA, and
IgM. Serum IgG levels were significantly higher in nonsur-
viving HBV-ACLF patients (24 51 ± 1 51 g/L, n = 12) than
in surviving patients (19 02 ± 1 18 g/L, n = 18, P = 0 007;
Figure 3(b)). Also, we noticed that serum IgM levels were
slightly higher in nonsurviving HBV-ACLF patients (median
2.48 g/L) than in surviving HBV-ACLF patients (median
2.07 g/L, P = 0 079; Figure 3(b)). However, there was no
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significant difference in IgA levels between nonsurviving
HBV-ACLF patients (3 26 ± 0 30 g/L) and those surviving
(3 08 ± 0 29 g/L, P = 0 674; Figure 3(b)). MELD score,
MELD-Na score, and CLIF-C ACLF score are widely
applied to assess disease severity in HBV-ACLF. In this
study, these parameters were calculated as described at
admission. The results were 27 37 ± 0 89, 28 24 ± 0 84,
and 42 20 ± 1 15 for MELD score, MELD-Na score, and
CLIF-C ACLF score, respectively. Next, the correlations
between immunoglobulin levels (IgG, IgA, and IgM) and
these parameters were determined by Pearson analysis. Inter-
estingly, positive correlations were found between IgG levels
and MELD score (r = 0 401, P = 0 028), between IgA levels
and CLIF-C ACLF score (r = 0 396, P = 0 030; Figure 3(c)).
And a positive correlation trend was found between
IgG levels and MELD-Na score (r = 0 351, P = 0 057;
Figure 3(c)). However, no significant correlations existed
between IgM levels and these scores in HBV-ACLF patients
(all P > 0 05).

3.5. IL-27 Levels Were Positively Correlated with
Immunoglobulins in HBV-Infected Patients. IL-27 has been
evidenced to regulate the production of immunoglobulin by
B cells. In this study, serum IL-27 levels were significantly
higher in HBV-ACLF patients (634 58 ± 40 21 pg/mL) than
in the CHB group (441 25 ± 28 87 pg/mL, P < 0 001) and
the NC group (277 14 ± 23 96 pg/mL, P < 0 001). Next, the
correlations between IL-27 levels and immunoglobulin levels
were examined by Spearman or Pearson analysis. Interest-
ingly, IgG levels were positively correlated with IL-27 levels
(r = 0 398, P = 0 029), and a positive correlation trend was
found between IgM levels and IL-27 levels (r = 0 344,
P = 0 062; Figure 4(a)) in HBV-ACLF patients. Further-
more, positive correlations were found between IL-27 levels
and IgG levels (r = 0 392, P = 0 003), IgA levels (r = 0 362,
P = 0 007), and IgM levels (r = 0 507, P < 0 001; Figure 4(b))
in HBV-infected patients. These results indicate that IL-27
may induce the production of immunoglobulins in
HBV-infected patients.

Table 1: Clinical characteristics of the participants enrolled in the study.

Groups NC (n = 18) CHB (n = 24) HBV-ACLF (n = 30)
Gender (male) 17 24 29

Age (years) 36 33 ± 2 84 36 92 ± 1 50 42 97 ± 2 44
ALT (U/L) 22 67 ± 2 18 186.5 (34-2424) 187.5 (27-2879)

AST (U/L) 23 39 ± 1 75 211.5 (56-2646) 163 (66-1859)

Tbil (μmol/L) N.D. 186.9 (39.1-826.2) 489.6 (204.5-1157.0)

PTA (%) N.D. 85 (46-126) 34 (14-40)

Albumin (g/L) N.D. 40.2 (35.4-50.7) 33 53 ± 0 92
Globulin (g/L) N.D. 29.9 (22.8-43.9) 30 22 ± 1 03
HBV-DNA (log10IU/mL) N.D. 5 33 ± 0 24 4 59 ± 0 25
Complication 0 0 22

SBP 0 0 19

Hepatic encephalopathy 0 0 11

Hepatorenal syndrome 0 0 2

UGB 0 0 1

MELD score N.D. N.D. 27 37 ± 0 89
MELD-Na score N.D. N.D. 28 24 ± 0 84
CLIF-C ACLF score N.D. N.D. 42 20 ± 1 15
IgG (g/L) 11 44 ± 0 44 16.83 (8.86-30.76) 21 21 ± 1 04
Elevated IgG (>1 ULN) 0 13 25

IgA (g/L) 2 27 ± 0 14 2 50 ± 0 24 3 15 ± 0 21
Elevated IgA (>1 ULN) 0 6 14

IgM (g/L) 0.92 (0.54-1.75) 1.38 (0.75-3.47) 2.19 (1.09-5.41)

Elevated IgM (>1 ULN) 0 2 15

HBsAg positive 0 24 30

HBsAb positive 18 0 0

HbeAg positive 0 16 12

Data are shown as means ± standard errors or medians and ranges. ACLF: acute-on-chronic liver failure; CHB: chronic hepatitis B; NC: normal control; ALT:
alanine aminotransferase; AST: aspartate aminotransferase; Tbil: total bilirubin; PTA: prothrombin time activity; SBP: spontaneous bacterial peritonitis; UGB:
upper gastrointestinal bleeding; MELD: model for end-stage liver disease; CLIF-C: Chronic Liver Failure Consortium; IgG: immunoglobulin G; IgA:
immunoglobulin A; IgM: immunoglobulin M; ULN: upper limit of normal; N.D: not determined.
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3.6. Higher IgG Levels May Predict Poor Prognosis in HBV-
ACLF Patients. The 3-month mortality rate is a widely
accepted indicator for the long-term prognosis of HBV-
ACLF patients [23, 24]. In the current study, twelve HBV-
ACLF patients died in the first three months, while eighteen
patients survived during the follow-up period. Thus, the
3-month mortality rate was 40%. Finally, IgG levels were
assessed to predict the 3-month mortality of HBV-ACLF
patients and compared with IL-27 levels and disease severity
scores (MELD, MELD-Na, and CLIF-C ACLF) by ROC curves
(Figure 5, Table 2). The area under the ROC curve (AUC) for
IgG levels was 0.752 (95% confidence interval: 0.562-0.891,
P = 0 005). Interestingly, no significant differences existed
between AUC values obtained using IgG levels and those
obtained with IL-27 levels (0.824, P = 0 531), MELD score
(0.870, P = 0 320), MELD-Na score (0.854, P = 0 433), or
CLIF-C ACLF score (0.671, P = 0 536), indicating that IgG
levelsmayhaveprognosticvalueequivalent to theseparameters.

4. Discussion

To date, less information has been available on the role of
serum immunoglobulins and their correlations with IL-27

in patients with HBV-ACLF. This study shows that there
were more patients with elevated immunoglobulin levels in
the HBV-ACLF group than in the CHB group; and immuno-
globulin (IgG, IgA, and IgM) levels were positively linked
with liver injury. In addition, IgG levels were positively asso-
ciated with MELD score (r = 0 401, P = 0 028) and may pre-
dict the 3-month mortality using ROC curves (AUC = 0 752,
P = 0 005) in patients with HBV-ACLF. Furthermore, this
study demonstrates that IgG levels were positively correlated
with the expression of IL-27 in patients with HBV-ACLF
(r = 0 398, P = 0 029), indicating that IL-27 may participate
in the production of IgG.

Previous studies have shown that specific elevations of
serum immunoglobulin are found in several types of liver
disease, such as autoimmune hepatitis (elevated IgG), PBC
(elevated IgM), and alcoholic liver disease and nonalcoholic
fatty liver disease (elevated IgA) [7–10, 26]. However, little
is known about how serum immunoglobulin levels are
altered in patients with HBV-ACLF. In the present study,
83.3% HBV-ACLF patients had an elevated IgG (>1 ULN),
whereas 46.7% patients had an elevated IgA (>1 ULN) and
50% patients had an elevated IgM (>1 ULN). These data indi-
cate a polyclonal increase of immunoglobulins, which may be
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Figure 1: IgG, IgA, and IgM levels were significantly higher in HBV-ACLF patients independently of HBeAg presence. Pooled data indicated
the levels of IgG, IgA, and IgM in each group, where the lines indicated the mean or median. (a) Serum IgG, IgA, and IgM levels were
significantly higher in HBV-ACLF patients than in the CHB group and the NC group. No significant differences existed between
patients with HBeAg positive and those with HBeAg negative, neither in the CHB group (b) nor in the HBV-ACLF group (c).
ACLF: acute-on-chronic liver failure; CHB: chronic hepatitis B; NC: normal control; HBeAg-P: HBeAg-positive; HBeAg-N: HBeAg-negative;
∗P < 0 05; ∗∗P < 0 01; ∗∗∗P < 0 001; ns: not significant.
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a characteristic of patients with HBV-ACLF. Therefore,
when investigating patients with suspected liver disease, the
finding of a polyclonal increase of immunoglobulins should
prompt clinicians to consider HBV-ACLF as a diagnosis
when there is no evidence of autoimmune liver diseases and
no history of excessive alcohol consumption.

T lymphocytes have been evidenced to play an essential
role in the pathogenesis of HBV-ACLF [27]. However, stud-
ies on B lymphocytes are limited. Also, the role of the immu-
noglobulins in HBV-ACLF patients is poorly understood. A
recent study using liver tissue showed that B lymphocyte-
mediated responses were highly active during the immune
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Figure 2: Elevated serum IgG, IgA, and IgM may contribute to liver injury. Serum IgG, IgA, and IgM levels were positively correlated with
serum total bilirubin (TB) levels (a) but negatively associated with plasma prothrombin time activity (PTA) levels (b) and serum albumin
(ALB) levels (c). In addition, positive correlations were found between immunoglobulin (IgG and IgA) and serum globulin (GLB) levels
(d) in HBV-infected patients. Solid line: linear growth trend; r: correlation coefficient. P values are shown.
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tolerance and immune active phases of patients with chronic
hepatitis B [28]. Moreover, an overwhelming B cell response
was seen, and massive production of immunoglobulin by
plasma cells was found to be deposited in the liver paren-
chyma in patients with HBV-associated acute liver failure
[17]. These studies led us to hypothesize that immunoglobu-
lins produced by B cells may contribute to liver injury in
HBV-ACLF. There are several lines of evidence to support
this notion. Firstly, we demonstrate that HBV-ACLF patients
had higher serum IgG, IgA, and IgM levels compared to CHB
patients and normal controls. In addition, serum IgG, IgA,
and IgM levels in HBV-infected patients were positively asso-
ciated with serum Tbil levels but negatively correlated with
PTA levels and ALB levels, which are often served as markers
of liver injury [29]. Moreover, IgG levels were positively cor-
related with MELD score, which is an important indicator of
disease severity in HBV-ACLF. And, IgG levels were signifi-
cantly higher in nonsurviving HBV-ACLF patients than in
surviving patients. Furthermore, the ROC curve analysis
showed that IgG levels accurately predicted the 3-month

mortality in patients with HBV-ACLF (AUC = 0 752,
P = 0 005). These results suggest that IgG plays an impor-
tant role in the pathogenesis of HBV-ACLF, and higher levels
of IgG may predict poor prognosis.

Cytokines serving as mediators of immune responses
play an essential role in the mechanism of immune-
mediated diseases. IL-27, a heterodimeric cytokine com-
prising the IL-27p28 and EBI3 subunits, is a member of
the IL-6/IL-12 family of cytokines and can exert proinflam-
matory and anti-inflammatory effects during immune
responses [11, 12]. B cells express the complete IL-27R,
which can be detected on human naïve B cells, memory
B cells, and resting plasma cells [30]. More importantly,
IL-27 has been evidenced to support antibody-driven auto-
immune diseases through both direct and indirect effects
on B cells [14, 15, 31], whereas another report revealed that
IL-27 can directly inhibit the growth of leukemic B cells
[16]. To date, less is known about the role of IL-27 on
the expression of immunoglobulins in patients with HBV-
ACLF. To our knowledge, the current study is the first
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Figure 3: IgG levels were closely associated with disease severity in HBV-ACLF patients. (a) IgG levels were significantly lower in HBV-ACLF
patients at the descent stage than patients at the ascent stage (P = 0 022) and patients at the plateau stage (P = 0 001). However, no significant
differences existed in IgA or IgM levels among HBV-ACLF patients at different stages. (b) Serum IgG levels were significantly higher in
nonsurviving HBV-ACLF patients than in surviving patients (P = 0 007). Also, we noticed that serum IgM levels were slightly higher in
nonsurviving HBV-ACLF patients than in surviving patients (P = 0 079). (c) Positive correlations were found between IgG levels and
MELD score, between IgA levels and CLIF-C ACLF score. And a positive correlation trend was found between IgG levels and MELD-Na
score. ∗P < 0 05; ∗∗P < 0 01; ns: not significant; solid line: linear growth trend; r: correlation coefficient.
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one to examine the correlations between IL-27 expression
and immunoglobulins in HBV-ACLF. In accordance with
our previous report [18], IL-27 levels were found to be

significantly increased in HBV-ACLF patients than in the
CHB group and the NC group in the present study. Next,
we demonstrated that immunoglobulins were positively
correlated with serum IL-27 levels in HBV-infected patients
(Figure 4). More importantly, IgG levels were positively
associated with IL-27 levels (r = 0 398, P = 0 029), and a
positive trend between IgM levels and IL-27 levels
(r = 0 344, P = 0 062) was found in patients with HBV-
ACLF. Collectively, these data indicate that the preferential
elevated immunoglobulins were closely linked with IL-27
levels. IL-27 may participate in the production of IgG in
HBV-ACLF, but the exact mechanism should be intensely
explored and further studies are required.

This study has several limitations. The intrahepatic
expressions of immunoglobulins were not determined in
patients with HBV-ACLF due to the poor coagulation, which
is considered to be a contraindication for liver biopsy. Also,
further studies are necessary to investigate the direct effects
of IL-27 on the production of immunoglobulins by B lym-
phocytes in patients with HBV-ACLF. Moreover, this study
was retrospective with a limited sample size; consequently,
the results should be further validated in larger studies.

In summary, our findings demonstrate that a polyclonal
increase of immunoglobulins existed and was closely linked
with liver injury in patients with HBV-ACLF. Furthermore,
immunoglobulin levels were positively correlated with
IL-27 levels, suggesting that IL-27 may help induce the
expression of immunoglobulins. In addition, higher IgG
levels could predict poor prognosis in HBV-ACLF. There-
fore, along with other clinical features and biochemical
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Figure 4: IL-27 levels were positively correlated with the expression of immunoglobulins. (a) IgG levels were found to be positively correlated
with IL-27 levels; and a positive correlation trend was found between IgM levels and IL-27 levels in HBV-ACLF patients. (b) Positive
correlations were found between IL-27 levels and serum immunoglobulin levels (IgG, IgA, and IgM) in HBV-infected patients. Solid line:
linear growth trend; r: correlation coefficient. P values are shown.
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Figure 5: Accuracy of IgG levels was compared to other parameters
in predicting the 3-month mortality of HBV-ACLF patients. The
area under the ROC curve (AUC) for IgG levels was 0.752 (95%
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significant differences existed between AUC values obtained using
IgG levels and those obtained with IL-27 levels (0.824, P = 0 531),
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results, assessment of serum IgG levels could help physicians
identify higher-risk HBV-ACLF patients earlier.
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Nonalcoholic fatty liver disease (NAFLD) is the most common and important chronic liver disease all over the world. In the
present study, we found that koumine, the main and active ingredient isolated from Gelsemium elegans, has the potential
therapeutic effect on NAFLD rats by immunomodulatory activity. Koumine could significantly reduce the level of TG, TC,
LDL-C, ALT, and AST in the serum of NAFLD rats and increase the level of HDL-C, reduce the liver index, and improve the
adipose-like lesions of liver cells in NAFLD rats. Furthermore, treatment with koumine inhibited the severity of NAFLD. In
addition, koumine-treated rats significantly increased the proportion of CD4+/CD8+ T cells and also decreased the percentages
of Th1 and Th17 cells and increased Th2 and Treg cells in the liver. Moreover, koumine reduced the production and mRNA
expression of proinflammatory cytokines in vivo. This result showed that koumine could effectively modulate different
subtypes of helper T cells and prevent NAFLD. The present study revealed the novel immunomodulatory activity of koumine
and highlighted the importance to further investigate the effects of koumine on hepatic manifestation of the metabolic syndrome.

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is the most com-
mon and important chronic liver disease all over the world
[1, 2]. NAFLD is clinically divided into two forms: simple
fatty liver (SFL) and nonalcoholic steatohepatitis (NASH),
with NASH accounting for approximately half of all NAFLD
cases. The probability of developing cirrhosis is 0.6%-3.0% in
patients with SFL for 10-20 years and as high as a quarter in
patients with NASH for 10-15 years. Approximately 1% of
cirrhosis cases develop hepatocellular carcinoma each year
[3–5]. Consequently, NAFLD represents a spectrum of dis-
ease ranging from hepatocellular steatosis through steatohe-
patitis to fibrosis and irreversible cirrhosis [6–8]. Although
NAFL may occur in nonobese patients, most cases of NAFL
are associated with obesity, type 2 diabetes mellitus, and
hyperlipidaemia [9–11] and are accompanied by cardiovas-
cular risk [12]. The prevalence of NAFLD has risen rapidly

in parallel with the dramatic rise in obesity and diabetes,
especially in the prevalence of obesity increases in adults
and children [13, 14]. NAFLD is now recognized to represent
the hepatic manifestation of the metabolic syndrome and is
rapidly becoming one of the leading causes of liver disease
in Western countries and China [15, 16]. The current
medical treatment for NAFLD includes antioxidants, anti-
atherosclerotic drugs, hydroxymethylglutaryl coenzyme A
reductase inhibitor, and angiotensin-II receptor antagonist
[17–19]. However, since there is currently no specific treat-
ment for NAFLD, it encourages the search for complemen-
tary and alternative treatments, such as medicinal medicine.

Over the course of more than 2000 years, traditional
Chinese medicine has identified and utilized many herbs
for the treatment of various diseases. Herbal drugs obtained
from the plant source are relatively safe and less expensive
and possess good tolerability even at higher doses without
severe side effects, which may have a profound impact on
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the treatment of NAFLD. Koumine (Figure 1(a)), an indole
alkaloid isolated from Gelsemium elegans, has shown diverse
pharmacological activities including antitumor, anti-inflam-
matory, and immunomodulatory activities [20, 21]. We
recently reported the anti-inflammatory and immunoregu-
latory effect of koumine in a rheumatoid arthritis model
[22–24] with a high-efficiency and low-toxicity feature, and
next mechanism study found that koumine has the potential
activated T cell regulation activity. Therefore, more immuno-
modulatory effects of koumine deserve further study.

The dysregulation of immune cells plays an important
role in NAFLD, and several liver nonparenchymal cells
including Kupffer cells, natural killer cells, and T lympho-
cytes are involved in the immune response of NAFLD mor-
bidity process [25]. A longer adaptation process to injury
and healing involves other cell types such as hepatocytes,
hepatic stellate cells, and endothelial cells in addition to
immune cells. Currently, effective treatment for NAFLD
remains limited. In the present study, we investigated the
therapeutic effect and mechanism of koumine on NAFLD.
The result showed that koumine can effectively inhibit the
development of NAFLD, decrease the clinical symptoms
and inflammation, and reduce the infiltration of CD4+ T cells
and activation in the liver. The present study will be very
helpful for developing novel and effective strategies for
NAFLD treatment.

2. Material and Methods

2.1. Rats. Male Sprague-Dawley rats (170-200 g) were
purchased from Shanghai SLAC Laboratory Animal Co.
Ltd. (Shanghai, China). All rats were housed in specific
pathogen-free conditions (22°C, a 12 h light/dark cycle with
the light cycle from 6:00 to 18:00 and the dark cycle from
18:00 to 6:00) with ad libitum access to standard laboratory
chow. All animal experiments were approved by the ethics
committee at Fujian Medical University (no. 2017-021),
and the study was conducted in accordance with the guide-
lines published in the NIH Guide for the Care and Use of
Laboratory Animals.

2.2. Drugs. Koumine (PubChem CID: 91895267;
purity> 98.5%, HPLC; Figure 1(a)) was isolated from Gelse-
mium elegans Benth. via pH-zone-refining countercurrent
chromatography, which has been described in our previous
study (Su et al., 2011). Koumine was intraperitoneally
injected at a dose of 1.4mg/kg, 0.28mg/kg, and 0.056mg/kg
dissolved in sterile physiological saline (0.9% NaCl).

2.3. Induction of NAFLD. After 1 week of adaptive feeding, 50
male SD rats were randomly divided into the control group
(10) and the model group (40 rats). The control group was
fed with ordinary feed, and the model group was fed a
high-fat diet (cholesterol 1%, bile salt 0.1%, lard 10%, egg
yolk powder and whole milk powder 5%, and the rest for
ordinary feed). At the end of the sixteenth week, each group
was given intraperitoneal injection of koumine or equal vol-
ume of saline once a day for two weeks. At the end of the
eighteenth week, blood was collected from the abdominal

aorta after anesthesia, and serum and liver tissue samples
were collected.

2.4. Histopathology. Rats were anesthetized to obtain the
liver tissue; the samples with 4% paraformaldehyde were
perfused and fixed overnight. After routine operation,
paraffin-embedded 5μm sections of the liver tissue were
cut for HE staining and observed under the microscope
(Olympus, Tokyo, Japan). Each histological sample was
evaluated for the NAFLD activity score (NAS) as previ-
ously described [26].

2.5. Liver Index Measure. The liver was taken, cleaned with
normal saline, dried with filter paper, and weighed. The liver
index was calculated as liver weight compared to body mass.

2.6. Colorimetric Assay. The contents of serum total choles-
terol (TC), triglyceride (TG), high-density lipoprotein
(HDL), low-density lipoprotein (LDL), aspartate amino-
transferase (AST), alanine aminotransferase (ALT), hepatic
malondialdehyde (MDA), and nicotinamide adenine dinu-
cleotide (NAD) were measured according to the kit
instructions (Nanjing Jiancheng Bioengineering Institute).

2.7. Measurement of Cytokine Production. Serum and liver
were collected to assay for cytokine levels. Serum was
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Figure 1: Chemical structures of koumine (a) and the effect of
koumine on the liver index of NAFLD rats induced by fat diet.
∗∗p < 0 01 versus the model group.
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Table 1: The specific primers used for amplification.

Gene Forward 5′-3′ Reverse 5′-3′
TNF-α CACCACCATCAAGGACTCAA GAGACAGAGGCAACCTGACC

IL-6 TTCTTGGGACTGATGCTG CTGGCTTTGTCTTTCTTGTT

IL-10 GGAAGAGAAACCAGGGAGAT GCAGACAAACAATACACCATTC

IL-1β GCCCATCCTCTGTGACTCAT AGGCCACAGGTATTTTGTCG

GAPDH AGTGGCAAAGTGGAGATT GTGGAGTCATACTGGAACA
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Figure 2: Effect of koumine on serological indexes of NAFLD rats induced by fat diet. TG: total cholesterol; TG: triglyceride; HDL:
high-density lipoprotein; LDL: low-density lipoprotein; AST: aspartate aminotransferase; ALT: alanine aminotransferase; hepatic
malondialdehyde (MDA) and nicotinamide adenine dinucleotide (NAD). ∗p < 0 05 and ∗∗p < 0 01, compared with the model group.
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analyzed by a LEGENDplex™ kit (BioLegend, San Diego,
CA) according to the manufacturer’s protocol. Liver homog-
enate (10%, w/v) was prepared by homogenizing the liver tis-
sue in PBS, and supernatants were harvested and analyzed
for ELISA (eBioscience, San Diego, CA) according to the
manufacturer’s protocol.

2.8. Quantitative Real-Time PCR. Total RNA was isolated
from the liver using RNAiso Plus (Takara) according to the
manufacturer’s protocol. One microgram total RNA was
reverse transcribed to first-strand cDNA, which was per-
formed with PrimeScript™ RT Master Mix (Takara), and
then expression levels of mRNA were quantified by real-
time PCR using SYBR Premix Ex Taq™ (Takara). The PCR
program included 1 cycle of 95°C for 30 s and 40 cycles of
95°C for 5 s and 60°C for 30 s. The specific primers used for
amplification were shown in Table 1. The results were
expressed by calculating the 2-ΔΔCT values and the house-
keeping gene is GAPDH.

2.9. Flow Cytometry Analysis. The liver tissue was shredded,
grinded by 200-mesh screen mesh, and filtered to a 50ml
centrifuge tube. To isolate mouse T cells, hepatocytes were
prepared and other cells depleted using a mouse pan T cell
isolation kit (Miltenyi Biotec) according to the manufac-
turer’s instructions. For surface staining, the livers were
collected and washed with PBS once, then incubated for
30min with fluorochrome-conjugated antibodies as follows:
PE-CD3, FITC-CD4, and PC5.5-CD8 (eBioscience). For
intracellular staining, liver cells were stimulated with
100ng/ml PMA (Sigma), 750 ng/ml ionomycin (Sigma),
and 2μM monensin (BD Biosciences) for 5 h. The livers
were collected and incubated with anti-CD4, then fixed,
permeabilized, and stained with Mouse Th1/Th2/Th17
Phenotyping Cocktail (BD Biosciences) and FITC-Foxp3
(eBioscience). Flow cytometry analyses were performed
on FACSCalibur (BD).

2.10. Statistical Analysis. The data were analyzed by Graph-
Pad Prism software (GraphPad Software Inc., San Diego,
CA). All quantitative data were expressed as mean ± SEM
as indicated. The comparison between the two groups
was analyzed by unpaired Student’s t-test, and multiple

comparisons were compared by one-way ANOVA followed
by Dunnett’s test. Statistical significance was established at
p < 0 05.

3. Results

3.1. Koumine Protects the Rats from NAFLD. NAFLD is
recognized to represent the hepatic manifestation of the
metabolic syndrome. We asked whether administration of
koumine could affect the disease progression of NAFLD.
Compared with the control group, the liver index of the rats
in the model group increased significantly. Koumine treat-
ment at the doses of 0.28 and 1.4mg/kg significantly
decreased the liver index of the control group compared with
that of the model group (Figure 1(b)). Furthermore, we
investigated the effects of koumine on serological indexes of
NAFLD rats induced by fat diet. TG, TC, LDL, ALT, AST,
and MDA in the model rats were significantly increased,
and the content of HDL and NAD was significantly
decreased compared with the control group. The level of
TG, TC, LDL, ALT, AST, and MDA in the koumine-treated
rats was significantly lower than that in the model group.
The content of HDL in serum and NAD in the liver of rats
was higher than that in the model group and increased in a
dose-dependent manner (Figure 2). Moreover, the effect of
koumine on the histopathological morphology of the liver
was investigated in NAFLD rats induced by fat diet. In the
control group, the liver surface was smooth and the hepatic
lobule structure was clear. There were no hepatocyte swell-
ing, fatty lesions, and inflammatory cell infiltration in the
portal area. In the model group, the surface of the rat liver
was roughened by the yellow soil. The volume of the liver
increased obviously, and the hepatocytes showed fatty degen-
eration with necrosis and inflammatory cell infiltration. After
koumine treatment, different degrees of improvement were
observed and the proportion of nonfat liver cells increased
significantly (Figure 3).

3.2. Koumine Suppresses Proinflammatory Cytokine
Production and Expression in NAFLD Rats.We next investi-
gated the effect of koumine on serum levels of cytokines
by multifactor detection of flow cytometry. Koumine
administration significantly decreased the proinflammatory
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Figure 3: Effect of koumine on the pathomorphology of liver tissue induced by fat diet in NAFLD rats. A1-E1 represent the control group,
model group, 0.056mg/kg koumine-treated group, 0.28mg/kg koumine-treated group, and 1.4mg/kg koumine-treated group, respectively
(×100 magnification); A2-E2 represent the same group with ×200 magnification. ∗∗p < 0 01 compared with the model group.
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Figure 4: Koumine reduces the production and mRNA expression of cytokines in activated T cells. (a) Model and 1.4mg/kg
koumine-treated rats were sacrificed to obtain the serum and measured for the cytokines by multifactor detection of flow cytometry. (b)
The livers were isolated from model and koumine-treated rats, and after being homogenized, the supernatants were harvested to measure
the cytokine production by ELISA. (c) The livers were isolated from model and koumine-treated rats, and mRNA expression of selected
genes were measured by real-time PCR. Data are means ± SEM (n = 3). ∗p < 0 05 and ∗∗p < 0 01 versus model. Data presented are
representative of three independent experiments.
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cytokines IFN-γ, IL-17A, TNF-α, IL-6, MCP1, and IL-1β
levels in serum, while cytokines IL-10, IL-12, GMCSF,
IL-23, IL-1α, IL-27, and IFN-β levels had a weakening
trend (Figure 4(a)). Due to the noticeably preventive effect
of koumine on NAFLD, we wondered whether koumine
can suppress the inflammatory response. The liver isolated
from model and koumine-treated rats were homogenized,
and the supernatants were collected to analyze the

production of proinflammatory cytokines. Compared with
the model group, treatment with koumine significantly
reduced the production of IL-6, IL-1β, IFN-γ, IL-17A, and
TNF-α, while increasing the anti-inflammatory cytokine
IL-10 level (Figure 4(b)). Subsequently, we investigated the
effect of koumine on the mRNA expression of proinflamma-
tory cytokines in the liver of different groups. The mRNA
expression of IL-6, IL-1β, and TNF-α was also decreased
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Figure 5: Koumine reduces the number of total leukocytes and CD4+ T cells infiltrated in the liver. The livers were isolated from model and
koumine-treated rats. (a) Cells were analyzed for expression of CD4, CD8, and CD3 by flow cytometry. (b) The percentages of cells that are
positive to these antigens were represented. ∗p < 0 05 and ∗∗p < 0 01 versus model.
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while the anti-inflammatory cytokine IL-10 level was
increased by koumine treatment (Figure 4(c)).

3.3. Koumine Increases CD4+ Cell Proportion in Liver
Lymphocytes. The livers were isolated from model and
koumine-treated rats at the end of disease. Cells were stained
with anti-CD3, anti-CD4, and anti-CD8 to analyze the infil-
tration of total leukocytes, CD4+ T, and CD8+ T cells by flow
cytometry. Compared with the model group, koumine can
significantly increase CD4+ and decrease CD8+ cell percent-
age in liver lymphocytes (Figure 5).

3.4. Koumine Inhibits Th1 and Th17 while Promoting Th2
and Treg in Liver Lymphocytes. As we all know, activated
T cells can be differentiated into a variety of subtypes,
including Th1, Th2, Th17, and Treg cells, and the imbal-
ance of subtype differentiation is closely related to the prog-
ress of disease. To account for the abovementioned results,
koumine significantly increased the number of CD4+ T cells
infiltrated into the liver, so it is necessary to investigate the
effect of koumine on the subtypes of CD4+ T cells. First of
all, liver monocytes isolated from naive, NAFLD, and
koumine-treated rats were analyzed for the Th1 (CD4+-

IFN-γ+), Th2 (CD4+IL-4+), Th17 (CD4+IL-17+), and Treg
(CD4+Foxp3+) cell populations by flow cytometry. Compared

with naive rats, the NAFLD rats showed a significantly
increased number of Th1 and Th17 and decreased Th2
and Treg, while koumine could reverse the trends in contrast
to the model group (Figure 6).

4. Discussion

The liver is recognized as an immunological organ playing
critical roles in fighting invading pathogens. It hosts hepato-
cytes and nonparenchymal cells. The nonparenchymal cells
include large populations of immune cells such as lympho-
cytes which have complex interactions with each other and
with the hepatocytes, making the liver an important organ
bridging innate immunity and adaptive immunity. The dys-
regulation of immune cells in the liver is involved in almost
all types of liver diseases, such as NAFLD [25, 27]. Cur-
rently, effective treatment for inflammatory liver diseases
such as NAFLD remains limited [28, 29]. An improved
understanding of the inflammatory processes responsible
for the progression of liver diseases will be very helpful in
developing novel and effective strategies for NAFLD
treatment [30]. In the present study, treatment with
koumine effectively inhibited the development of NAFLD
and reduced the serum proinflammatory cytokine levels.
Koumine-treated rats displayed less leukocytes and CD4+
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T cells aggregated in the liver. With regard to CD4+ T cells,
we demonstrated that koumine decreased the percentages of
CD4+IFN-γ+ and CD4+IL-17+ cells in the liver. Further-
more, koumine reduced the production and mRNA expres-
sion of proinflammatory cytokines in vivo.

The pathogenesis of NAFLD is not clear. It is thought
that the pathogenesis of NAFLD is related to immunity
and inflammation. CD4+ T cells play a crucial role in met-
abolic syndrome. The diverse functions of CD4+ T cells
depend on their multiple subtypes. Activated CD4+ T cells
can be differentiated into at least Th1, Th2, Th17, and Treg.
Among them, Th1 and Th17 cells always play a pathogenic
role, yet Th2 cells display an antagonistic function to Th1
and Treg cells undertake the responsibility of regulating
the immune responses [31, 32]. To mention the pathogen-
esis of NAFLD, the effector cells promote the activated
CD4+ T cell differentiation into more Th1 and Th17 sub-
types and less Th2 and Treg subtypes; subsequently, Th1
and Th17 cells migrate across the liver [33]. As demon-
strated above, we comprehended that the effect of koumine
may be targeted on CD4+ T cells; thus, we isolated the liver
from naive, model, and koumine-treated rats to further
investigate the effect of koumine on the differentiation of
CD4+ T cells. The result showed that koumine-treated rats
presented decreasing trends for the percentages of Th1 and
Th17 cells and increasing Th2 and Treg cells compared to
model rats. So we demonstrated that koumine ameliorated
NAFLD through modulating the proportion of different
subtypes of helper T cells. Otherwise, we future investigated
the related cytokines that participate in controlling the
differentiation of CD4+ T cells. The present experiments
showed that koumine could inhibit the immune response
and the secretion of Th1- and Th17-type cytokines in
CD4+ T lymphocytes, increase the level of Th2 type cyto-
kines, and regulate the cytokine network, suggesting that
koumine has immunosuppressive and anti-inflammatory
effects, and the anti-NAFLD effect of koumine may also
be mediated by its immunomodulatory action.

NAFLD is a chronic inflammatory process, with a num-
ber of proinflammatory cytokines released by activated
immune cells in the peripheral immune organs [34]. Previous
studies have shown that inflammatory cytokines such as
TNF-α, IL-6, and IL-1β are predominantly detected in
NAFLD mice [35]. TNFR1 signaling is considerable in the
development of demyelination and contributes to the limita-
tion of T cell responses during immune-mediated CNS dis-
ease [36]. The high level of IL-6 mRNA expression in the
peripheral immune organs correlates with the progression
of NAFLD. IL-6 and TNF-α are also the important cytokines
secreted by Th17 and Th1 cells [37]. We observed that kou-
mine suppresses the production of IL-6, IL-1β, and TNF-α
along with their expression of mRNA levels in the liver, indi-
cating that koumine prevents the onset of NAFLD also
through the inhibition of proinflammatory cytokines in the
peripheral immune organs.

In summary, our study demonstrates that koumine ame-
liorates NAFLD with an appropriate tolerance. Koumine fur-
ther reduced the Th1 and Th17 cells and increased Th2 and
Treg cells in vivo. Furthermore, koumine also reduces the

production of related cytokines in the liver, indicating that
it ameliorates NAFLD mainly through modulating the
proportion of different subtypes of helper T cells and weakens
the immune responses. However, this study is far from
enough to explain the effect of koumine, and further investi-
gations should be performed to elucidate the penetrating
mechanisms that koumine acts and discover the possible
effects on other metabolic diseases.
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Macrophages are the master regulator of the dynamic fibrogenesis–fibrosis resolution paradigm. TNF-like ligand 1 aberrance
(TL1A) was found to be able to induce intestinal inflammation and fibrosis. Furthermore, significantly increased TL1A had been
detected in liver tissues and mononuclear cells of patients with primary biliary cirrhosis (PBC). This study was to investigate the
effect of myeloid cells with constitutive TL1A expression on liver fibrogenesis. We found that TL1A expressions in liver tissues
and macrophages were significantly increased in mice with liver fibrosis induced by injection of carbon tetrachloride (CCl4).
TL1A overexpression in myeloid cells induced liver function injury, accelerated the necrosis and apoptosis of hepatocytes,
recruited macrophages, and promoted activation of hepatic stellate cells (HSCs) and fibrosis. In vitro results of our study
showed that TL1A overexpression in macrophages promoted secretion of platelet-derived growth factor-BB (PDGF-BB), tumor
necrosis factor-α (TNF-α), and interleukin-1β (IL-1β). Culturing macrophages with TL1A overexpression could accelerate the
activation and proliferation of primary HSCs. These results indicated that constitutive TL1A expression in myeloid cells
exacerbated liver fibrosis, probably through macrophage recruitment and secretion of proinflammatory and profibrotic cytokines.

1. Introduction

Hepatic fibrosis is a common pathological consequence of
chronic liver diseases, which is characterized by an extensive
deposition of the extracellular matrix (ECM) mainly secreted
by activated hepatic stellate cells (HSCs) [1]. HSC activation
is the leading cause of liver fibrogenesis, and persistent
chronic liver inflammation plays a vital role in HSC activa-
tion. It has been well known that macrophage plays an essen-
tial role during inflammatory, wound healing responses, as
well as perpetuation of fibrosis [2]. In the stage of liver
fibrogenesis, macrophages not only secrete proinflammatory
and profibrotic cytokines which worsen hepatocellular dam-
age and activate HSCs but also release chemokines such as
C–C chemokine ligand 2 (CCL2) which recruit monocytes/
macrophages in blood [3]. In recent years, the roles of

macrophage in liver fibrosis have been emphasized. Chu
et al. [4] found that C-C motif chemokine receptor
9-positive macrophages activated HSCs and promoted liver
fibrosis, Lodder et al. [5] demonstrated that macrophage
autophagy protected against liver fibrosis in mice, and He
et al. [6] identified that myeloid-specific disruption of recom-
bination signal-binding protein-Jkappa ameliorated hepatic
fibrosis by attenuating inflammation.

Tumor necrosis factor-like ligand 1 A (TL1A), also
known as vascular endothelial growth inhibitor (VEGI), is a
recently recognized member of the TNF superfamily. TL1A
is a transmembrane protein predominant in endothelial cells,
playing a critical role in multiple chronic inflammatory
processes [7]. It was illuminated that TL1A expressions were
increased in serum, colonic tissues, and macrophages in mice
with chronic colitis. Mice with constitutive TL1A expression
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in myeloid cells (Kupffer cells and macrophages) exhibited
enhanced intestinal and colonic inflammation and fibrosis
compared to wild-type (WT) littermates [8, 9]. Furthermore,
TL1A antibody could alleviate the inflammatory response
and fibrosis of the colon [10]. Other than colonic disease,
the roles of TL1A in organ fibrosis were also found in rheu-
matoid arthritis (RA), myocardial fibrosis, and idiopathic
pulmonary fibrosis [11–13]. However, few studies focused
on the roles of TL1A in liver fibrogenesis. Recently, it was
reported that TL1A expression was markedly increased in
the patients with primary biliary cirrhosis (PBC) [14]. It
was mainly located in the Kupffer cells (KCs) and infiltrated
macrophages in the liver, indicating that TL1A might play an
important role in liver fibrosis. Pradere et al. [15] demon-
strated that there was no contribution of dendritic cells to
liver fibrosis development. Therefore, our research focused
on the effect of TL1A overexpression in myeloid cells on
liver fibrogenesis.

2. Materials and Methods

2.1. Mice and Experimental Models. The animal experiments
were carried out in strict accordance with the recommenda-
tions in the Guide for the Care and Use of Laboratory
Animals by the National Institutes of Health. The Chinese
Academy of Sciences Animal Care and Use Committee gave
approval for the animal experiments. Age-matched wild-type
(WT) C57BL/6 mice and transgenic mice (Tg) with TL1A
overexpression in myeloid cells (macrophages, dendritic
cells), aged 6 to 8 weeks and weighted 18-21 g, were used in
experiments, provided by the Experimental Animal Center
of the Second Affiliated Hospital of Hebei Medical University
(qualification certificate no. 911102) and by Cedars-Sinai
Medical Center (America), respectively. Mice were geno-
typed by PCR with tail DNA as a template. Repeated admin-
istration of CCl4 has become one of the most commonly
used experimental models for inducing toxin-mediated liver
fibrosis. CCl4 is widely used as a solvent for dissolving non-
polar compounds, such as fats and oils. Olive oil was used
to dissolve CCl4 in our study. The WT mice and Tg mice
were randomly divided into six groups (10 mice per
group): Control/WT group, Oil/WT group, CCl4/WT group,
Control/Tg group, Oil/Tg group, and CCl4/Tg group. The
CCl4/WT and CCl4/Tg groups were injected intraperitone-
ally with 10% CCl4 (5μL/g, Sigma, St. Louis, MO) twice
a week for 4 weeks to establish the hepatic fibrosis model.
The Oil/WT and Oil/Tg groups were injected with olive
oil, whereas the Control/WT group and Control/Tg group
were injected with normal saline. All injections were given
for 8 times. Mice were sacrificed at 48 h after the last
injection. Blood was obtained from the retroorbital sinus
of mice.

2.2. Detection of Liver Function. The levels of alanine amino-
transferase (ALT), aspartate aminotransferase (AST), and
total bilirubin (TBIL) in the serum were analyzed using an
automatic biochemical analyzer (BECKMAN COULTER
CX9, America).

2.3. Histological Analysis. Five μm-thick paraffin-embedded
liver sections were stained with hematoxylin and eosin
(H&E) and Sirius Red. The necrosis area and positive area
were calculated by the software of Image-Pro Plus. For
immunohistochemical analysis, liver specimens were fixed
in 10% buffered formalin and incubated with α-smooth
muscle actin antibody (α-SMA, Sigma) and Collagen1α1
antibody (Affinity, USA), followed by the appropriate
secondary antibodies. For dual-color immunofluorescence,
sections were incubated with F4/80 antibody (Abcam,
USA), TL1A antibody (Affinity, USA), and fluorescent sec-
ondary antibodies. The positive areas showed the color of
brown yellow. Immunohistochemical analysis was per-
formed with the software of Image-Pro Plus for calculating
integrate optical density (IOD). Apoptosis was assessed by
the terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay (Promega, Madison, WI, USA,
#G7132). The number of TUNEL-positive nuclei was
determined in 10 randomly selected fields. To detect
hydroxyproline, 100mg of wet liver samples was subjected
to acid hydrolysis according to the protocol in the
Hydroxyproline Testing Kit (Nanjing Jiancheng Bioengi-
neering Co. Ltd., China).

2.4. Cell Isolation and Culture. Bone marrow cells were
obtained by flushing the femur and tibia. The culture
medium contained 10% fetal bovine serum (FBS) and
10ng/mL macrophage colony-stimulating factor (M-CSF).
After culture for 10 d, 100ng/mL lipopolysaccharide (LPS)
and 25ng/mL interferon-γ (IFN-γ) were added into the
culture medium to activate and differentiate the bone mar-
row cells into bone marrow-derived macrophages (BMMs).
The medium of BMMs would be collected 3 d after adding
LPS and IFN-γ for cytokine detection or as conditioned
medium (CM) for culture of HSCs. Peritoneal macrophages
(PMs) were obtained by flushing the enterocoelia and
cultured with culture medium (containing 10% of FBS) for
6 to 8 h. After PMs became adhesive, 100 ng/mL LPS and
25ng/mL IFN-γ were added into the culture medium. The
medium of PMs would be collected 3 d after adding LPS
and IFN-γ for cytokine detection or as CM for culture
of HSCs.

HSCs were isolated as previously described [16]. Briefly,
the liver was digested by pronase and collagenase, followed
by density gradient centrifugation. More than 95% of the
purity of isolated HSCs was confirmed by immunostaining
with anti-Desmin antibody. To detect the effect of macro-
phages on the activation and proliferation of HSCs, HSCs
were cultured with CM from BMMs/PMs for 24 h. The
groups would be deducted or added in some experiments
according to the different aims. We divided the Control
group (HSCs from C57BL/6 mice with DMEM), M-CSF+
LPS+ IFN-γ group (HSCs from C57BL/6 mice with DMEM
containing M-CSF, LPS, and IFN-γ), CM/WT group (HSCs
from C57BL/6 mice incubated in medium containing 40%
CM from M-CSF+LPS+ IFN-γ-stimulated BMMs from
WT mice for 24 h), and CM/Tg group (HSCs from
C57BL/6 mice incubated in medium containing 40% CM
from M-CSF+LPS+ IFN-γ-stimulated BMMs from Tg mice
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for 24h). PM-based cells were divided into the Control group
(HSCs from C57BL/6 mice with DMEM), LPS+ IFN-γ group
(HSCs from C57BL/6 mice with DMEM containing LPS
and IFN-γ), CM/WT group (HSCs from C57BL/6 mice
incubated in medium containing 40% CM from LPS+ IFN-
γ-stimulated PMs from WT mice for 24 h), and CM/Tg
group (HSCs from C57BL/6 mice incubated in medium
containing 40% CM from LPS+ IFN-γ-stimulated PMs from
Tg mice for 24 h).

2.5. Cell Immunofluorescence and ELISA Detection. The
expressions of TL1A in macrophages were detected by
immunofluorescence staining as previously described [5].
The immunofluorescence staining of F4/80 was used for
macrophage identification. To detect the effect of high
expression of TL1A cells on the activation of HSCs, HSCs
were cultured with 40% conditioned medium (CM) from
BMMs/PM. The expressions of α-SMA in HSCs were
detected by immunofluorescence on the 2nd, 4th, and 6th
day, respectively. TGF-β1, PDGF-BB, TNF-α, and IL-1β in
serum and CM were detected under the recommended pro-
tocols. ELISA kits were purchased from Lianke Biotech
Co. Ltd.

2.6. In Vitro Primary HSC Proliferation Assay. Cell prolifera-
tion was assessed by the Cell Counting Kit-8 (CCK-8) assay
(Dojindo, Japan) according to the manufacturer’s protocol.
Briefly, cells were seeded in 96-well plates (2 × 103 cells/well)
and incubated at 37°C with 5% CO2 for 24 h. Then cells were
incubated with 50% conditional medium from macrophages
and cultured for an additional 24 h. For CCK-8 detection,
10μL of CCK-8 solution was added into the wells and the
cells were incubated at 37°C for 3 h. The absorbance (optical
density (OD)) of cells was determined at 450nm using a
microplate reader.

2.7. Western Blot Analysis. Collagen 1α1, MMP-2, MMP-9,
α-SMA, and CCL2 in liver tissues were detected. Preparation
of protein extracts, electrophoresis, and subsequent blotting
were performed as previously described [17]. The antibodies
were all purchased from Sigma-Aldrich Co. LLC.

2.8. Real-Time Polymerase Chain Reaction (RT-PCR). RNA
was extracted from liver tissue and cultured cells using the
RNeasy and DNase Kits (QIAGEN, Valencia, CA, USA)
and was reverse transcribed using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City,
CA, USA). Quantitative RT-PCR was performed in duplicate
with the QuantiTect SYBR Green PCR kit (QIAGEN,
Mainz, Germany) using the LightCycler apparatus. Quanti-
Tect primer assays (QIAGEN) were used to amplify the
following mRNAs: TL1A, Collagen1α1, α-SMA, MMP-2,
MMP-9, TGF-β1, PDGF-BB, TNF-α, pro-IL-1β, F4/80, and
CCL2 in liver tissues and α-SMA in HSCs. Oligonucleotide
sequences used for RT-PCR analysis could be found
in Table 1.

2.9. Statistical Analysis. Statistical analyses were performed
using SPSS for Windows version 22.0 (SPSS Inc., Chicago,
Illinois) and were expressed as mean± standard deviation
of the mean (SEM). The one-way ANOVA, the Student-
Newman-Keuls (SNK) test, the Nemenyi test, and the
Kruskal-Wallis test were used to assess the differences
between groups, as appropriate. The level of statistical sig-
nificance was set at p < 0 05 for all the tests.

3. Results

3.1. TL1AWas Upregulated in Liver Tissues andMacrophages
in Mice with Hepatic Fibrosis. The hepatic fibrosis model was
established successfully verified by H&E and Sirius Red
staining (Figure 1(a)). The RT-PCR was performed to
analyze TL1A mRNA expression levels in liver tissues. There
was no significant difference in terms of TL1A mRNA
expression between the Control/WT group and Oil/WT
group (1 ± 0 02 vs 1 29 ± 0 31, p > 0 05), and the expression
of TL1A mRNA in the CCl4/WT group was significantly
higher than that in the Oil/WT group (3 57 ± 0 81 vs 11 5 ±
1 87, p < 0 01) (Figure 1(b)). As expected, TL1A expression
in the CCl4/Tg group was markedly increased, as compared
with that in the Oil/Tg group (11 5 ± 1 87 vs 7 08 ± 1 15,
p < 0 01). Furthermore, the expression of TL1A protein was
also shown with significantly higher levels in the CCl4/WT

Table 1: Oligonucleotide sequences used for Q-PCR analysis.

Transcript Sequence (5′-3′ direction) Product size

TL1A F R CGGGGAGACGACCAAACAAG AAGGAGAACGTGGCCCCAAGGTAG 160 bp

α-SMA F R TGCTGTCCCTCTATGCCTCT CGGCCAGCCAAGTCCAGACG 133 bp

Collagen1α1 F R ACGGGAGGGCGAGTGCTGTG GGGGCCAGGCACGGAAACTC 277 bp

MMP-2 F R TTTCCTGGGCAACAAGTATGAGAGC CTGGTCAGTGGCTTGGGGTATCCTC 618 bp

MMP-9 F R CACCGCCAACTATGACCAGGAT GTTTAGAGCCACGACCATACAG 398 bp

F4/80 F R CCTGCCACAACACTCTCGGAAGC TGGGCATGAGCAGCTGTAGGATC 191 bp

TNF-α F R CCGCGACGTGGAACTGGCAGAAG CCGATCACCCCGAAGTTCAGTAG 150 bp

Pro-IL-1β F R ACAGATGAAGTGCTCCTTCCA GTCGGAGATTCGTAGCTGGAT 73 bp

PDGF-BB F R GGGGCTTCCAGGAGTGATACCA GCCCGAGCAGGTCAGAACAAA 163 bp

TGF-β1 F R CGCCAGTCCCCCAAGCCA CGCGGGTGACCTCTTTAGCATAG 155 bp

CCL2 F R GCTGGAGAGCTACAAGAGGATCA TCTCTCTTGAGCTTGGTGACAAAA 78 bp

GAPDH F R TCGTCCCGTAGACAAAATGG TTGAGGTCAATGAAGGGGTC 132 bp
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Figure 1: TL1A was upregulated in liver tissues and macrophages in mice with hepatic fibrosis. (a) The hepatic fibrosis model was established
and verified by H&E and Sirius Red staining (200x). (b) The relative quantification of TL1A mRNA was measured by RT-PCR. (c, d) TL1A
expression in the CCl4/WT group was significantly higher than those in the Control/WT and Oil/WT group, which was markedly higher in
the CCl4/Tg group than that in the CCl4/WT group detected by Western blot. (e, f) TL1A was discovered in macrophage through F4/80 and
TL1A immunofluorescence double staining, which was markedly higher in the CCl4/WT group than in the Oil/WT group and significantly
higher in the CCl4/Tg group than in the CCl4/WT group. Data are expressed as mean± SD, ∗p < 0 05 and ∗∗p < 0 01.
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group (0 26 ± 0 05) and CCl4/Tg group (0 72 ± 0 08) com-
pared with the equivalent Oil/WT group (0 15 ± 0 05) and
Oil/Tg group (0 38 ± 0 05) detected by Western blot (all
p < 0 01) (Figures 1(c) and 1(d)). F4/80 is the surface
marker of macrophages. TL1A expression in macrophages
was detected by dual-color immunofluorescence. As shown
in Figures 1(e) and 1(f), the red and green fluorescence
areas represented the expressions of F4/80 and TL1A,
respectively. The mean integral optical density (IOD) of
coexpression areas was evaluated. The IOD of the CCl4/WT
group was obviously higher than that of the Oil/WT group
(0 031 ± 0 005 vs 0 021 ± 0 003, p < 0 01). In addition, the
IOD in the CCl4/Tg group was significantly higher than
that in the CCl4/WT group (0 053 ± 0 007 vs 0 031 ± 0 005,
p < 0 01). It was demonstrated that TL1A expression was
increased in macrophages in liver tissue of mice with
liver fibrosis.

3.2. High Expression of TL1A in Myeloid Cells Worsened
Hepatic Inflammation. We next evaluated the consequences
of overexpression of TL1A in myeloid cells on chronic liver
injury in mice exposed to repeated injections of CCl4 by
studying the extent of hepatocyte necrosis and apoptosis.
Analysis of liver histology in H&E staining showed that
hepatocyte death was more pronounced in TL1A-Tg mice
than in WT counterparts (Figures 2(a) and 2(b)). Moreover,
the number of TUNEL-positive hepatocytes was significantly
larger in CCl4-exposed TL1A-Tg mice than in WT animals
(46 ± 6 vs 28 ± 5, p < 0 01) (Figures 2(c) and 2(d)). The liver
function test also showed that serum ALT, AST, and TBIL
levels were markedly elevated in TL1A-Tg mice exposed to
CCl4 than in WT counterparts (ALT: 222 4U/L ± 5 2U/L
vs 190 4U/L ± 10 4U/L, p < 0 05; AST: 70 8U/L ± 19 7U/L
vs 220 5U/L ± 19 3U/L, p < 0 05; and TBIL: 9 09μmol/L ±
0 9 μmol/L vs 6 μmol/L ± 1 07 μmol/L, p < 0 05) (Figure 2(e)).

3.3. Overexpression of TL1A in Myeloid Cells Aggravated
Hepatic Fibrosis. We evaluated hepatic fibrosis by Sirius
Red staining and hydroxyproline determination. The positive
area of fibrous connective tissue showed obviously higher
levels in TL1A-Tg mice compared with WT mice exposed
to repeated injections of CCl4 (1 85% ± 0 14% vs 1 43% ±
0 21%, p < 0 05) (Figure 3(a)). Hydroxyproline content was
also markedly higher in TL1A-Tg mice than in WT coun-
terparts following CCl4 exposure (162 μg/g ± 14μg/g vs
130 μg/g ± 10 μg/g, p < 0 05) (Figure 3(b)). Collagen1α1 is
the major component of total collagen constituting the
ECM, which is also used for measuring the degree of fibrosis.
Collagen1α1 detected by RT-PCR, Western blotting, and
immunohistochemical analysis showed similar tendencies
with significantly higher levels in the CCl4/Tg group com-
pared with the CCl4/WT group (Figures 3(c)–3(e)).

3.4. Overexpression of TL1A in Myeloid Cells Promoted the
Activation of HSCs. The activation of HSCs is pivotal in
hepatic fibrosis [1]. The α-SMA, as the marker of HSC activa-
tion, was detected. Immunostaining of liver sections showed
that the levels of α-SMA increased remarkably in the livers of
TL1A-Tg mice as compared with the Control after CCl4

injection (Figure 4(a)), indicating that TL1A overexpression
activated HSCs more extensively. The Western blotting and
RT-PCR results of α-SMA also showed significantly higher
levels in the CCl4/Tg group compared with that in the
CCl4/WT group (Figures 4(b) and 4(c)). Gelatinases, includ-
ing MMP-2 andMMP-9, were involved in the degradation of
ECM components, which promoted the activation and
proliferation of HSCs by degrading the basilar membrane.
The expressions of MMP-2 and MMP-9 were detected by
RT-PCR and Western blotting. The levels of MMP-2 protein
and mRNA were significantly higher in the CCl4/Tg
group than in the CCl4/WT group (Figures 4(d) and 4(e)).
Similar tendency was observed in MMP-9 as in MMP-2
(Figures 4(f) and 4(g)).

3.5. Overexpression of TL1A in Myeloid Cells Enhanced
Macrophage Recruitment. Several studies have emphasized
the crucial role of infiltrating macrophages for the progres-
sion of liver inflammation and fibrosis in experimental
mouse models [2, 4, 6]. Immunohistochemical staining and
RT-PCR were used to detect F4/80 expression, which
reflected macrophage infiltration. TL1A-Tg mice showed sig-
nificantly increased liver macrophages after CCl4-induced
liver damage (Figures 5(a)–5(c)). Under conditions of liver
damage, CCL2 promoted monocyte subset infiltration into
the liver. We found markedly elevated CCL2 protein and
mRNA in the CCl4/Tg group compared with the CCl4/WT
group (Figures 5(d) and 5(e)).

3.6. Overexpression of TL1A in Myeloid Cells Increased the
Expressions of PDGF-BB, TNF-α, and IL-1β in Serum, Liver
Tissue, and Conditioned Medium for Macrophages. TGF-β1
is considered to accelerate liver fibrosis mainly secreted by
activated HSCs, stimulating collagen gene transcription
and inhibiting degradation of ECM [18]. As shown in
Figure 6(a), TGF-β1 mRNA in liver tissue by RT-PCR
was shown with a significantly higher level in the CCl4/Tg
group compared with the CCl4/WT group (6 45 ± 1 35 vs
3 83 ± 1 23, p < 0 05) and the TGF-β1 level in serum by
ELISA showed the similar tendency as well (253 6 pg/mL ±
11 4 pg/mL vs 184 pg/mL ± 17 3 pg/mL, p < 0 05). However,
TGF-β1 concentration between CM formacrophages derived
from TL1A-Tg mice and WT mice was not significantly
different. PDGF-BB is essential for HSC proliferation which
was secreted by macrophages, blood platelets, and activated
HSCs. Remarkable elevations of PDGF-BB mRNA in liver
tissue and PDGF-BB level in serum were observed in the
CCl4/Tg group compared with the CCl4/WT group. More-
over, PDGF-BB concentration in CM for BMMs and PMs
derived from TL1A-Tg mice was markedly higher than that
from WT mice (Figure 6(b)). TNF-α and IL-1β are mostly
produced by macrophages and infiltrated monocytes and
involved in chronic hepatic inflammation and fibrosis. The
results showed that TNF-α and IL-1βwere remarkably higher
in serum, liver tissue, and CM obtained from TL1A-Tg mice
than WT mice (Figures 6(c) and 6(d)).

3.7. Overexpression of TL1A in Macrophages Promoted
Activation and Proliferation of HSCs. We further evaluated
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Figure 2: Constitutive TL1A expression on myeloid cells aggravated liver injury, hepatocyte necrosis, and apoptosis. (a, b) H&E staining
showed that the hepatocyte necrosis area in the CCl4/Tg group was significantly larger than that in the CCl4/WT group (200x). (c, d) The
apoptotic hepatocytes were significantly increased in the CCl4/WT group than in the Control/WT group and Oil/WT group, and more
apoptotic hepatocytes were found in the CCl4/Tg group, compared with the CCl4/WT group (200x). (e) Serum ALT, AST, and TBIL in
the CCl4/Tg group were significantly higher than those in the CCl4/WT group. Data are expressed as mean± SD, ∗p < 0 05 and ∗∗p < 0 01.
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the impact of TL1A overexpression of macrophage on the
activation and proliferation of HSCs in conditioned medium
experiments. The α-SMA as the marker of HSC activation
was detected by immunofluorescence and RT-PCR. The
protein expression of α-SMA in HSCs cultured with CM of
BMMs isolated from TL1A-Tg mice showed no significant
difference compared to that derived from WT mice on the
2nd and 6th day. However, the protein expression of
α-SMA was significantly increased in HSCs cultured with
CM of BMMs with TL1A overexpression on the 4th day
(Figures 7(a) and 7(c)), which was consistent with the results
of PMs (Figures 7(b) and 7(d)). The mRNA expression of
α-SMA was significantly enhanced in HSCs exposed to CM
collected from macrophages (BMMs and PMs, respec-
tively) with TL1A overexpression on the 4th and 6th day
(Figures 7(e) and 7(f)). The proliferation rate was detected
by CCK-8 assay. As shown in Table 2, the proliferation
rate of HSCs exposed to CM collected from macrophages
(BMMs and PMs, respectively) with TL1A overexpression
was significantly higher than that of HSCs exposed to CM
collected from macrophages isolated from WT mice.

4. Discussion

The onset and progression of fibrosis is closely linked to
chronic inflammatory reactions. Recruitment of immune
cells such as macrophages and T-cells to the site of injury is
an important event in the initiation of inflammation, as well
as for wound healing and hepatic fibrosis [19]. TL1A is a
tumor necrosis factor family member expressed by mono-
cytes, macrophages, dendritic cells (DCs), and endothelial
cells in response to stimulation by cytokines, immune com-
plexes [20]. TL1A exerts pleiotropic effects on cell prolifera-
tion, activation, and differentiation of immune cells, which
involves autoimmune diseases such as IBD, RA, and ankylos-
ing spondylitis (AS). It has been proved that serum TL1A
levels were significantly increased in patients with PBC,
chronic hepatitis C, or autoimmune hepatitis. And its levels
were significantly decreased in early-stage PBC patients after

ursodeoxycholic acid (UDCA) treatment. TL1A was immu-
nohistochemically located to biliary epithelial cells, Kupffer
cells, blood vessels, and infiltrating mononuclear cells in the
PBC liver [14]. However, the role of TL1A in liver fibrosis
remains poorly understood.

To investigate the roles of TL1A in the process of hepatic
fibrosis, the CCl4-induced hepatic fibrosis model was estab-
lished and a series of experiments at cellular, molecular,
and protein levels were carried out in this study. Consistent
with a previous clinical study that TL1A expression was
found to be increased in serum and liver tissues in patients
with PBC and advanced hepatitis cirrhosis [14], the present
study showed that the expressions of TL1A protein and
mRNA were significantly higher in mice with liver fibrosis
than in the Control mice. In the clinical study on TL1A,
mononuclear phagocytes are thought to be the main source
of TL1A in patients with RA [21]. In the liver of PBC
patients, TL1A expression is positive for infiltrating
mononuclear cells as well. Therefore, we detected the TL1A
expression in macrophages of liver tissues by dual-color
immunofluorescence. As expected, TL1A was notably
increased in macrophages after CCl4-induced liver damage.

The key role of macrophages in promoting hepatic fibro-
genesis has been demonstrated in a number of studies. In
fibrotic mouse livers, the accumulation of macrophages
greatly augments the local macrophage pool, perpetuates
inflammation causing further hepatocyte injury, and acti-
vates fibrogenic HSCs [22, 23]. Furthermore, in CD11b-
DTR mice, selective depletion of macrophages during
ongoing injury led to a reduction of liver fibrosis [24]. Shih
et al. [9] showed that an increased number of macrophages
were found in transgenic mice with overexpression of TL1A
in an intestinal fibrosis model. Similarly, we also found that
the macrophages in hepatic tissues were significantly
increased in TL1A-Tg mice than in WT mice, confirming
that the high expression of TL1A in myeloid cells during
hepatic fibrosis promoted the recruitment of macrophages
to the liver. In the chronically inflamed liver, CCL2 is
secreted mainly by injured hepatocytes, biliary epithelial
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cells, and HSCs [25], which is associated with the infiltration
of macrophages [26]. In our study, CCL2 expression was sig-
nificantly higher in TL1A-Tg mice than in the WT mice,
indicating that the promotion of TL1A in the recruitment
of macrophages might be related to the upregulation of
CCL2 expression in liver tissues.

Chronic persistent inflammation is a main cause of liver
fibrosis. Liver inflammation induces necrosis and apoptosis
in liver cells and releases enzymes in liver cells. In this study,
the levels of ALT, AST, and TBIL in serum were significantly
higher in TL1A-Tg mice than in the WT mice with liver
fibrosis, indicating that overexpression of TL1A in myeloid
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Figure 4: Constitutive TL1A expression on myeloid cells facilitated HSC activation and the expressions of MMP-2 and MMP-9. (a–c) The
α-SMA expressions in the CCl4/Tg group were markedly higher than that in the CCl4/WT group detected by immunohistochemical staining
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Figure 6: Constitutive TL1A expression on macrophages upregulated the PDGF-BB, TNF-α, and IL-1β in the serum, liver tissues, and
macrophages. (a) The expression of TGF-β1 in serum, liver tissue, and the medium of BMMs and PMs was detected by ELISA and
RT-PCR. Serum TGF-β1 in the CCl4/Tg group were significantly higher than those in the CCl4/WT group, and TGF-β1 mRNA in the
CCl4/Tg group were also higher than those in the CCl4/WT group. But there was no statistical significance between the Tg group and WT
group of CM derived from BMMs and PMs. (b, c, d) The expressions of PDGF-BB, TNF-α, and IL-1β in serum, liver tissue, and the
medium of BMMs and PMs were detected by ELISA and RT-PCR, respectively. The cytokines in serum and mRNA in liver tissue in the
CCl4/Tg group were significantly higher than those in the CCl4/WT group. And those derived from BMM and PM supernatant in the
LPS + IFN-γ+M-CSF/Tg group were significantly higher than those in the LPS + IFN-γ+M-CSF/WT group. Data are expressed as mean
± SD, ∗p < 0 05 and ∗∗p < 0 01.
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cells aggravated hepatocyte injury. Moreover, the H&E stain-
ing and TUNEL assay revealed that the necrotic area of hepa-
tocyte was significantly wider and the apoptosis number of

hepatocytes was significantly larger in TL1A-Tg mice than
in WT counterparts. The above results confirmed that over-
expression of TL1A in myeloid cells caused more necrosis
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Figure 7: Constitutive TL1A expression on macrophages promoted the activation of HSCs. (a, c, e) The α-SMA expressions of HSCs cultured
with BMM-derived CM in the CM/Tg group were markedly higher than those in the CM/WT group detected by immunofluorescence
staining (400x) and RT-PCR. (b, d, f) The α-SMA expressions of HSCs cultured with PM-derived CM in the CM/Tg group were
significantly higher than those in the CM/WT group detected by immunofluorescence staining (400x) and RT-PCR. Data are expressed as
mean± SD, ∗p < 0 05 and ∗∗p < 0 01.

Table 2: Effect of macrophages with high expression of TL1A on the proliferation of HSCs.

Cells
Groups

Control LPS + IFN-γ+M-CSF CM/WT CM/Tg

BMMs 100 82 ± 8 48 100 54 ± 8 11 203 24 ± 10 50 246 21±8 34∗∗

PMs 100 00 ± 8 13 101 63 ± 7 97 162 23 ± 9 40 194 29±6 82∗∗
∗∗p < 0 01 vs the CM/WT group.
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and apoptosis of liver cells, as well as more severe liver injury
and inflammation.

HSCs are typically found in the space of Disse in a quies-
cent state, which are activated to myofibroblasts expressing
α-SMA by several stimuli such as cytokines and inflamma-
tory mediators. Collagen1α1, a major component of total
collagen constituting the ECM, are mainly released by
activated HSCs. The results revealed that α-SMA and
Collagen1α1 expressions were markedly higher in TL1A-Tg
mice than in WT mice detected by immunohistochemical
staining, RT-PCR, and Western blot assay. Hydroxyproline
is a special amino acid of collagen, and its content can reflect
the total collagen condition and assess the degree of fibrosis.
In this study, we found that the content of hydroxyproline in
TL1A-Tg mice treated with CCl4 was significantly higher
than that in WT mice. It was also confirmed that the
TL1A-Tg mice were combined with more severe liver fibrosis
by Sirius Red staining. In the early stage of hepatic fibrogen-
esis, gelatinases, including MMP-2 and MMP-9, are involved
in the degradation of ECM components around HSCs. Previ-
ous studies have demonstrated that MMP-2 and MMP-9
promote the activation and proliferation of HSCs by degrad-
ing the basilar membrane and increase the biological activity
of IL-1β and TGF-β [27, 28]. Infiltrated macrophages are
the important source of MMP-2 and MMP-9 [29]. Our
study confirmed significantly higher levels of MMP-2 and
MMP-9 in TL1A-Tg mice than in WT counterparts. The
above results demonstrated that overexpression of TL1A in
myeloid cells accelerated HSC activation, which might be
related to macrophage recruitment, thereby releasing more
MMP-2 and MMP-9.

The important mechanism for macrophages to partici-
pate in liver fibrosis is to secrete a series of proinflammatory
and profibrotic factors, which can act on the HSCs to induce
a profibrotic phenotype. Specifically, macrophages can
produce and activate the archetypal profibrotic cytokine
TGF-β1, which acts to increase myofibroblast ECM and
TIMP-1 production [30]. Additionally, hepatic macrophages
can produce PDGF-BB (a potent stimulator of myofibroblast
proliferation), IL-1β, and TNF-α (proinflammatory cyto-
kines) to perpetuate the proinflammatory pro-fibrotic stimu-
lus [31]. Our study showed that overexpression of TL1A in
myeloid cells promoted the expression of TGF-β1 in liver
tissues and serum, whereas TL1A had no effect on the secre-
tion of TGF-β1 by macrophages themselves. We speculated
that the TGF-β1 was secreted primarily by M2 macrophages,
which in our study involved M1 macrophages. The others
including PDGF-BB, TNF-α, and IL-1β were obviously
increased in serum and liver tissues in TL1A-Tg mice com-
pared to WT mice. Consistent with in vivo experiment, the
concentration of PDGF-BB, TNF-α, and IL-1β in CM of
macrophages derived from TL1A-Tg mice was markedly
higher than that from equivalentWTmice. The results in this
study confirmed that TL1A was able to enhance the proin-
flammatory factor (PDGF-BB, TNF-α, and IL-1β) secretion
of macrophages directly. We cultured primary HSCs with
CM of macrophages with or without TL1A overexpression,
respectively, to further investigate the activation and prolifer-
ation of HSCs. Previous studies had confirmed cultured

HSCs with macrophage medium promoting the activation
and proliferation of HSCs [5, 15, 32], which accorded with
the present results. Additionally, macrophages with overex-
pression of TL1A accelerated the activation and proliferation
more obviously.

In conclusion, overexpression of TL1A in myeloid cells
could accelerate the process of hepatic fibrosis, worsen the
liver function, promote macrophages recruitment, upregu-
late the levels of PDGF-BB, TNF-α, and IL-1β in liver tissues
and macrophages, and further stimulate the activation and
proliferation of HSCs.
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Aim. To compare the clinical efficacy of the combination therapy with Bushen formula (BSF) plus entecavir (ETV) in naïve chronic
hepatitis B (CHB) patients and that in CHB patients with partial virological response to ETV and explore the relevant
immunoregulatory mechanism. Materials and Methods. Two hundred and twenty CHB patients were enrolled in the historical
prospective cohort study. Patients were categorized into a treatment group (T-Group: combination therapy with BSF plus ETV)
and a control group (C-Group: ETV). Patients in T-Group and C-Group were grouped into T1/C1 (treatment-naïve patients)
and T2/C2 (patients with partial virological response to ETV). Biochemical assessment, viral load quantitation, and HBV
markers were tested. Chinese medicine symptom complex score was evaluated and recorded as well. In addition, peripheral
blood mononuclear cells were separated from blood samples in 56 patients and 11 healthy donors. The frequencies of Th1, Treg,
and dendritic cells (DCs) and expression levels of PD-1/PD-L1 were examined by flow cytometry. Results. In treatment-naïve
CHB patients, complete viral suppression rates in HBeAg(−) patients were higher than those in HBeAg(+) patients in both T
and C groups. In patients with partial virological response to ETV, the rate of HBsAg decline≥ 20% in HBeAg(+) patients of
T2-Group was higher than that in HBeAg(+) patients of C2-Group. A significant reduction of Chinese medicine symptom
complex score was only observed in T-Group. The study of mechanism showed that, compared with healthy controls, Th1 and
DC frequencies were decreased in all CHB patients, while Treg frequency was increased only in treatment-naïve patients. In
addition, compared with healthy controls, PD-1 expression levels on Th1 and Treg were increased in all patients and PD-L1
expression levels on DCs were increased only in treatment-naïve patients. In treatment-naïve patients, the combination therapy
with BSF plus ETV increased Th1 and DC frequencies and decreased Treg frequency, which was correlated with HBsAg decline.
In addition, in patients with partial virological response to ETV, the combination therapy downregulated PD-L1 levels on DCs
and the frequency of Treg, which was related with HBsAg decline. Conclusions. In patients with partial virological response to
ETV, HBeAg(+) patients tend to achieve ideal effects after the combination therapy with BSF plus ETV, which may correlate
with the decrease of Treg frequency and the downregulation of PD-L1 levels on DCs.

1. Introduction

Hepatitis B is a potentially serious liver disease caused by
hepatitis B virus (HBV), which is a general worldwide health
problem. According to the reports fromWTO, an estimate of
240 million people are persistently infected with HBV and

more than 686,000 people die each year due to severe compli-
cations caused by hepatitis B, including cirrhosis and liver
cancer [1]. The prevalence of hepatitis B is the utmost in
sub-Saharan Africa and East Asia. In China, hepatitis B is
one of the top 3 infectious diseases reported by the Ministry
of Health [2] and 300,000 people die from HBV-related liver
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diseases each year [3], which holds 40%–50% of the total
HBV-related deaths worldwide [4].

Peginterferon and nucleoside/nucleotide analogues are
currently approved first-line treatments of chronic HBV
infection and have been applied for many years [5, 6]. How-
ever, these therapies can hardly cure most chronic hepatitis B
(CHB) patients and merely suppress HBV replication. There-
fore, most CHB patients have to be treated for a long period
of life. The outcome of HBV infection depends on the multi-
faceted interactions between HBV and the host immune
system. Innate and adaptive immunities play a pivotal role
in HBV clearance [7, 8]. The efficient suppression of HBV
replication depends on a combination of innate immunity,
adaptive cellular, and humoral immunities [9]. It has been
shown that the cellular immune responses, including CTL,
Th1, Treg, and DC, are crucial for governing HBV replica-
tion [10]. It was also shown that Th1/Th2 imbalance [11],
as well as the increased expression of Treg and Th17 cells,
acts as an independent risk factor in CHB patients [12].

There has been an obvious growth in the practice of
?complementary and alternative medicine in recent years
worldwide. As an important complementary and alternative
medicine, traditional Chinese medicine (TCM) based on
syndrome differentiation has been used widely to treat CHB
patients in Asian countries [13, 14]. The theory and practice
of immunology and infectious diseases were actually applied
in TCM from earlier dynasties. Beginning around 1950,
scientific evaluation of herb materials used for treatment of
viral hepatitis was accepted in China and Japan. Current
studies from Gao et al. showed that the combination therapy
with peginterferon plus Chinese herbs exerted combinatorial
effects in HBeAg(+) CHB patients [15]. Our previous studies
showed that BSF had beneficial effects on CHB patients with
mildly elevated ALT (1–2 times ULN) by reducing serum
ALT and HBV DNA levels, which was relevant with the
decrease of CD4+CD25+ T cell frequency and the increase
of the IFN-γ level in CD4+ T cells [16]. Entecavir (ETV) is
one of first-line antiviral agents for treating CHB patients.
However, some patients are likely to exhibit a suboptimal
response to ETV. Currently, there are limited data on how
to approach these patients. In this study, the anti-HBV effica-
cies of the combination therapy with BSF plus ETV in naive
CHB patients and that in CHB patients with partial virolog-
ical response to ETV were compared and then the underlying
immunoregulatory mechanisms were explored, which will be
helpful for clinicians to make effective treatment project for
CHB patients.

2. Materials and Methods

2.1. Subjects. This is a historical prospective cohort study.
Two hundred and twenty CHB patients with liver and kidney
Yin deficiency and damp-heat syndrome were enrolled in
this study. The inclusion criteria were patients enrolled for
antiviral therapy [17], ETV monotherapy, or combination
therapy with BSF plus ETV applied. The normal control
group comprised 11 healthy donors who had no evidence
of exposure to HBV (HBV surface antigen- (HBsAg-) nega-
tive, anti-HBc-negative). All subjects were given written
informed consent before the blood samples were collected.
This study was conducted in accordance with the ethics prin-
ciples of the Declaration of Helsinki and regulation of clinical
trial. This study was approved by the IRB of Shuguang Hos-
pital affiliated to Shanghai University of TCM.

2.2. Drugs and Grouping. According to the treatment project,
220 patients were categorized into treatment-naïve patients
and patients with partial virological response to ETV. Then,
treatment-naïve patients were categorized into T1-Group
and C1-Group, and patients with partial response to ETV
were categorized into T2-Group and C2-Group. Patients in
T1-Group and T2-Group were administrated with BSF com-
bined with ETV, and patients in C1-Group and C2-Group
were administrated with ETV. The above patients were
followed up for 6 months. Eleven healthy controls were
enrolled as a healthy control group. Peripheral blood mono-
nuclear cells (PBMCs) were separated from blood of 56
patients and 11 healthy controls. The baseline characteristics
of 220 CHB patients are shown in Table 1. There were signif-
icant differences among four groups in basic levels including
ALT, AST, HBV DNA, HBsAg, and HBeAg.

2.3. Drugs. The BSF granule (oral agents, one dose) [16]
was prepared and provided by Jiangyin River Pharmaceuti-
cal Company Limited and included Astragalus mongholicus,
Fructus Ligustri Lucidi, Longspur epimedium, ClawVine,
Rhizoma Picrorhizae, and Pericarpium citri reticulatae
viride, and the manufacturing procedure involved boiling,
filtering, plastering, and drying. Patients were given 0.5mg/
day ETV and 4.5 g/day BSF granule, oral administration.

2.4. Serum Viral Load HBV Serum Markers and ALT/AST
Determination. Serum HBV DNA levels in CHB patients
were tested with real-time PCR using a LightCycler PCR
system (FQD-33A) with a lower limit of approximately
1000 viral genome copies/ml. The results were considered

Table 1: Baseline characteristics of 220 CHB patients M Q1 −Q3 .

Group (n) Sex (M/F) Age (years) ALT (U/l) AST (U/l) HBV DNA (lgIU/ml) HBsAg (lgIU/ml) HBeAg(+) (n)

T1 (59) 38/21 37.0 (32.0–42.0) 40.0 (26.0–73.0) 33.0 (26.0–60.0) 5.48 (4.31–7.05) 3.64 (3.22–4.12) 38

T2 (42) 26/16 41.5a (37.3–46.8) 22.0b (14.5–28.2) 24.0e (19.0–30.5) N.A. 3.37 (2.92–4.00) 18

C1 (78) 59/19 34.0 (29.0–41.0) 53.0c (34.0.0–93.0) 42.0f (29.0–65.0) 7.11 (5.17–7.95) 3.99 (3.34–4.16) 54

C2 (41) 36/5 39.0 (33.0–52.5) 25.0d (22.0–28.8) 25.0g (22.0–28.8) N.A. 3.56 (3.10–3.80) 19

Notes: M: male; F: female; ALT: alanine aminotransferase; AST: aspartate transaminase; HBV: hepatitis B virus; HBsAg: hepatitis B surface antigen; HBeAg:
hepatitis B e antigen. aP < 0 05, compared with C1; bP < 0 05, compared with T1; cP < 0 05, compared with T1; dP < 0 05, compared with C1; eP < 0 05,
compared with T1; fP < 0 05, compared with T1; gP < 0 05, compared with C1.
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abnormal when HBV DNA was >1000 copies/ml.
Serum HBsAg and HBeAg levels were detected by
ELISA with commercially available kits (Sino-American
Biotechnology Company).

The serum ALT/AST levels were assayed by DXC 800
Fully Auto Biochemistry Analyzer, at the Department of
Clinical Laboratory, Shuguang Hospital affiliated to Shanghai
University of TCM, China. The results were considered
abnormal when ALT was >40U/l.

2.5. Isolation of PBMCs. PBMCs were isolated from heparin-
ized blood by standard density gradient centrifugation with
Lympholyte-H (Cedarlane) according to manufacturer’s
protocol. The cell viability was over 90%, as assessed by the
trypan blue exclusion test.

2.6. Flow Cytometry (FCM). The CD8-FITC, IFN-γ-APC-
Cy7, CD4-FITC, CD25-APC, FoxP3-PE, lin1-FITC,
CD11c-APC, HLA-DR-PE, PD-1-PE-cy7, and PD-L1-PE-
cy7 mAbs were obtained from BioLegend (BioLegend, CA).
Fix and Perm kit was obtained from BioLegend (BioLegend,
CA). Intracellular cytokine production was detected by
four-color flow cytometry [16, 18], as described in previous
papers. What need to be illustrated is that PMA-ionomycin
stimulation causes the prominent alternation of cell mem-
brane expression of CD4, so CD3+CD8− cells are identified
as CD4+ T cells [19]. After washing with PBS, the stained
cells were analyzed by flow cytometry.

2.7. Symptom Scores. According to our previous paper [20],
symptoms in CHB patients were recorded before and after
treatment including hypodynamia, shortness of breath,
sweating, palpitations, poor appetite, insomnia, characteris-
tics of urine and stools, appearance of tongue, and character-
istics of pulse. Then, Chinese medicine symptom complex
score was calculated by recording the severity of the symp-
toms: none, light, moderate, and severe were scored as 0, 1,
2, and 3, respectively.

2.8. Statistical Analysis. Statistical analyses were performed
using SPSS statistics software (version 21.0, IBM Inc., NY,
USA). Nonparametric test of rank transformation was used
to compare the differences of intergroups and intragroups.
The measurement data and numeration data were statisti-
cally analyzed with the t-test and Fisher exact tests χ2, respec-
tively. All statistical tests were a two-sided test; P < 0 05, and
the difference was statistically significant.

3. Results

3.1. The Clinical Effects of the Combination Therapy with BSF
plus ETV in CHB Patients. In treatment-naïve patients, the
HBV DNA-negative rates in HBeAg(−) patients were mark-
edly higher than those in HBeAg(+) patients in both T and
C groups (Figure 1(a)). In patients with partial virological
response to ETV, HBeAg-negative rate in T2-Group was
higher than that in C2-Group, although there was no signif-
icant difference (Figure 1(b)), and the rate of HBsAg
decline≥ 20% in HBeAg(+) patients of T2-Group was higher
than that in HBeAg(+) patients of C2-Group (Figure 1(c)).

The above results reminded us that the combination therapy
with BSF plus ETV may be a potential effective therapy for
patients with partial response to ETV.

3.2. The Combination Therapy with BSF plus ETV Improved
Chinese Medicine Symptoms in CHB Patients. Chinese
medicine symptom complex score is the conventional
method for assessing the adjustment of Chinese medicine
symptoms. Damp-heat stasis syndrome and liver and kidney
Yin deficiency syndrome, classified as excess syndrome and
deficiency syndrome, respectively, are the common syn-
dromes in CHB patients [21]. The standard for Chinese med-
icine symptom complex score is based on guiding principles
for clinical research on new drugs of TCM. In this study, our
results showed that Chinese medicine symptom complex
score in CHB patients was decreased from 14.57± 4.83 to
8.45± 1.09 after treatment in T-Group and there was no
significant difference after treatment in C-group, as shown
in Table 2, which suggested that BSF substantially improved
Chinese medicine symptoms in CHB patients.

3.3. Characteristics of Peripheral Th1, Treg, and DCs in CHB
Patients. PBMCs from 11 healthy controls, 32 treatment-
naïve patients, and 24 patients with partial virological
response to ETV were separated, and the frequencies of
Th1, Treg, and DCs were analyzed by flow cytometry. Base-
line characteristics of the above subjects are shown in
Tables 3 and 4. Phenotypic characterization of circulating
Th1, Treg, and DCs and expression levels of PD-1 and PD-
L1 on immune cells in CHB patients are shown in Figure 2.

Results showed that the frequencies of CD4+ T cells, Th1,
and DCs in all patients were markedly lower than those in
healthy controls (P < 0 01) and the frequencies of CD4+ T
cells and DCs in patients with partial virological response
to ETV were obviously higher than those in treatment-
naïve patients (P < 0 05 or P < 0 01). In addition, the Treg
frequency in treatment-naïve patients was higher than that
in the normal group (P < 0 05) and the Treg frequency in
patients with partial virological response to ETV was signifi-
cantly lower than that in treatment-naïve patients (P < 0 01),
as shown in Table 5.

PD-1 expression levels on Th1 and Treg in all patients
were notably higher than those in normal controls (P < 0 05
or P < 0 01), and PD-1 levels on Th1 in patients with partial
virological response to ETV were higher than those in
treatment-naïve patients (P < 0 05). PD-L1 levels on DCs in
treatment-naïve patients were markedly higher than those
in normal controls (P < 0 01) as shown in Table 5.

3.4. Correlation between the Changes of Immune Cell Subsets
and HBsAg Decline after the Combination Therapy with BSF
plus ETV. The clinical effects of the combination therapy on
CHB patients were analyzed, and the results showed that
there was no difference in the viral response rate between
T1-Group and C1-Group. However, the rate of HBsAg
decline≥ 10% in T1-Group was higher than that in C1-
Group, although the difference was not statistically signifi-
cant (P > 0 05), as shown in Table 5.
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To explore the immunological mechanism of the combi-
nation therapy for treating CHB, the relationships between
the changes of frequencies of Th1, Treg, and DCs and HBsAg
decline were analyzed. In treatment-naive patients with
HBsAg decline≥ 10%, Th1 and DC frequencies were
increased and Treg frequency was decreased in T1-Group,
but Th1 and DC frequencies were decreased in C1-Group
(Figures 3(a) and 3(b)). In patients with partial virological
response to ETV with HBsAg decline≥ 10%, Treg frequency

was decreased in T2-Group, but Treg frequency was not
changed and Th1 frequency was decreased in C2-Group
(Figures 3(c) and 3(d)). The above results showed that the
combination therapy with BSF plus ETV contributed to the
increase of Th1 and DC frequencies and the decrease of Treg
frequency in treatment-naïve patients and the therapy con-
tributed to the decrease of Treg in patients with partial viro-
logical response to ETV. Therefore, the mechanism of the
combination therapy with BSF plus ETV downregulating
HBsAg levels may lie in regulating frequencies of immune
cell subsets.

In addition, the correlations between PD-1 and PD-L1
expression levels on immune cell subsets and HBsAg decline
were analyzed. In treatment-naive patients with HBsAg
decline≥ 10%, the PD-1 level on Treg and the PD-L1 level
on DCs were decreased both in C1-Group and T1-Group
(Figures 4(a) and 4(b)). In patients with partial virological
response to ETV with HBsAg≥ 10%, PD-1 levels on Th1
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Figure 1: The clinical effects of the combination therapy with BSF plus ETV in CHB patients. Serum HBV DNA, HBsAg, and HBeAg levels
were evaluated before and after treatment. (a) HBV DNA-negative rates in HBeAg(−) patients were higher than those in HBeAg(+) patients
in both T1-Group and C1-Group. (b) HBeAg-negative rate in T2-Group was higher than that in C2-Group, although there was no significant
difference. (c) The rate of HBsAg decline≥ 20% in HBeAg(+) patients in T2-Group was higher than that in HBeAg(+) patients in C2-Group.

Table 2: Changes of Chinese medicine symptom complex score in
CHB patients (x ± s).

Group Case Before treatment After treatment

T-Group 101 14.57± 4.83 8.45± 1.09∗

C-Group 119 14.90± 4.25 12.38± 2.50
Note: ∗P < 0 05, compared with that before treatment
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and Treg were decreased in C2-Group and the PD-L1
level on DCs was decreased in T2-Group (Figures 4(c)
and 4(d)). The above results showed that the decrease of
PD-L1 on DCs may be correlated with HBsAg decline in
patients with partial virological response to ETV after the
combination therapy.

4. Discussion

According to current guidelines, the goal of therapy for CHB
is to improve quality of life and survival by preventing the
progression of the disease to cirrhosis, decompensated
cirrhosis, end-stage liver disease, HCC, and death and ETV
and tenofovir can be confidently used as first-line monother-
apies [6, 17]. However, there are more andmore patients who
experienced treatment failure to different nucleotide ana-
logue treatment regimens. So what should they do? This is
a growing problem in daily clinical practice. One meta-
analysis showed that Kushenin combined with nucleotide
analogues increased the frequency of loss of serum HBeAg,
HBeAg seroconversion, undetectable HBV-DNA levels, and
ALT normalization compared with nucleotide analogues
[22]. One recent study showed that the liver histological
response rate in the combination treatment group with Diwu
Yanggan capsule plus ETV was significantly higher than that
in the group with ETV (71.43% versus 22.22%; P = 0 036)
after 48 weeks of treatment [23]. In our study, the clinical
effects of combination therapy with BSF plus ETV on CHB
patients were observed. The results showed that the combi-
nation therapy contributed to the decrease of HBsAg in
patients with partial response to ETV, which gave us a hint

that the patients who experienced treatment failure to differ-
ent nucleotide analogue treatment regimens may be adminis-
trated with the combination therapy.

According to the TCM symptoms of CHB patients, liver-
gallbladder damp-heat and liver stagnation-spleen deficiency
are the most abundant syndromes [21]. BSF was composed of
Astragalus mongholicus, Fructus Ligustri Lucidi, Longspur
epimedium, ClawVine, Rhizoma Picrorhizae, and Pericar-
pium citri reticulatae viride, which was used to tonify kidney,
invigorate spleen, and remove dampness. Our results showed
that Chinese medicine symptom complex score in CHB
patients was significantly decreased after the combination
therapy. In addition, the rate of HBsAg decline≥ 20% in
HBeAg(+) patients of T2-Group was higher than that in
HBeAg(+) patients of C2-Group, which suggested that the
combination therapy with BSF plus ETV contributed to the
decrease of HBsAg, especially in patients with partial
response to ETV. So, the combination therapy with BSF plus
ETV will provide a potential treatment method for patients
with partial response to ETV.

It has been shown that the components of BSF have a
broad-spectrum immunoregulatory effects. Astragalus poly-
saccharides might suppress Treg activity by binding TLR4
on Treg and trigger a shift of Th2 to Th1 with the activation
of CD4+ T cells in burned mice with P. aeruginosa infection
[24]. The supercritical fluid extract of Fructus Ligustri Lucidi
regulated the expression of Th1- and Th2-related cytokines,
elevated the levels of IL-2, IFN-γ, and TNF-α produced by
Th1 lymphocytes, and decreased the levels of IL-4 and
IL-10 produced by Th2 lymphocytes [25]. Our results
showed that the combination therapy with BSF plus ETV

Table 3: Baseline characteristics of CHB patients and normal controls M Q1 −Q3 .

Group
Sex

Age (years) ALT (U/l) HBV DNA (log10IU/ml) HBeAg (log10COI) HBsAg (log10IU/ml)
M F

Normal controls 6 5 25.0 (25.0–26.0) 17.5 (10.6–35.8) N.A. N.A. N.A.

Treatment-naïve
patients

26 6 41.0 (35.3–48.5) 57.5 (41.5–96.0) 6.63 (5.13–7.48) 2.28 (0.00–2.88) 3.85 (3.31–4.01)

Patients with partial
virological response
to ETV

21 3 32.0 (28.3–37.5) 34.0 (23.3–47.0) N.A. 1.98 (0.23–3.09) 3.85 (3.41–4.14)

Table 4: Comparative analysis of peripheral Th1, Treg, and DCs between healthy controls and CHB patients M Q1 −Q3 .

Healthy controls Treatment-naïve patients Patients with partial response to ETV

CD4+ T cell of PBMCs (%) 60.30 (56.50–64.60) 16.20∗∗ (7.30–56.40) 49.30∗∗ ,△ (46.00–63.30)

Th1 of CD4+ T cells (%) 60.40 (58.80–62.2) 10.50∗∗ (8.70–14.1) 10.00∗∗ (3.10–14.20)

Treg of CD4+ T cells (%) 4.00 (3.09–5.18) 12.68∗ (4.98–41.48) 2.88△△ (0.50–8.32)

DCs of PBMCs (%) 0.29 (0.27–0.40) 0.07∗∗ (0.01–0.13) 0.15∗∗ ,△△ (0.10–0.22)

PD-1 on Th1 (MFI) 437.5 (412.8–452.8) 523.1∗ (423.2–639.4) 594.5∗∗ ,△△ (553.0–696.4)

PD-1 on Treg (MFI) 1118.2 (856.8–2628.9) 7164.1∗∗ (3022.4–25690.6) 5677.8∗ (1372.3–11151.0)

PD-L1 on DCs (MFI) 2010.30 (1683.5–2852.5) 3432.1∗∗ (2080.6–6800.3) 2530.3 (1764.3–4098.9)

Notes: ∗P < 0 05, compared with healthy controls; ∗∗P < 0 01, compared with healthy controls; △P < 0 05, compared with treatment-naïve patients; △△P < 0 01,
compared with treatment-naïve patients.
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Figure 2: Phenotypic characterization of circulating Th1, Treg, and DCs and expression levels of PD-1 and PD-L1 on immune cells in CHB
patients. This panel is based on surface markers CD3, CD8, IFN-γ, CD4, CD25, Foxp3, LIN1, HLA-DR, PD-1, and PD-L1. All cells
were gated using a FSC-H/SSC-A dot plot. (a) Among PBMCs, CD3+CD8− cells were defined as CD4+ T cells. Among CD4+ T
cells, CD4+IFN-γ+ cells were Th1 and then MFI of PD-1 expression on Th1 was analyzed. (b) Among PBMCs, CD4+ cells were
gated and then CD4+CD25+FoxP3+ cells were defined as Treg. MFI of PD-1 expression on Treg was analyzed. (c) Among PBMCs,
LIN1− cells were gated and then LIN1−HLA-DR+ cells were defined as DCs. MFI of PD-L1 expression on DCs was analyzed.

Table 5: Clinical effects of the combination therapy with ETV plus BSF.

Group Case Sex (F/M) Age (years) M Q1 −Q3 Rates of virological response (%) Rates of HBsAg decline≥ 10% (%)

T1-Group 18 14/4 46.0 (36.5–49.5) 94.4 66.7

T2-Group 7 5/2 32.0 (29.0–36.0) / 57.1

C1-Group 14 12/2 43.0 (37.5–49.5) 85.7 50.0

C2-Group 17 16/1 32.0 (27.0–42.0) / 52.9

6 Journal of Immunology Research



25
20.0
15.0
10.0

5.0
0.0

BT

%
 o

f Th
1 

ce
lls

 o
n 

CD
4+

 T
 ce

lls

AT

25

20.0

15.0

20.0

0.0
BT

%
 o

f T
re

g 
ce

lls
 o

n 
CD

4+
 T 

ce
lls

AT

0.15

0.10

0.05

0.0
BT

%
 o

f D
C 

on
 P

BM
Cs

AT

(a) Patients with HBsAg decline ≥ 10% in C1-Group

40.0

30.0

20.0

10.0

0.0
BT

%
 o

f Th
1 

ce
lls

 o
n 

CD
4+

 T 
ce

lls

AT

40.0
50.0

30.0
20.0
10.0

0.0
BT

%
 o

f T
re

g 
ce

lls
 o

n 
CD

4+
 T 

ce
lls

AT

0.03

0.02

0.01

0.0
BT

%
 o

f D
C 

on
 P

BM
Cs

AT

(b) Patients with HBsAg decline ≥ 10% in T1-Group

40.0
40.0
30.0
20.0
10.0

0.0
BT

%
 o

f Th
1 

ce
lls

 o
n 

CD
4+

 T 
ce

lls

AT

15.0

10.0

5.0

0.0
BT

%
 o

f T
re

g 
ce

lls
 o

n 
CD

4+
 T 

ce
lls

AT

1.0

0.6
0.8

0.2
0.4

0.0
BT

%
 o

f D
C 

on
 P

BM
Cs

AT

(c) Patients with HBsAg decline ≥ 10% in C2-Group

80.0

60.0

40.0

20.0

0.0
BT

%
 o

f Th
1 

ce
lls

 o
n 

CD
4+

 T 
ce

lls

AT

15.0

10.0

5.0

0.0
BT

%
 o

f T
re

g 
ce

lls
 o

n 
CD

4+
 T 

ce
lls

AT

0.8
0.6
0.4

0.0
BT%

 o
f D

C 
on

 P
BM

Cs

AT

0.2

(d) Patients with HBsAg decline ≥ 10% in T2-Group

Figure 3: Relationship between the changes of frequencies of Th1, Treg, and DCs and HBsAg decline. (a) Changes of frequencies of Th1,
Treg, and DCs were analyzed before and after treatment in patients with HBsAg decline≥ 10% of C1-Group. BT: before treatment; AT:
after treatment. (b) Changes of frequencies of Th1, Treg, and DCs were analyzed before and after treatment in patients with HBsAg
decline≥ 10% of T1-Group. (c) Changes of frequencies of Th1, Treg, and DCs were analyzed before and after treatment in patients with
HBsAg decline≥ 10% of C2-Group. (d) Changes of frequencies of Th1, Treg, and DCs were analyzed before and after treatment in
patients with HBsAg decline≥ 10% of T2-Group.
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Figure 4: Relationship between PD-1 and PD-L1 levels on immune cell subsets and HBsAg decline. (a) Changes of PD-1 levels on Th1 and
Treg and the PD-L1 level on DCs were analyzed before and after treatment in patients with HBsAg decline≥ 10% of C1-Group. BT: before
treatment; AT: after treatment. (b) Changes of PD-1 levels on Th1 and Treg and the PD-L1 level on DCs were analyzed before and after
treatment in patients with HBsAg decline≥ 10% of T1-Group. (c) Changes of PD-1 levels on Th1 and Treg and the PD-L1 level on DCs
were analyzed before and after treatment in patients with HBsAg decline≥ 10% of C2-Group. (d) Changes of PD-1 levels on Th1 and Treg
and the PD-L1 level on DCs were analyzed before and after treatment in patients with HBsAg decline≥ 10% of T2-Group.
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increased Th1 and DC frequencies in treatment-naïve
patients, which was correlated with the decrease of HBsAg
levels. Therefore, Astragalus polysaccharides and Fructus
Ligustri Lucidi may play a key role in contributing to
the increase of Th1 frequencies. In future studies, we will
explore in depth the immunoregulatory mechanism of
BSF in treating CHB patients by collecting more samples
from patients.

Data Availability

Data are made available to all interested researchers upon
request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (81473477, 81473629, 81503545,
81673767, 81673938, 81673935, and 81774256), Training
Plan for Excellent Academic Leaders of Shanghai Health
System (2017BR007), Municipal Hospital Emerging Cutting
Edge Technology Joint Research Project (SHDC12016121),
and Science Research Project of Thirteen Five-year Plan
(2018ZX10725504).

References

[1] GBD 2013 Mortality and Causes of Death Collaborators,
“Global, regional, and national age-sex specific all-cause and
cause-specific mortality for 240 causes of death, 1990–2013: a
systematic analysis for the global burden of disease Study
2013,” The Lancet, vol. 385, no. 9963, pp. 117–171, 2015.

[2] L. Zou, W. Zhang, and S. Ruan, “Modeling the trans-
mission dynamics and control of hepatitis B virus in
China,” Journal of Theoretical Biology, vol. 262, no. 2,
pp. 330–338, 2010.

[3] J. D. Jia and H. Zhuang, “The overview of the seminar on
chronic hepatitis B,” Zhonghua gan zang bing za zhi= Zhon-
ghua ganzangbing zazhi= Chinese journal of hepatology,
vol. 12, no. 11, pp. 698-699, 2004.

[4] S. T. Goldstein, F. Zhou, S. C. Hadler, B. P. Bell, E. E. Mast,
and H. S. Margolis, “A mathematical model to estimate
global hepatitis B disease burden and vaccination impact,”
International Journal of Epidemiology, vol. 34, no. 6,
pp. 1329–1339, 2005.

[5] A. S. F. Lok and B. J. McMahon, “Chronic hepatitis B: update
2009,” Hepatology, vol. 50, no. 3, pp. 661-662, 2009.

[6] European Association for the Study of the Liver, “EASL
clinical practice guidelines: management of chronic hepatitis
B virus infection,” Journal of Hepatology, vol. 57, no. 1,
pp. 167–185, 2012.

[7] M. K. Maini and A. J. Gehring, “The role of innate immunity
in the immunopathology and treatment of HBV infection,”
Journal of Hepatology, vol. 64, no. 1, pp. S60–S70, 2016.

[8] A. Bertoletti and C. Ferrari, “Adaptive immunity in HBV infec-
tion,” Journal of Hepatology, vol. 64, no. 1, pp. S71–S83, 2016.

[9] S. Ducheix, A. Montagner, A. Polizzi et al., “Essential fatty
acids deficiency promotes lipogenic gene expression and
hepatic steatosis through the liver X receptor,” Journal of
Hepatology, vol. 58, no. 5, pp. 984–992, 2013.

[10] M. Yamamoto, T. Tatsumi, T. Miyagi et al., “α-Fetoprotein
impairs activation of natural killer cells by inhibiting the func-
tion of dendritic cells,” Clinical and Experimental Immunol-
ogy, vol. 165, no. 2, pp. 211–219, 2011.

[11] S. H. Aalaei-Andabili and S. M. Alavian, “Regulatory T cells
are the most important determinant factor of hepatitis B
infection prognosis: a systematic review and meta-analysis,”
Vaccine, vol. 30, no. 38, pp. 5595–5602, 2012.

[12] H. Feng, J. Yin, Y. P. Han et al., “Regulatory T cells and IL-
17(+) T helper cells enhanced in patients with chronic hepati-
tis B virus infection,” International Journal of Clinical and
Experimental Medicine, vol. 8, no. 6, pp. 8674–8685, 2015.

[13] E. Chan, M. Tan, J. Xin, S. Sudarsanam, and D. E. Johnson,
“Interactions between traditional Chinese medicines and
Western therapeutics,” Current Opinion in Drug Discovery &
Development, vol. 13, no. 1, pp. 50–65, 2010.

[14] W. Dai, C. Wei, H. Kong et al., “Effect of the traditional
Chinese medicine tongxinluo on endothelial dysfunction rats
studied by using urinary metabonomics based on liquid
chromatography-mass spectrometry,” Journal of Pharmaceu-
tical and Biomedical Analysis, vol. 56, no. 1, pp. 86–92, 2011.

[15] Y. An, S. Gao, D. Cheng et al., “Peginterferon and Chinese
herbs exert a combinatorial effect in HBeAg-positive chronic
hepatitis B,” Journal of Infection in Developing Countries,
vol. 10, no. 04, pp. 369–376, 2016.

[16] M. Li, X. H. Sun, Z. H. Zhou et al., “Beneficial therapeutic effect
of Chinese herbal Bushen formula on CHB patients with
mildly elevated alanine aminotransferase by down-regulating
CD4+CD25+ T cells,” Journal of Ethnopharmacology,
vol. 146, no. 2, pp. 614–622, 2013.

[17] Chinese Society of Hepatology, Chinese Medical Association,
Chinese Society of Infectious Diseases, Chinese Medical
Association, J. L. Hou, and W. Lai, “The guideline of preven-
tion and treatment for chronic hepatitis B: a 2015 update,”
Zhonghua gan zang bing za zhi= Zhonghua ganzangbing
zazhi= Chinese journal of hepatology, vol. 23, no. 12,
pp. 888–905, 2015.

[18] M. Li, Z. H. Zhou, X. H. Sun et al., “The dynamic changes of
circulating invariant natural killer T cells during chronic hep-
atitis B virus infection,” Hepatology International, vol. 10,
no. 4, pp. 594–601, 2016.

[19] J. Baran, D. Kowalczyk, M. Ozog, and M. Zembala, “Three-
color flow cytometry detection of intracellular cytokines in
peripheral blood mononuclear cells: comparative analysis of
phorbol myristate acetate-ionomycin and phytohemagglutinin
stimulation,” Clinical and Diagnostic Laboratory Immunology,
vol. 8, no. 2, pp. 303–313, 2001.

[20] X. J. Zhu, X. H. Sun, Z. H. Zhou et al., “Lingmao formula
combined with entecavir for HBeAg-positive chronic hepatitis
B patients with mildly elevated alanine aminotransferase: a
multicenter, randomized, double-blind, placebo-controlled
trial,” Evidence-based Complementary and Alternative Medi-
cine, vol. 2013, Article ID 620230, 7 pages, 2013.

[21] Y. Liu, P. Liu, R. Dai et al., “Analysis of plasma proteome
from cases of the different traditional Chinese medicine
syndromes in patients with chronic hepatitis B,” Journal
of Pharmaceutical and Biomedical Analysis, vol. 59,
pp. 173–178, 2012.

9Journal of Immunology Research



[22] Z. Chen, X. Ma, Y. Zhao et al., “Kushenin combined with
nucleos(t)ide analogues for chronic hepatitis B: a systematic
review and meta-analysis,” Evidence-based Complementary
and Alternative Medicine, vol. 2015, Article ID 529636, 12
pages, 2015.

[23] H. Li, Z. Ye, X. Gao et al., “Diwu Yanggan capsule improving
liver histological response for patients with HBeAg-negative
chronic hepatitis B: a randomized controlled clinical trial,”
American Journal of Translational Research, vol. 10, no. 5,
pp. 1511–1521, 2018.

[24] Q. Y. Liu, Y. M. Yao, Y. Yu, N. Dong, and Z. Y. Sheng, “Astrag-
alus polysaccharides attenuate postburn sepsis via inhibiting
negative immunoregulation of CD4+ CD25 (high) T cells,”
PLoS One, vol. 6, no. 6, article e19811, 2011.

[25] Y. H. Chen, X. F. Wu, J. Hao, M. L. Chen, and G. Y. Zhu,
“Selection and purification potential evaluation of woody plant
in vertical flow constructed wetlands in the subtropical area,”
Huan Jing Ke Xue, vol. 35, no. 2, pp. 585–591, 2014.

10 Journal of Immunology Research



Review Article
The Crosstalk between Fat Homeostasis and Liver Regional
Immunity in NAFLD

Minjuan Ma,1 Rui Duan,1 Hong Zhong,1 Tingming Liang ,1 and Li Guo 2

1Jiangsu Key Laboratory for Molecular and Medical Biotechnology and College of Life Sciences, Nanjing Normal University, Nanjing,
Jiangsu 210023, China
2Department of Bioinformatics, School of Geographic and Biologic Information, Nanjing University of Posts
and Telecommunications, Nanjing, Jiangsu 210023, China

Correspondence should be addressed to Tingming Liang; tmliang@njnu.edu.cn and Li Guo; lguo@njupt.edu.cn

Received 24 June 2018; Revised 11 November 2018; Accepted 9 December 2018; Published 3 January 2019

Guest Editor: Xiaoni Kong

Copyright © 2019 Minjuan Ma et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The liver is well known as the center of glucose and lipid metabolism in the human body. It also functions as an immune organ.
Previous studies have suggested that liver nonparenchymal cells are crucial in the progression of NAFLD. In recent years,
NAFLD’s threat to human health has been becoming a global issue. And by far, there is no effective treatment for NAFLD. Liver
nonparenchymal cells are stimulated by lipid antigens, adipokines, or other factors, and secreted immune factors can alter the
expression of key proteins such as SREBP-1c, ChREBP, and PPARγ to regulate lipid metabolism, thus affecting the pathological
process of NAFLD. Interestingly, some ncRNAs (including miRNAs and lncRNAs) participate in the pathological process of
NAFLD by changing body fat homeostasis. And even some ncRNAs could regulate the activity of HSCs, thereby affecting the
progression of inflammation and fibrosis in the course of NAFLD. In conclusion, immunotherapy could be an effective way to
treat NAFLD.

1. Introduction

The liver, consisting of 80% hepatic parenchymal cells and
20% hepatic nonparenchymal cells, is the largest metabolism
organ in the human body. It not only maintains the homeo-
stasis of sugars and fats but also participates in immune reg-
ulation (innate immunity, adaptive immunity, and immune
tolerance) [1–3] Hepatocytes are hepatic parenchymal cells,
while the other 20% of nonparenchymal cells in the liver
include liver sinusoidal endothelial cells (LSECs), natural
killer (NK) cells, natural killer T (NKT) cells, Kupffer cells
(KCs), hepatic stellate cells (HSCs), and dendritic cells
(DCs). Hepatocytes, the parenchymal cells of the liver, are
stimulated by a number of inflammatory factors, such as
interleukin 6 (IL-6) and interleukin 1 beta (IL-1β), producing
a large number of acute-phase proteins (APPs) that can kill
foreign antigens and regulate immune responses [4]. KCs
play an important role in the initial response to injury. When
liver damage occurs, it can rapidly produce cytokines and
chemokines, such as IL-1β and tumor necrosis factor

α (TNF-α), resulting in the recruitment of other immune
cells, such as monocytes. After entering the liver, the pheno-
type of monocytes changes, showing proinflammatory and
profibrotic functions [5]. NK cells play an important role in
liver host defense and immune balance by secreting cyto-
kines, such as interferon gamma (IFN-γ) [6]. NKT cells serve
as a bridge connecting innate immunity and adaptive immu-
nity in the liver. They are activated by stimulation with lipid
antigens, rapidly secrete anti-inflammatory or proinflamma-
tory cytokines and chemokines, and participate in liver
diseases [7]. A recent study shows that LSECs are serving as
sentinel cells to detect microbial infection through pattern
recognition receptor activation and as antigen (cross)--
presenting cells [8]. Under normal physiological conditions,
HSCs store liver lipids and 70% of the body’s vitamin A. Con-
versely, after being stimulated by insulin, they can secrete
type I collagen (Col-1) and connective tissue growth factor,
causing inflammation and liver fibrosis [9]. Liver DCs
internalize antigens and present them to surrounding lym-
phocytes as APCs and regulate T cells via the interleukin 10
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(IL-10) mechanism [10, 11]. The hepatic metabolic homeo-
stasis is maintained by the precise mechanism that each liver
cell performs its own duties while maintaining crosstalk.
Disorders of this mechanism can cause liver metabolic
disorders and liver disease.

Liver disease (viral hepatitis, liver fibrosis, fatty liver,
alcoholic liver, drug-induced liver damage and cirrhosis,
and liver cancer), relating to liver immune cell disorders, is
one of the reasons for high mortality in some countries and
regions of the world [12–14]. Nonalcoholic fatty liver disease
(NAFLD) is the most common cause of liver disease, the
primary feature of which is simple steatosis caused by
accumulation of liver triglycerides (TG), followed by nonal-
coholic steatohepatitis (NASH) with inflammation, fibrosis,
and liver damage, eventually developing into cirrhosis and
hepatocellular carcinoma (HCC). Importantly, it is also
closely related to obesity and type 2 diabetes, insulin resis-
tance (IR), and other metabolic abnormalities [15, 16]. It
has been reported that the prevalence of NAFLD is about
27%-34% in America [17], 25% in Europe [18], and 15-20%
in Asia [19]. With economic development and changes in
lifestyle, the upward trend of people’s weights, especially in
some high-income countries and regions, is causing global
obesity and type 2 diabetes [20, 21]. Population-based
studies showed that 2.6–9.6% of children have NAFLD,
increasing up to 38–53% among obese children [22, 23].
Therefore, prevention and treatment of NAFLD is an
imminent global issue.

NAFLD begins with excessive accumulation of TG in the
liver. Studies have shown that approximately 60% of TG
comes from adipose tissue free fatty acid pools, 26% from
lipid de novo synthesis, and 15% from unhealthy diets [24].
Obesity and type 2 diabetes promote liver overload of glucose
and insulin, which can activate carbohydrate response
element binding protein (ChREBP) and sterol regulatory ele-
ment binding protein-1c (SREBP-1c), respectively, thereby
upregulating glycolytic enzymes and fatty acid synthase to
promote hepatic lipogenesis [25]. Interestingly, IL-1β signal-
ing mediates hepatocyte TG accumulation by driving the de
novo lipogenic signaling pathway in obese mouse livers
[26]. The main reason for the development of NASA from
simple steatosis is abnormal release of adipokines and exces-
sive accumulation of liver TG to activate hepatic nonpar-
enchymal cells such as KCs, DCs, NK, and NKT. These

cells can release proinflammatory factors including TNF-α,
IL-6, and TGF-β, thereby leading to hepatitis, liver fibrosis,
and liver damage [27].

Complex crosstalk between hepatocytes and other hepa-
tocytes plays a decisive role in the pathogenesis of NAFLD.
Surprisingly, some noncoding RNAs (ncRNAs) are involved
in the pathological process of NAFLD and can even directly
regulate certain pathways in liver nonparenchymal cells to
influence the progression of NAFLD (Table 1). Therefore,
this paper mainly clarifies the interaction between immune
factors and ncRNA and protein in each stage of NAFLD, in
order to provide potential targets for the treatment and
prognosis of NAFLD.

2. Crosstalk between Hepatocytes, Hepatic
Nonparenchymal Cells, and Adipocytes in the
Pathological Process of NAFLD

2.1. Main Signal Pathways in Simple Hepatic Steatosis. Liver
fat is mainly derived from dietary fatty acids, de novo lipo-
genesis, and adipose tissue. Hepatic steatosis occurs when
fatty acid uptake, de novo lipogenesis, lipid secretion, or dis-
posal via free fatty acid (FFA) oxidation are unbalanced [28].

Dietary fat is stored in fat tissue in the form of FFA to
form an FFA pool. Obesity causes dysfunction of adipocytes
and releases a large number of proinflammatory factors such
as TNF-α [29], IL-6 [30], and leptin. This causes FFAs in the
FFA pool to translocate to nonadipose tissues such as the
liver and skeletal muscle [31]. At the same time, TNF-α
inhibits the release of adiponectin by adipocytes, thereby
increasing the uptake of hepatic FFAs and reducing
hepatic fatty acid oxidation and TG output [32]. Excessive
accumulation of FFAs causes IR [33], which can mobilize
peripheral fat to form new FFAs. FFAs translocate to the
liver, exacerbate liver TG accumulation, and ultimately
cause hepatic steatosis [34].

De novo fatty acid synthesis is a complex reaction, and it
is regulated by multiple factors [35]. This paper mainly
describes the FFAs from de novo fatty acid synthesis through
the pathways involved in the three proteins SREBP-1c,
ChREBP, and PPARγ. SREBP-1c, is an isoform of SREBPs
(a family of TFs anchored in the ER membrane). It mainly
regulates the synthesis of fatty acids [36]. ChREBP is a

Table 1: ncRNAs link the fat homeostasis and immunity in the pathological process of NAFLD.

Noncoding RNAs Target genes Signaling pathways References

MiR-373 AKT1 AKT–mTOR-S6K [91]

MiR-7a YY1 YY1-CHOP-10-C/EBP-α/PPARγ [92]

MiR-130a-3p TGFBR1/TGFBR2 GF-β/SMAD [93]

MiR-26a IL-6 mRNA miR-26a-IL-6-IL-17 axis [94]

MiR-146a-5p Wnt1 and Wnt5a Wnt [95]

LncRNA MRAK052686 Nrf2 and Eif2ak2 PERK [99]

LncRNA SRA FoxO1 FFA β-oxidation [100]

LncRNA MALAT1 CXCL5 Extracellular space [101]

LncRNA NONRATT013819.2 Lox ECM-related pathways [102]
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transcription factor that recognizes the carbohydrate response
element (ChRE) in glycolysis and lipid synthesis gene pro-
moter [37, 38]. The peroxisome proliferator-activated recep-
tors (PPARs), transcription factors that regulate lipid
metabolism and insulin sensitivity [39], consist of three iso-
forms: PPARγ, PPARα, and PPARδ [40]. PPARγ is highly
expressed in adipocyteswhile it is also present in other hepato-
cytes, especially in resting HSCs [41].

IR can upregulate SREBP-1c, ChREBP, and PPARγ to
promote hepatic steatosis, which in turn can promote IR by
SREBP-1c, ChREBP, and PPARγ. (1) The proinflammatory
factors TNF-α and IL-6 released by M1-type KCs (regulated
by lipopolysaccharide and other factors) reach the hepatic
portal vein with blood flow and form a functional complex
with hepatocyte membrane receptors TNFR1 and IL-6R
[42–44]. The complex formed by TNF-α and TNFR1 recruits
upstream kinases such as nuclear factor-κB- (NF-κB-)
inducible kinase (NIK) and transforming growth factor--
β-activated kinase to activate NF-κB, which upregulates
IL-6 expression and cytokine signaling inhibitor-3 (SOCS-3)
by binding to DNA [45]. IL-6 activates the Janus-activated
kinase (JAK), which in turn is activated by phosphorylation
of signal transduction and activator of transcription 3
(STAT3), which upregulates SOCS-3 [46]. SOCS-3 promotes
IR by inducing the expression of SREBP-1c, which sup-
presses insulin receptor-mediated IRS1/2 synthesis [47]. (2)
When IR causes severe extrahepatic injury, the liver tissue
receives overloaded glucose and insulin. Insulin activates
SREBP-1c [48]. SREBP-1c activates transcription of tran-
scription factors involved in FFA metabolism, including
the cluster of differentiation 36 (CD36) required for FFA
uptake [49], FFA synthesis of required fatty acid synthase
(FASN) and acetyl-CoA carboxylase (ACC), and TG
synthesis-required glycerol-3-phosphate acyltransferase
[50, 51]. High concentration of glucose induces the transfer
of ChREBP from the cytoplasm to the nucleus; ChREBP in
the nucleus upregulates FASN and ACC [52] and also
induces glucose-6 phosphatase (G6P) and liver pyruvate
kinase (LPK) expression to accelerate glycolysis and gluco-
neogenesis [53]. Interestingly, a recent study [54] found that
activated ChREBP can directly target SREBP-1c and promote
the accumulation of FFAs. (3) The large amount of FFAs
released by adipose tissue activates liver PPARγ, which
upregulates fatty acid transporters (such as CD36), resulting
in a significant increase in fatty acid uptake in hepatocytes.
The fatty acid is then converted to fatty acyl CoA, which is
ultimately esterified to TG. In addition, hepatic PPARγ
upregulates monoacylglycerol O-acyltransferase 1 (MGAT1)
expression to promote TG accumulation [55]. PPARγ also
upregulates SREBP-1c expression to promote de novo syn-
thesis of lipids [56].

2.2. Main Signal Pathways in NASH. The main pathological
features of NASH are (1) oxidative stress (OS) [57], (2)
systemic and hepatic inflammation [58], (3) fibrosis [59],
and (4) hepatocyte apoptosis [60]. The appearance of these
pathological features is mainly trigged by the accumulation
of excessive FFAs in the liver to activate the signaling

pathways that promote prooxidation, proinflammation, pro-
fibrosis, and proapoptosis [61].

FFAs are stored in lipid droplets in the form of TG,
exported as very low-density lipoprotein (VLDL), and
oxidized by mitochondrial β-oxidation. Excessive activation
of mitochondrial β-oxidation and cytochrome P450 family
2 subfamily E member 1 (CYP2E1), a cytochrome that per-
forms futile cycles with release of electrons into the cytosol,
which destroy the electron transport chain, produces a large
amount of reactive oxygen species (ROS), which ultimately
leads to OS [62, 63]. TNF-α can effectively stimulate the pro-
duction of mitochondrial ROS [64]. In order to reduce ROS,
a large amount of mitochondrial uncoupling protein is pro-
duced to reduce superoxide anions, which unfortunately
leads to a decrease in membrane potential, thereby limiting
ATP production. When the ATP supply is insufficient, dying
KCs release the proinflammatory factor interleukin 8 (IL-8).
This recruits inflammatory cells into the liver [65].

FFAs activate proinflammatory signals through TLR4
and in a synergistic manner with LPS [66, 67]. Proinflamma-
tory cells (including hepatocytes, KCs, and adipocytes) pro-
duce proinflammatory factors through NF-κB activation
[68]. LPS targets and activates TLR4 in hepatocytes and
KCs, which upregulates NF-κB transcription to produce a
large number of proinflammatory factors including IL-β,
TNF-α, IL-6, IL-8, and TGF-β [69]. KCs can also be activated
by OS to promote the release of proinflammatory factors
(IL-β, TNF-α, IL-6, IL-8, and TGF-β) [70]. The dysfunc-
tional adipocytes release a large amount of the proinflam-
matory factors TNF-α and IL-6 [30]. The massive release
of proinflammatory factors promotes the conversion of
simple hepatic steatosis to NASH. At the same time, pro-
inflammatory factors in turn promote IR, thus aggravating
NAFLD. Adipocytes can release two adipokines, leptin and
adiponectin, which are involved in inflammation and
fibrosis to affect the pathological process of NASH [71].
Adiponectin reduces inflammation by stimulating KCs to
secrete anti-inflammatory cytokines (such as IL-10), block-
ing the activation of NF-κB [72], and inhibiting the release
of TNF-α, IL-6, and chemokines, and antifibrosis by activat-
ing AMP-activated protein kinase (AMPK) in HSCs [73, 74].
Leptin accelerates the development of NASH by upregulating
the expression of CD14 in KCs (enhancing the response of
hepatocytes to low-dose LPS) [75]. It can also promote fibro-
sis by targeting KCs and sinusoidal endothelial cells, releasing
a large amount of TGF-β, which promotes HSC production
of collagen [76–79]. Unfortunately, low expression of
adiponectin and high expression of leptin promote the
development of inflammation and fibrosis in the NAFLD.

NF-κB upregulates the expression of TNF-α, Fas ligand
(FasL), and TGF-β, which are considered to be major factors
in the response to apoptosis and fibrosis that drive NASH
progression [80]. After TNF-α and FasL recognize and bind
to receptor TNFR and Fas on hepatocytes, respectively,
TNFR and Fas are activated, which triggers a series of apo-
ptotic events. Homologous dimerization of activated TNFR
and Fas induces the formation of the death-inducing signal-
ing complex (DISC), which induces activation of caspases 8
and 10, and induction of caspase 3, 6, and 7, eventually
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leading to hepatocyte apoptosis [81, 82]. Upon activation of
NKT cells by lipid antigens, CD40L expression is upregulated
on the surface of NKT cells, which interacts with CD40
expressed on DCs, resulting in the production of IL-12 by
DCs [83]. Increased liver IL-12 levels further stimulate liver
NKT cells to enhance cytotoxicity by releasing perforin and
granzymes and increasing the expression of FasL on the
surface, which expresses binding to Fas receptors expressed
on hepatocytes, leading to apoptosis [84]. Activation of
NKT cells can also indirectly induce hepatocyte apoptosis
by the release of cytokines, including IFN-γ and TNF-α.
NKT-derived IFN-γ activates and recruits NK cells and
DCs. Specifically, NK cell-induced transactivation of NK cells
enhances cytolysis and production of NK cell IFN-γ, thereby
further promoting hepatocyte apoptosis [85, 86].

The phosphorylation of SMAD2/3 is triggered by the
interaction of TGF-β produced by KCs with specific recep-
tors on the membrane of HSCs. Phosphorylated SMAD2/3
forms a complex with SMAD4 and is transferred to the
nucleus to upregulate Col-1 in combination with target
genes, thereby promoting fibrosis [87, 88].

3. ncRNAs Link the Fat Homeostasis and
Immunity in the Progression of NAFLD

Noncoding RNA (ncRNA) refers to an RNA that does not
encode any protein. ncRNA includes RNAs of known func-
tions such as rRNA, tRNA, snRNA, snoRNA, and micro-
RNA, as well as RNAs of unknown function. ncRNA plays
an important role in the process of life. For example, ncRNAs
can regulate mRNA stability and translation and ncRNAs
affect protein stability and transport [89]. In the chapter,
we will focus on the role of microRNA and lncRNA in the
progression of NAFLD.

microRNAs (miRNAs) are endogenous, noncoding
RNAs of about 20-24 nucleotides in length that can interact
with messenger RNA and participate in posttranscriptional
regulation of gene expression [90]. Studies have showed that
the upregulation of microRNA-373 (miR-373) lowers its
target gene AKT serine/threonine kinase 1 (AKT1) mRNA
levels, resulting in suppression of the AKT-mTOR-S6K
signaling pathway in hepatocytes and eventually weakening
hepatic lipid abnormal deposition [91]. In zebrafish, the
depletion of miR-7a increases the expression of Yin Yang 1
(YY1). YY1 induces the expression of C/EBP-α and PPARγ
by inhibiting the expression of CHOP-10, leading to the
accumulation of FFAs and triglyceride, and finally causing
NASH [92]. MiR-130a-3p promotes the apoptosis of HSCs
and inhibits the production of collagen by inhibiting the
TGF-β/SMAD signaling pathway, thereby improving the
pathological process of the liver [93]. Overexpression of
miR-26a improves NAFLD and reduces IL-17 expression
by partially reducing IL-6 expression, indicating the immu-
nomodulatory effects of the miR-26a-IL-6-IL-17 axis in the
pathological process of NAFLD. However, the specific mech-
anism of immune regulation has not been elucidated [94].
MiR-146a-5p inhibits the activity and proliferation of HSCs
by downregulating Wnt1 and Wnt5a; the amount of Col-1
is decreased, thereby inhibiting the occurrence of fibrosis in

the progression of NAFLD [95]. Several of the above studies
indicate that miRNAs affect a particular signaling pathway by
targeting their specific target genes, thereby regulating
lipid-metabolizing proteins, as well as hepatic nonparenchy-
mal cells involved in NAFLD progression. So, miRNAs may
serve as new targets for NAFLD.

Long-chain noncoding RNAs are noncoding RNAs with
a length of more than 200nt, which have important functions
in transcriptional silencing, transcriptional activation, chro-
mosome modification, and nuclear transport [96, 97]. As
transcription factors, lncRNAs play an important role in
normal physiological and pathological processes [98]. In
2015, a study reported that Berberine (BBR) can upregulate
the expression of lncRNA MRAK052686 and its target genes
Nrf2 and Eif2ak2 in a high-fat diet- (HFD-) induced steatotic
animal model, thereby inhibiting the PERK (PKR-like
ER-kinase) pathway in ER stress, indicating that lncRNA
MRAK052686 plays a role in NAFLD by affecting ER
stress. This study opened the prelude to the study of the
role of lncRNAs in NAFLD [99]. lncRNA SRA inhibits
the transcription of forkhead box protein O1 (FoxO1)
through an insulin-independent pathway in hepatocytes,
thereby reducing the expression of the downstream gene
adipose triglyceride lipase (ATGL) and subsequently low-
ering the FFA β-oxidation of hepatocytes, resulting in
hepatic steatosis [100]. Some lncRNAs are involved in
immune regulation by regulating nonparenchymal liver
cells. Studies have found that in activated HSCs, lncRNA
MALAT1 expression is upregulated and upregulates its target
C-X-C motif chemokine ligand 5 (CXCL5), thereby promot-
ing the development of inflammation and fibrosis in NASH
[101]. Correspondingly, the study found that lncRNA
NONRATT013819.2 was involved in ECM-related path-
ways to mediate activation of HSCs by upregulating the
expression of lysyl oxidase (Lox) [102]. LncRNAs are not
only involved in the development of NAFLD, but also
related to the occurrence of HCC [103]. Most importantly,
lncRNAs are involved in immune regulation [104],
indicating that lncRNAs can be used as a novel target for
liver immunotherapy.

4. Conclusions and Immune Treatment
Strategies in NAFLD

Nowadays, the number of people suffering from NAFLD is
increasing rapidly [105]. However, because of the compli-
cated pathogenic mechanism behind NAFLD, there is
currently no effective treatment for NAFLD. During the
NAFLD process, hepatocytes, hepatic nonparenchymal cells,
and adipocytes crosstalk, releasing factors involved in hepatic
steatosis, nonalcoholic steatohepatitis, fibrosis, and even
HCC [106]. Accumulation of fatty acids causes liver steatosis
[107], endoplasmic reticulum resistance, and reactive oxygen
species to promote steatosis and development into NASH
[108]. By far, the existing methods for treating NAFLD
include improving diet, strengthening exercise, changing
lifestyles, and performing weight loss surgery, all with the
purpose of reducing the accumulation of liver fat in patients
[109–114]. Studies on NAFLD have reported that there is a
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complicated relationship between liver immunity and fat
homeostasis [115–117], while there is evidence that ncRNAs
can interact with nonparenchymal liver cells and affect
NAFLD [118]. Many functions of ncRNAs are not to be
noted. Liver nonparenchymal cells play a crucial role in the
maintenance of liver morphological structure and function

(Figure 1). Although there are no reports of immunotherapy
of NAFLD associated with fatty acid metabolism, future
researches on the relationship between ncRNAs and NAFLD,
between liver nonparenchymal cells and NAFLD, or the
effect of interaction between ncRNAs and liver nonparench-
ymal cells on NAFLD, and liver immunotherapy for NAFLD

Figure 1: Crosstalk between hepatocytes, hepatic nonparenchymal cells, and ncRNA during the pathology of NAFLD. (1) Hepatic steatosis.
Obesity and LPS from the intestine promote the release of proinflammatory cytokines TNF-α and IL-6 from KCs and adipocytes, which
interact with ligands on the hepatocyte membrane. TNF-α activates SREBP-1c via the JAK/STAT3/SOCS-3 pathway, which activates
FASN and ACC to promote hepatic TG accumulation. IL-6 upregulates IL-6 and SOCS-3 by NIK/NF-κB. The FFAs released from the
FFA pool in the adipocytes directly activate PPARγ, which upregulates SREBP-1c to promote TG accumulation through other pathways.
IR causes liver overload of glucose and insulin, and glucose activates ChREBP, which not only activates FASN and ACC but also activates
SREBP-1c. Eventually, TG overload in hepatocytes causes hepatic steatosis. (2) NASH. Deregulation of adipocytes causes an increase in
leptin levels, but adiponectin levels decrease. Decreased adiponectin causes a decrease in the release of the anti-inflammatory factor IL-10
from KCs, thereby promoting inflammation. TG overload causes excessive mitochondrial β-oxidation, which produces large amounts of
ROS, which causes OS, causing KCs to release large amounts of proinflammatory factors (TNF-α, IL-6, and TGF-β) and FasL. Upon
recognition of TNF-α and FasL with ligands on the hepatocyte membrane, they induce the formation of a death-inducing signaling
complex (DISC), which induces hepatocyte apoptosis via the caspase pathway. Leptin can promote the release of TGF-β by KCs. After
binding of TGF-β to ligand recognition on HSCs, liver fibrosis is promoted through the SMAD/Col-1 pathway. Lipids can induce NK and
NKT release of apoptotic factors IFN-γ, FasL, and TNF-α. Activated NKT activates DCs, which produce IL-12 that stimulates NKT and
ultimately aggravates inflammation and apoptosis. microRNA-373 (miR-373) reduces inflammation by inhibiting the AKT-mTOR-S6K
signaling pathway, which inhibits IL-6 production; miR-7a upregulates YY1, which induces the expression of PPARγ by inhibiting the
expression of CHOP-10, leading to the accumulation of FFAs and triglyceride, and finally causing NASH; MiR-130a-3p promotes the
apoptosis of HSCs and inhibits the production of collagen by inhibiting the TGF-β/SMAD signaling pathway, thereby improving the
pathological process of the liver; miR-26a improves NAFLD by partially reducing IL-6 expression; MiR-146a-5p inhibits the activity and
proliferation of HSCs by downregulating Wnt1 and Wnt5a, and the amount of Col-1 is decreased, thereby inhibiting the occurrence of
fibrosis in the progression of NAFLD; lncRNA SRA aggravates hepatic steatosis by reducing mitochondrial β-oxidation. lncRNA
MALAT1 upregulates its target C-X-C motif chemokine ligand 5 (CXCL5), promoting the development of inflammation and fibrosis in
NASH; and lncRNA NONRATT013819.2 promotes fibrosis by upregulating the expression of lysyl oxidase (Lox).
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could be a breakthrough point in addressing current treat-
ment deficiencies. Therefore, searching the target of NAFLD
immunotherapy could be a new direction in the research for
the treatment of NAFLD.
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Aldehyde dehydrogenase 2 (ALDH2) is a key enzyme for metabolism of reactive aldehydes, but its role during liver ischemia-
reperfusion injury (IRI) remains unclear. In the present study, we investigated the effects of the ALDH2 activator, Alda-1, in liver
IRI and elucidated the underlying mechanisms. Mice were pretreated with Alda-1 and subjected to a 90min hepatic 70% ischemia
model, and liver tissues or serum samples were collected at indicated time points after reperfusion. We demonstrated that Alda-1
pretreatment had a hepatoprotective role in liver IRI as evidenced by decreased liver necrotic areas, serum ALT/AST levels, and
liver inflammatory responses. Mechanistically, Alda-1 treatment enhanced ALDH2 activity and subsequently reduced the
accumulation of reactive aldehydes and toxic protein adducts, which result in decreased hepatocyte apoptosis and mitochondrial
dysfunction. We further demonstrated that Alda-1 treatment could activate AMPK and autophagy and that AMPK activation was
required for Alda-1-mediated autophagy enhancement. These findings collectively indicate that Alda-1-mediated ALDH2
activation could be a promising strategy to improve liver IRI by clearance of reactive aldehydes and enhancement of autophagy.

1. Introduction

Liver ischemia-reperfusion injury (IRI) is an ineluctable
pathological process during a series of clinical procedures,
such as liver transplantation, liver resection, and hemor-
rhagic shock [1]. Although liver IRI accounts for up to 10%
of early graft failure and leads to a higher prevalence of acute
or chronic rejection after liver transplantation, no effective
pharmacological interventions have been developed to
protect the liver from IRI so far [2]. Hepatocyte death and
the subsequent inflammatory response are two key features
of liver IRI, which form a vicious pathogenesis circle to
drive the progression of liver IRI [3]. Therefore, strategies
to effectively ameliorate hepatocyte death and interrupt the
following inflammatory cascade reactions are urgently
needed to improve liver IRI.

Autophagy is widely recognized as a critical protective
cellular pathway in response to multiple intra- or extracellu-
lar stresses [4]. It has been reported that autophagy is deeply
involved in various liver diseases including metabolic dis-
eases, infectious diseases, and cancer [5]. However, the
defined function of autophagy in the pathogenesis of IRI
remains controversial [6]. We and other groups have demon-
strated that the activation of autophagy plays a protective role
in liver IRI [7–9].

Oxidative stress is one of the detrimental factors in the
pathogenesis of liver IRI and accounts for the major
reason of hepatocyte death [10, 11]. As such, excessive
ROS could cause the accumulation of reactive aldehydes,
including 4-hydroxy-2-nonenal (4HNE) and malondialde-
hyde (MDA), by lipid peroxidation [12], which can directly
attack cellular proteins to form toxic protein to further
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aggravate liver IRI [13]. Mitochondrial aldehyde dehydroge-
nase 2 (ALDH2) is a key enzyme responsible for detoxifica-
tion of those reactive aldehydes to carboxylic acids [14].
Previous studies have indicated that ALDH2 activity is signif-
icantly decreased parallel with the remarkable accumulation
of reactive aldehydes during liver IRI [15], suggesting
that ALDH2 activation may play a protective role in liver
IRI through cleaning up toxic aldehydes. Alda-1, a well-
characterized ALDH2 activator, serves to activate or restore
ALDH2 catalytic activity by modifying the kinetic properties
of ALDH2 and increasing the substrate-enzyme interaction
[16–18]. Previous studies have demonstrated that Alda-1
treatment significantly improves IRI in various types of
organs including the heart, brain, lung, kidney, and intestine
[16, 19–22]. However, whether Alda-1 plays a protective role
in liver IRI remains unknown.

Here, we adopted an in vivo mouse liver IRI model
together with an in vitro primary hepatocyte hypoxia/reox-
ygenation (H/R) injury model to investigate whether Alda-
1 plays a protective role in liver IRI by activating ALDH2-
mediated cleanup of reactive aldehydes. We found that
Alda-1-induced pharmacological activation of ALDH2
increased the clearance of reactive aldehydes, enhanced
hepatic autophagy, and ameliorated liver IRI. Thus, we claim
that Alda-1 treatment may have clinical implications to
protect against liver IRI.

2. Materials and Methods

2.1. Animal. 8–10-week-old male C57BL/6 wild-type (WT)
mice (23-27 g body weight (BW)) were purchased from
Shanghai SLAC Co. Ltd (Shanghai, China) and housed in
an environment with controlled light (12 h light-dark cycle),
temperature, and humidity, with free access to water and
food. Animal protocols were approved by the Institutional
Animal Care and Use Committee of Renji Hospital, School
of Medicine, Shanghai Jiao Tong University.

2.2. Mouse Warm Liver IRI Model. An established and sta-
ble mouse model of warm liver IRI was used as we previ-
ously described [7]. Briefly, under sodium pentobarbital
(40mg/kg, i.p.) anesthesia, a midline laparotomy was per-
formed. An atraumatic clip was placed across the portal triad,
above the right lateral lobe. After 90min of ischemia, the
clamp was removed for reperfusion, animals were sacrificed
after reperfusion at indicated time points, and liver tissues
or serum samples were immediately collected for further
analysis. Sham-operated mice underwent the same surgical
procedure, but without vascular occlusion. Anesthetized
mice were maintained at 37°C by means of a warming pad
and heat lamp during the anesthesia process. Alda-1
(20mg/kg BW, MCE, Monmouth Junction, NJ, USA) dis-
solved in solution (5% DMSO+45% PEG400+water) was
administered intraperitoneally 2 h prior to the operation of
liver ischemia, while 3-methyladenine (3MA, 30mg/kg BW,
MCE) dissolved in PBS or compound C (CC, 5mg/kg BW,
MCE) dissolved in PBS was administered intraperitoneally
1 h before the operation of liver ischemia; an equal volume
of solution was administered in the same manner as the

vehicle control. To distinguish the order in which the vehicle
controls are administered, the vehicle controls of Alda-1 will
be described as DMSO controls and the others as vehicle
controls in this article.

2.3. Serum Sample Assays. The levels of ALT/AST in serum
were measured by a standard clinical automatic analyzer
(Dimension Xpand; Siemens Dade Behring, Munich,
Germany). SerumTNF-α and IL-6 levelsweremeasured using
commercially available enzyme-linked immunosorbent assay
(ELISA) kits (NeoBioscience Technology, Shenzhen, China)
according to the manufacturer’s protocols.

2.4. Liver Histopathology, Immunohistochemical, and TUNEL
Staining. Standard procedures of liver histopathology, immu-
nohistochemical, and TUNEL staining were used as we pre-
viously described [7]. Briefly, liver tissues were fixed in 4%
paraformaldehyde, embedded in paraffin, and were cut into
5μm thick sections. For histopathological analysis, the
sections were stained with hematoxylin and eosin (H&E),
Suzuki’s criteria were used to evaluate the severity of liver
IRI [23], and cytoplasmic vacuolization, sinusoidal con-
gestion, and parenchymal cell necrosis were graded from
0 to 4. For immunohistochemical staining, after deparaffini-
zation and rehydration of the sections which were then
processed for an antigen-unmasking procedure and after
overnight incubation with the primary antibodies against
4HNE (rabbit polyclonal, 1 : 300, Abcam), MPO (rabbit poly-
clonal, 1 : 300, Abcam), cleaved caspase-3 (rabbit polyclonal,
1 : 200, Cell Signaling Technology), and F4/80 (rat monoclo-
nal, 1 : 250, AbD Serotec) at 4°C, the sections were incubated
with HRP-conjugated secondary antibodies, and immunore-
active cells were visualized using DAB. For TUNEL staining,
cell death in liver paraffin sections was detected by the
TUNEL method (Roche Diagnostics, Indianapolis, USA)
according to the manufacturer’s instructions. For each
stained section, at least three images from random fields were
taken, and at least three mice per group were subjected to
each experiment. Image-Pro Plus software (version 6.0) was
used for image analysis of the sections.

2.5. Isolation, Culture, and Treatment of Hepatocytes.
Primary hepatocytes were isolated as we previously described
[24]. For hypoxia/reoxygenation assays, hepatocytes were
cultured at 37°C in a modular incubator chamber
(BioSpherix, Lacona, NY, USA) gassed with a 5% CO2 and
95% N2 gas mixture for 4 h followed by 2h reoxygenation
under normoxic conditions (air/5% CO2). Alda-1 (20μM),
3MA (5mM), or CC (5μM) was added to the medium for
1 hour before hypoxia. Cell viability was assessed using the
CCK8 Cell Viability Assay Kit (Dojindo, Japan), and cytotox-
icity was determined by lactate dehydrogenase (LDH) release
(Beyotime, Shanghai, China) according to the manufac-
turer’s instructions. All experiments were performed at least
3 times to confirm the results. Mitochondrial transmem-
brane potential in hepatocytes was assessed by the ΔΨm
assay kit with JC-1 (Beyotime) according to the manufac-
turer’s instructions. Mitochondrial generation of superoxide
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was stained with MitoSOX Red (Invitrogen, Waltham,
MA, USA).

2.6. ALDH2 Activity and MDA Content. ALDH2 activities
in liver tissues were measured using an ALDH2 activity
assay kit (GMS50131; GENMED, Pfizer, USA), according
to the manufacturer’s instruction. Briefly, the activities
were measured with a spectrophotometer by monitoring
the production of NADPH (340nm). ALDH2 activity was
expressed as nmol of NADH/min per mg protein (one unit).
Malondialdehyde (MDA) contents were measured by com-
mercially available kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) according to the manufacturer’s
instructions.

2.7. Quantitative RT-PCR and Western Blot Analyses. Liver
tissues and PMHwere processed using RT-PCR andWestern
blot analysis as we previously described [24]. The relative
expression levels of mRNA and protein for a target gene were
normalized to relative changes with β-actin. The primers
used for RT-PCR analysis are as follows:

(i) MCP1: F GGGCCTGCTGTTCACAGTT

(ii) MCP1: R CCAGCCTACTCATTGGGAT

(iii) IL-6: F TAGTCCTTCCTACCCCAATTTCC

(iv) IL-6: R TTGGTCCTTAGCCACTCCTTC

(v) TNF-α: F CCCTCACACTCAGATCATCTTCT

(vi) TNF-α: R GCTACGACGTGGGCTACAG

(vii) IL-1β: F TGGACCTTCCAGGATGAGGACA

(viii) IL-1β: R GTTCATCTCGGAGCCTGTAGTG

(ix) β-Actin: F TGACAGGATGCAGAAGGAGA

(x) β-Actin: R ACCGATCCACACAGAGTACT

The primary antibodies against P62 (rabbit monoclonal,
1 : 1000, Cell Signaling Technology), cleaved caspase-3
(rabbit polyclonal, 1 : 1000, Cell Signaling Technology), Bax
(rabbit polyclonal, 1 : 1000, Cell Signaling Technology), Bcl2
(rabbit monoclonal, 1 : 1000, Cell Signaling Technology),
4HNE (rabbit polyclonal, 1 : 1000, Abcam), ALDH2 (rabbit
polyclonal, 1 : 3000, Proteintech), LC3B (rabbit polyclonal,
1 : 1000, Proteintech), and β-actin (1 : 20000, Sigma-Aldrich)
were used.

2.8. Ultrastructure Observation of Liver Tissues by a
Transmission Electron Microscope. The liver tissues were dis-
sected, and small pieces were fixed in 2.5% glutaraldehyde.
Ultrathin sections were cut and contrasted with uranyl ace-
tate buffer by lead citrate and then observed with a Hitachi
HT-7700 transmission electron microscope.

2.9. Statistical Analysis. All values were expressed as mean
± SEM. The unpaired Student t-test or one-way ANOVA test
was used to compare two groups or more than two groups,
respectively. For nonparametric tests, the Mann-Whitney
test or Kruskal-Wallis test was used. A P value less than

0.05 was used to indicate a statistically significant difference
in all statistical comparisons, and data were analyzed using
GraphPad Prism7 (GraphPad Software Inc., San Diego,
CA, USA).

3. Results

3.1. Alda-1 Pretreatment Protects Liver from IRI. To investi-
gate whether Alda-1 has the protective effects on liver IRI,
we first determined the proper dosage and time window for
Alda-1 treatment in mice by measuring ALT/AST levels
and found that Alda-1 treatment at 20mg/kg and 2h prior
to liver ischemia achieved a better protection outcome
(Supplementary Figures 1A and 1B). Compared to DMSO
controls, mice pretreated with Alda-1 showed markedly
decreased necrotic areas and Suzuki’s scores at 6 h and 12h
after reperfusion (Figures 1(a) and 1(b)). Consistent with
these histological alterations, Alda-1-pretreated mice also
exhibited lower serum ALT/AST levels (Figure 1(c)). To
detect the function of Alda-1 on primary hepatocytes, we
adopted the hypoxia/reoxygenation (H/R) model to treat
primary hepatocytes in vitro. Compared to DMSO controls,
the primary hepatocyte treated with Alda-1 showed fewer
morphology abnormalities, higher cell viability, and lower
cytotoxicity (Figures 1(d)–1(f)). Collectively, these findings
demonstrated that Alda-1 had a protective role in liver IRI.

3.2. Alda-1 Protects Hepatocytes from IR-Induced Apoptosis.
Apoptosis is a crucial mechanism to induce hepatocyte death
in the process of liver IRI [25].We then examined hepatic apo-
ptosis by measuring levels of TUNEL, cleaved caspase-3, Bax,
and Bcl2. Compared to DMSO controls, mice pretreated with
Alda-1 showed significantly reduced hepatic apoptosis levels
as evidenced by decreased TUNEL, cleaved caspase-3, and
Bax signals and increased Bcl2 levels (Figures 2(a)–2(e)). In
addition, Alda-1 treatment caused an increase in Bcl2 and
a decrease in Bax levels in primary hepatocytes subjected
to H/R challenge in vitro (Figure 2(f)). These findings dem-
onstrated that Alda-1 could reduce hepatic apoptosis during
liver IRI.

3.3. Alda-1 Ameliorates Inflammatory Responses in Liver IRI.
During liver IRI, hepatocyte death-induced inflammatory
responses can further exacerbate the severity of liver IRI
[26]. We then sought to assess whether Alda-1 also affects
inflammatory responses after liver IRI. As shown in
Figures 3(a)–3(d), the hepatic infiltration of neutrophil
(MPO) and macrophage (F4/80) was significantly decreased
in Alda-1-pretreated mice compared to DMSO controls. In
addition, both serum and hepatic levels of proinflammatory
cytokines and chemokines such as MCP-1, IL-1β, TNF-α,
and IL-6 were lower in Alda-1-pretreated mice than in con-
trol mice (Figures 3(e) and 3(f)). Collectively, these findings
manifested that Alda-1 decreased inflammatory responses in
liver IRI.

3.4. Alda-1 Administration Reduces Mitochondrial
Dysfunction and ROS Production after H/R Challenge In
Vitro. At the cellular level, mitochondrial dysfunction and
excessive ROS production are two initial detrimental events
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to drive hepatocyte death and inflammatory responses during
liver IRI [10]. To investigate whether Alda-1-mediated hepa-
toprotection during IRI is due to improved mitochondrial

dysfunction and ROS production, we measured the mito-
chondrial membrane potential and ROS levels in primary
hepatocytes during H/R treatment in vitro. Compared
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Figure 1: Alda-1 pretreatment protects liver from IRI. (a) Representative H&E-stained images at 6 and 12 hours after reperfusion or sham
operation. PT: portal triads; CV: central veins. Scale bars: 50 μm. (b) Suzuki’s scores of liver sections in (a). (c) Serum ALT/AST at 6 and 12
hours after liver IRI or sham operation (n= 5–6 per group). (d) Visible light microphotographs were taken in primary hepatocytes after HR
challenge with or without Alda-1 pretreatment. Black arrows denote damaged hepatocytes. Scale bars: 25 μm. (e, f) Cell viability and
cytotoxicity of primary hepatocytes after HR challenge with or without Alda-1 pretreatment were measured. Three to five independent
experiments were performed. All data are shown as mean± SEM. ∗∗P < 0 01, ∗P < 0 05.
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Figure 2: Alda-1 pretreatment alleviates apoptosis in liver IRI both in vivo and in vitro. (a, b) Representative sections of TUNEL staining and
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sections of cleaved caspase-3 staining and the number of cleaved caspase-3-positive cells at 6 h after reperfusion or sham operation. Scale
bars: 25 μm. (e) Western blot analysis of Bcl2 and Bax expression in liver tissues at 6 hours after reperfusion or sham operation (β-actin is
used as a loading control). (f) Western blot analysis of Bcl2 and Bax expression in primary hepatocytes after HR challenge (β-actin is used
as a loading control). All data are shown as mean± SEM (n= 4–6). ∗P < 0 05.
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with the DMSO controls, Alda-1 significantly prevented
the decrease in mitochondrial membrane potential (using
JC-1 fluorescent dye) and the increase in ROS production
(using mitoSOX Red dye) during H/R challenge
(Figures 4(a)–4(d)). Thus, we concluded that Alda-1 pre-
treatment could protect against mitochondrial dysfunction
and inhibit oxidative stress during liver IRI.

3.5. Alda-1 Pretreatment Enhances ALDH2 Activity and
Decreases Toxic Aldehydes during Liver IRI. As Alda-1 is an
ALDH2 activator, we then examined whether Alda-1 treat-
ment activates ALDH2. During liver IRI, although ALDH2
activity was significantly decreased at 6 h and 12h after

reperfusion, Alda-1 pretreatment markedly increased hepatic
ALDH2 activity (Figure 5(a)). Interestingly, such ALDH2
activity changes have nothing to do with ALDH2 expression
because Western blot assays showed that there were no
ALDH2 protein level changes in either shammice, vehicle con-
trols, or Alda-1 pretreated mice (Supplementary Figures 2A
and 2B). As ALDH2 is a key enzyme responsible for the
removal of reactive aldehydes, we then investigated whether
Alda-1 pretreatment could reduce the accumulation of
reactive aldehydes during liver IRI. Both Western blot and
IHC assays showed that compared to the vehicle control,
Alda-1 pretreatment significantly reduced the levels of 4HNE
adducts at 6h or 12h after liver reperfusion (Figures 5(b)–
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Figure 3: Alda-1 pretreatment restrains inflammatory responses in livers during IR injury. (a, b) Representative sections of MPO staining and
the numbers of MPO-positive cells in liver sections at 6 h after reperfusion or sham operation. PT: portal triads; CV: central veins. Scale bars:
50μm. (c, d) Representative sections of F4/80 staining and the numbers of F4/80-positive cells in liver sections at 6 h after reperfusion or sham
operation. PT: portal triads; CV: central veins. Scale bars: 50 μm. (e) Serum IL-6 and TNF-α levels at 6 h after reperfusion or sham operation
were measured by ELISA. (f) The mRNA levels of cytokines and chemokines at 6 h after reperfusion or sham operation were determined by
quantitative RT-PCR. All data are shown as mean± SEM (n= 4–6). ∗∗P < 0 01, ∗P < 0 05.
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5(d)). In addition, Alda-1 pretreatment also prevented the
accumulation of MDA, another type of reactive aldehyde, at
6h and 12h after reperfusion (Figure 5(e)). Therefore, these
results demonstrated that Alda-1 pretreatment could increase
ALDH2 activity and in turn scavenge reactive aldehydes.

3.6. Alda-1-Mediated Hepatoprotection during Liver IRI Is
Dependent on Enhanced Autophagy. Previous studies have
demonstrated that ALDH2 activation is sufficient to induce
autophagy in different physiological and pathological condi-
tions [27, 28]. Consistent with those findings, compared to
DMSO controls, Alda-1 treatment significantly enhanced
liver autophagy as indicated by increased LC3BII and

decreased P62 levels (Figure 6(a) and Supplementary
Figure 3A). Correspondingly, thenumberofautophagosomes
in the liver of Alda-1-pretreated mice was considerably
increased (Figures 6(b) and 6(c)). To test whether Alda-1-
mediated hepatoprotection was dependent on the enhanced
autophagy, we investigated the effect of Alda-1 by blocking
autophagy with 3-methyladenine (3MA, an autophagy
inhibitor). H&E staining and Suzuki’s scores showed that the
necrotic areas in the liver of Alda-1-pretreated mice were
significantly decreased compared to those of the DMSO
controls, whereas inhibition of autophagy reversed the
protective effect of Alda-1 (Figures 6(d) and 6(e)). In line
with the histological data, 3MA-mediated autophagy
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Figure 4: Alda-1 pretreatment alleviates mitochondrial injury and ROS production after HR challenge in vitro. (a, b) Representative pictures
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Figure 5: Alda-1 has the efficacy of ALDH2 activity activation and toxic aldehyde clearance during liver IR. (a) ALDH2 activity was observed
in liver tissues at 6 and 12 hours after reperfusion or sham operation (n= 4–6). (b) Western blot analysis of 4HNE protein adduct expression
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inhibition also reversed the serum ALT/AST level decrease
in Alda-1-treated mice (Figure 6(f)). Western blot assays
showed that 3MA abrogated the Alda-1-induced
expression increases in LC3BII and Bcl2 and decreases in
P62 and Bax (Figure 6(g)). In addition, 3MA-mediated
autophagy inhibition sensitize Alda-1-treated primary
hepatocytes to H/R injury in vitro as indicated by
decreased cell viability and increased LDH release levels
(Supplementary Figures 3B and 3C). As we have previously
demonstrated that rapamycin treatment protects the liver
from IRI via both autophagy induction and mTORC2-Akt
activation [29], we then test whether rapamycin treatment
could further potentiate the hepatoprotective effects of
Alda-1. We found that although either Alda-1 or rapamycin
treatment decreased liver necrosis and serum ALT/ALT
levels, no synergistic effects were observed in the case of
cotreatment of Alda-1 and rapamycin (Supplementary
Figures 4A–4C). Collectively, these results indicated that
Alda-1 pretreatment plays a protective role in liver IRI
through the enhancement of autophagy.

3.7. Alda-1-Induced Autophagy Enhancement during Liver
IRI Is Mediated by AMPK Activation. Previous studies have
shown that reactive aldehydes such as 4HNE impair the acti-
vation of AMPK signaling [30, 31]. Given that AMPK activa-
tion plays a protective role in liver IRI at least partly through
the activation of the autophagy pathway [32, 33], we then
tested whether the Alda-1-mediated hepatoprotection during
liver IRI is attributed to AMPK activation. Western blot
assays showed that, compared to sham and vehicle controls,
Alda-1 pretreatment markedly increased the phosphoryla-
tion levels of AMPK in liver tissues after IRI (Figure 7(a)).

Consistently, Alda-1 treatment also enhanced AMPK phos-
phorylation in primary hepatocytes after H/R challenge
(Supplementary Figure 5A). To determine whether Alda-1-
induced autophagy enhancement is dependent on AMPK
activation, compound C (CC, a specific AMPK inhibitor) was
employed to block AMPK activation during liver IRI. AMPK
inhibition by CC blunted the hepatoprotection of Alda-1
during liver IRI as evidenced by increased hepatic necrosis
areas and serum ALT/AST levels (Figures 7(b)–7(d)). In
addition, Western blot showed that CC treatment resulted
in a significant decrease in AMPK phosphorylation and
Bcl2 and LC3BII expression and a marked increase in P62
and Bax expression (Figure 7(e)). Correspondingly, CC
treatment significantly decreased cell viability and increased
LDH release in primary hepatocytes treated with Alda-1
after H/R in vitro (Supplementary Figures 5B and 5C).
Thus, these findings suggested that AMPK activation is
necessary for Alda-1-mediated autophagy activation during
liver IRI.

4. Discussion

In our present study, we demonstrated that Alda-1, an
ALDH2 agonist, protects against liver IRI. In detail, Alda-1
treatment attenuated liver necrosis and hepatocyte apoptosis,
reduced inflammatory responses, and inhibited mitochon-
drial dysfunction and ROS production during liver IRI. The
underlying mechanisms of the protective role of Alda-1 were
associated with the direct clearance of reactive aldehydes and
the indirect autophagy enhancement which is induced by
AMPK activation.
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Figure 6: Autophagy is involved in ALDH2 activation-induced protection of mouse liver IRI. (a) Western blot analysis of LC3B and P62
expression in liver tissues at 6 hours after reperfusion or sham operation (β-actin is used as a loading control). (b, c) Representative
transmission electron micrographs showing autophagosomes in the ischemic liver tissues at 6 h after reperfusion (black arrows denote
autophagosomes) and the number of autophagosomes in per 100 μm2 of the cytoplasm. PT: portal triads; CV: central veins. Scale bars:
50μm. Scale bars: 1μm. (d–g) Mice were treated with 3-methyladenine 1 h after Alda-1 or pretreated with DMSO and killed at 6 h after
reperfusion. (d, e) Representative H&E-stained images and relative Suzuki’s scores of the liver section. Scale bars: 50μm. (f) Serum
ALT/AST level. (g) Western blot analysis of LC3B, P62, Bcl2, and Bax expression in liver tissues (β-actin is used as a loading control). All
data are shown as mean± SEM (n= 4–6). ∗P < 0 05.

10 Journal of Immunology Research



p-AMPK AMPK
0
1
2
3
4
5

Sham
DMSO-IR
Alda-1-IR

Pr
ot

ei
n/
�훽

-a
ct

in
 (f

ol
d)

Sham DMSO-IR Alda-1-IR

p-AMPK

�훽-Actin

AMPK

⁎

(a)

DMSO+vehicle Alda-1+vehicle DMSO+CC Alda-1+CC 

H
&

E PT

CV

PT

CV
CV

PT

PT CV

(b)

1

0

2

3

4

IR 6h

Su
ku

zi
's 

sc
or

e

D
M

SO
+v

eh
ic

le

A
ld

a-
1+

ve
hi

cle

D
M

SO
+C

C

A
ld

a-
1+

CC

(c)

2000

4000

6000

8000

A
ST

(U
/L

)

0 0

5000

10000

15000

IR 6h IR 6h

A
LT

(U
/L

)

D
M

SO
+v

eh
ic

le

A
ld

a-
1+

ve
hi

cle

D
M

SO
+C

C

A
ld

a-
1+

CC

D
M

SO
+v

eh
ic

le

A
ld

a-
1+

ve
hi

cle

D
M

SO
+C

C

A
ld

a-
1+

CC

⁎
⁎

(d)

p-AMPKAMPK Bcl2 Bax P62
0

1

2

3

4

Sham
IR DMSO+vehicle
IR DMSO+vehicle

IR DMSO+CC
IR Alda-1+CC

Pr
ot

ei
n/
�훽

-a
ct

in
 (f

ol
d)

p-AMPK

AMPK

�훽-Actin

Bax

Bcl2

P62

Sham IR-vehicle IR-CC
DMSO Alda-1 DMSO Alda-1

LC3BI

LC3BII

LC3BII

⁎

⁎
⁎

⁎ ⁎

(e)

Figure 7: AMPK activation is involved in autophagy enhancement by Alda-1 pretreatment during liver IR. (a) Western blot analysis of
p-AMPK and AMPK expression in liver tissues at 6 hours after reperfusion or sham operation (β-actin is used as a loading control).
(b–d) Mice were treated with CC 1 h after Alda-1 or pretreated with DMSO and killed at 6 h after reperfusion. (b, c) Representative
H&E-stained images and relative Suzuki’s scores of the liver section. PT: portal triads; CV: central veins. Scale bars: 50μm. Scale
bars: 50 μm. (d) Serum ALT/AST level. (e) Western blot analysis of p-AMPK, AMPK, Bcl2 and Bax, LC3B, and P62 expression in
liver tissues (β-actin is used as a loading control). All data are shown as mean± SEM (n= 4–6). ∗P < 0 05.
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During IRI, increased ROS production is a major detri-
mental event to cause cell damage and even death, partly
because ROS attacks various critical biological lipids, partic-
ularly membrane phospholipids, leading to the formation of
reactive aldehydes, such as 4HNE and MDA, to further
aggravate the injury [34]. Although multiple lines of evidence
has demonstrated that ALDH2 is the major enzyme to detox-
ify those reactive aldehydes, the phenomenon that ALDH2
activity is usually inhibited during IRI makes it impossible
to scavenge reactive aldehydes effectively [15, 16, 19–22],
which consequently leads to massive accumulation of those
toxic reactive aldehydes and cell damage. Therefore, activat-
ing ALDH2 is a conceivable approach to improve IRI. In fact,
administration of Alda-1 has been demonstrated to improve
IRI in many other organs except the liver [16, 19–22]. In the
present study, we also demonstrated decreased ALDH2
activity in the mouse liver IRI model and administration of
Alda-1 could significantly increase ALDH2 activity, which
was independent of ALDH2 expression changes. Conse-
quently, Alda-1-mediated enhancement of ALDH2 activity
blocked the accumulation of 4HNE and MDA and improved
the liver IRI.

In addition to causing cell damage and death, reactive
aldehydes have also been reported to activate the NF-κB
pathway linking to activation of inflammatory responses
[35]; therefore, reactive aldehydes could induce inflamma-
tory responses directly and indirectly. In the present
study, we show that Alda-1 treatment could ameliorate
hepatocyte apoptosis and sterile inflammation during liver
IRI, which is consistent with previous reports showing
that Alda-1 has both antiapoptosis and anti-inflammatory
properties [19–22].

Autophagy is generally recognized as a cellular protective
pathway in response to various intracellular or extracellular
stimuli. Although the function of autophagy in IRI remains
controversial, we and other groups have identified the
protective role of autophagy during liver IRI [7–9, 29]. In
the present study, we found autophagy enhancement after
Alda-1 treatment with increased levels of LC3BII, P62 degra-
dation, and autophagosomes. Apparently, the hepatoprotec-
tive role of Alda-1 was dependent on autophagy because
3MA-mediated autophagy inhibition greatly diminished
the hepatoprotective effects of Alda-1 during liver IRI or
in vitro H/R treatment. Interestingly, rapamycin-induced
autophagy enhancement could not further augment Alda-
1-mediated hepatoprotection, suggesting that Alda-1 and
rapamycin do not work synergistically.

A recent study has shown that protein adducts of reac-
tive aldehydes inhibit the activation of LKB resulting in
impaired signaling activity of the LKB1/AMPK/mTOR path-
way [30]. In addition, ALDH2 has been reported to protect
myocardial function through an AMPK-dependent autoph-
agy activation axis in an experimental diabetic cardiomyop-
athy model [28]. In the present study, we also found that
Alda-1 treatment induced the activation of AMPK, whereas
compound C-mediated AMPK inhibition greatly abrogated
the protective role of Alda-1 and autophagy activation.
Moreover, given the fact that 4HNE could directly target
AMPK to inhibit its activity [31], we propose that Alda-1

treatment directly or indirectly activates AMPK resulting
in autophagy activation during liver IRI.
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Limited information is currently available concerning HLA class I antigen abnormalities in sarcomatoid hepatocellular carcinoma
(sHCC). Here, we have analyzed the growth characteristics and HLA class I antigen status of four sHCC cell lines (sHCC29,
sHCC63, sHCC74, and SAR-HCV); the first three were newly established in this study. Among the four, sHCC29 showed the
highest growth rate in vitro and tumorigenicity in NOD-SCID mice. Unlike sHCC74 and SAR-HCV, both sHCC29 and
sHCC63 had no detectable surface HLA class I antigen expression, alongside undetected intracellular β2-microglobulin (β2m)
and marked HLA class I heavy chain and selective antigen-processing machinery (APM) component downregulation. The loss
of β2m in sHCC29 and sHCC63 was caused by a >49 kb deletion across the B2M locus, while their downregulation of APM
components was transcriptional, reversible by IFN-γ only in several components. β2m was also undetected in the primary HCC
lesions of the patients involved, indicating its in vivo relevance. We report for the first time HLA class I antigen loss with
underlying B2M gene deficiency and APM defects in 50% (2 of 4) of the sHCC cell lines tested. These findings may have
implications for a proper design of T cell immunotherapy for the treatment of sHCC patients.

1. Introduction

Hepatocellular carcinoma (HCC) is the 6th most common
solid tumor and the third leading cause of cancer-related
death worldwide [1, 2]. Although the role of hepatitis B virus
(HBV) and HCV in hepatocarcinogenesis has been well doc-
umented, its precise mechanism remains largely unknown,
especially for HCV-associated hepatocarcinogenesis. It has

been reported that some liver tumors, including HCC,
cholangiocarcinoma, and hepatocholangiocarcinoma, may
undergo sarcomatous change [3], a phenomenon closely
associated with epithelial-mesenchymal transition (EMT)
and neoplastic progression [4, 5]. Notably, the primary liver
sarcomatous carcinomas have been found to arise with or
without cirrhosis pathology [6]. Although sarcomatous liver
tumors are rare with only about 50 cases reported thus far
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in the English medical literature [7–10], these sarcomatoid
carcinomas are highly aggressive, characterized by a fast
clinical course with a poor prognosis [10, 11]. No effective
therapy is currently available for the treatment of this rare
tumor subtype.

It has been known for some time that malignant cells can
have impaired HLA class I antigen expression during the
course of tumor progression [12–15]. HLA class I antigen
downregulation or loss often occurs in tumor cells when
the primary tumor breaks the basal membrane, invades the
surrounding tissues, and/or begins to metastasize to regional
lymph nodes or to distant organs with the latter occurring at
higher frequencies [16, 17]. Since HLA class I antigens
present tumor antigen-derived peptides to the host cytotoxic
T lymphocytes (CTLs), altered or deficient HLA class I anti-
gen expression by malignant cells constitutes an effective
mechanism to escape HLA class I-restricted T cell antitumor
surveillance. The clinical relevance of HLA class I antigen
downregulation or loss in tumors has been indicated by its
association with poor prognosis of several malignant dis-
eases, including melanoma, breast cancer, and clear cell renal
cell carcinoma [17]. In a therapeutic setting, the effector
function of T cells could be dampened by the HLA class I
antigen abnormalities in tumors, and this may pose an obsta-
cle to therapeutic success. This possibility may explain the
outcome of the recent T cell immune checkpoint blockade
therapy of melanoma [18] and NSCLC [19], which is effec-
tive but with only 20–25% of response rate.

The HLA class I antigen status in tumor cells may repre-
sent a key variable for the efficacy of therapy that relies on
CTLs to eliminate the tumor cells [20]. Primary HCCs have
been reported to have sufficient levels of HLA class I antigens
expressed [21, 22], yet currently, no information is available
regarding the expression status of these molecules in the sar-
comatoid subtype of HCC (sHCC) and its association with
prognosis of the disease. Therefore, we herein established
three sHCC cell lines derived from the surgically removed
liver tumors of three patients with apparent sarcomatoid
changes in the lesion; one is HCV-related while the other
two are HBV-related. Together with a previously established
sHCC cell line known as SAR-HCV [23], we have analyzed
their HLA class I antigen expression and found that two of
the four cell lines harbored a large deletion in the β2m gene,
associated with downregulation of several components in the
HLA class I antigen presentation pathway.

2. Materials and Methods

2.1. The Patients. The clinical histories of patients from
whom the three newly established sHCC cell lines originated
are as follows.

2.1.1. Case 1 (sHCC29). A 58-year-old woman with history
of liver cancer originating from chronic hepatitis B was
admitted to Taipei Tzu Chi Hospital, Taiwan, in August
2010, with chief complaints of yellowish discoloration of
the skin and tea-color urine for one week. She has received
transcatheter arterial chemoembolisation (TACE) three
months prior to admission to this hospital. Laboratory tests

showed elevated serum total bilirubin (5.1mg/dL), alpha-
fetoprotein (182.7 ng/mL), and carbohydrate antigen 19-9
(70.5U/mL) levels. The carcinoembryonic antigen (CEA)
serum level was within the upper limit of normal. Computed
tomography revealed a hypervascular mass in the liver hilum
measuring 4× 5 cm. The patient underwent left lobectomy,
and pathology showed proliferation of spindle-shaped hepa-
tocellular carcinoma cells. The patient has survived for 5
additional years without tumor recurrence as of this writing.

2.1.2. Case 2 (sHCC63). A 39-year-old man with a history
of HBV-related cirrhosis was referred to Hualien Tzu Chi
General Hospital, Taiwan, in May 2011, diagnosed as having
liver cancer without any previous treatment for HCC. The
alpha-fetoprotein serum level was 123.5 ng/mL. Both the car-
bohydrate antigen 19-9 and CEA serum levels were within
the normal range. The combination of computed tomogra-
phy with hepatic arteriography and arterial portography
(CTHA/CTAP) showed a huge hypervascular tumor in the
right lobe of the liver. The patient underwent liver resection.
Histological examination revealed spindle-shaped sarcoma-
toid carcinoma cells with unclear trabecular and pseudo-
glandular structures. However, the tumor relapsed in the
residual liver 5 months after surgery, and despite TACE ther-
apy, the patient died one year later.

2.1.3. Case 3 (sHCC74). A 72-year-old woman was admitted
to Hualien Tzu Chi General Hospital, Taiwan, and diagnosed
as having liver cancer originating from chronic hepatitis C.
The alpha-fetoprotein, carbohydrate antigen 19-9, and CEA
serum levels were all within the upper limit of normal. Com-
puted tomography showed a hypervascular tumor in the cau-
date lobe of the liver measuring 5× 6 cm. She underwent
segmentectomy, and pathology revealed spindle-shaped sar-
comatoid carcinoma cells. One year after surgery, the tumors
relapsed in the residual liver. The patient began with TACE
therapy. Unfortunately, she died two years later.

2.2. Establishment of sHCC Cell Lines. Three sHCC cell lines
were established fromHCC tissues during surgery performed
at Hualien Tzu Chi Hospital with patients’ consent. The
study has been approved by the Research Ethics Committee
in Tzu Chi General Hospital (IRB 101–62). The three sHCC
cell lines (sHCC29, sHCC63, and sHCC74) were established
according to standard procedures. Essentially, the minced
HCC tissues were pretreated with collagenase, washed, and
cultivated on the mitomycin C-treated NIH/3T3 feeder layer
for 4 to 6 passages to select the HCC cell lines. Homogenous
HCC cell populations were obtained, and sustained prolifer-
ation was observed over 30 passages in culture in vitro. Cul-
tured cell lines between 18 and 24 passages were used in the
subsequent studies.

The fourth sHCC cell line known as SAR-HCV cell line
was previously established from a malignant liver lesion of
a 68-year-old male patient infected with HCV. Its initial
characterization has been reported previously [23, 24].

2.3. Xenotransplantation of Four Established sHCC Cell Lines
into Severe Combined Immunodeficiency Mice. Six-week-old
female Non-Obese Diabetic (genetic background)/Severe
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Combined Immunodeficiency (SCID) mice were purchased
from BioLASCO, Taiwan Co. Ltd., Taipei, Taiwan. Tumori-
genicity assays of the three cell lines (sHCC29, sHCC63,
and sHCC74) were carried out in such mice in this study
(n = 5/group). The experimental protocol was approved by
the Animal Ethics Committee, Chang Gung University,
Taoyuan, Taiwan. Single cell suspensions of the three cell
lines were prepared from monolayer cultures by light trypsi-
nization and washing in phosphate-buffered saline (PBS).
Cells were then counted, and 107 cells/0.1mL PBS were
inoculated into the flank of each mouse. The animals were
examined every 2 days to monitor the growth of tumors.
The volume of palpable tumor nodules was calculated
according to the formula volume mm3 = 0 4 × a × b2, where
(a) is the major diameter, and (b) is the minor diameter per-
pendicular to the major one.

2.4. IFN-γ. Recombinant human IFN-γ was purchased from
R&D Systems, Inc. (Minneapolis, MN).

2.5. Monoclonal Antibodies (mAb) and Polyclonal Antibodies.
The mAb W6/32, which recognizes β2m-associated HLA-A,
HLA-B, HLA-C, HLA-E, and HLA-G heavy chains [25, 26],
was purchased from Thermo Fisher Scientific, Fremont,
CA. The mAb TP25.99, which recognizes β2m-free and
β2m-assciated HLA-A, HLA-B, and HLA-C heavy chains
[27], the mAb B1.23.1, which recognizes β2m-associated
HLA-B, HLA-C heavy chains [28], the mAb HC10, which
recognizes a determinant expressed on β2m-free HLA-A10,
HLA-A28, HLA-A29, HLA-A30, HLA-A31, HLA-A32, and
HLA-A33 heavy chains and on all HLA-B and HLA-C heavy
chains [29, 30], the mAb HCA2, which recognizes a determi-
nant expressed on β2m-free HLA-A (except HLA-A24),
HLA-B7301 and HLA-G heavy chains [31], the β2m-specific
mAb L368 [32], the LMP-2-specific mAb SY-1 [33], the
LMP7-specific mAb HB2 [34], the TAP1-specific mAb
NOB1 [35], the TAP2-specific mAb NOB2, and the HLA-
DR, HLA-DP, HLA-DQ-specific mAb LGII-612.14 [34]
were previously produced and characterized. Fluorescein-
isothiocyanate conjugated goat anti-mouse IgG antibodies
were purchased from DAKO (Glostrup, Denmark).

2.6. Cytofluorometric Analysis. Cell surface and cytoplasmic
staining with mAbs were conducted as described previously
[34]. Purified normal mouse serum IgG or an isotype-
matched mouse myeloma IgG was used as specific negative
controls. Stained cells were analyzed by using a BD FACS-
Verse™ flow cytometer (BD Biosciences, San Jose, CA).
Results were expressed as % positively stained cells and as
mean fluorescence intensity (MFI).

2.7. Reverse-Transcriptase-Polymerase Chain Reaction (RT-
PCR) and Genomic PCR. Total RNA was isolated utilizing
the TRIZOL reagent (Invitrogen, Carlsbad, CA) following
the manufacturer’s instructions. RT-PCR was performed
with the primers for β2m, LMP2, LMP7, TAP1, TAP2, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a
loading control (Table 1). The following PCR conditions
were used: 40 cycles at 95°C for 1min, 60°C for 1.5min,
and 72°C for 2min with a 10min extension after the last

cycle. Genomic DNA was isolated from sHCC cells utilizing
the mammalian genomic DNA extraction mini-prep kit
(Sigma, Dorset, England) according to the manufacturer’s
instructions. PCR was initially carried out using B2M
gene-specific primers, forward 744F and reverse 468R, to
amplify the promoter-to-intron 1 region. For determining
the length of deletion in the gene, a panel of additional
primers encompassing the B2M gene locus at 15q15 was
designed based on NCBI GenBank Accession AC018901
(Supplementary Table 1) and used in PCR. The PCR
products were fractionated on a 1% agarose gel (Roche,
Indianapolis, IN) and visualized by ethidium bromide
staining. For bands from RT-PCR, the density of bands
was read by a densitometer, ChemiSmart 3000, equipped
with the Bioprofil 1D++ software (Viber Lournat, Marne-
la-Vallee, France). The relative level of transcript in each
experimental group was estimated after normalization with
the density of the resulting GAPDH band of the same
experimental group.

2.8. Immunohistochemistry. Three-micron-thick affined
formalin-fixed paraffin-embedded tumor blocks obtained
from patients were processed in the Pathology Department,
Tzu Chi General Hospital in Hualien, Taiwan. Prior to
immunostaining, the deparaffinized slides were subjected to
an antigen-retrieval process by dipping the slides in a breaker
containing 0.01M sodium citrate (pH 6.0) in a boiling state
on a hot plate. Following a 20min incubation, the breaker
was removed from the hot plate and cooled down at room
temperature for 20min. Slides were washed once in PBS
and stained with mAbs using avidin-biotin-peroxidase com-
plex (ABC) method with the UltraVision Quanto Detection
System HRP DAB kit (Lab Vision Corporation, Fremont,
CA) according to the manufacturer’s instructions.

3. Results

3.1. In Vitro Morphological and Growth Characteristics
of sHCC Cell Lines. Typical fibroblastic morphology in a
rather disorganized orientation was exhibited by each of the

Table 1: Primers used for RT-PCR analysis of β2m and selected
antigen-processing machinery component mRNA expression.

Gene Nucleotide sequence (5′–3′) Length (bp)

B2M
GGGCATTCCTGAAGCTGACA

424
TGCGGCATCTTCAAACCTCC

LMP2
TTGTGATGGGTTCTGATTCCCG

449
CAG AGCAATAGCGTCTGTGG

LMP7
TCGCCTTCAAGTTCCAGCATGG

542
CAACCATCTTCCTTCAT GTGG

TAP1
TCTCCTCTCTTGGGGAGATG

273
GAGACATGATGTTACCTGTCTG

TAP2
CTCCTCGTTGCCGGCTTCT

298
TCAGCTCCCCTGTCTTAGTC

GAPDH
TTCATTGACCTCAACTACAT

469
GAGGGGCCATCCACAGTCTT
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four sHCC cell lines when they were cultured in vitro as
monolayers, although some subtle differences were noted
among them (Figure 1(a)). For example, sHCC63 and
sHCC74 showed longer cell bodies as compared with those
of sHCC29 and SAR-HCV. In terms of growth character-
istics, growth curves of the four cell lines are shown with
somewhat different patterns (Figure 1(b)). sHCC29 and
SAR-HCV had much shorter population doubling time
(21.1 and 22.6 h vs. 43.6 and 61.7 h) and much higher
saturation density (11.9× 104 and 11.5× 104 cells/cm2 vs.
4.7× 104 and 4.4× 104 cells/cm2), when compared with

other two sHCC cell lines, sHCC63 and sHCC74 (table
under Figure 1(b)). No viral DNA (HBV and/or HCV)
was detected in the culture supernatants or cell extracts
from any of the four sHCC cell lines by real-time PCR
(data not shown).

3.2. Tumorigenicity in Immunodeficient Mice. Xenotrans-
plantation abilities in NOD/SCID mice were tested by
subcutaneous injection of 107 monodispersed cells har-
vested from sHCC29, sHCC63, and sHCC74 per mouse
(Figure 2). Results showed that sHCC29 cells gave rise to
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Figure 1: In vitro live monolayer cell morphology and growth curves of the four sHCC cell lines. (a) Fibroblastic-like morphology is shown
for each of the sHCC cell lines, sHCC29, sHCC63, sHCC74, and SAR-HCV, as they grow as monolayers. (b) Growth curve patterns of the
first three sHCC are illustrated. The growth curve of SAR-HCV is not shown as it has been reported previously [23]. The population
doubling time and time required for reaching saturation density in culture for each cell line based on the growth curve are listed in the
attached table.
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solid tumors at the injection sites in 5/5 mice injected
with a similar latent period (15 days); sHCC63 resulted
in only 2/5 animals injected with quite different latent
periods of 50 vs. 135 days, while injection of sHCC74
failed to develop any tumors during 156 days of observa-
tion following tumor injection at day 0. As for SAR-HCV,
4 out of 4 mice injected developed solid tumors at the
injection sites but with a much longer average latent period
of about 4 months [24], as compared with other 3 sHCC
cell lines.

3.3. Lack of Surface HLA Class I Antigen and β2m Expression
and Downregulation of Several Antigen-Processing Machinery
(APM) Components by the sHCC29 and sHCC63 Cell
Lines. Among the four sHCC cell lines tested, only the cell
lines sHCC29 and sHCC63 had no detectable surface
HLA class I antigen expression as analyzed by cytofluoro-
metry (Figures 3(a) and 3(b) in histogram and bar-type of
expression, respectively). β2m expression in sHCC29 and
sHCC63 was undetectable and failed to be restored by
incubation of cells with IFN-γ (300U/mL, 48 h) in vitro
(Figure 3(b)). Of note is that the expressions of surface
HLA class I tested using both mAb W6/32 and mAb
TP25.99 were identical, although the results obtained with
the latter were not shown. In addition, the HLA class I
heavy chain expression was markedly downregulated only
in the two β2m-negative cell lines. Among the analyzed
APM components, TAP1 was expressed at a low fre-
quency in the two β2m-negative cell lines, and while
LMP2 was abundantly expressed in all of three cell lines,
LMP7 expression was detectable only at a very low
percentage of sHCC63 cells (Figure 3(c)). These findings
indicate that in sHCC29 and sHCC63 cells, β2m loss
was not the only defect underlying HLA class I antigen
loss, since it was associated with additional APM defects.
Notably, upregulation by IFN-γ (300U/mL, 48 h) of
HLA-A, -B, -C heavy chain expression was detectable only
in sHCC63 cells.

3.4. Detection of a Large (>49 kb) Deletion of the β2m Gene
in the sHCC29 and sHCC63 Cell Lines. In addition to the
failure of RT-PCR to detect β2m cDNA (Figure 4(a)),
genomic PCR also failed to detect the B2M promoter-to-
intron 1 region (Figure 4(b)) in both sHCC29 and sHCC63
cells, compared to sHCC74 and SAR-HCV cells. These
findings indicate a deletion of the B2M gene in the two
β2m-negative cell lines. To determine the length of this
deletion, PCR analysis of their B2M locus utilizing a panel
of 16 primer pairs encompassing the entire 15q15 region
was performed. The results show that in both cell lines
the deletion was at least 49 kb in length, with a 3′ break-
point mapped approximately 22 kb (22,468 bp, nt 63,956)
downstream of the B2M gene and a not-yet-identified 5′
breakpoint extending at least 27 kb (nt 14,771) upstream.
These findings indicate that β2m loss in both sHCC29
and sHCC63 cells was caused by a large deletion in the
B2M gene that completely eliminated its coding sequence
(Figure 4(c)).

3.5. Effect of IFN-γ on the β2m, LMP2, LMP7, TAP1, and
TAP2 Transcripts in the Three sHCC Cell Lines. Earlier, we
have detected downregulation of several APM components
at the protein level in the sHCC29 and sHCC63 cells. Here,
we tested whether these abnormalities reflected downregula-
tion at the transcriptional level reversible by IFN-γ, although
this cytokine failed to do so at the protein level for most of the
tested components (Figure 3). Figure 5 shows that the mRNA
transcript levels of the tested APM components LMP2,
LMP7, TAP1, and TAP2 were markedly lower in the sHCC29
and sHCC63 cells than those in the sHCC74 cells. Following
treatment with IFN-γ (300U/mL, 48h), only TAP1 mRNA
expression in sHCC29 and only TAP2 mRNA expression
in sHCC63 cells were upregulated. Expression of the tested
APM component mRNA in sHCC74 cells was abundant,
and the level of expression was unaffected by IFN-γ
(300U/mL, 48h).
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Figure 2: In vivo tumorigenicity of the three sHCC cell lines, sHCC29, sHCC63, and sHCC74, in NOD/SCID mice. Results on SAR-HCV are
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Figure 3: Continued.
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3.6. Phenotypic Expression of CD44 and CD24 on the Four
sHCC Cell Lines. The differential or concurrent expression
of CD44 and CD24 markers has been used for identification
of cancer stem cells (CSCs) in a variety of human epithelial
[36, 37] and sarcomatoid renal cell carcinoma [38] malignan-
cies. No sHCC CSCs have yet been reported. Therefore, we
sought to determine the phenotypic features of the four
sHCC cell lines in terms of surface expression of CD44 and
CD24. By cytofluorometric analysis, the two HLA class
I-negative sHCC29 and sHCC63 cell lines exhibited a
CD44−/CD24− phenotype, whereas the other two HLA class
I-positive sHCC74 and SAR-HCV cell lines showed CD44+/
CD24− phenotype (Figure 6(a)). These phenotypic differ-
ences between the two groups of cell lines were maintained
stably, since there was no change in the differential CD44

and CD24 phenotype following the 5th, 13th, and 21st pas-
sages and even in cultures recovered from the respective
xenografts (data not shown).

3.7. Lack of β2m and HLA Class I Antigen Expression in the
Patients’ Sarcomatoid HCC Lesions from which the sHCC29
and sHCC63 Cell Lines Originated. To rule out the possibility
that the lack of HLA class I antigen expression by cultured
sHCC29 and sHCC63 cell lines was caused by in vitro arti-
facts associated with their in vitro culture conditions, the sur-
gically removed lesions from which the cell lines were
established were analyzed by immunohistochemistry for the
expression of β2m and HLA class I antigens (Figure 6(b)).
The β2m-specific mAb L368, the heavy chain-specific mAb
HC-10, and HLA class I-specific mAb W6/32 all stained
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Figure 3: Differential expression of surface HLA class I antigens and various cytoplasmic antigens including β2-microgobulin (β2m), heavy
chains, and selected antigen-processing machinery (APM) components in three newly established sHCC cell lines. (a) Surface HLA class I
(sHLA-ABC) using mAb W6/32 and cytoplasmic HLA class I (cHLA-ABC) using mAb TP25.99, β2m, and heavy chains (cHC) of the three
sHCC cell lines were determined cytofluormetrically, and the results of a representative experiment were presented by histograms. (b)
Cytoplasmic expression of additional HLA-A, HLA-B, -C allospecificities and APM components TAP1, TAP2, LMP2, and LMP7 were
determined cytofluormetrically. The data are representative of three independent experiments. Symbols “s” and “c” at the prefix of
indicated antigen stand for surface and cytoplasmic antigens, respectively. The results of cytofluorometric analysis are expressed as %
positive cells on the left frame and mean fluorescence intensity (MFI) on the right frame. (c) Percent expression relative to sHCC74
of HLA class I allospecificities, heavy chains, β2m, and selected APM components in sHCC29 and sHCC63 are shown. Results are
expressed as percent MFI± SD of three independent experiments. TAP: transporter associated with antigen processing; LMP: low-
molecular-weight protein.
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positive with strong intensity on the cell surface and in the
cytoplasm of the tumor lesion from which the HLA class
I-positive sHCC74 cell line originated. In contrast, the cell
surface HLA class I antigens were not detectable, and yet
the cytoplasmic β2m and HLA class I heavy chains were
stained with moderate intensity in the tumor lesions from
which the HLA class I-negative sHCC29 and sHCC63 cell
lines were derived. The observed immunoreactivity was
specific, as the control normal mouse serum or isotype-
matched controls stained negative in all tested tumor sec-
tions. These findings support the in vivo relevance of β2m
loss and HLA class I heavy chain downregulation as
detected in the sHCC29 and sHCC63 cell lines in vitro.

4. Discussion

In this study, we showed that two (sHCC29 and sHCC63) out
of the four sHCC cell lines had undetectable surface HLA
class I antigen expression which was IFN-γ-irreversible.
The mechanism underlying this abnormality includes β2m
loss, which is caused by a >49 kb deletion at the β2M locus,
and marked downregulation of HLA class I heavy chain,
TAP1 and LMP7 expression. β2m is known to be a subunit
of HLA class I antigens critical to initiating HLA class I

assembly in the endoplasmic reticulum for subsequent
membrane transport, while TAP1 and LMP7 are directly or
indirectly involved in the formation of an effective peptide-
loading platform for HLA class I-β2m-peptide complex sta-
bilization. To the best of our knowledge, this combination
of defects in the HLA class I antigen presentation pathway
has never been described in any liver cancer types.

Previous studies have shown that the vast majority of
B2M gene mutations detected in human malignant tumors
are point mutations and microdeletions (a few bases) [39],
except for a large (~6 kb) deletion identified in the melanoma
cell line FO-1 [40]. Compared to this deletion that spans
from the upstream regulatory region to part of exon 2 [40],
the >49 kb deletion we identified in two sHCC cell lines
extends well across the 15q15 B2M locus, which eliminates
the entire B2M gene. Although we have mapped the 3′ break-
point to ~22 kb downstream of the gene, we do not know at
present how far beyond 27 kb upstream the 5′ breakpoint
reaches in each of these two cell lines. In addition,
whether this mutation was heterozygous or associated with
loss of a wild-type copy remains unclear, although the lat-
ter has been reported in the majority of other tumor types
with β2m loss. Furthermore, it is intriguing as to why this
B2M gene mutation was detected in the two sHCC cell
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Figure 4: No detection of β2m cDNA (a) and the B2M promoter-to-intron 1 region (b) in both sHCC29 and sHCC63 cells by RT-PCR and
genomic PCR, respectively, as compared to sHCC74 and SAR-HCV cells. Schema illustrates the putative deleted region of the B2M gene in the
two HLA class I-negative sHCC29 and sHCC63 cell lines (c). MFI: mean fluorescence intensity. See the text for detailed explanation.
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lines that were HBV-associated but not the other two that
were HCV-associated. Whether this was a coincidence or a
virus-specific phenomenon awaits further analysis of a
larger panel of sHCC cell lines.

The combination of B2M gene mutation and HLA class I
heavy chain or APM downregulation within a single tumor
cell population has been described in melanoma [41]. In
the present study, we found that both sHCC29 and sHCC63
cells had marked HLA-A, HLA-B, and HLA-C allospecifi-
city, TAP1 and LMP7 downregulation. Notably, only in
sHCC63 cells could the downregulated HLA class I heavy
chains be slightly upregulated by IFN-γ. At variance with
these findings, TAP1 mRNA in sHCC29 cells and TAP2
mRNA in sHCC63 cells were markedly upregulated,
although the basal levels of the tested TAP1, TAP2, LMP2,
and LMP7 mRNA were quite low. Together, these results
reflect regulatory defects possibly at different levels. First,
TAP1, TAP2, LMP2, and LMP7 genes may be insufficiently
transcribed in sHCC cells in a coordinate fashion, in part
because TAP1 and LMP2 genes are known to share a bidi-
rectional promoter [42]. Second, some of the downregulated
components detected may be under a posttranscriptional
control, such as decreased mRNA stability. Third, a defect
in the stabilization of multiprotein complex may exist
when one or a few of these components are missing or in
low quantities.

The two HLA class I-negative sHCC29 and sHCC63
cell lines have more robust in vitro growth characteristics
and higher xenotransplantability into NOD/SCID mice than

the HLA class I-positive sHCC74 cell line. These findings,
however, were not associated with a cancer stem cell signa-
ture dictated by the CD44High/CD24Low phenotype [43]
because both sHCC29 and sHCC63 cells were CD44−/
CD24−, whereas sHCC74 and SAR-HCV cells were CD44+/
CD24−. Whether this is a feature unique of sHCC is currently
not known. Moreover, the similar growth behavior between
the HLA class I-positive SAR-HCV cells and the HLA class
I-negative sHCC29 cells suggests that the HLA class I antigen
status was independent of basic sHCC biology in the absence
of host immunity. The only correlation we have identified
thus far is between shorter doubling time in vitro and higher
xenotransplantability in NOD/SCID mice, although more
sHCC cell lines need to be analyzed.

From a therapeutic viewpoint, the lack of HLA class
I-β2m-peptide complex expression at the malignant cell sur-
face will preclude the recognition and destruction by cognate
CTLs in immuno-competent hosts [44, 45]. The lack of
detection of β2m in the sHCC tumor lesions from which
the two HLA class I-negative cell lines originated indicates
that CTLs were unlikely to control these tumor cells in
patients [46]. Although not yet confirmed with a large panel
of sHCC cell lines and the corresponding lesions because of
their rarity, the 50% frequency of HLA class I antigen loss
we have revealed in this cancer type strongly suggests a ratio-
nale for screening patients for their tumor lesion HLA class I
antigen status before treating them with any type of T cell
immunotherapy, including immune checkpoint blockade
therapy that has recently been shown to be effective in treating
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some tumor types [18, 19]. With regard to patients with HLA
class I-negative sHCC, their treatment options may include
mAb-based targeted immunotherapy [47], NK [48] or
cytokine-induced killer (CIK) [49] cell-based immunotherapy,

and/or chimeric antigen receptor (CAR) T therapy [50]; all of
which utilize an alternative approach other than those of the
recognition of antigen through T cell receptors to elicit antitu-
mor immunity in the patients.
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Figure 6: Two-color cytofluorometric analysis of the sHCC29, sHCC63, sHCC74, and SAR-HCV cell lines using mAbs to surface markers
CD24 and CD44 conjugated with allophycoyanin (APC) and fluorescein isothioyanate (FITC), respectively (a). Immunohistochemical
staining patterns of the tumor lesions from which the sHCC29, sHCC63, and sHCC74 cell lines were established using mAbs to HLA-
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Ischemia/reperfusion injury (IRI) remains a major problem in organ transplantation, which represents the main cause of graft
dysfunction posttransplantation. Hepatic IRI is characterized by an excessive inflammatory response within the liver.
Mesenchymal stem cells (MSCs) have been shown to be immunomodulatory cells and have the therapeutic action on IRI in
several organs. However, the mechanism of regulatory effect of MSCs on IRI remains unclear. In the present study, we examined
the impact of MSCs on hepatic inflammatory response such as neutrophil influx and liver damage in a rat model of 70% hepatic
IRI. Treatment with MSCs protected rat against hepatic IRI, with significantly decreased serum levels of liver enzymes,
attenuated hepatic neutrophil infiltration, reduced expression of apoptosis-associated proteins, and ameliorated liver pathological
injury. MSCs also significantly enhanced the intracellular activation of p38 MAPK phosphorylation, which led to decreased
expression of CXCR2 on the surface of neutrophils. In addition, MSCs significantly diminished neutrophil chemoattractant
CXCL2 production by inhibiting NF-κB p65 phosphorylation in macrophages. These results demonstrate that MSCs
significantly ameliorate hepatic IRI predominantly through its inhibitory effect on hepatic neutrophil migration and infiltration.

1. Introduction

Liver transplantation is one of the most efficient life-saving
treatments for various end-stage hepatic diseases [1]. How-
ever, hepatic IRI remains a major problem in this clinical set-
ting. IRI affects liver viability that usually leads to delayed
recovery or even loss of graft function in liver transplantation
[2]. Moreover, IRI directly correlates to graft rejection, which
causes up to 10% of early transplant failures and also leads
to a higher incidence of chronic rejection [3]. Hepatic IRI
also plays a critical role in donor shortage due to the higher
sensitivity to IRI of clinical marginal liver donors.

During hepatic IRI, liver damages are caused largely
during the reperfusion period, when an excessive innate
immune response is triggered by blood reperfusion [4]. The

mechanisms of reperfusion-induced pathological and func-
tional alterations are not fully understood and under inten-
sive investigation [5]. The results of previous studies are
complicated, but all showed that significant inflammatory
components are involved. Neutrophils are considered central
factors in the events leading to injury after reperfusion [6].

MSCs exert a variety of immune-regulatory functions on
cells within both adaptive and innate immunity, which make
MSC therapy more efficient than single-agent drug therapies
[7]. MSCs could suppress proliferation and functions of
effector T cell [8] and enhance generation of regulatory T
cells [9]. MSCs also inhibit B cell, natural killer cells, and den-
dritic cell activation and proliferation [10–12]. In addition,
MSCs could induce a shift from proinflammatory M1 to
anti-inflammatory M2 macrophages [13]. Studies have rarely
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investigated the protective effects of MSCs in hepatic IRI
and related mechanism of the beneficial effect of MSCs
on ischemia reperfusion-injured tissues. None of them
has investigated the interactions between MSCs and neu-
trophils during hepatic IRI, in spite of the key role of neu-
trophils in innate immune response-mediated tissue damage
after reperfusion

In this study, we focus on the effects of MSCs on neutro-
phils which exert protective role on neutrophil-mediated tis-
sue damage during hepatic IRI.

2. Materials and Methods

2.1. Ethics Statements. Male Sprague-Dawley (SD) rats
weighing 80–100 g and 200–250 g from the Laboratory Ani-
mal Center of Sun Yat-sen University (Guangzhou, China)
were used for all experiments. All animal experiments were
carried out in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals
(NIH Publication No. 8023, revised 1978). All of the
experimental procedures were approved by the Sun Yat-sen
University Ethics Committee.

2.2. Model of Hepatic Ischemia/Reperfusion Injury. The
hepatic artery and portal vein to the left lateral and median
lobes of male SD rats weighing 200–250 g were clamped for
60min by clamp after being anesthetized. Reperfusion was
initiated by removing the clamp. A total of 3× 105 MSCs at
passages 3–5 suspended in 1mL PBS or 1mL PBS were
injected via the portal vein, respectively, in the MSC+ IRI
group and the PBS group immediately after the removal of
the clamp. The animals in the sham group underwent the
same anesthesia, laparotomy, and injection procedures,
except the interruption of blood supply to the liver lobes.

2.3. Isolation and Characterization of Rat MSCs. Rat MSCs
were prepared from rat bone marrow cells as we previously
described [14]. Briefly, bone marrow cells flushed from the
femurs of male SD rats were collected and cultured in Dul-
becco modified Eagle medium (DMEM; Gibco, Rockville,
MD) supplemented with 10% fetal calf serum (FCS; Gibco),
2 ng/mL basic fibroblast growth factor (b-FGF; Gibco), and
1% penicillin/streptomycin (P/S; Gibco), at 200,000 cells/
cm2 at 37°C in 5% CO2. The nonadherent cells were removed
after 24 hours, and the adherent cells were harvested by tryp-
sinization (0.05% trypsin) when reaching 80% confluence.
The immunophenotypes of these cells were persistently pos-
itive for CD29, CD44, and CD90 but negative for CD34,
CD45, and CD11b for more than three passages. To deter-
mine their multilineage differentiation potential, MSCs at
passages 3–5 were subjected to adipogenesis differentiation
and osteogenesis differentiation media (Gibco) according to
the manufacturer’s instructions.

2.4. Isolation of Neutrophils. Blood was collected from male
SD rats and diluted in 1×HBSS (Hanks balanced salt solu-
tion; Gibco) at 1 : 1 ratio and layered over Percoll plus (GE
Healthcare) in a centrifuge tube. The red cell pellet that con-
tains the neutrophils and erythrocytes was collected and sus-
pended in 5mL HBSS after centrifugation. Erythrocytes were

removed by hypotonic lysis using ACK Lysis Buffer (TBD
sciences, Tianjing). Purified neutrophils were suspended in
HBSS and were kept on ice until needed.

2.5. Coculture Experiment. Neutrophils or macrophages were
placed in the lower chamber and stimulated for 12 h with
10 ng/mL of LPS in the presence or absence of MSCs in the
upper chamber at a 10 : 1 ratio by using the transwell system
(0.3mm pore size membrane; Corning, Cambridge, MA).

2.6. Flow Cytometry. For phenotypic analysis of the cell sur-
face marker expression, cells were harvested, then incubated
with respective fluorescent antibodies for 30 minutes at 4°C,
washed twice, and resuspended in 300μL PBS. For intracellu-
lar staining, cells were fixed by formaldehyde and perme-
abilized by ice-cold methanol before immunostaining.
Fluorescent antibodies included phycoerythrin- (PE-) conju-
gated anti-rat CD29, CD44, CD90, CD34, CD45, and CD11b
(eBioscience, San Diego, CA), allophycocyanin- (APC-)
conjugated anti-rat CXCR2 (R&D Systems, Minneapolis,
MN), Alexa fluor 647-conjugated anti-rat phospho-p38
MAPK, and phospho-NF-κB p65 (Cell Signaling Technol-
ogy, Danvers, MA). The results were processed using FlowJo
software (Tree Star, Inc).

2.7. Analysis of Relative Gene Expression Using Real-Time
Quantitative Reverse Transcription PCR. Real-time quantita-
tive reverse transcription PCR (qRT-PCR) analysis was
performed 12h after the liver or cells were treated. Total
RNA was isolated using Trizol reagent (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions. Total
RNA (1mg) extracted from each sample was reverse tran-
scribed to cDNA in a 20μL reaction mixture using an RT
reagent kit (Roche) according to the manufacturer’s direc-
tions. Real-time qRT-PCR was performed for the candidate
genes and for GAPDH as the internal control. Quantitative
real-time PCR was performed in a Light Cycler Real-Time
PCR machine using Roche Fast Start Universal SYBR Green
Master (Rox). The primers are shown in Table 1. The speci-
ficity of the PCR products was verified by melting curve anal-
ysis. Each sample was analyzed in triplicate.

2.8. Western Blot Analysis. Equal amounts of protein from
each sample were separated by 12% SDS-PAGE and trans-
ferred to PVDF membranes (Millipore, Boston, MA). The
proteins were then incubated overnight at 4°C with primary
antibodies against rat Bad, Fas, Cleaved caspase 3,
phospho-p38 MAPK, and β-actin (Cell Signaling Technol-
ogy); following a 30min wash, the membranes were incu-
bated with a secondary antibody conjugated to HRP for 1 h
at room temperature. After being washed for 30min, the
membranes were visualized by enhanced chemiluminescence
(ECL; Millipore, Billerica, MA) and recorded by FluorChem
M (Protein Simple, San Jose, California).

2.9.Measurement of Inflammatory Cytokines and Chemokine.
The concentration of IL-2, IL-4, IL-6, IL-10, and CXCL2
in the liver and cell culture supernatants was quantitatively
measured by enzyme-linked immunosorbent assay (ELISA)
(EIAabScience), according to themanufacturer’s instructions.
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In order to detect the inflammatory cytokines and chemokine
in the liver, the homogenate made from the liver tissue was
mixed with precooled PBS (100mg/500μL), and the superna-
tantwas collected after centrifugation (500g, 5min) for further
ELISA testing.

2.10. Histopathology and Immunohistochemistry. The har-
vested liver tissues were fixed in 4% paraformaldehyde,
embedded in paraffin, cut into 4μm sections, and stained
with hematoxylin and eosin. For immunohistochemistry,
endogenous peroxidases, nonspecific binding sites were
blocked using 0.3% H2O2 and Goat Serum, respectively.
Then, sections were incubated with an anti-rat MPO Ab at
4°C overnight. Subsequently, the Catalyzed Signal Amplifica-
tion System (DAKO, K1500) was used for staining. Then, the
slides were counterstained with hematoxylin. Liver sections
were evaluated blindly by counting labeled cells in 10 high-
power fields.

2.11. TUNEL Stain. TUNEL stain was performed to detect
the apoptosis of liver tissue sections by using TUNEL kit
(KeyGEN, China) according to the instructions. Apoptotic
cells were observed under fluorescence microscope, and the
nuclei of the positive cells were presented as bright green.

2.12. Prussian Blue Staining of MSCs Labeled with SPIO.
MSCs were labeled with Ferumoxytol (Southeast University,
Nanjing, China), as previously described [15]. Briefly, poly-
amine poly-l-lysine (PLL) (Sigma, USA) was used as the
transfection agent. PLL (10.0μg/mL) was mixed with Feru-
moxytol (500μg/mL) for 60min at room temperature on a
rotating shaker. MSCs of passages 3–5 were cultured with
the medium that contained the Ferumoxytol-PLL complex

(50μg/mL Ferumoxytol) for 24 h. After being incubated with
the Ferumoxytol-PLL complex, the MSCs were washed three
times to remove excessive contrast agent. For Prussian blue
staining, which indicates the presence of iron, the coverslip
samples were fixed with 4% paraformaldehyde for 30min,
washed, incubated for another 30min with 2% potassium
ferrocyanide in 6% hydrochloric acid, washed again, and
counterstained with nuclear fast red.

2.13. Statistical Analysis. All values are expressed as the
mean± SD. Data were analyzed with an unpaired two-
tailed Student’s t-test. P < 0 05 was considered statistically
significant.

3. Results

3.1. Characterization of Rat MSCs. Rat MSCs at passage 3
were analyzed for the expression of cell surface molecules
by flow cytometry. The MSCs expressed CD29, CD44, and
CD90 but did not express hematopoietic cell markers such
as CD45, CD34, and CD11b (Figure 1(a)) which have been
previously reported.

In addition, the differentiation capacity of MSCs was also
examined. Rat MSCs could be differentiated into osteoblasts
and adipocytes, which represent classical mesenchymal line-
age cells (Figure 1(b)).

3.2. MSCs Reduce the Release of Liver Enzymes and Improve
the Histopathologic Changes of the Livers in IRI. To investi-
gate the protective effect of MSCs in rat liver IRI model, we
measured serum ALT (Figure 2(a)) and AST (Figure 2(b))
after 12 h of I/R. ALT and AST levels in rats treated with
MSCs were significantly reduced compared to those in rats

Table 1: Gene names and primer sequences used for quantitative RT-PCR.

Gene name
Primers used

Sense (5′ to 3′) Antisense (5′ to 3′)
IL2 GCAGGCCACAGAATTGAAAC CCAGCGTCTTCCAAGTGAA

IL4 GTCACTGACTGTAGAGAGCTATTG CTGTCGTTACATCCGTGGATAC

IL6 GAAGTTAGAGTCACAGAAGGAGTG GTTTGCCGAGTAGACCTCATAG

IL10 AGTGGAGCAGGTGAAGAATG GAGTGTCACGTAGGCTTCTATG

CD11b GAGCACCATCTGGGACATAAA GGCATCAGAGTCCACATCAA

CD18 CCAGTAACGTAGTCCAGCTTATC CATAGGTGACTTTCAGGGTGTC

CCL2 GTCTCAGCCAGATGCAGTTAAT CTGCTGGTGATTCTCTTGTAGTT

CCL17 GTGCTGCCTGGACTACTT CTTCCCTGGACAGTCTCAAA

CCL19 GCCTTCCGCTACCTTCTTATC GTCTTCGGATGATGCGTTCT

CCL21 GGCCGTCCCTTTCTTCTATG AGTCCTGCTGTCTCCTTCT

CCL27 CTCCAACAAGCCAGAGACTAAG CTCCAACAAGCCAGAGACTAAG

CXCL1 GCACCCAAACCGAAGTCATA GGGACACCCTTTAGCATCTTT

CXCL2 GACAGAAGTCATAGCCACTCTT GCCTTGCCTTTGTTCAGTATC

CXCL6 GCTCAAGCTGCTCCTTTCT GCAGGGATCACCTCCAAATTA

CXCL10 AAGCGGTGAGCCAAAGAA CAGGAGAAACAGGGACAGTTAG

CXCL12 GGGAAGGGAAACGGAGAAAG CTCACCACACACACATCACTAA

CXCL13 CCAAGCTCCAGTGAGTAAGAAA AAGATTCCGAGCAGGGATTAAG

GAPDH ACTCCCATTCTTCCACCTTTG CCCTGTTGCTGTAGCCATATT
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treated with PBS injections. At the same time, decreased
expression levels of various proapoptotic proteins in IRI
liver lobes including Cleaved caspase-3, Bad, and Fas were
found in response to MSC treatment compared to the
control group (Figure 2(c)). In addition, the histopatho-
logic injury of the liver including portal inflammation,
hepatocyte swelling, cytoplasm rarefaction, and coagulative
necrosis was alleviated in the MSC-treated group. After
12 h of reperfusion, the IRI +PBS group had significantly
more inflammatory cell accumulation (solid black trian-
gles) in the portal area compared to the IRI +MSC group.
The count of swelling hepatocyte (solid black arrows) in the
IRI +PBS group is much more than that in the IRI +MSC
group, as well as the degree of cytoplasm rarefaction. The
IRI +PBS group also had markedly higher hepatocellular
necrosis (hollow arrows) and acidophilic degeneration
(hollow triangles) compared to the IRI +MSC group
(Figure 2(d)). Furthermore, the TUNEL stain of the liver
showed that the number of apoptosis cells (bright green)
in the MSC treatment group was rarer than that in the
IRI +PBS group (Figure 2(e)).

3.3. MSCs Affect Cytokine Expression and Reduce Neutrophil
Infiltration. Following I/R injury, there were significant
increases in proinflammatory cytokines IL-2, IL-4, and IL-6
and chemokine CXCL2 at both mRNA (Figure 3(a)) and pro-
tein (Figure 3(b)) levels in the liver. Treatment with MSCs
markedly attenuated I/R-stimulated CXCL2 and proinflam-
matory cytokine aforementioned expression in the liver.
Furthermore, the immunohistochemical analysis showed
distinct neutrophil infiltration compared to the sham group,
and the cell infiltration decreased significantly after MSC
therapy (Figures 3(c) and 3(d)). The change of levels of the
CD11b/CD18 mRNA also indicated that MSC injection
could reduce neutrophil infiltration (Figures 3(e) and 3(f)).

3.4. MSCs Accumulated in the Injured Liver Lobes in the
Model of Hepatic IRI. MSCs were known to migrate or dock
preferentially to injured sites [16]. This phenomenon could
facilitate the paracrine of MSCs considered a principal mech-
anism in MSC therapy [17]. Thus, we labeled MSCs with
SPIO and tracked the accumulation of MSCs at 24h, 72 h,
and 2w postinjection in the model of hepatic IRI. SPIO-
labeled MSCs stained with Prussian blue showed blue parti-
cles in the cytoplasm in contrast with unlabeled cells in which
no blue particles were observed, and the labeling ratio was
approximately 100% (Figure 4(a)). The signal intensity of
the injured liver lobe increased on the T2 sequence in both
the IRI +PBS group and the IRI +MSC group that implied
the degree of inflammation of the lobes, but the signal of
the IRI +MSC group was significantly lower than that of
the IRI +PBS group after 72 h, which means MSC injection
could protect the liver during IRI. In the IRI +MSC-SPIO
group, in which MSCs were labeled with SPIO, the signal
intensity of IRI lobes was significantly lower than that of
others 72 h after reperfusion indicated the recruitment of
MSCs in these areas. In addition, the signal intensity gradu-
ally approached close to normal on day 14 (Figure 4(b)).

3.5. MSCs Attenuate Neutrophil Recruitment via
Downregulation of CXCR2. To study the mechanism(s)
underlying the decrease of infiltration of neutrophils in IRI
liver, we examined the surface expression of CXCR2, an
important chemokine receptor that mediates neutrophil
recruitment. As shown in Figures 5(a) and 5(b), MSC
treatment significantly downregulated the surface expres-
sion of CXCR2 on neutrophils. Further, we found that
the inhibitory effect on CXCR2 expression was caused by
enhanced intracellular activation of p38 MAPK phosphor-
ylation (Figures 5(c) and 5(d)) and has been blocked by
p38 MAPK inhibitor (Figure 5(e)).
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Figure 1: Characterization of rat bone marrow derived-MSCs. (a) Immunophenotype of rat MSCs. Cells were harvested at passage 3, labeled
with the antibodies specific for the indicated surface antigens or negative controls, and analyzed by flow cytometry. The numbers in the panels
represent the mean fluorescence intensity of the cells expressing each marker. (b) Rat MSCs at passage 3 that were induced to differentiate into
adipocytes and osteoblasts. Cells stain positive for oil with oil red staining and for calcium with alizarin red solution, respectively. Original
magnification, ×200.

4 Journal of Immunology Research



⁎
2500

2500

2500

2500

2500

0

Sh
am

IR
I+

PB
S

A
LT

 U
/L

IR
I+

M
SC

(a)

⁎
3000

2000

1000

0

A
ST

 U
/L

Sh
am

IR
I+

PB
S

IR
I+

M
SC

(b)

GAPDH

Fas

Bad

Cleaved caspase-3

Sh
am

IR
I+

PB
S

IR
I+

M
SC

(c)

Sh
am

IR
I+

PB
S

IR
I+

M
SC

ParenchymalPericentral areaPortal triad

(d)

Sham IRI+PBS IRI+MSC

(e)

Figure 2: Rat MSCs reduced the release of liver enzymes and improved the histopathologic changes of livers in IRI. Male SD rats were
randomized into sham, IRI + PBS, and IRI +MSC groups. Samples of each group were collected 12 h postreperfusion. (a, b) As markers for
hepatic injury, serum levels of ALT and AST were determined. (c) The expression levels of various proapoptotic proteins including
Cleaved caspase-3, Bad, and Fas in the I/R liver lobes were determined by Western blot analysis. (d) Representative images of hematoxylin
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(solid black arrows), necrosis (hollow arrows), and acidophilic degeneration (hollow triangles) were observed. (e) TUNEL staining of
apoptosis cells (bright green) in liver tissues. Data are mean± SD; ∗p < 0 05. Original magnification, ×200.
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3.6. MSCs Inhibit Macrophage CXCL2 Expression via
Attenuation of NF-κB p65 Phosphorylation. As shown in
Figure 5(f), the CXCL2 mRNA expression level was almost
30 times higher in I/R injured liver lobes and exhibited the

most significant change among the tested chemokines. Injec-
tion of MSCs significantly attenuated CXCL2 mRNA expres-
sion (Figure 3(a)) and protein production (Figure 3(b)). In
vitro, these changes of CXCL2 expression (Figure 5(g)) were
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Figure 3: MSCs affect cytokine expression and reduce neutrophil infiltration. (a, e, f) The relative mRNA levels of IL-2, IL-4, IL-6, IL-10,
CXCL2, CD11b, and CD18 genes in I/R lobes were detected by qRT-PCR. Data were normalized to glyceraldehyde-3-phosphate
dehydrogenase gene expression. (b) The concentration of IL-2, IL-4, IL-6, IL-10, and CXCL2 in I/R lobes was measured by ELISA.
(c) Representative images of immunohistochemistry-stained sections of MPO+ cells of liver tissues were shown. (d) The mean frequency
of hepatic MPO+ cells in 10 high-power fields was calculated. Data are mean± SD. ∗p < 0 05, ∗∗p < 0 01, ∗∗∗p < 0 001. Original
magnification, ×200.
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correlated with the phosphorylation of NF-κB p65 in macro-
phages. MSCs inhibited the activation of NF-κB p65 of mac-
rophages (Figure 5(h)).

4. Discussion

Hepatic IRI occurs in diverse clinical situations, such as
hepatic resection, liver transplantation, shock, and trauma.
In particular, in liver transplantation, IRI is the main cause
of morbidity and mortality due to graft rejection [18]. Previ-
ous studies have shown that liver damage is mainly caused
during reperfusion period, and neutrophils are considered
central factors in the events leading to injury after reperfu-
sion [19]. MSCs represent a promising candidate for liver cell
therapy because of their immunomodulation of both adap-
tive and innate immunity [20]. So far, few studies have exam-
ined the effects of MSCs on hepatic IRI [21]. In this study, we
investigate the roles of MSCs on hepatic inflammatory
response, neutrophil recruitment, and liver tissue damage
in a rat model of partial hepatic IRI. We reported that
injected MSCs accumulated in damaged liver lobes and effec-
tively protected rat against hepatic IRI, with significantly
decreased serum levels of liver enzymes, attenuated hepatic
neutrophil infiltration, reduced expression of apoptosis-

associated proteins, and ameliorated liver pathological
changes. We further demonstrated that MSCs significantly
inhibited IRI-stimulated overexpression and release of
neutrophil chemoattractant CXCL2 through attenuation of
NF-κB p65 activation and substantially attenuated neutro-
phil chemotaxis via downregulation of CXCR2 expression
by increasing of p38 MAPK phosphorylation in neutrophils.

As shown in previous studies, hepatic IRI should be con-
sidered as an innate immunity-dominated inflammation
response [22]. Liver damage is driven by a complex set of
leukocytes, including natural killer cells, natural killer T cells,
dendritic cells, neutrophils, and eosinophils. Neutrophils, the
largest circulating fraction of leukocytes, arrive at the injury
site first and play the crucial role in liver injury. It has been
reported that the extent of neutrophil sequestration in
patients with ischemic or alcoholic liver disease correlates
strongly with disease severity [23], while depletion of neutro-
phils before hepatic insult can limit tissue injury in animal
experiments [24]. In the present study, after 12 h of reperfu-
sion in the IRI rats, histopathologic examination showed
markedly hepatocellular injury including swelling, apoptosis,
and necrosis, which was consistent with high levels of AST
and ALT in the serum. The pathology was observed by the
concurrent recruitment of neutrophils in the liver. Treatment
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Figure 4: MSCs accumulated in injured liver lobes in the model of hepatic IRI. (a) SPIO-labeled MSCs were positive for Prussian blue
staining. Blue particles were observed in the cytoplasm of SPIO+ cells. (b) Male SD rats were randomized into sham, IRI + PBS, IRI +MSC,
and IRI +MSC-SPIO groups. Representative images of MRI scanning on the T2 sequence of I/R lobes in each group were shown after
24 h, 72 h, and 2w of reperfusion. The liver lobes experienced IRI were pointed out by white arrows. Original magnification, ×200.
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Figure 5: MSCs attenuate neutrophil recruitment via hindering CXCL2/CXCR2 signaling. (a, e) Surface expression of CXCR2 on neutrophils
was detected by flow cytometry analysis. (b) The mean fluorescence intensity of CXCR2 on the surface of neutrophils was recorded. (c) The
levels of p38 MAPK phosphorylation in neutrophils were detected by flow cytometry analysis, and (d) the consequences were verified by
Western blot analysis. (f) The expression levels of mRNA of various chemokines involved in hepatic IRI were analyzed by qRT-PCR. Fold
change represents the expression of each chemokine in I/R liver lobes 12 h postreperfusion compared with normal liver. (g) Macrophages
were cultured in the presence or absence of MSCs for 12 h. The concentration of CXCL2 in the supernatant was measured by ELISA.
(h) The levels of NF-κB p65 phosphorylation in macrophages were detected by flow cytometry analysis. Data are mean± SD. ∗p < 0 05,
∗∗p < 0 01, ∗∗∗p < 0 001. p-P38: phospho-p38 MAPK; p-P65: phospho-NF-κB p65.
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with MSCs significantly attenuated I/R-induced influx of
neutrophils into the liver, thus ameliorating liver injury. We
further confirmed the MSC homing phenomenon by using
MRI tracking technology. As with similar other studies
[25–27], MSCs docked preferentially to injured sites. In con-
sideration of the paracrine and regeneration mechanism of
MSCs in cell therapy, their ability of trafficking to particular
tissues deserves further research [28].

We next examined the underlying mechanisms by which
MSCs attenuate neutrophil accumulation in the I/R liver. As
mentioned, CXCR2 signaling is an important chemokine axis
that regulates neutrophil release from the bone marrow [29]
and recruitment from the circulation into the site of inflam-
mation [30]. Depletion of CXCR2 on neutrophils could sig-
nificantly alleviate organ inflammation due to the reduction
of neutrophil infiltration [31]. We found that MSC treatment
significantly downregulates CXCR2 expression on neutro-
phils, thus attenuating neutrophil chemotaxis toward the I/
R liver lobe. It has been shown that the chemoattractant
CXCL2 plays a key role in neutrophil recruitment. The
expression of CXCL2 protein in the ischemic lobes was
increased hundred- to thousandfold over control [32]. Fur-
thermore, the expression of CXCL2 was much earlier than
neutrophil accumulation, which suggests that CXCL2 may
be involved in the initial recruitment of neutrophils to the
ischemic lobe [33]. Our findings are lined with previous stud-
ies that I/R resulted in markedly increased CXCL2 expression
in the liver at both mRNA and protein levels. Interestingly,
the MSC treatment significantly reduced I/R-stimulated
CXCL2 production. Taking into account both of the impacts,
MSCs attenuate neutrophil chemotaxis by hindering CXCL2/
CXCR2 signaling.

Prior to neutrophil infiltration, the hypoxic-ischemic
damage of resident liver cells during ischemic phase results
in the release of endogenous molecules named danger-
associated molecular patterns (DAMPs), which can be rec-
ognized by pattern recognition receptors expressed on
innate immune cells thus causing neutrophil gathering
[34]. Toll-like receptors (TLRs) play important roles among
these DAMP receptors including retinoic acid-inducible
gene I-like receptors, nucleotide-binding oligomerization
domain-like receptors, and C-type lectin receptors. Notably,
the activation of MAPK and NF-κB signaling pathways was
enrolled during the recognition of DAMPs [35]. Previous
studies showed that the increase of phosphorylation levels
of the p38 MAPK was related to neutrophil chemotaxis
[36]. In this study, we found activation of p38 MAPK phos-
phorylation in neutrophils upon treatment with MSCs,
which led to decreased expression of CXCR2 on the cell sur-
face. Furthermore, the inhibitory effect of MSCs on CXCR2
expression can be blocked by p38 MAPK inhibitor. Macro-
phages were considered the main source of CXCL2 in liver
injury [37]. We then examined the effect of MSCs on NF-κB
p65 and MARK p38 activation in macrophages. MSCs sub-
stantially inhibited NF-κB p65 phosphorylation, thereby
attenuating CXCL2 expression and production in macro-
phages. These results suggest a synergy between the affec-
tion of MSCs on neutrophils and macrophages to alleviate
hepatic IRI.

In conclusion, we have demonstrated that MSCs may
represent a potential therapeutic strategy to alleviate hepatic
ischemia/reperfusion injuries. The effects of MSCs were
found, for the first time, due to the inhibition ability of neu-
trophil chemotaxis via NF-κB p65 and MAPK p38 signaling
pathways. The results of this study offer a new insight into
the mechanisms responsible for MSC-mediated inhibition,
a protective manner, which may promote the future clinical
application of MSCs in liver transplantation.
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Alcoholic cirrhosis is an end-stage liver disease with impaired survival and often requires liver transplantation. Recent data suggests
that receptor-interacting protein kinase-3- (RIPK3-) mediated necroptosis plays an important role in alcoholic cirrhosis.
Additionally, neutrophil infiltration is the most characteristic pathologic hallmark of alcoholic hepatitis. Whether RIPK3 level is
correlated with neutrophil infiltration or poor prognosis in alcoholic cirrhotic patients is still unknown. We aimed to determine
the correlation of RIPK3 and neutrophil infiltration with the prognosis in the end-stage alcoholic cirrhotic patients. A total of 20
alcoholic cirrhotic patients subjected to liver transplantation and 5 normal liver samples from control patients were
retrospectively enrolled in this study. Neutrophil infiltration and necroptosis were assessed by immunohistochemical staining
for myeloperoxidase (MPO) and RIPK3, respectively. The noninvasive score system (model for end-stage liver disease (MELD))
and histological score systems (Ishak, Knodell, and ALD grading and ALD stage) were used to evaluate the prognosis.
Neutrophil infiltration was aggravated in patients with a high MELD score (≥32) in the liver. The MPO and RIPK3 levels in the
liver were positively related to the Ishak score. The RIPK3 was also significantly and positively related to the Knodell score. In
conclusion, RIPK3-mediated necroptosis and neutrophil-mediated alcoholic liver inflammatory response are highly correlated
with poor prognosis in patients with end-stage alcoholic cirrhosis. RIPK3 and MPO might serve as potential predictors for poor
prognosis in alcoholic cirrhotic patients.

1. Introduction

Alcoholic cirrhosis is the end-stage serious liver disease with
high morbidity and mortality and is the leading cause of liver
transplantation [1–3]. Prognostic models can be used to
assess the severity and survival of the disease and can be
useful as a medical decision-making tool to guide patient

care. However, the early detection and evaluation of this
severe disease have not been fully elucidated.

The most widely used noninvasive predictor of poor
prognosis in alcoholic liver cirrhosis is the model for end-
stage liver disease (MELD) scoring systems [4]. While for
specific predictors, histologic scoring system is the main
method [5, 6]. The ALD grading and staging schema were
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first proposed for alcoholic liver disease [7], then recently the
alcoholic hepatitis histologic score (AHHS), proposed for
alcoholic hepatitis (AH) [8]. And the Ishak score [9] and
Knodell score [10] were recognized predictors for chronic
hepatitis. However, these scoring systems are based on clini-
cal, biochemical, and histological features and do not take
into consideration the molecular pathogenesis of the disease.
Thus, identification of pathogenesis-related factors indicat-
ing poor prognosis in patients with alcoholic cirrhosis is
necessary for early prevention and treatment.

The pathogenesis of alcoholic cirrhosis is characterized
by inflammation, fibrosis, and damaged cellular membranes
incapable of detoxification ending in scaring and necrosis
[11–13]. Recently, it has been reported that necroptosis, i.e.,
programmed cell necrosis, plays an important role in alco-
holic cirrhosis [14, 15]. Receptor-interacting protein kinase
3 (RIPK3) is a key component of the necrosome [16, 17]
and was reported to be activated in the livers of mouse
models after chronic ethanol feeding as well as in the livers
of ALD patients [18]. Furthermore, RIP3-knockout mice
could prevent ethanol-induced liver injury and inflammation
[18]. RIPK3 has been shown to interact with RIPK1 in kinase
activation [19]. However, in some circumstances, RIPK3
serves its necrotic role independent of RIPK1 in viral infec-
tion [20], in TNF-α mediated shock [21], and also in
ethanol-induced liver injury [18]. Whether the expression
of RIPK3 is related to a poor prognosis in alcoholic cirrhosis
is hitherto unknown.

Neutrophil infiltration is another pathologic hallmark for
alcoholic cirrhotic liver [22]. Our previous studies demon-
strate that neutrophil infiltration plays a major role in
alcoholic liver disease of murine models [23, 24]. Neutrophil
depletion by a pharmacological agent (anti-Ly6G antibody)
ameliorates alcoholic liver injury [23]. It is also reported that
the expression of CXC chemokines recruiting the neutrophil
infiltration in the liver is associated with the prognosis of
patients with alcoholic hepatitis [25], although several studies
have indicated that programmed cell death may trigger
inflammation in liver diseases of murine models [16], such
as viral infection [20], systemic inflammatory response
syndrome or sepsis [26], drug-induced liver injury [27],
and alcoholic liver disease [18, 28]. However, whether RIPK3
level is correlated with neutrophil infiltration in alcoholic
cirrhotic patients is still unknown.

In the present study, we aimed to determine the correla-
tion between RIPK3 with the degree of neutrophil infiltration
in the liver and the related prognosis in the end-stage alco-
holic cirrhotic patients. Our results showed that RIPK3-
mediated necroptosis and neutrophil-mediated alcoholic
liver inflammatory response are highly correlated with poor
prognosis in end-stage alcoholic cirrhotic patients. RIPK3
and MPO may serve as potential predictors for poor progno-
sis in patients with alcoholic cirrhosis.

2. Materials and Methods

2.1. Patients. In this retrospective study, a total of 20
diagnosed alcoholic cirrhotic patients (stage 3 to 4 fibrosis
according to clinical practice guidelines [3, 29]) and 5 healthy

controls were analyzed during liver transplantation from
the Liver Tissue Cell Distribution System, University of
Minnesota (Minneapolis, MN), between 2006 and 2011
[30]. Patients with concomitant other causes of liver dis-
ease, including chronic hepatitis B, chronic hepatitis C,
hepatocellular carcinoma and nonalcoholic fatty liver disease,
autoimmune liver disease, and drug-induced liver injury,
were excluded.

2.2. Data Collection. Clinical and biochemical parameters at
the time of liver transplantation were carefully collected from
the medical records. The MELD scores were calculated. Then
the patients were divided into two groups based on a MELD
score greater than or less than 32 [31]. The liver tissue was
fixed in 10% formalin and paraffin-embedded for histolog-
ical evaluation. All patients provided written consent, and
the protocol was approved by the clinical research ethics
committee of the Liver Tissue Cell Distribution System,
University of Minnesota (Minneapolis, MN), and executed
according to the Declaration of Helsinki.

2.3. Histological Assessment. Deparaffinized liver sections
(5μm thick) were stained with hematoxylin and eosin
(H&E) and immunohistochemical staining for MPO, RIPK1,
RIPK3, and pMLKL using the DAB kit (Gene Tech, China)
according to the manufacturer’s protocol. The primary anti-
bodies used were anti-myeloperoxidase (MPO) (Biocare
Medical, Concord, CA), anti-RIPK3 (WuXi App Tec, China),
anti-RIPK1 (Cell Signaling, USA), and pMLKL (Abcam,
USA).Terminal deoxynucleotidyl transferase-mediateddeox-
yuridine triphosphate nick-end labeling (TUNEL) staining
wasperformedwithanApopTagPeroxidase InSituCellDeath
Detection Kit (Roche, Mannheim, GER). All slides were
evaluated by two pathologists blinded to patient clinical
information. MPO- and RIPK3-positive cells were quantified
randomly from 5 fields at 100x magnification per patient
using Image J software 1.46r (NIH, USA). The corresponding
histological features of ALD grading and staging schema [7],
Ishak score [9], Knodell score/histology activity index [10],
and alcoholic hepatitis histologic score (AHHS) [8] were
numerically evaluated.

2.4. Statistical Analysis. The statistical analyses were per-
formed between the two groups. All data were treated as
continuous variables. For the data conformed to the normal
distribution, the average and standard error of the mean
(SEM) were displayed using Student’s t-test. For nonnormal-
ity, the median and interquartile ranges were analyzed and
compared using Wilcoxon rank-sum (Mann–Whitney) tests.
The correlation analysis was using Pearson’s correlation test.
All calculations were performed using SPSS 23.0 (IBM,
Armonk, NY), and P < 0 05 was considered significant.

3. Results

3.1. Neutrophil Infiltration Is a Hallmark of Alcoholic
Cirrhosis. Inflammatory infiltration is one of the hallmarks
for alcoholic cirrhosis [23, 24]. To confirm whether neutro-
phil infiltration contributes to this process, H&E staining
and IHC staining for MPO were performed. As shown by
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H&E staining in Figure 1(a), there were obvious inflamma-
tory foci around the necrotic area in the liver of cirrhosis
patients but not in healthy volunteers. IHC staining for the
neutrophil markerMPOdemonstrated that the inflammatory
foci were mainly MPO-positive neutrophils (Figure 1(b)).
This is consistent with previous studies [11, 23–25, 32]
indicating that neutrophil infiltration plays an important
role in alcohol-induced liver injury.

3.2. RIPK3, But Not RIPK1, Is Highly Expressed in Patients
with Alcoholic Cirrhosis. Alcoholic cirrhosis is associated
with necrotic hepatocyte cell death, called necroptosis [14],
which is regulated by RIP1-RIP3-MLKL- (mixed lineage
kinase domain-like protein-) mediated necrotic cascade, but
the role of RIPK1 and RIPK3 in the pathogeneses of alcoholic
liver cirrhosis is largely unknown. To further investigate
whether RIPK1 or RIPK3 mediates the pathogeneses of
alcoholic liver cirrhosis, IHC analyses of RIPK1 and RIPK3
in patients with alcoholic cirrhosis were examined. As shown
in Figure 2, very strong RIPK3 staining but not RIPK1 was

found in the necrotic area, indicating that RIPK3, but not
RIPK1, was involved in alcoholic liver cirrhosis, consistent
with previous studies showing RIPK3 is mediated in the
mouse model of ethanol-induced liver injury and progression
of ALD patients [27]. Furthermore, phospho-mixed lineage
kinase-like protein (p-MLKL) a downstream molecule of
RIPK3 in necroptosis pathway was also activated in the
necrotic area in patients with alcoholic cirrhosis. Finally,
the increased cell death in alcoholic cirrhotic patients was
further confirmed by TUNEL staining.

3.3. Neutrophil Infiltration and the level of RIPK3 Are
Associated with Poor Prognosis Based on MELD over 32. To
explore whether the neutrophil infiltration or the level of
RIPK3 can predict prognosis according to MELD over 32
or not, patient clinical parameters are measured to assess
liver function on the day of enrollment to liver transplanta-
tion and the prognosis scores of histologic parameters
according to MELD greater or less than 32 are summarized
in Table 1. The results revealed that patients with MELD
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Figure 1: Hepatic neutrophil infiltration is a hallmark of alcoholic cirrhosis. Representative images of H&E staining (a) and
immunohistochemistry (IHC) of MPO (b) were examined in patients with end-stage alcoholic cirrhosis and healthy controls. Data were
represented as the means± SEM. ∗P < 0 05.
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score over than 32 were associated with upregulation of the
levels of MPO, indicating they can be used as indicators of
poor prognosis.

3.4. Neutrophil Infiltration and the Expression of RIPK3
Are Associated with Poor Prognosis Based on Histologic
Parameters. To further investigate the relationship between

RIPK3

RIPK1

Meld<32 Meld≥32Healthy volunteer

pMLKL

TUNEL

Figure 2: RIPK3, but not RIPK1, is highly expressed in patients with alcoholic cirrhosis. Representative images of immunohistochemistry
(IHC) of RIPK1, RIPK3, pMLKL, and TUNEL staining were examined in patients with end-stage alcoholic cirrhotic patients and healthy
controls. n = 20.

Table 1: Comparative analysis of patients with MELD greater or less than 32.

MELD≥ 32 (n = 10) MELD< 32 (n = 10) t/Z value P value

MPO (%) 0.0806 (0.05195, 0.2874) 0.0151 (0.00, 0.08675) −2.125 0.034∗

RIPK3 (%) 4.7367 (1.7054, 6.2929) 2.0914 (1.4491, 4.7188) −0.735 0.462

Ishak score 6.75 (5.125, 9.000) 4.00 (3.25, 5.75) −1.847 0.065

Ishak fibrosis score 6.00 (6.00, 6.00) 6.00 (5.5, 6.0) −0.860 0.390

Knodell score 11.3± 2.7305 9.222± 2.1667 −1.823 0.086

AHHS score 6.70± 1.11056 6.3889± 1.21906 −0.582 0.568

ALD grading 6.90± 2.3781 5.556± 1.5899 −1.431 0.171

ALD stage 6.00 (5.00, 6.00) 6.00 (5.00, 6.00) −0.159 0.874

MPO: myeloperoxidase; RIPK3: receptor-interacting protein kinase3; MELD: model for end-stage liver disease; AHHS: alcoholic hepatitis histologic score.
∗p < 0 05.

4 Journal of Immunology Research



RIPK3 expression, neutrophil infiltration, and histologic
parameters, correlation analysis was performed. The prog-
nostic histological score systems, including Ishak score [9],
Knodell score [10], ALD grading and staging schema [7],
and alcoholic hepatitis histologic score (AHHS) [8], were
analyzed by two pathologists. As shown in Figure 3, sig-
nificant correlations were observed between the Ishak
score and the area of MPO and RIPK3 staining in
patients’ livers (r = 0 484 and P = 0 036 and r = 0 605 and P
= 0 006, respectively). Importantly, the RIPK3 was also sig-
nificantly and positively related to the Knodell score
(r = 0 592, P = 0 008).

4. Discussion

The current study investigated the relationship between
RIPK3-mediated necroptosis and neutrophil-mediated alco-
holic liver inflammation with disease prognosis. The results
demonstrated that MELD (a widely recognized noninvasive
predictor of disease outcome) and histological prognostic
scores (the invasive predictor) were well correlated to the
levels of neutrophil infiltration and the expression of RIPK3.
Importantly, RIPK3 and MPO may act as factors to predict
poor outcomes in patients with alcoholic cirrhosis.

One of the most intriguing features in alcoholic cirrhosis
is the remarkable hepatic neutrophil infiltration. Neutrophil
infiltration has played an important role in promoting
the development of alcoholic cirrhosis in murine models
[23, 24, 32]. Either pharmacological inhibition or genetic
deletion of E-selectin [23], an important adhesion molecule
for neutrophil migration, or CXCL1 [24], a key chemokine
in neutrophil recruitment, can prevent mice from ethanol-
induced hepatic neutrophil infiltration. Therefore, there is
an urgent need for further translational studies using human
samples to identify neutrophil targets for therapy. Here, the
pathogenic role of neutrophil infiltration was shown in
alcoholic cirrhotic patients.

Another essential finding from this study is the mean-
ingful confirmation of RIPK3 but not RIPK1 as being sig-
nificantly upregulated in human livers. RIPK1 and RIPK3
are recently discovered proteins that regulate caspase-
independent programmed cell death, called necroptosis
[16, 17, 33]. RIPK3 is strongly expressed in the alcoholic

cirrhotic patients in our study, and the pMLKL, which is
a substrate for RIPK3 kinase activity [16, 17], was also acti-
vated in the necrotic area. Roychowdhury et al. first reported
elevated RIPK3 expression in ethanol-induced liver injury
murine models and in human ALD samples independent of
RIPK1. A deficiency of RIPK3 extremely reduced the severity
of ethanol-induced liver injury, but not for RIPK1-specific
inhibitor [18]. This mechanism is used because of impaired
hepatic proteasome function failing to produce RIPK3, as
pharmacological inhibition or genetic disruption of pro-
teasome accumulates RIPK3. However, another study also
showed that RIPK1 decreased Gao-binge-induced neutrophil
infiltration [34]. It remains a controversial issue whether
RIPK1 or RIPK3 is correlated with neutrophil infiltration
and needs to be further studied. Our study showed that
RIPK3 but not RIPK1 was activated in patients with alcoholic
cirrhosis. Further studies using liver-specific RIPK3 KO
and RIPK1 KO mice should be conducted to confirm
these results.

To show the prognostic value of neutrophil infiltration
and RIPK3 in patients with alcoholic cirrhosis, the noninva-
sive prognostic score MELD and the invasive histological
scoring system were evaluated. The MELD score is a recog-
nized prognosis predictor in liver cirrhosis, especially for
those waiting for liver transplantation [31, 35]. The results
of our study show that neutrophil infiltration was upregu-
lated in the group with a MELD score greater than 32,
indicating neutrophil infiltration may represent poor prog-
nosis in alcoholic cirrhosis. This is consistent with previous
findings that neutrophil infiltration may promote the devel-
opment of alcoholic cirrhosis [23, 24, 32].

On the other hand, the histological scoring systems
predicting ALD have not been uniform. Yip and Burt first
recommended a grading and staging scoring system for the
assessment of histological severity of ALD in 2006 [7]. It
was verified recently that even the early or compensated
ALD should be evaluated as a predictor of long-term mortal-
ity [36]. Altamirano et al. proposed an AHHS scoring system
using AH to predicting patients’ outcomes [8]. However, this
study excluded the other spectrum of ALD except for
AH, and whether AHHS applies to those patients remains
unknown. The patients in our study all had end-stage
alcoholic cirrhosis, and the results of our study between the
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Figure 3: Correlation between RIPK3 and MPO with histological scoring systems. The correlation analyses of RIPK3 and MPO with
histological scoring systems were examined at those alcoholic cirrhotic patients. Data were represented as the means± SEM. ∗P < 0 05
and ∗∗P < 0 01.
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relationship of the AHHS score and clinical parameters,
MPO, or RIPK3 were not significant, suggesting the AHHS
score may not be suitable for alcoholic cirrhosis. This should
be further validated by a more prospective study.

The Knodell score and Ishak score are frequently used in
chronic hepatitis, particularly HCV [9, 10]. The position of
fibrosis differs between HCV and ALD, because HCV begins
with a periportal distribution of fibrosis and extending to the
portal center, whereas ALD starts with central expansion
[29]. This means that there will be more fibrosis in ALD
patients than HCV patients in the early stage of the disease.
However, because patients in our study all have end-stage
alcoholic cirrhosis (fibrosis score more than 4), which elimi-
nated this difference, so the Ishak score and Knodell score
were used to assess the patient histological features. The
results show that MPO and RIPK3 correlated to the Ishak
score and RIPK3 correlated to the Knodell score, suggesting
MPO and RIPK3 may be good prognostic factors for the
patients’ outcome based on histological parameters.

Furthermore, the following limitations of this study need
to be considered. Firstly, this is a retrospective study observ-
ing patient prognostic indicators and the sample size is
limited due to the difficulty in obtaining samples. Further
prospective studies containing larger samples should be
performed to confirm this finding. Second, all the patients
underwent liver transplantation; therefore, disease mortality
could not be directly evaluated, so prognostic indicators were
analyzed relative to prognostic MELD models and histologic
parameters. Clearly, these findings should be confirmed in
further prospective studies analyzing the mortality during
hospitalization and the medium and long-term (admission,
30 days to 3 months, or 6 months, respectively) outcome
and compare the different scores with analytic parameters
or others.

5. Conclusions

The present study demonstrates that RIPK3 and neutrophil
infiltration in patients with alcoholic cirrhosis can be used
to predict poor disease prognosis based noninvasive predic-
tors MELD and invasive histological scoring systems.
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Liver ischemia-reperfusion injury (IRI) and regeneration deficiency are two major challenges for surgery patients with chronic liver
disease. As a survival factor for hepatocytes, interleukin 22 (IL-22) plays an important role in hepatoprotection and the promotion
of regeneration after hepatectomy. In this study, we aim to investigate the roles of an interleukin 22 fusion protein (IL-22-FP) in
mice with a predamaged liver after a two-third partial hepatectomy (PHx). Predamaged livers in mice were induced by
concanavalin A (ConA)/carbon tetrachloride (CCl4) following PHx with or without IL-22-FP treatment. A hepatic IRI mouse
model was also used to determine the hepatoprotective effects of IL-22-FP. In the ConA/CCl4 model, IL-22-FP treatment
alleviated liver injury and accelerated hepatocyte proliferation. Administration of IL-22-FP activated the hepatic signal
transducer and activator of transcription 3 (STAT3) and upregulated the expression of many mitogenic proteins. IL-22-FP
treatment prior to IRI effectively reduced liver damage through decreased aminotransferase and improved liver histology. In
conclusion, IL-22-FP promotes liver regeneration in mice with predamaged livers following PHx and alleviates IRI-induced liver
injury. Our study suggests that IL-22-FP may represent a promising therapeutic drug against regeneration deficiency and liver
IRI in patients who have undergone PHx.

1. Introduction

IL-22 is an emerging CD4+ Th cytokine produced by acti-
vated T cells, such as T helper 22 (Th22) cells, Th17 cells,
and NK cells [1–4]. As a member of the IL-10 cytokine
family, IL-22 plays a role in a variety of tissues and organs
by binding to the receptors IL-10R2 and IL-22R1; IL-10R2
is expressed in many types of cells, but the expression of
IL-22R1 is limited to epithelial cells in the skin, pancreas,
liver, gut, and lung [5–8].

IL-22 plays an important role in protection against
damage, strengthening of innate immunity and enhance-
ment of regeneration [8–10]. IL-22 plays important roles

in various human and animal liver diseases, such as acute
liver injury, viral hepatitis, liver fibrosis, hepatocellular carci-
noma (HCC), and alcoholic liver disease [11–19]. Studies
from professor Bin Gao have shown that IL-22 is released
when T cells are activated and then protects against liver
damage caused by a variety of toxins, such as ConA or
CCl4, via activation of the STAT3 pathway [20, 21]. IL-22
has been shown to be a significant mediator of the inflamma-
tory response caused by HBV and HCV. In HBV patients,
hepatic expression of IL-22 was elevated compared with
healthy individuals and the degree of increase was related
to the grade of inflammation [22–26]. Compared with nor-
mal controls, the expression of numerous genes associated
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with the IL-22 pathway was significantly upregulated in
HBV-infected liver tissues [24]. IL-22 ameliorates liver fibro-
genesis by inducing hepatic stellate cell senescence, and it
stimulates liver cancer development through activation of
the STAT3 pathway [16, 17, 19].

Liver regeneration is a complex process and is closely
related to a wide variety of cytokines, hormones, and growth
factors [27]. It is generally accepted that serum levels of
lipopolysaccharide (LPS) will be upregulated after partial
hepatectomy (PHx), which stimulates the Kupffer cells to
produce IL-6 and tumor necrosis factor alpha (TNF-α).
IL-6 targets hepatocytes, triggering activation of the STAT3
pathway, and ultimately promotes hepatocyte survival and
proliferation [27–29]. It is an indisputable fact that IL-22
contributes to liver regeneration after PHx. Researchers
have found that the serum IL-22 and hepatic IL-22 receptor
mRNA levels were significantly upregulated after PHx in
mice. Some studies have shown that the promotive proper-
ties of IL-22 on liver regeneration after PHx are likely due
to interactions with TGF-α and IL-6 [30–32]. In addition,
IL-22 plays a protective role in liver ischemia-reperfusion
injury (IRI) [33]. After treatment with IL-22, the serum
aspartate aminotransferase (AST) level decreased but the
expression of IL-22R1 in damaged hepatocytes increased,
which significantly alleviates IR-triggered hepatocellular
damage and decreases IR-related liver inflammation [33].
As mentioned, liver regeneration deficiency and liver injury
are still the two major stumbling blocks for patients after
PHx, although the liver is a unique organ that has the
ability to regenerate after injury or resection. IL-22 has
been reported to contribute to liver regeneration after hepa-
tectomy and protect the liver against IRI, and this corre-
sponds to the two problems patients experience after PHx.
Therefore, treatment utilizing IL-22 is expected to become a
potential therapeutic approach for patients post-PHx.

The majority of clinical patients who receive PHx
have a predamaged liver condition caused by various liver
diseases and thus obviously decreased liver regeneration
ability. However, at present, most of the evidence that
supports IL-22 promotion of liver regeneration is from
a PHx model without other injuries. In this article, we
used ConA and CCl4 to induce liver injury in mice, to
investigate the effect of IL-22 on liver regeneration after
PHx under these conditions. In addition, currently, almost
all the IL-22 used in rodent PHx models is recombinant
human interleukin 22 (rh-IL-22). The half-life of rh-IL-22
(expressed in Escherichia coli) in animals is less than 2h,
and therefore, repeated administration in a short time is
inevitable when rh-IL-22 is used as a therapeutic drug.
IL-22-FP, the IL-22 used in this article, is manufactured
in Chinese hamster ovary (CHO) cells and has a double
molecular structure of IL-22 (an IL-22 dimer, Figure 1).
As a recombinant fusion protein, IL-22-FP is composed
of human IL-22 and human IgG2-Fc. IL-22-FP has a longer
half-life and more easily achieves a stable blood concentra-
tion compared to rh-IL-22 [34]. In this article, we are
committed to investigating the effects and mechanisms of
IL-22-FP on liver protection and regeneration in mice
with a predamaged liver condition following PHx, in the

hope of providing a new therapeutic means for treatment
of clinical patients who undergo liver surgery.

2. Materials and Methods

2.1. Materials.Male C57BL/6 (8 to 10wk old) mice used in
the experiments were purchased from the Shanghai Lab
Animal/Research Center (Shanghai, China). ConA was
obtained from Sigma (MO, USA), and CCl4 was obtained
from Sinopharm Chemical Reagent Co. Ltd (Shanghai,
China). IL-22-FP was provided by GENERON Corporation
Ltd. (Shanghai, China); recombinant human interleukin 22
(rh-IL-22) was obtained from Sino Biological Inc. (Beijing,
China). Anti-CyclinB1 antibody was purchased from Abcam
(Shanghai, China). Other antibodies used in this article,
including anti-STAT3, anti-phospho-STAT3 (Tyr705), and
proliferating cell nuclear antigen (PCNA) antibodies,
were purchased from Cell Signaling Technology (Beverly,
MA, USA).

2.2. Two-Third PHxModel.We performed PHx as previously
described [30, 32]. In brief, male C57BL/6 mice were
maintained under specific pathogen-free conditions and they
had access to water and food freely before each experiment. A
midline incision was created, after the mice were anesthetized
with ether gas, and the left lateral and median lobes of the
liver were freed. Then using a 3-0 silk suture to ligate the
blood vessels at the root of the median and left lateral hepatic
lobes, the ligated hepatic lobes were resected.

2.3. ConA Model. In this model, mice were randomly
divided into four groups: the ConA group, PHx group,
ConA+PHx group, and ConA+PHx+ IL-22-FP group.
ConA was administered with a single intravenous injection
at 18μg/g mice body weight, and 4 days later, the PHx was
performed. The PHx group mice received identical volumes

IL-22IL-22

Figure 1: Structure of IL-22-FP. IL-22-FP is manufactured in
Chinese hamster ovary (CHO) cells and has a double molecular
structure of IL-22 (an IL-22 dimer). As a recombinant fusion
protein, IL-22-FP is composed of human IL-22 and human IgG2-Fc.
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of phosphate-buffered saline (PBS) in the same way. For the
ConA+PHx+ IL-22-FP group mice, IL-22-FP was injected
intravenously (iv) 30min before PHx at 0.125μg/g body
weight, and other group animals received an identical
volume of PBS in the same manner. Mice were euthanized
at different time points (32 h, 40 h, 48 h, and 1wk) follow-
ing surgery (each group has 4 mice at each time point),
and the liver tissue and serum samples were obtained for
subsequent examination.

2.4. CCl4 Model. Similar to the ConA model, mice were
divided into 4 groups in this model: the CCl4 group, PHx
group, CCl4 +PHx group, and CCl4+PHx+ IL-22-FP
group. Mice received an intraperitoneal (ip) injection of
10% CCl4 solution (volume of CCl4: volume of olive
oil = 1: 9) at 1μl/g body weight three times a week for
4wk, while the PHx group mice were administered with only
olive oil. As with the ConA model, IL-22-FP was injected
intravenously at 0.125μg/g body weight 30min before PHx,
and other group mice were injected with PBS. Mice were
euthanized at the same time points (32 h, 40 h, 48 h, and
1wk) and in the same way as the ConA model mice (each
group has 4 mice at each time point).

2.5. Hepatic IRI Model. The hepatic IRI model that we used
has been previously described [35, 36]. In brief, male
C57BL/6 mice (8–10wk of age) were anesthetized with
chloral hydrate (ip) before a midline incision was created.
With full exposure of the structure where it is connected with
the portal triad and the median and left liver lobes (including
the portal vein, hepatic artery, and bile duct), a vascular
atraumatic clamp was used to blocked it for 90min, and
then the clamp was removed, and the liver was reperfused.
Mice were euthanized at 6, 24, and 48 h postreperfusion
(each group has 4 mice at each time point). Mice were
randomly divided into 4 groups: the sham group, IRI
group, IRI + rh-IL-22 group, and IRI + IL-22-FP group.
The sham group mice received only a midline incision.
For IRI + rh-IL-22 group and IRI + IL-22-FP group mice,
IL-22 (rh-IL-22 or IL-22-FP) was injected (iv) 30min
before ischemia/reperfusion surgery at 0.125μg/g body
weight, and other mice were treated with PBS.

2.6. Liver Weight/Body Weight Ratios (LW/BW). Mice were
euthanized by overdose of anesthesia at 32 h, 40 h, 48 h, and
1wk after PHx (ConA model and CCl4 model) or at 6, 24,
and 48h postreperfusion (IRI model). The liver and body
weights of each mouse were measured, and the liver weight/
body weight ratio (LW/BW) was determined to assess the
degree of liver regeneration.

2.7. Analysis of Liver Injury. Serum aspartate aminotrans-
ferase (AST) and alanine aminotransferase (ALT) levels
were measured using a standard autobiochemical analyzer
(Beckman Coulter AU5800, USA) to assess the degree of liver
damage. Liver tissue was fixed with formalin and embedded
in paraffin, and the paraffin-embedded liver tissue was cut
into sections and stained with hematoxylin and eosin (HE)
for histological examination.

2.8. BrdU Staining and Analysis. Mice received an intra-
peritoneal injection of 5-bromo-2′-deoxyuridine (Sigma,
Germany) at 50μg/g body weight 2 h prior to euthanasia.
Liver specimens were collected to process for BrdU staining
with a BrdU in situ detection kit (BD Bioscience, San Jose,
CA, USA). BrdU+ hepatocytes are regenerated hepatocytes.
The number of BrdU+ hepatocytes and total hepatocytes in
4–6 microscope fields (200x) was determined, and the BrdU+

hepatocyte/total hepatocyte ratio was calculated; this ratio
directly reflected the degree of hepatocyte regeneration.

2.9. Western Blots. Proteins were extracted from hepatic
tissue for Western blot analysis. The protein concentration
was detected with a BCA protein assay kit (Beyotime Bio-
technology, Shanghai, China), and the absorbance value of
the protein was measured with a microplate reader (BioTek
Instruments, USA). The protein samples were separated
by SDS-PAGE and transferred to PVDF membranes.
The membranes were incubated with primary antibodies
including antibodies against PCNA (1 : 1000), CyclinB1
(1 : 2000), p-STAT3 (1 : 1000), and STAT3 (1 : 2000) at
4°C overnight before being incubated with horseradish
peroxidase-conjugated secondary antibodies (1 : 5000 dilu-
tion) at 4°C for 4 h. Protein bands were visualized with a
SuperSignal West Pico Trial Kit (Thermo Scientific,
Rockford, USA).

2.10. Statistical Analysis. All parametric data are expressed
as the mean± SD. SPSS software was used for statistical
analysis. One-way ANOVA was applied to compare dif-
ferences between groups. p < 0 05 was the threshold for
statistical significance. The data were analyzed with
GraphPad Prism software.

3. Results

3.1. Enhanced Liver Regeneration after PHx in IL-22-FP-
Treated Mice in the ConA Model. In the ConA model, we
divided mice into 4 groups: the ConA group, PHx group,
ConA+PHx group, and ConA+PHx+ IL-22-FP group, with
the specific circumstances described above. After euthanasia,
we weighed the liver and body of the mice and LW/BW ratios
were calculated to reflect the rate of liver regeneration. The
LW/BW ratios at different time points (32 h, 40 h, 48 h, and
1wk) post-PHx are shown in Figure 2(a). Compared
with the ConA+PHx group, the LW/BW ratios of the
ConA+PHx+ IL-22-FP group were significantly increased
at 32 h (∗∗∗p < 0 001), 40 h (∗p < 0 05), and 48 h (∗p < 0 05)
after PHx. Similarly, this ratio in the ConA+PHx+ IL-22-
FP group was also higher than that in the PHx group at
32 h (∗∗∗p < 0 001) and 40 h (∗p < 0 05) but this difference
was not particularly evident at 48 h. The difference in the
ratio of these 3 groups (PHx, ConA+PHx, and ConA+
PHx+ IL-22-FP) was smaller at 1wk after PHx.

A portion of the liver tissue was preserved in formalin
for BrdU staining (Figure 2(b)). The BrdU+ hepatocyte/
total hepatocyte ratio was calculated (Figure 2(c)). At
32 h (∗p < 0 05) and 40h (∗∗p < 0 01), this ratio in the
ConA+PHx+ IL-22-FP group was significantly higher than
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Figure 2: IL-22-FP enhances liver regeneration in a ConA model after PHx. C57BL/6 mice (8 to 10wk old) were randomly divided into 4
groups: the ConA group, PHx group, ConA+PHx group, and ConA+PHx+ IL-22-FP group. Each group of mice was treated as described
in Materials and Methods. (a) The liver weight/body weight ratio (LW/BW) of each group at 32 h, 40 h, 48 h, and 1wk post-PHx; n = 4 for
each group. (b) Bromodeoxyuridine (BrdU) staining of mouse liver at 32 h, 40 h, 48 h, and 1wk post-PHx (400x magnification). (c) BrdU+

hepatocyte/total hepatocyte ratios of 4 groups of mice at 32, 40, and 48 h post-PHx. Pictures were taken at 400x magnification; n = 4 for
each group. ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001.
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that in the ConA+PHx group, while this difference at 48 h
was small. The number of BrdU+ hepatocytes was relatively
higher in the ConA+PHx+ IL-22-FP group than in the
PHx group at 32 h (∗p < 0 05) and 40 h (∗p < 0 05) post-PHx.

3.2. Hepatoprotective Effect of IL-22-FP after PHx in the ConA
Model. Grouping and modeling were performed as described
in Materials and Methods. Serum ALT and AST levels
in the ConA model were measured via biochemical anal-
ysis. As illustrated in Figure 3(a), the serum ALT levels
in the ConA+PHx group were higher than those in the

ConA+PHx+ IL-22-FP group at 32h (∗∗p < 0 01), 40 h
(∗∗p < 0 01), and 48h (∗∗p < 0 01) post-PHx. However, this
difference was not statistically significant at 1wk after PHx.
Unlike the ALT levels, serum AST levels were significantly
greater in the ConA+PHx group than in the ConA+PHx+
IL-22-FP group at all observation time points.

Compared with the ConA+PHx+ IL-22-FP group mice,
the ConA+PHx group mice appeared to suffer from more
severe hepatic injury, more extensive tissue necrosis and
inflammatory cell infiltration was found in the ConA+PHx
group at 32, 40, and 48 h post-PHx (Figure 3(b)).
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Figure 3: Hepatoprotective effects of IL-22-FP in a ConAmodel. Mice were grouped and treated as described in Figure 1. (a) At different time
points (32 h, 40 h, 48 h, and 1wk) post-PHx, mice serum samples were collected to detect ALT and AST levels; n = 4 for each group. (b) Mice
were euthanized at different time points (32 h, 40 h, and 48 h) post-PHx, and liver tissues were stained with hematoxylin and eosin (HE).
Pictures were taken at 400x magnification. ∗p < 0 05 and ∗∗p < 0 01.
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3.3. Enhanced Liver Regeneration after PHx in IL-22-FP-
Treated Mice in the CCl4 Model.Mice were randomly divided
into 4 groups: the CCl4 group, PHx group, CCl4 +PHx
group, and CCl4+PHx+ IL-22-FP group. Different groups
of mice were treated as mentioned in Materials and Methods.
As shown in Figure 4(a), in the CCl4+PHx group, the
LW/BW ratio of the CCl4+PHx+ IL-22-FP group was
increased obviously at 32 h (∗p < 0 05) and 40 h (∗p < 0 05)
after PHx. At 32 (∗p < 0 05), 40 (∗∗p < 0 01), and 48 h
(∗p < 0 05), the LW/BW ratio of the CCl4+PHx+ IL-22-FP
group was significantly higher than that of the PHx group.
There was no obvious difference in this ratio between
the CCl4+PHx+ IL-22-FP group and other groups at
1wk post-PHx.

Mice were euthanized at 32h, 40 h, 48 h, and 1wk after
PHx, and the results of BrdU staining in the liver are shown
in Figure 4(b). We counted the BrdU+ hepatocyte/total
hepatocyte ratios at different time points in each group
(Figure 4(c)). As expected, in the CCl4+PHx+ IL-22-FP
group, the number of BrdU+ hepatocytes under the same
high-magnification microscope at different time points
(32 h, 40 h, and 48h) was significantly higher than those in
the CCl4+PHx group and the PHx group. As shown in
Figure 4(b), almost no BrdU+ hepatocytes were found in
any of the groups at 1wk post-PHx.

3.4. Hepatoprotective Effect of IL-22-FP in the IRI Model.
Male C57BL/6 mice were randomly divided into 4 groups:
the sham group, IRI group, IRI + rh-IL-22 group, and
IRI + IL-22-FP group. The last three groups of mice received
90min of liver ischemia followed by reperfusion at different
time points (6, 24, and 48h), and the details are described
above. As illustrated in Figure 5(a), in mice treated with
IL-22 (the IRI + rh-IL-22 group and the IRI + IL-22-FP
group), the serum ALT and AST levels at all observation
time points were significantly reduced and the effect of IL-
22-FP was more obvious than that of rh-IL-22 in reducing
the ALT and AST levels at 48 h postreperfusion (∗p < 0 05).

Liver tissues were stained with hematoxylin and eosin.
Necrosis of liver tissue was even worse in the IRI group and
the IRI + rh-IL-22 group compared with the IRI + IL-22-FP
group at 48 h postreperfusion (Figure 5(b)).

3.5. Effects of IL-22-FP on PCNA, CyclinB1, and p-STAT3
Activation after PHx. The expression of PCNA protein in
ConA model mice at 40 h post-PHx was detected with
Western blotting. As illustrated in Figures 6(a) and 6(b),
the activation of PCNA in the ConA+PHx+ IL-22-FP group
was significantly increased compared with that in the
ConA group (∗∗∗p < 0 001), PHx group (∗∗∗p < 0 001),
and ConA+PHx group (∗∗p < 0 01). This result indicates
that IL-22-FP promoted the expression of PCNA protein
after PHx.

As shown in Figures 6(c) and 6(d), the activation of
CyclinB1, PCNA, STAT3, and p-STAT3 was obviously
increased in the CCl4+PHx+ IL-22-FP group compared
with the other groups at 40 h post-PHx in the CCl4 model;
it was difficult to observe the expression of p-STAT3 in the
CCl4 group.

4. Discussion

Partial hepatectomy is still the best available treatment for
HCC patients. For a normal liver, the maximum resection
rate is 70–75%; when this ratio is exceeded, the patient is
likely to experience acute liver failure due to insufficient
regeneration of the remnant liver. For patients with liver
disease/liver injury pre-PHx, the resection rate is greatly
reduced, which severely restricts the use of surgery and the
treatment of patients. In this article, we confirmed the
hepatoprotective and proregenerative characteristics of
IL-22-FP in mice with a predamaged liver condition
(caused by ConA/CCl4) and who had undergone PHx.
We also confirmed the hepatoprotective effect of IL-22-
FP on liver IRI, and this protective effect was stronger
than that of rh-IL-22. These properties of IL-22-FP indicate
that it is likely a potential therapeutic approach for liver
surgery patients.

The hepatoprotective effects of IL-22 in various ani-
mal and human liver diseases have been investigated
[9, 20, 37, 38]. In 2004, professor Bin Gao’s team con-
firmed that IL-22 mRNA and protein expression was
significantly increased in T cell-mediated hepatitis caused
by ConA. Blocking IL-22 with neutralizing antibodies wors-
ened the liver damage induced by ConA through reduction
in the transduction and activation of the STAT3 pathway,
and this type of damage was reduced with administration
of recombinant IL-22 [21]. In the same year, this team fur-
ther confirmed that hydrodynamic gene delivery of IL-22
protects the liver from the damage caused by ConA and
CCl4 [20]. In addition, many researchers have confirmed
that IL-22 plays a protective role in hepatic injury caused
by a variety of toxins such as D-galactosamine (D-GalN)
and acetaminophen (APAP) [9, 12, 13, 39]. Unfortunately,
at present, the exact mechanism of the hepatoprotective
effects of IL-22 is still not very clear. Some researchers pro-
pose that this protective role of IL-22 may be related to the
expression of IL-22-induced antiapoptotic (such as Bcl-2
and Bcl-xL) and mitogenic (such as c-myc and CyclinD1)
proteins after activation of the STAT3 pathway [21]. As the
results of our experiments also demonstrate, IL-22-FP pro-
tects the liver from serious injury caused by ConA and
CCl4 and this has a strong relationship with activation of
the STAT3 pathway.

The results of many experiments have confirmed that
IL-22 contributes to hepatic regeneration [30–32]. Hepatic
IL-22Rα mRNA and serum IL-22 levels are significantly
increased after PHx, and anti-IL-22 antibody administered
before hepatectomy can significantly reduce liver regenera-
tion, although treatment with exogenous IL-22 before partial
hepatectomy has no effect on hepatocyte proliferation [30].
Further research found that the role of IL-22 in promoting
liver regeneration was achieved by increasing hepatocyte
proliferation and hepatocyte migration [31]. Moreover,
IL-22 promotion of liver regeneration in mice with liver
disease (caused by ConA) after PHx has been confirmed
[32]. Our findings indicate that IL-22-FP enhances liver
regeneration in mice with a predamaged liver condition
that have undergone PHx. It is generally accepted that
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Figure 4: IL-22-FP promotes liver regeneration in a CCl4 model after PHx. Male C57BL/6 mice (8 to 10wk old) were randomly divided into
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Pictures were taken at 400x magnification; n = 4 for each group. ∗p < 0 05 and ∗∗p < 0 01.
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treatment with IL-22 induces activation of STAT3, which
then promotes the expression of a variety of cell cycle
proteins, eventually promoting hepatocyte proliferation
[30–32]. Our research results (Figures 6(a) and 6(c)) sug-
gested that STAT3 was activated significantly in the liver of
mice treated with IL-22-FP compared with the other three
groups. Activated STAT3 induces the expression of cell cycle

proteins (e.g., CyclinB1 and CyclinD1) and increases the
expression of PCNA protein significantly in the liver to even-
tually promotes the proliferation of hepatocytes. These find-
ings suggest that IL-22 is an inducer of STAT3 activation in
hepatocytes and activated STAT3 is a contributing factor
to the regeneration of hepatocytes. Therefore, IL-22 pro-
motes liver regeneration through the STAT3 pathway.
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Liver IRI is one of the major complications in liver
resection and liver transplantation [40, 41]. At the onset
of reperfusion, an imbalance between nitric oxide levels
and endothelin leads to failure of liver microcirculation.
Nuclear factor-κB in the liver is activated to promote a

combination of proinflammatory cytokines and adhesion
molecules, which promotes neutrophil recruitment and
oxygen-derived free radical production, further contributing
to hepatocyte injury [42, 43]. Paul et al. discovered that IL-22
plays an important role in ischemia-reperfusion-induced
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liver injury. IL-22 was detected at 24h postreperfusion, and
IL-22R1 expression significantly increased at 6 h postreperfu-
sion in wild-type mice. IL-22 protects the liver against IRI,
decreases serum AST levels, alleviates cardinal histological
features caused by ischemia-reperfusion, and diminishes
leukocyte sequestration [8, 33]. Administration of IL-22-FP
significantly decreased serum AST levels at 6, 24, and 48 h
postreperfusion (Figure 5(a)). Notably, the application of
IL-22-FP led to a more pronounced reduction in AST levels
at 48 h postreperfusion compared with rh-IL-22. The hepato-
protective mechanism of IL-22 in IRI is still incompletely
understood. One view is that this effect of IL-22 is related
to regulation of the inflammatory response [33]. Damaged
hepatocytes increased the expression of IL-22-R1 after treat-
ment with IL-22 and IL-22 combined with IL-22-R1, thereby
stimulating downstream signaling pathways to promote
hepatocyte survival or regeneration [33].

In the liver, only hepatic cells express the IL-22 receptor;
immune cells have no IL-22 receptor, and therefore, IL-22
does not target immune cells. Because of this, we have reason
to speculate that local or short-term treatment with IL-22 will
protect the liver and promote hepatic regeneration without
causing excessive inflammation in the liver [44, 45]. Most
patients who undergo liver resection have different types of
liver disease, and thus, we used ConA and CCl4 to induce
liver damage in mice to imitate human liver disease. As our
experimental data have shown, IL-22-FP has a significant
role in liver protection and enhancing hepatocyte regenera-
tion and these two aspects exactly correspond to the two
key problems clinical patients experience after PHx. IL-22-
FP ameliorates the liver damage and enhances the prolifera-
tion of residual liver cells. In conclusion, IL-22-FP has great
potential for treatment of patients with liver disease that have
undergone PHx.
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The complement system plays an important role in innate immunity inducing liver diseases as well as signaling immune cell
activation in local inflammation regulating immunomodulatory effects such as liver damage and/or liver regeneration. Our aim
is to evaluate the role of complement components in acute liver failure (ALF) caused by viral hepatitis, involving virus-induced
ALF in human subjects using peripheral blood, samples of liver tissues, and ex vivo assays. Our findings displayed low levels of
C3a in plasma samples with high frequency of C3a, C5a, and C5b/9 deposition in liver parenchyma. Meanwhile, laboratory
assays using HepG2 (hepatocyte cell line) showed susceptibility to plasma samples from ALF patients impairing in vitro cell
proliferation and an increase in apoptotic events submitting plasma samples to heat inactivation. In summary, our data suggest
that the complement system may be involved in liver dysfunction in viral-induced acute liver failure cases using ex vivo assays.
In extension to our findings, we provide insights into future studies using animal models for viral-induced ALF, as well as other
associated soluble components, which need further investigation.

1. Introduction

Acute liver failure (ALF) is a complex and rare clinical
syndrome characterized by the development of severe liver
dysfunction, promoted by extensive death of functional
cells. The mortality rate is close to 80%, and liver trans-
plantation [1–4] is the only treatment modality available
to this date. ALF can be induced by viral infections and
toxicity promoted by drug abuse or alcoholism. In Brazil,
viral infections are responsible for the majority of ALF
cases, including viral hepatitis viruses such as hepatitis A
virus (HAV) and hepatitis B virus (HBV), as well as coinfec-
tions related to hepatitis C virus (HCV), HIV, Epstein-Barr
virus, and CMV [5–7].

Inflammatory response is strongly associated with liver
diseases, and activation can trigger liver damage with aggres-
sive hepatocyte loss [8]. In ALF, extensive liver injury can be
caused by a variety of molecules of the innate immune sys-
tem, and the complement system plays an important role in
this process [9, 10]. The complement system is the major
component of innate immunity; its protective function starts
with a cascade of proteases and soluble factors that activates
the immune system, stimulating microbial clearance [11].
Nevertheless, the function of the complement system is asso-
ciated with processes of development, degeneration, and
regeneration of multiple organs [12–14]. Anaphylatoxins
C3a and C5a present potential chemoattractant activity
to amplify immune cell recruitment such as macrophages
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and neutrophils into the liver parenchyma [15]; quickly, C5a
is converted to C5aDesArg in vivo, leading to local inflam-
mation [16]. Following the complement cascade, C5b with
C6–C9 forms the “membrane attack complex” (MAC), capa-
ble of lysing infected cells and pathogens [17, 18].

A susceptible cell culture system and animal models are
important to improve knowledge of viral liver pathogenesis
and promising therapies. However, useful viral-induced
ALF animal models are not simple; in addition, the diversity
of liver cell lines is used to study therapy interventions and
also to understand mechanisms related to liver diseases, such
as viral hepatitis [19, 20]. Here, we assessed the toxicological
effects of the complement system in the peripheral blood of
patients during acute liver failure.

2. Materials and Methods

2.1. Study Population and Samples. Blood samples (n = 8)
and liver samples (n = 6) from ALF patients and blood sam-
ples (n = 10) and liver samples (n = 1) from healthy subjects
(HS) were collected at the Liver Clinic/Hospital Federal de
Bonsucesso, Rio de Janeiro, Brazil, between February 2004
and November 2013.

Inclusion criteria included the presence of coagulopathy
(INR≥ 1.5) and encephalopathy score above II, according to
O’Grady et al. [21] and as described previously [7, 22, 23].
Clinical details of the study population are shown in Table 1.

Screening to investigate the etiological agent involved in
ALF cases as well as in samples of healthy donors was per-
formed for HAV, HBV, and HCV detection and also for
other infectious and autoimmune disorders as described by
Melgaço et al. [7].

The adopted protocol performed complied with relevant
laws and institutional guidelines according to the ethical
standards of the Declaration of Helsinki approved by the
Institutional Review Board of Fiocruz (#222/03).

2.2. Laboratory Assays

2.2.1. Detection of C3a Levels in Peripheral Blood Circulation.
Blood samples (9mL) were centrifuged (200×g/10min) to
separate plasma from other products. Plasma samples were
aliquoted and stored at−70°Cuntil laboratory assays. Initially,
plasma samples were divided into two groups: in the first one,
plasma was thawed at room temperature (RT) overnight and
in the second one, plasma was thawed at RT overnight and
submitted to temperature complement inactivation by heat-
ing at 57°C for 30min. To detect C3a levels in plasma samples,
a commercial kit was used according to the manufacturer’s
instructions (eBioscience, cat #BMS2089TEN, San Diego,
CA, USA).

2.2.2. Detection of Anaphylatoxins and Membrane Attack
Complex (MAC) in Liver Tissue Samples. Liver samples were
obtained at the time of transplantation and stored in liquid
nitrogen until immunofluorescence assays, sectioned at
5μm, and stained with antibodies to membrane attack com-
plex C5b/9 (clone: aE11, Santa Cruz cat #SC-58935, Brazil);
the C3a component (clone: K13/16, Santa Cruz cat
#SC-47688, Brazil) and C5a component (clone: 2952, Santa
Cruz cat #SC-52634, Brazil) were applied to the sections at
a dilution of 1 : 50 for 1 hour at 37°C. After incubation, sec-
tions were washed in phosphate-buffered saline (pH=7.2)
and incubated with the secondary antibody Alexia Fluor
488® (Abcam cat #AB-150113, USA) at a dilution of
1 : 1000. Photomicrographs were taken in a confocal micro-
scope FV10i-O (Olympus, Japan) using FV10-ASW soft-
ware. Calculation of marked areas was carried out using the
software ImageJ (https://imagej.net/ImageJ).

2.2.3. In Vitro Evaluation of ALF Soluble Components.
Hepatocellular carcinoma lineage (HepG2, ATCC® number:
HB-8065™) was chosen to evaluate ex vivo effects of ALF

Table 1: Characteristics of the study population.

Subjects Samples Age Gender ALT AST INR Encephalopathy Outcome Diagnostic Etiology

1 HS1 29 F 14 21 1 None NA Healthy None

2 HS2 27 M 16 22 1 None NA Healthy None

3 HS3 29 F 13 19 1.1 None NA Healthy None

4 HS4 26 M 23 33 0.9 None NA Healthy None

5 HS5 46 F 18 26 0.8 None NA Healthy None

6 HS6 31 F 11 15 0.9 None NA Healthy None

7 HS9 26 F 16 25 0.9 None NA Healthy None

8 HS10 33 F 13 18 1.1 None NA Healthy None

9 ALF1 5 F 326 331 6.7 IV Survival Acute liver failure HAV

10 ALF2 14 M 877 1790 4.32 IV Death Acute liver failure HAV

11 ALF3 7 M 1562 5611 2.55 III Death Acute liver failure HAV

12 ALF4 14 M 313 330 8.64 IV Death Acute liver failure HAV

13 ALF5 1 F 668 171 6.38 II Death Acute liver failure HAV

14 ALF6 24 M 964 762 3.3 II Death Acute liver failure HBV

15 ALF7 31 F 314 562 2.1 II Survival Acute liver failure HBV

16 ALF8 17 M 200 120 1.7 II Survival Acute liver failure HAV

Legend: HS: healthy subjects; ALF: acute liver failure patients; HAV: hepatitis A virus; HBV: hepatitis B virus; F: female; M: male; NA: not applicable.
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soluble components from plasma samples, since they are a
well-established model for hepatocyte metabolism that under
specific culture conditions maintains normal cell functions
[24, 25]. HepG2 cultures were maintained in RPMI1640
(pH7.4) (Gibco, USA) supplemented with 10% fetal bovine
serum (FBS) (Gibco, USA) and 2mM L-glutamine (Merck,
Germany) in 75 cm2 bottles at 37°C in a CO2 humidified
incubator. The medium was changed twice weekly, and
passages were performed using trypsinization solution
(0.2% and 0.02% versene in RPMI1640 medium). HepG2
confluency was regularly checked. The plasma of healthy
subjects and ALF plasma samples were added to HepG2 cul-
tures to assess the hypothesis of their toxicological effects.
HepG2 cultures in a confluent monolayer were kept for 24
hours at 37°C in 24-well plates (5× 104cells/well). Then,
different concentrations of plasma samples (complement
heat-inactivated and noninactivated) diluted in RPMI1640
(0.1%, 1%, and 10%) were added to HepG2 cultures and
incubated for 48 hours. Then, to assess viability, HepG2
cultures were labeled using 5μM of fluorescent vital dye cell
trace in RPMI1640 (CFSE-FITC, Invitrogen®, USA). Nega-
tive proliferation percentage using CFSE-FITC was quanti-
fied by flow cytometry. Positive control of the absence of
cell proliferation was carried out using colchicine at 10μM
[26]. Negative control was performed adding RPMI1640 with
10% fetal bovine serum (FBS) heat-inactivated (57°C, 30min)
in HepG2 culture.

Levels of liver enzymes (ALT and AST) in supernatant of
cell cultures were quantified to assess cellular damage and
apoptosis causedbyALFplasma samples (Diasys®,Germany);
HAV and HBV viral load quantification was performed by
real-time PCR [27, 28]. HepG2 cells were incubated with
α-CD95-FITC (annexin V, clone DX2, BD Pharmingen,
USA). In this assay, HepG2 cells were also kept for 48h,
and positive control was assessed using ascorbic acid
(AA) (70μM) for a 48h incubation [29]. Blockage of
membrane pores was achieved using specific phosphate
saline solution (5% of 0.1M BSA) and not fixed, according
to the previous description [30].

After incubation, cells were analyzed by flow cytometry
in both assays, 20,000 live cells were analyzed using a FACS-
Calibur™ flow cytometer with four fluorescence channels
(FL1-530/30, FL2-585/42, FL3-670LP, and FL4-661/16),
and off-line analysis was performed using FlowJo software
(version 10.0.5) (FlowJo, LLC data analysis software, USA).

2.2.4. Statistical Analysis. Statistical analyses were performed
using Kruskal-Wallis and Dunn’s multiple comparison test.
∗p ≤ 0 05, ∗∗p ≤ 0 01, and ∗∗∗p ≤ 0 001. All statistical analyses
were performed using GraphPad Prism software version 7.

3. Results

3.1. The Lowest C3a Levels Detected in ALF Plasma Samples.
Plasma samples from ALF patients and healthy subjects were
submitted to C3a detection assays. Comparatively, Figure 1
shows superior levels of C3a detected among healthy donors
(both heat-inactivated and noninactivated samples) even
after thermal treatment (p = 0 0419).

3.2. Complement System Was Detected in Liver Samples from
ALF Patients. Comparatively, a significant high percentage of
C3a, C5a, and C5b/9 in labeled liver cells from ALF patients
(Figure 2) was detected in tissue sections.

3.3. ALF Plasma Samples Induce Antiproliferative Activity
and Apoptosis of In Vitro HepG2 Expansion. Impairment of
in vitro HepG2 expansion in the presence of 10% heat-
inactivated (EC50, p = 0 0034) and noninactivated ALF
plasma samples (EC50, p = 0 0153) was observed despite
reduced circulation of C3a in ALF patients, similar to what
was detected in positive controls (colchicine) (Figure 3).
Results are presented in a 10% concentration of plasma
samples diluted in RPMI1640 media.

To evaluate membrane damage in HepG2 cultures, ala-
nine and aspartate aminotransferase levels (ALT and AST)
in supernatant after ALF plasma exposure were measured
and no changes in AST levels were found (data not shown).
ALT levels were significantly higher in heat-inactivated ALF
plasma than in plasma of healthy subjects and noninactivated
ALF plasma, as displayed in Figure 4(a). In addition, we also
explored the viral load of hepatitis A virus (HAV) and hepa-
titis B virus (HBV) in plasma samples used in cell cultures
before and after thermal inactivation and on supernatant
after ALF plasma exposure. No significant changes in viral
load were found before and after thermal inactivation
(p > 0 05), as well as after HepG2 exposure to ALF plasma
samples (p > 0 05) (Table 2).

Subsequently, by extending our analysis to annexin V, the
median percentage of apoptotic cells expressing annexin V
was significantly high in the presence of 10% heat- and non-
inactivated ALF plasma samples compared with that of HS
samples (Figure 4(b)).

4. Discussion

The complement system activation occurs in viral liver dis-
eases [31–35]. Despite preventive measures, some viral liver
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Figure 1: Soluble component C3a of complement system
characterization of plasma samples from acute liver failure patients
(ALF) and healthy subjects (HS) under heat inactivation (heat) and
without heat inactivation.
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diseases are widespread in developing countries causing
acute hepatitis and its worst outcome is acute liver failure
[33, 36]. Here, we confirmed the early impact of ALF plasma
samples on HepG2 proliferation and viability, mimicking
ALF liver environment. Some studies established the effects
of the complement system on liver regeneration; however,
the effective involvement of the components in viral liver
injury and regeneration is still unknown [14, 18].

Our findings displayed a striking loss of C3 levels in
peripheral blood from ALF patients, followed by high

deposition of complement system components, such as
C3a, C5a, and C5b-9 (MAC) in the liver parenchyma (liver
explant) at the time of transplantation. C3 is a major compo-
nent of the complement cascade, present at the early stage of
liver inflammation [37], and C3 can regulate efflux and
metabolism of steroid lipids in hepatocyte proliferation
[18, 38]. In our previous report, plasmatic elevation titers of
systemic inflammatory mediators (TNF-α, IL-6, IL-8, IL-10,
IFNγ, and total mtDNA) were demonstrated in ALF patients
[7, 22, 23, 39]. Similarly, other authors described the synergic
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Figure 2: Liver deposit of anaphylatoxins C3a, C5a, and C5b/9 (MAC): (a) percentage of the area marked with anaphylatoxins in healthy
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(b, e), αC5a (c, f), and αC5b/9 (d, g); the yellow underlined figures are from healthy subjects (b, c, d); the red underlined figures are from
acute liver failure patients (e, f, g). Confocal microscopy zoom was of 400-fold.
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effect of IL-1 beta and IL-6 on C3 mRNA transcription and
C3 secretion in rat hepatocytes [40] since hepatocytes and
Kupffer cells constitutively express receptors for C3 and
C5a [40, 41].

In this study, viral-induced ALF patients with reduced
C3a levels were associated with critical and progressive
clinical conditions (donor shortage) and liver dysfunction.
Similarly, nonviral etiologies [42, 43], LPS/D-GaIN-
induced ALF [9], and chronic hepatitis cases [44, 45] could
be justified by protein aggregates mediated by vitronectin
or clusterin (complement regulatory proteins) [46], limited
to the measurement of the complement components [45].
Displacement of the complement system from peripheral
to central compartments in viral-induced ALF patients
was already described in ALF animal models [15, 18]
which were not exactly similar between animal and human
studies [47]. Additionally, this study highlights that
reduced levels of C3a in plasma from viral-induced ALF
patients could not stimulate division of healthy hepatocytes
since C3a biosynthesis depends on the normal liver func-
tion [32] as discussed by other authors in mouse models
[15]. Hepatic deposition of components found in higher
percentage in ALF liver samples could also suggest
attempts for liver regeneration [18, 38, 48], which were
not successful [10]. Despite the decrease in C3a levels in
the plasma, its function cannot be ignored since it can trig-
ger several cellular communications with different func-
tionalities [13, 49]. On the other hand, lower C3a plasma
levels and liver deposition can be a signal of liver “immu-
nological storm” inducing hepatic damage [9, 32, 44, 45].
Those contradictory aspects discussed here raise the need

for further investigation to understand the immune system
in ALF syndrome.

Surprisingly, we observed a significant increase in C3a
levels when plasma samples from healthy subjects were
heat-inactivated. Contradictorily, some studies demon-
strated that heat may influence [50] or not [51] immuno-
assay results, also associated with antibodies’ interaction
with protein activity after heating [50–52]. In our protocol,
heat inactivation was performed at 57°C for 30 minutes;
some studies described that complete inactivation of com-
plement components in human serum can be effective for
30–60 minutes at 57°C [52, 53]. However, Moore and col-
leagues showed that C3b remained detectable and func-
tional in decreased levels after heat inactivation of human
sera [52].

Relevant weaknesses were identified in this study such as
(i) soluble plasma components (endotoxin, hormones, bile
acid, and other proteins); (ii) the reduced number of patients
enrolled in this study related to the reduced number of liver
transplants now occurring in Rio de Janeiro, Brazil; and
(iii) scarce cases of ALF syndrome (0.5–1% of acute hepatitis
cases [5, 7]).

In addition, we observed that in vitro HepG2 prolifera-
tion exposed to heat- or noninactivated plasma samples from
ALF patients was significantly reduced, confirming our
hypothesis related to the impairment of replicative capacity
of resident hepatocytes. Intriguingly, during the early stages
of liver damage, inflammatory cytokines induce healthy
hepatocyte division [54]; however, during liver failure, its
regenerative process is inadequate to match rapid, confluent
loss of hepatocyte mass and function [8, 10].
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Figure 3: Effect of plasma (10%) from acute liver failure patients (ALF) and healthy subjects (HS) on HepG2 proliferation. Abbreviations:
heat: heat-inactivated; ALF 10% vs. ALF 10% (heat), p = 0 0489.
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Impairment of in vitro cell expansion could trigger the
apoptotic process with massive loss of liver cells in ALF
leading to interruption of liver regeneration, as observed
in our findings (Figures 3 and 4) and described by others
[43, 55, 56]. Other studies also showed plasma effects on
hepatocyte cell lines affecting metabolism [57, 58]. In
addition, heat inactivation may not be enough to abrogate

the function of the complement system in ALF [52]. Also,
biochemical thermal alterations in the complement and
other components together can trigger an apoptotic event
and/or may affect HepG2 cell proliferation [13, 49, 57, 58].

The viral load is another relevant variable that affects
HepG2 proliferation. No significant changes were found in
the viral load before and after ALF exposure. After heat
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Figure 4: Effect of plasma (10%) from acute liver failure patients (ALF) and healthy subjects (HS) on a HepG2 cell line. (a) Measurement of
in vitro alanine aminotransferase (ALT): FBS 10% (heat) vs. ALF 10%, p = 0 0265; FBS 10% (heat) vs. ALF 10% (heat), p = 0 0014.
(b) Apoptosis evaluation. Abbreviations: FBS: fetal bovine serum; AA: ascorbic acid; heat: heat-inactivated.

Table 2: Viral load obtained from plasma samples and HepG2 cell culture after ALF plasma exposure before and after heat inactivation.

Viral
hepatitis

Viral load
on plasma
samples

Viral load on
plasma samples
(heat-inactivated)

Viral load on
supernatant
from HepG2

cells

Viral load on
supernatant from

HepG2 cells
(heat-inactivated)

Plasma samples vs.
plasma samples
(heat-inactivated)

(p value)

Viral load on supernatant from
HepG2 cells vs. viral load on
supernatant from HepG2
cells (heat-inactivated)

(p value)

A 3.27± 0.43 2.58± 0.53 3.24± 0.81 2.48± 0.48 0.062 0.250

B 3.97± 0.32 3.73± 0.45 3.64± 0.32 3.28± 0.41 0.120 0.094

Legend: viral load data was expressed as log10 copies/mL and mean ± SE.
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inactivation, a slight decrease in the viral load was observed
(Table 2), as described by others [59]. Probably, viable parti-
cles were not present in those samples, since plasma samples
with no more than 4 log10 copies/mL were selected for this
study, and HepG2 cell lines were not susceptible to HBV or
HAV replication [60–62].

Our results raise the possibility of C3 as a target for new
therapeutic approaches based on C3 function in hepatocytes
for liver regeneration attempts. Although we cannot predict
possible influence efficacy in this type of therapy, the knowl-
edge of C3 effects on immortalized human hepatocyte cell
lines could be useful to assess hepatocyte regeneration. It is
noteworthy that other components (phosphate, creatinine,
bile acid, and reactive oxygen species, among others) need
further investigation since soluble factors are associated with
fulminant hepatitis outcome [63–66]. However, we are
studying an in vitro system using human samples to assess
the role of primary complement component (C3a) in liver
environment simulation.

Finally, lower levels of complement C3 in viral-induced
ALF followed by a high frequency of C3a, C5a, and C5b/9
deposition in the dysfunctional liver parenchyma combined
with higher HepG2 susceptibility suggest that therapies tar-
geting the complement pathway should be further investi-
gated to control liver regeneration/damage in fulminant
hepatitis caused by viral hepatitis. Animal models should be
the next very useful step to monitor ALF therapy since
knockout studies using anticomplement antibodies, small
interfering RNAs, and recombinant complement protein
may be useful to evaluate the function of complements on cell
proliferation and apoptosis.
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Nature killer (NK) cells play a critical role in host innate and adaptive immune defense against viral infections and tumors. NK cells
are enriched in liver hematopoietic cells with unique NK repertories and functions to safeguard liver cells against hepatitis virus
infection or malignancy transformation. However, accumulating evidences were found that the NK cells were modulated by
liver diseases and liver cancers including hepatocellular carcinoma (HCC) and showed impaired functions failing to activate the
elimination of the viral-infected cells or tumor cells and were further involved in the pathogenesis of liver injury and
inflammation. The full characterization of circulation and intrahepatic NK cell phenotype and function in liver disease and liver
cancer has not only provided new insight into the disease pathogenesis but has also discovered new targets for developing new
NK cell-based therapeutic strategies. This review will discuss and summarize the NK cell phenotypic and functional changes in
liver disease and HCC, and the NK cell-based immunotherapy approaches and progresses for cancers including HCC will also
be reviewed.

1. Introduction

Liver is a vital organ in human; however, many people suf-
fered from liver disease and liver cancers, such as hepatocel-
lular carcinoma (HCC) which is one of the leading causes of
cancer-related death worldwide [1]. The incidence of several
major types of cancer, such as lung cancer, colon cancer, and
prostate cancer, decreased in recent decade. In contrast, the
incidence of HCC increased year by year [1]. In addition,
the mortality rate of HCC is similar to the incidence rate
which indicates that effective treatments for HCC are lacking
in clinic [2, 3]. The major risk factors causing HCC include
chronic viral infection, alcohol-related cirrhosis, and nonal-
coholic steatohepatitis (NASH) [4]. Chronic hepatitis B virus
(HBV) and hepatitis C virus (HCV) infections account for
most of HCC cases worldwide [4, 5]; however, NASH will
likely become a leading cause of HCC in the future, as the
successful HBV vaccination and effective anti-HCV drugs
will significantly reduce the number of chronic viral hepatitis
patient in the near future [6–8].

In recent decades, accumulating evidences supported that
the liver is also an immunological organ with predominant

innate immunity [9–11]. The liver is enriched with innate
immune cells including Kupffer cells, nature killer (NK) cells,
NK T cells, and γδ T cells. These cells are critical in host
defense against invading pathogens, liver injury and repair,
and tumor development [11]. NK cells have been originally
described as innate immune cells that are involved in the
first line of immune defense against viral infections and
tumors. In human, NK cells are phenotypically defined
as CD3−CD56+ large granular lymphocytes. Recently, a
population of liver-resident NK cells was defined as
CD49a+DX5− NK cells in mice. These cells originated
from T hepatic hematopoietic progenitors and showed
memory-like properties [12, 13]. The counterpart of these
liver-resident NK cells was also characterized in human
[14, 15]. The functions of NK cells are strictly regulated
by the balance of activating receptors and inhibitory recep-
tors interacting with target cells. These receptors can bind
to specific ligands; for example, the major histocompatibility
complex class (MHC-1) is expressed on healthy hepatocytes,
which interacts with inhibitory receptors on NK cells and
prevents the activation of NK cells. NK cells can directly
eradicate infected cells or tumor cells lacking of MHC-1
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molecule expression [16]. Once MHC-1 is downregulated by
viral infection or tumorigenesis on the hepatocytes, the NK
cells will loss the inhibitory signal controlled by the interac-
tion of the NK inhibitory receptor with the MHC-1 complex,
and the NK cells will be activated to kill infected hepatocytes.
In the liver, the percentage of NK cells in total lymphocytes is
around 5 times higher than the percentage in peripheral
blood (PB) or spleen; thus, the NK cells were considered to
play a very important role in the prevention of HCC and
therefore were considered a potential cell therapy resource
for the treatment of HCC [17].

In this review, we will summarize the phenotypes and
functions of NK cells in chronic viral hepatitis, alcoholic liver
disease, NASH, and HCC, and the progresses in NK cell-
based immunotherapy for cancers but not limited to HCC
are also reviewed.

2. NK Cells in Chronic Viral Hepatitis

Chronic viral hepatitis including HBV and HCV is the
leading cause for the development of liver cirrhosis and
subsequent HCC. HBV and HCV are pathogen replicate
and grow inside of hepatocytes which alter the surface
molecule for the interaction with NK cells. NK cells are
critical in the early immune response for the clearance of
virus. In chronic HBV and HCV patients, the percentage of
circulating PB NK cells was lower than that in healthy
controls [18–21]. In addition, the production of proinflam-
matory cytokines such as interferon gamma (IFN-γ) and
tumor necrosis factor-α (TNF-α) by NK cells was decreased
in chronic HBV and HCV patients [18, 19, 22]. However,
the impact of chronic viral infection on the cytolytic activity
of NK cells was controversial. Several reports showed that
NK cytolytic effector function was not changed [18, 20],
while other researchers observed impaired NK cytolytic
activity [23–25]. The differences between these studies were
probably due to the lack of standardized protocol and
reagents as well as the heterogeneity of patients. The pheno-
type of NK cells between HBV and HCV patients was
different, and NK cells showed an increase in the activating
receptor NKG2D expression and a decrease in inhibitory
receptor expression phenotype in chronic HCV patients,
while in chronic HBV patients, the percentage of activating
NKG2C+ NK cells increased and the inhibitory receptor
expression was normal [18]. The reduced percentage and
impaired function of NK cells in chronic viral hepatitis
patients were believed to contribute to the disease progres-
sion and the transformation of HCC.

3. NK Cells in Alcoholic Liver Disease

Alcoholic liver disease is caused by alcohol abuse and also
considered a major cause for cirrhosis and HCC, and around
half of liver cirrhosis was related to alcohol [26]. NK cells
were shown to play a critical role in resolving fibrosis by
directly killing activated hepatic stellate cells (HSCs) and
inducing HSC apoptosis by the production of IFN-γ
[27]. However, chronic exposure to alcohol reduced the
expression of NKG2D, tumor necrosis factor-related

apoptosis-inducing ligand (TRAIL), and IFN-γ on NK
cells, which subsequently abrogated the antifibrotic effects
of NK cells [28, 29]. In addition, the suppression of NK
cell activation by chronic alcohol consumption was sup-
ported by several studies [30–32]. The elevation of NKG2D,
granzyme B, perforin, Fas ligand (FasL), TRAIL, and IFN-γ
expression in NK cells by poly I:C stimulation was blocked
in ethanol diet-fed mice [30]. More evidence and further
study are needed to confirm whether the impairment of NK
cell function by chronic alcohol consumption contributes to
the development of alcohol-related HCC.

4. NK Cells in NASH

Although the incidence of chronic viral hepatitis decreases
benefiting from the vaccinations and the advanced clinical
therapies, the incidence of HCC gradually increases in
developed countries. The nonalcoholic fatty liver disease
(NAFLD) and NASH become two of the leading causes of
HCC. However, there were only very limited studies about
the role of NK cells in the pathogenesis of NAFLD and
NASH. Less circulating PB NK cells and cytotoxic ability
were found in patients with obesity than in healthy controls
[33]. In contrast, another report showed that NK cell-
derived mediators such as NKG2D and TRAIL mRNA levels
were increased in NASH patients [34]. In a recent study,
DX5+ NKp46+ NK cells were found to be increased in a
NASH mouse model. Moreover, these NKp46+ NK cells
regulate M1/M2 polarization of liver macrophages and
inhibit the development of liver fibrosis in the NASH model
[35]. So, how the dysregulation of NK cells in NASH contrib-
utes to HCC development is still largely unknown.

5. NK Cells and HCC

As we discussed above, NK cells are enriched in healthy liver,
and they play critical roles in the surveillance of HCC. Similar
to chronic viral hepatitis, the number of peripheral NK cells,
especially CD56dimCD16+ NK cells, dramatically reduced in
HCC patients [36, 37]. The NK cell number in the liver
tumor area was also less than the NK cell number in the
nontumor area and showed impaired cytotoxic ability as well
as IFN-γ production [36, 38]. Moreover, the number of
infiltrating and CD56+ NK cells positively correlated with
HCC cancer cell apoptosis and patient survival [39, 40].
Several mechanisms had been proposed to explain the defect
of the NK cell number and function in HCC; for example,
infiltrated monocytes/macrophages in the peritumoral area
induced rapid activation of NK cells. These activated NK cells
then became exhausted and eventually died which was medi-
ated by the CD48/2B4 interactions [38]. Myeloid-derived
suppressor cells (MDSCs) may also interact with NK cells
in HCC patients. MDSCs from HCC patients directly
inhibited cytotoxicity and cytokine production of NK cells
in a contact-dependent manner [41]. In addition, fibroblasts
derived from HCC triggered NK cell dysfunction which was
mediated by indoleamine 2,3-dioxygenase (IDO) and prosta-
glandin E2 (PGE2) produced by the HCC cells, and these two
natural immunosuppressants downregulate activating NK
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receptors [42]. Taken together, multiple mechanisms were
involved in the NK cell malfunction, resulting in the develop-
ment of HCC, and the lack of the NK cell number and the
defects in function of NK cells facilitated the escape of tumor
cells from immune surveillance.

6. NK Cell-Based Immunotherapy for Cancer

As we discussed above, NK cells, as a type of innate immune
cell, are rapidly mobilized and serve as the first-line immune
responders against viral-infected cells and tumor cells; how-
ever, the NK cells usually become inhibited in many cancers
including HCC. Studies have been performed to explore NK
cell-based immunotherapy for cancers. These approaches
include either endogenous stimulation of the NK cells in
patients, such as administration of cytokines to activate NK
cells in cancer patients and treatment of the patients with
antibodies that target the NK inhibitor receptor or check-
point protein to activate NK cells or agonist of NK cell
activating receptors, or adoptive NK cell transfer to the
cancer patients. The therapeutic effects and progresses of
these approaches will be reviewed in this article.

6.1. Cytokine Treatment to Increase the Cytotoxicity of NK
Cells. Interleukin-2 (IL-2) was the first FDA-approved cyto-
kine to boost cytotoxicity of NK cells [43]. However, IL-2
can act not only on NK cells but also on T cells including reg-
ulatory T cells (Tregs) which may inhibit NK cell function.
Depletion of Tregs improved NK cell proliferation and out-
come in acute myeloid leukemia (AML) therapy [44]. Several
strategies were used to improve the efficiency of IL-2, includ-
ing a modified IL-2 called “super-2” which can activate NK
cells and cytotoxic CD8 T cells but not Tregs [45]. The fusion
protein of IL-2 and NKG2D ligand only activated on
NKG2D-expressing NK cells but on T cells [46].

Interleukin-15 (IL-15) is another cytokine to boost NK
activity and increase cytotoxicity of both NK cells and
CD8+ T cells without activating Tregs [47]. IL-15 treatment
significantly increased the number of NK cells in both mouse
model and human patients [48, 49]. Several IL-15 fusion
proteins or modified IL-15 have been developed to increase
their stability and efficiency [50–52]. The clinical trials for
the antitumor effect of IL-15, modified IL-15, and IL-15
fusion proteins are ongoing.

6.2. Antibodies to Modulate the NK Cytotoxic Function. Killer
cell immunoglobulin-like receptors (KIRs) are expressed on
NK cells and a minority of T cells [53]. KIRs bind with
MHC-1 molecules to control the cytotoxic function of these
immune cells. NK cells express both inhibitory KIR and
activating KIR. The balance between the NK KIR inhibitory
signal and KIR activating signal defines the NK effector
function. Tumor cell-derived MHC-1 or class I-like mole-
cules usually bind to KIR to inhibit NK cell activation [54].
Antibodies against inhibitory KIR showed promising effects
on promoting NK cell cytotoxicity in mouse models [55].
However, the clinical trial did not show favorable effects of
the KIR2D (an activating KIR receptor) antibody IPH2101
in multiple myeloma (MM) patients [56]. The lack of

efficiency of the KIR2D antibody IPH2101 was probably
due to the depletion of KIR2D-expressing NK cells by the
antibody. The combination of lenalidomide, an immuno-
modulatory drug that can activate NK cells, with IPH2101
showed promising beneficial effects on MM patients in a
phase I clinical trial [57].

Another NK receptor target to improve the cytotoxic
function of NK cells is NKG2A. NKG2A is expressed in NK
and CD8+ T cells as an inhibitor receptor. The heterodimer
of NKG2A and CD94 can bind to HLA-E which is usually
upregulated in tumor cells [54]; therefore, the tumor cells
escaped the NK by this inhibitory signal. An antibody
targeting NKG2A showed increased NK cell cytotoxicity
and reduced disease progression in human primary leukemia
or Epstein-Barr virus cell line-infused mouse model [58]. The
clinical trial is ongoing to evaluate its safety and efficiency for
cancer therapy.

Programmed cell death protein 1 (PD-1) is a well-known
immune checkpoint of T cells. It is a cell surface receptor; the
integration with its ligand on target cells suppresses the T cell
activation and plays an important role in downregulating the
immune system. Recently, the PD-1 receptor is found to be
highly expressed on PB and tumor-infiltrating NK cells from
patients with multiple myeloma (MM) and with digestive
cancers including esophageal, colorectal, biliary, gastric, and
liver cancers [59]. In the digestive cancer study, the investiga-
tors showed that PD-1 upregulation on NK cells correlated
with poorer disease outcome in esophageal and liver cancers.
In both the MM study and the digestive cancer study, PD-1-
blocking antibody could increase the NK cytotoxic function
in vitro targeting the tumor cell line or primary cancer cells.
Moreover, the PD-1 antibodies inhibited the tumor growth
in a xenograft mouse model [59]. These findings suggested
that PD-1 blockade might be an efficient strategy in NK
cell-based tumor immunotherapy.

In a recent study, Zhang et al. have found that the
checkpoint inhibitory receptor TIGIT (“T cell immunoglob-
ulin and immunoreceptor tyrosine-based inhibitory motif
domain”) was highly expressed on the exhausted tumor-
(colorectal cancer) associated infiltrating NK cells. Monoclo-
nal antibody-mediated blockade alone which targets TIGIT
or in combination with the antibody against the PD-1
ligand PD-L1 increased the antitumor activity of both
NK cells and T cells in preclinical mouse models and effi-
ciently delays tumor growth [60]. Therapeutic strategies
combining multiple blocking antibodies to treat cancer
patients with NK cell exhaustion may improve the therapeu-
tic efficacy, although the side effect of the antibody treatment
needs to be carefully evaluated.

6.3. Agonist of NK Cell Activating Receptors. NK cells express
a variety of activating receptors that play critical roles in reg-
ulating NK cell function. Major activating receptors on NK
cells were well studied such as NKG2D, NKp30, NKp44,
NKp46, and NKp80 [61]. Induction of NK cell activation to
release cytokines or direct kill target cells requires combina-
torial activating receptor synergy [62]. Activating receptor
downregulation is observed in cancer patients and was corre-
lated with poor disease outcomes [63–66]. It is believed that
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the tumor cells express a high soluble amount of activation
receptor ligand that induced the downregulation of activa-
tion receptors on NK cells in the patients [66–68]. Modulat-
ing NK cell activating receptor expression by neutralizing
their soluble ligand secreted by tumor cells in patients is a
potential clinical therapeutic strategy.

6.4. Adoptive Transfer of NK Cells. NK cell adoptive transfer
therapy requires the NK ex vivo expansion, in vivo long
persistence, maximal in vivo activity, and NK cell killing
specificity. The source of NK cells for adoptive transfer
therapy can be autologous or allogeneic PB NK cells, stem
cell-derived NK cells, and NK cell lines such as NK-92 and
KHYG-1. Fresh or expanded NK cells derived from patients
(autologous) failed to show improved clinical outcome in
several types of cancers [69, 70]. The reason was that these
transferred NK cells remained in circulation rather than in
tumor tissue [69]. In contrast, NK cells derived from a
healthy donor (allogeneic) showed a positive response in
AML patients [71], and the following studies also showed
encouraging results by using haploidentical NK cells for both
elderly and pediatric AML patients [72–74]. The clinical
efficacy of the allogeneic NK cell adoptive immunotherapy
to treat solid tumors has also been evaluated by several
groups [75–77]. Lin et al. had reported that percutaneous
cryoablation combined with allogeneic NK adoptive transfer
significantly increased the median progression-free survival
of advanced HCC patients [75]. And multiple allogeneic
NK cell infusion was associated with better prognosis in
advanced cancers, including advanced HCC [75] and stage
III pancreatic cancer [76]. Allogeneic NK cell immunother-
apy for advanced non-small-cell lung cancer also showed a
significant benefit in clinic [77]. The successful allogeneic
NK cell adoptive transfer therapy may depend on the
protocol for isolation and expansion and the purity of NK
cells [78–80].

To increase the killing specificity and efficiency of NK
cell-based immunotherapy, several genetic modification
approaches have been developed. The genetic modification
for NK cells was not as easy as that for other immune cells
such as T cells due to the resistance to retroviral infection.
Several strategies were explored to improve the efficiency
for transfection in NK cells [81, 82]. The introduction of
CD16a, IL-15, and IL-2 in NK cells may increase the prolifer-
ation, activation, and cytotoxicity of NK cells [83–85].
Recently, the successful application of the chimeric antigen
receptor (CAR) in T cells was adopted in NK cells to increase
the specificity and efficiency of NK cell immunotherapy.
Compared with CAR-T cells, CAR-NK cells were short lived,
which reduced the risk for autoimmunity and tumor trans-
formation. The cytokines released from NK cells such as
IFN-γ and granulocyte-macrophage colony-stimulating
factor (GM-CSF) were safer than the cytokine storm in
CAR-T cell therapy [86]. As we mentioned above, due to
the difficulties in expansion and transduction of primary
NK cells, the only FDA-approved cell line for use in clinical
trials, NK-92, was considered an ideal NK cell source for
CAR-NK cell therapy [87–89]. ErbB2/HER2-specific
CAR-NK-92 cells showed very encouraging efficiency in

target therapy of glioblastoma in an animal model [90].
CD19-specific CAR-NK-92 cells were sufficient to lyse
CD19+ B-precursor leukemia cell lines as well as lympho-
blasts from leukemia patients [91, 92]. In a preclinical study,
CD5 CAR-NK-92 cells shows consistent, specific, and potent
antitumor activity against T cell leukemia and lymphoma cell
lines and primary tumor cells [93]. For the HCC, the first
report was published very recently; glypican-3- (GPC3-) spe-
cific CAR-NK-92 cells showed potent antitumor activities in
multiple HCC xenografts with both high and low GPC3
expressions. As expected, the GPC3 CAR-NK-92 cells did
not show cytotoxicity to GFP3-negative HCC cells [94].
Currently, 9 clinical trials are ongoing to evaluate the safety
and efficiency of CAR-NK cells, of which 7 trials are used
for leukemia or lymphoma and 2 trials are for solid tumor.
In the current preclinical study, some other NK sources are
under investigation [95], such as the NK cells derived from
hematopoietic progenitor cells [96] or from cord blood, and
expanded in vitro with the aAPC K562-based system [97].

7. Summary

NK cells have been discovered for more than 40 years [98];
however, how to manipulate NK cells for the therapy of
diseases remains elusive. The impairment of the function of
NK cells was observed in many types of liver diseases
including chronic viral hepatitis, alcoholic and nonalcoholic
steatohepatitis, and HCC. Several approaches have been
developed to boost the activity of NK cells for therapeutic
purpose, but most of these studies are still in a preclinical
stage. With the success of ex vivo genetic modification of T
cells in the therapy of leukemia, it is promising that the
similar strategy, as wells as other approaches to regulate the
balance between activating and inhibitory receptors in NK
cells, might also lead to the successful treatment for various
liver diseases including HCC.
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Dendritic cells (DCs) harboring tumor-associated antigen are supposed to be a potential immunotherapy for hepatocellular
carcinoma (HCC). Aspartate-β-hydroxylase (AAH), an overexpressed tumor-associated cell surface protein, is considered as a
promising biomarker and therapeutic target for HCC. In this study, we constructed adenovirus vector encoding AAH gene by
gateway recombinant cloning technology and preliminarily explored the antitumor effects of DC vaccines harboring AAH.
Firstly, the total AAH mRNA was extracted from human HCC tissues; the cDNA was amplified by RT-PCR, verified, and
sequenced after TA cloning. Gateway technology was used and the obtained 18T-AAH was used as a substrate, to yield the final
expression vector Ad-AAH-IRES2-EGFP. Secondly, bone marrow-derived DCs were infected by Ad-AAH-IRES2-EGFP to yield
AAH-DC vaccines. Matured DCs were demonstrated by increased expression of CD11c, CD80, and MHC-II costimulatory
molecules. A dramatically cell-killing effect of T lymphocytes coculturing with AAH-DCs on HepG2 HCC cell line was
demonstrated by CCK-8 and FCM assays in vitro. More importantly, in an animal experiment, the lysis effect of cytotoxic T
lymphocytes (CTLs) on HepG2 cells in the AAH-DC group was stronger than that in the control groups. In conclusion, the
gateway recombinant cloning technology is a powerful method of constructing adenovirus vector, and the product Ad-AAH-
IRES2-EGFP may present as a potential candidate for DC-based immunotherapy of HCC.

1. Introduction

Hepatocellular carcinoma (HCC) is a common malignant
tumor, and despite curable strategies such as resection or
liver transplantation, patients with advanced HCC continue
to present a poor outcome [1, 2]. Although sorafenib has
been shown to improve survival of advanced HCC patients,
it ultimately failed to show any improvement in outcomes
for the treatment of HCC in randomized studies. The clinical
trials of new drugs including lenvatinib, regorafenib, and
pembrolizumab have shown promise; however, more

convictive clinical evidences are still needed [3]. Therefore,
there is a clear need for new therapeutic approaches for HCC.

Aspartate-β-hydroxylase (AAH) is a highly conserved
type II transmembrane protein and a kind of α-ketogluta-
rate-dependent dioxygenase. Currently, AAH has been
found highly expressed in a variety of human malignancies
including HCC, cholangiocellular carcinoma, and breast,
pancreatic, and non-small lung cancer [4–7]; however, it is
rarely expressed in normal tissues and lowly expressed in
tumor-adjacent tissues [4]. Previous researches have demon-
strated that overexpression of AAH strikingly increases
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motility and invasiveness of HCC cell lines [8]. Xian et al. [9]
reported that AAH overexpression was detected in 150 of 161
patients with HCC, and higher expression levels of AAH cor-
related significantly with the presence of intrahepatic metas-
tasis and the progression of histological grades. Another
clinical study showed that overexpression of AAH is associ-
ated with worse clinical outcomes in HCC patients after sur-
gery [10]. The research of Aihara et al. [11] has demonstrated
that small molecule inhibitors of AAH produce antitumor
effect in HCC. As a conclusion, AAH could be considered
as a prognostic maker and therapeutic target for HCC.

After forty years of research, it is generally realized that
dendritic cells (DCs), the most powerful professional
antigen-presenting cells, are the center part of the immune
system, because of their ability to control both immune toler-
ance and immunity. The application of DCs loaded with
tumor-associated antigen (TAA) is supposed to be a promis-
ing approach in the prophylaxis and therapy of malignant
tumors. The prophylactic and therapeutic effect of DC-
mediated tumor vaccines has been successfully confirmed
in mouse models. Besides, the history of application of ther-
apeutic DC vaccines in cancer patients has been more than a
decade. To date, several new-type DC vaccines have success-
fully gained entry to phase III clinical trials; however, the
most appropriate indication for these vaccines is melanoma
[12]. Delivering TAA into DCs in vitro needs the help of vec-
tors. Diverse tools including cytoplasmic transduction pep-
tide delivery system, microbial components, plasmids, and
virus have been developed [13–16]. In this study, our aim
was to construct a novel adenovirus (Ad) vector encoding
AAH gene and to preliminarily explore the potential antitu-
mor activity of DCs loaded with AAH against HCC.

2. Materials and Methods

2.1. Primer Designing and Polymerase Chain Reaction (PCR)
Amplification of DNA Fragments. Primers (Table 1) were syn-
thesized according to the human AAH gene sequence (Gen-
Bank accession number 004318) and obtained commercially
from the manufacturer (Invitrogen, USA, HG1606160040).
Total mRNA was extracted from human HCC tissues

(supplied by the Hepatobiliary Surgery Department of the
First Affiliated Hospital of Chongqing Medical University).
PCR amplification system included 5x PrimeSTAR® GXL
Buffer 10μl, dNTP mixture 1μl, forward primer 0.5μl,
reverse primer 0.5μl, PrimeSTAR GXL for RT-PCR 2μl,
DNA 2μl, and RNase-free dH2O 34μl. PCR amplification
conditions were as follows: 98°C for 10s; 68°C for 15 s;
68°C for 2min, 30 cycles; and 4°C for 3min. Subsequently,
PCR products were cloned into pMD18-T vector using a
TA cloning kit (Takara, Japan, R023A) and sequenced. The
plasmid 18T-AAH obtained by TA cloning would be used
as templates for the following PCR amplification.

2.2. Construction of Ad Vectors by Gateway Technology.
Firstly, 18T-AAH and plasmid internal ribozyme entry site-
2/enhanced green fluorescent protein (pIRES2-EGFP) were
used as templates, respectively; the products attB1-AAH
and attB2-IRES2-EGFP were amplified by PCR. Secondly,
the objective DNA fragments flanked by attB sites were
obtained by PCR amplification using the primers shown in
Table 2. Finally, recombinant Ad vector encoding AAH was
produced by gateway technology according to the manufac-
turer’s instruction (Takara, Japan, R023A). Briefly, in the
BP reaction, PCR products before-mentioned were inserted
into the donor vector with the attP sites (Figure 1(a)) yielding
the shuttle vector, containing the gene of interest flanked by
the attL sites. Then, in the LR reaction, the shuttle vector
was integrated into the destination vector (pAd CMV/V5-
DEST) (Figure 1(b)) containing the attR sites producing the
final expression constructs (Ad-AAH-IRES2-EGFP). The
brief flow chart was shown in Figures 1(c) and 1(d). The final
products were also transformed into competent E. coli DH5α
and positively selected by DNA sequencing.

2.3. Ad Packaging and Amplification. The recombinant plas-
mid Ad-AAH-IRES2-EGFP was linearized by PacI and deliv-
ered into HEK293 cells for Ad packaging and amplification.
HEK293 cells were seeded at 4.5× 105 cells per well into a
6-well plate with DMEM media containing 10% fetal bovine
serum (FBS) (Gibco, USA, 10099141) and 1% penicillin
streptomycin at 37°C in a humidified atmosphere of 5%
CO2. The infection process was accomplished according to

Table 1: PCR primer sequences of the AAH gene for DNA ligating.

Primer name Sequence (5′→3′) Amplification fragments

AAH-F ATCATCCTCGAGGCCACCATGGCCCAGCGTAAGAATGCCAAG
2277 bp

AAH-R ATCATCGGATCCCTAAATTGCTGGAAGGCTGCGTCTCTGCT

Table 2: PCR primers for AAH and IRES2-EGFP fusion.

Primer name Sequence (5′→3′)
attB1-AAH GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGCCACCATGGCCCAGCGTAAGAATGCCAAGAGC

IRES2-AAH-2277R GTTAGGGGGGGGGGAGGGAGAGGGGCCTAAattGCTGGAAGGCTGCGTCTCTGCT

AAH-IRES2-1F AGCAGAGACGCAGCCTTCCAGCAattTAGGCCCCTCTCCCTCCCCCCCCCCTAAC

attB2-EGFP GGGGACCACTTTGTACAAGAAAGCTGGGTCTTACTTGTACAGCTCGTCCATGCCGAGAGTG
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Figure 1: Images of vectors and brief flow chart of gateway cloning method. (a) Donor vector pDONR221. (b) Destination vector pAd CMV/
V5-DEST. (c) The BP recombinant (attB× attP→ attL× attR). (d) The LR recombinant (attL× attR→ attB× attP).
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the instruction of Lipofectamine 2000 transfection handbook
(Invitrogen, USA). Postinfected HEK293 cells represented a
significant cytopathic effect (CPE) at day 8 and were cracked
by repeated freezing and thawing between 37°C and −80°C
for three times aiming to release the viral particles. The
supernatants containing virus was collected and stored at
−80°C. The titer of Ad-AAH-IRES2-EGFP was detected by
immunoassay. In brief, HEK293 cells were seeded into a
24-well plate at a concentration of 3× 105 cells/well. Subse-
quently, the virus was diluted at a dilution range from
10−2 to 10−6 by DMEM medium and infected HEK293
cells, respectively. After 48 h incubation, AAH polyclonal
antibody (1 : 1000, Proteintech, USA, 271391) was added
into each well. The infected cells represented an obvious
brown color after 3,3′-diaminobenzidine solution dyeing,
then the titer was calculated by the formula: mean positi
ve cells/per f ield × f ields/per well / volume of virus × dilut
ion ratio .

2.4. Construction of AAH-DC Vaccine. In brief, the bone
marrow was flushed from the femurs, and the tibias of
C57BL/6 mice were depleted of erythrocytes with lysis buffer.
The cells obtained were cultured in a 6-well plate with RPMI-
1640 media containing 10%FBS, 10 ng/ml recombinant
murine GM-CSF (PeproTech, USA, 081455), and 10ng/ml
recombinant murine IL-4 (PeproTech, USA, 081449). Half
of the media were replaced with fresh cytokine-containing
(rmGM-CSF and rmIL-4) media at a one-day interval. On
days 5 and 6, 10 ng/ml recombinant murine TNF-α (Pepro-
Tech, USA, 061454) was added to the media. On day 7,
nonadherent cells were harvested, resuspended in sterile
phosphate-buffered saline (PBS), and seeded onto a 12-
well plate at a density of 5× 105 cells/well. Ad-AAH-
IRES2-EGFP was added to the well at a multiplicity of
infection (MOI) of 200. After 48 hours of incubation,
AAH-loaded DCs were obtained. DCs incubated with
empty vector Ad-IRES2-EGFP (supplied by the manufac-
turer) or alone served as the control.

The phenotype analysis of maturated DCs was identi-
fied by flow cytometry (FCM). At 36 h postinfection,
DCs were collected and adjusted into a concentration of
1× 106/ml in 0.2ml PBS. Cells were cocultured with anti-
mouse CD11c-PerCP-Cy5.5 (eBioscience, USA, 450114),
CD80-PE (eBioscience, USA, 120801), and MHC-II-APC
antibodies (eBioscience, USA, 175321) at 4°C for 30min.
The cells were then washed twice with PBS buffer; the expres-
sion of mature markers of DCs was analyzed using FCM.

2.5. Cell-Killing Effect In Vitro. At first, splenic T cells derived
from C57BL/6 mice were cultured in a 6-well plate at 1× 106
cells/well with complete RPMI-1640 media, then cocultured
with AAH-DC vaccines, GFP-DC vaccines, and blank DC
vaccines at a ratio of 1 : 20, respectively. The three kinds of
mix-cultured cells were severally harvested after 72 hours of
incubation and used as the effector cells.

The human HCC cell line HepG2, highly expressing
AAH, was maintained in DMEM medium supplemented
with 10% FBS. The cellular proliferation activity was
detected by cell counting kit-8 (CCK-8) (Genview, USA,

GK3607) assay. Briefly, HepG2 cells were used as the tar-
get cells, cultured in a 96-well plate at 3× 103 cells per
well, and mixed with effector cells obtained from each of
groups abovementioned at effector-to-target (E/T) ratios
of 40 : 1, 20 : 1, 10 : 1, or 5 : 1. After 24 hours of cocultiva-
tion, the supernatants were removed and the adherent
cells were gently washed once by sterile PBS buffer. The
CCK-8 solution was added to all the wells according to
the directions of the manufacturer. The OD value was
detected at 450nm by applying a microplate reader.
HepG2 cells alone were used as the blank control group.

On the other hand, HepG2 cells were seeded in a 6-well
plate at 1× 105 cells/well, cocultured with different kinds of
effector cells aforementioned at a ratio of 40 : 1. HepG2 cells
alone were also used as control. After 24 hours of incubation,
the supernatants were removed. The four groups of target
cells were harvested, dissociated with 0.25% trypsin, and
resuspended in Annexin V-FITC/PI binding buffer. The cel-
lular apoptosis rate of target cells was detected by FCM.

2.6. Lactate Dehydrogenase (LDH) Release Assay. 6~8-week-
old female C57BL/6 mice, purchased from the Animal
Experimental Center of Chongqing Medical University, were
maintained under individual ventilated cage (IVC) condi-
tions, fed standard chow, and supplied with sterilized water.
All the procedures were approved by the Ethics Committee
of the First Affiliated Hospital of Chongqing Medical Univer-
sity. All the mice were in deep anesthesia by diethyl ether and
euthanized by high concentration of CO2 inhalation. C57BL/
6 mice were randomly divided into five groups (3 mice/
group): (1) AAH-DC group, the mice were immunized by
subcutaneous injection with 1× 106 AAH-DCs in 0.1ml
PBS; (2) GFP-DC group, the mice were immunized by subcu-
taneous injection with 1× 106 GFP-DCs in 0.1ml PBS; (3)
DC group, the mice were subcutaneously injected with
1× 106 noninfected DCs in 0.1ml PBS; (4) PBS group, the
mice were subcutaneously injected with 0.1ml sterile PBS;
and (5) AAH group, Ad-AAH-IRES2-EGFP alone in a vol-
ume of 0.1ml was used to perform the immunization. The
injection was given three times at a 7-day interval. The
splenic T cells derived from C57BL/6 mice of each group
were, respectively, acquired after the last immunization.

Cytotoxic function of the T cells was determined accord-
ing to LDH Cytotoxicity Assay Kit (Beyotime, China,
092017170925). All steps were performed following the man-
ufacturer’s instructions. Briefly, the activated T lymphocytes,
obtained after coculturing with 25μg/ml mitomycin-C-
treated HepG2 cells and 5ng/ml recombinant murine IL-2
(Peprotech, USA, 0608108) for 72 hours, were regarded as
the effector cells. HepG2 cells were used as target cells, seeded
on a 96-well plate at a density of 4× 103 cells/well, and cocul-
tured with effector cells at the E/T ratios of 50 : 1, 100 : 1,
200 : 1, and 400 : 1 in a total volume of 200μl/well for 24
hours of incubation. The spontaneous release of LDH by tar-
get cells or effector cells was assayed by incubation of target
cells or effector cells alone, respectively. The maximum
release of LDH was determined by mixing the target cells
with lysis solution. The supernatants were measured by
LDH working solution, and absorbance was detected at
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490nm using a microplate reader. The cellular lysis rate was
calculated as the following formula: cytotoxicity % = OD
experimental −OD ef fector spontaneous −OD target s
pontaneous / OD targetmaximum −OD target spontane
ous × 100.

2.7. Statistical Analysis. The results were expressed as means
± SD and analyzed with SPSS 21.0 statistical software package
(SPSS Inc., Chicago, IL, USA). Data was analyzed by one-way
analysis of variance (ANOVA) followed by a LSD t-test when
comparing more than two groups. P < 0 05 was considered
significant.

3. Results

3.1. Amplification of AAH Gene by PCR. The DNA fragment
of the AAH gene was amplified by reverse transcription poly-
merase chain reaction (RT-PCR). The expected band size was
of 2270 bp. According to gradient PCR, 68°C was found as
the optimum annealing temperature (Figure 2).

3.2. Identification of Ad Vector Encoding AAH. The recombi-
nant Ad vector encoding AAH identified by PCR and
DNA sequencing was selected and packaged into
HEK293 cells. After 13 days of conventional cultivation,
infected HEK293 cells showed significant CPE and clear
green fluorescence (Figure 3(a)). The titer of Ad-AAH-
IRES2-EGFP was detected as 5.0× 109 ifu/ml according
to the immunoassay aforementioned. Western blot results
as shown in Figure 3(b) revealed that the positive expres-
sion of AAH protein (~86 kD) was detected in HEK293
cells infected by Ad-AAH-IRES2-EGFP; no expression
was found in control groups.

3.3. Identification of DC Vaccines. The expression of green
fluorescent protein in DCs was observed by inverted fluores-
cence microscope (Figure 4(a)), indicating that recombinant
Ad vector harboring AAH could effectively infect DCs. The
expression of AAH protein in postinfected DCs was also
measured by western blot. As shown in Figure 4(b), AAH

protein was obviously expressed in the AAH-DC group,
while there was no expression in other groups. In addition,
compared to GFP-DCs or blank DCs, a significant increased
expression of CD11c, CD80, and MHC-II in AAH-DCs was
found by FCM analysis (Figures 4(c) and 4(d)).

3.4. CTL Activity. According to the results of the CCK-8
experiment (Figure 5(a)), the proliferation activity of HepG2
cells was gradually decreasing following with the increasing
E/T ratio. At each E/T ratio, the proliferation of HepG2 cells
in the AAH-DC-CTL group was lower than that in the con-
trol groups. On the other hand, FCM analysis revealed that
the apoptosis rate of target cells in the AAH-DC-CTL group
(21.68± 0.24%) was higher than that in the GFP-DC-CTL
group (13.93± 1.73%), DC-CTL group (9.09± 1.07%), and
HepG2 alone group (3.10± 1.20%); the differences were sta-
tistically significant (F = 237 641, P = 0 001) (Figure 5(b)).
In addition, we prepared an LDH release assay to evaluate
the cytotoxic activity of CTLs. The results showed that the
lysis rate of target cells in the AAH-DC group at E/T ratios
of 50 : 1, 100 : 1, 200 : 1, and 400 : 1 was 29.40± 7.46%, 32.83
± 7.76%, 50.63± 6.28%, and 56.80± 8.12%, respectively.
Meanwhile, the highest lysis rate of the AAH-DC group at
an E/T ratio of 400 : 1 was significantly higher than that of
the GFP-DC group (39.30± 3.72%), DC group (14.53
± 5.40%), PBS group (12.43± 6.87%), and AAH group
(44.80± 4.45%) (Figure 5(c)). Although the percentage of
cytotoxicity in the AAH group was higher than that in the
GFP-DC group, DC group, and PBS group, it is still lower
than that in the AAH-DC group, indicating that DCs harbor-
ing AAH gene were prone to induce a stronger CTL immune
response in vivo.

4. Discussion

The success of cancer immunotherapy relies on the existence
of a high sensitive and high specific TAA. Currently, with
respect to HCC, a number of TAAs have been identified: α-
fetoprotein (AFP), New York esophageal squamous cell
carcinoma-1 (NY-ESO-1), melanoma antigen gene (MAGE)
family, glypican-3 (GPC3), and so on [17]. T cell responses
targeting those TAAs in HCC patients can be generally
observed; however, the subsequent clinical outcomes are
not very satisfactory [18]. The AAH gene is also well charac-
terized in HCC, which has been described in detail earlier in
the article. Noda et al. [19] reported that immunization of
rats with AAH-loaded DCs generated cytotoxicity against
intrahepatic cholangiocarcinoma produced by hepatic injec-
tion of BDEneu-CL24 cells, which was probably associated
with increased CD3+ T lymphocyte infiltration into the
tumors. Similarly, Shimoda and colleagues [20] found the
prophylactic and therapeutic function of AAH-loaded DCs
in a HCC-bearing BALB/c mice model. So far, inducible cel-
lular immunity against AAH in murine models has found
that AAH could be a promising immunotherapeutic target
of HCC, but there are few reports regarding clinical trials of
vaccine that employ this antigen; consequently, the efficiency
of human’s T cell responses specific for AAH is still
unknown. In the study by Tomimaru et al. [21], synthesized

1 kb

500 bp

1 kb

2 kb

500 bp

Figure 2: Agarose gel electrophoresis of gradient PCR products.
The total AAH mRNA was extracted from surgically resected HCC
tissues; the PCR products were amplified with the use of
commercially obtained primers and validated by 0.8% agarose gel
electrophoresis. Lane 1: 500 bp marker; lane 11: 100 bp marker;
lanes 3–9: gradient AAH PCR products, respectively, representing
annealing temperature: 56°C, 58°C, 60°C, 62°C, 64°C, 66°C, 68°C;
lane 2: negative control group; lane 10: positive control group, 462 bp.
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HLA class I- and class II-restricted AAH peptides were found
to be significantly immunogenic. In addition, both CD4+ and
CD8+ T cells purified from the peripheral blood mononu-
clear cells of HCC patients were found to be activated by
AAH protein-loaded DCs, and the inducement function of
AAH protein-loaded DCs was remarkably stronger than that
of AFP-loaded DCs [20]. To sum up, all the related
researches suggest that AAH-loaded DC vaccine may repre-
sent as a novel candidate for the immunotherapy of HCC.

Constructing a stable delivering system carrying AAH
gene is the first step to further explore the function of
AAH-loaded DCs. In this study, we chose Ad as the optimal
vector for the following reasons: (1) Ad possesses a strong
ability of infection with respect to many different kinds of
cells; (2) recombinant Ad could induce cellular immune
response and/or humoral immune response; and (3) it infects
host cells without insertion mutation, comparatively more
safely [22, 23]. As a result, Ad is more likely to be chosen in
clinical trials of gene therapy compared with other kinds of
vectors. Here, we introduced a gateway recombinant cloning
technology, a highly efficient and accurate cloning method, to
construct a new-type recombinant Ad vector encoding AAH
gene. Unlike conventional cloning technology, the gateway
technology provides an accurate way on the basis of bacteri-
ophage-λ to transfer DNA fragments between cloning vec-
tors and allows precise cloning without altering the coding
sequence in both donor and destination vectors because of
the presence of ccdB gene [24, 25]. Furthermore, the gateway
technology performs an effective cloning of objective DNA
fragments in a single step, yielding destination vectors rap-
idly with the absence of restriction enzymes and ligases
[26]. As a consequence, we highly appreciate the potential

of gateway technology for constructing recombinant Ad vec-
tor. In this study, pAd CMV/V5-DEST, a 2nd-generation Ad
vector, was selected as the destination vector. In the BP reac-
tion, the attB-flanked PCR products were inserted into the
donor vector containing the attP sites. Then, the entry clone
with the attL sites and pAd CMV/V5-DEST with the attR
sites reacted with each other to yield the final expression
clone. The whole process was simple and convenient,
required much less time, and greatly saved cost. The destina-
tion protein was found to have steadily expressed, as demon-
strated by the positive expression of AAH protein in
postinfected HEK293 cells after 13 days of infection. It was
noteworthy that the ability of such recombinant Ad, stably
expressing AAH protein, could make it be more beneficial
to consistently produce antigens so as to effectively induce
immune response in the body.

Ad has a broad spectrum of infection. Not only HEK293
cells but also DCs could be highly effectively infected by Ad
in vitro. DCs infected by recombinant Ad vector harboring
AAH gene were found to have matured because increased
expressions of CD11c, CD80, and MHC-II on the surface of
AAH-DCs were detected. It is well known that “mature”
DCs have a more powerful ability of antigen presenting than
“immature” DCs, which is achieved by a mechanism known
as cross-presentation. In the present study, the expression of
AAH protein in DCs was successfully detected after 24–72
hours of infection (data not supply), implying that DC vac-
cine carrying AAH antigen was successfully constructed.
Proliferation and apoptosis are two important properties of
tumor cells. The abilities of inhibiting proliferation and
prompting apoptosis were often used to define whether the
antitumor method is effective or not. The antitumor
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Figure 3: Expression of AAH in HEK293 cells after infection. (a) The fluorescent (①) and visible (②) photograph of HEK293 cells infected by
Ad-AAH-IRES2-EGFP at 13 d postinfection (100x). (b) The expression of AAH protein in HEK293 cells at 48 h postinfection by western blot.

6 Journal of Immunology Research



(a)

1
AAH

�훽-Actin

1: blank DCs
2: GFP-DCs
3: AAH-DCs

2 3

86

42 (k
D

)

(b)

⁎⁎⁎

⁎⁎⁎

120

90

Ex
pr

es
sio

n 
pe

rc
en

ta
ge

 (%
)

60

30

0
CD11c CD80 MHC-II
AAH-DCs
GFP-DCs
Blank-DCs

⁎⁎

(c)

P2

P2

P2 P2

P2

P2

P2 P2P3 P3

P3

P3P3

P3

P3

P3

200

150

100

50

0

200

150

100

50

0
100 101 102 103 104 100 101 102 103 104

100 101 102 103 104 100 101 102 103 104

100 101 102 103 104100 101 102 103 104

100 101 102 104103

100 101 102 103 104

100 101 102 103 104

A
A

H
-D

CS
C

ou
nt

MHCII_001
100

90
80
70
60

40
30
20
10

0

50

C
ou

nt
C

ou
nt

C
ou

nt

C
ou

nt
C

ou
nt

C
ou

nt

CD80_001 CD11c_001

670/30 (640)-MHCII APC 593/40 (561)-CD80 PE 670/30 (488)-CD11c PerCP

G
FP

-D
Cs

C
ou

nt

200

150

100

50

0

200

150

100

50

0

100

50

0

150

100

50

0

Bl
an

k 
D

Cs
C

ou
nt

100

50

0

MHCII_001 CD80_001 CD11C_001

670/30 (640)-MHCII AP
MHCII_001

593/40 (561)-CD80 PE

593/40 (561)-CD80 PE

670/30 (488)-CD11c PerCP

670/30 (488)-CD11c PerCP

CD11c_001CD80_001

670/30 (640)-MHCII APC

80
70
60
50
40
30
20
10

0

(d)

Figure 4: Expression of the AAH gene in dendritic cell (DC) vaccines. (a) The fluorescent (①) and visible (②) images of DCs infected by Ad-
AAH-IRES2-EGFP at a MOI of 200 after 36 h infection (100x). (b) Expression of AAH protein in DC vaccines by western blot. (c) The
expression percentage of typical phenotypes of mature DCs by FCM analysis. Compared to the GFP-DC group or blank DC group, the
maturation markers of DCs in the AAH-DC group were significantly highly expressed; ∗∗∗P < 0 001, ∗∗P < 0 01. (d) The typical
phenotypes of DCs by FCM.
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Figure 5: CTL activity. T cells cocultured with AAH-DCs, GFP-DCs, or blank DCs for 72 h were regarded as effector cells, respectively.
HepG2 cells were used as target cells. On the other hand, AAH-DCs, GFP-DCs, and blank DCs were applied as vaccines to immunize
C57BL/6 mice, respectively. The experiments were performed in triplicate, and the bars represent the mean± SD. (a) The effect of T cells
cocultured with DCs on the proliferation of HepG2 cells by CCK-8 analysis. ∗P < 0 05, when compared with other groups. (b) The
proapoptosis effect of T cells cocultured with DCs on HepG2 cells by FCM. ∗P < 0 05, when compared with the control groups. (c) The
lysis effect of CTLs derived from immunized mice against HepG2 cells. ∗P < 0 05, ∗∗P < 0 01 when compared with other groups except the
AAH group. According to our results, although there was no statistical differences between the AAH-DCs group and the AAH group, the
lysis effect of the AAH-DC vaccine against HepG2 cells was stronger than that of the AAH vaccine. (d) The picture of apoptosis of target
cells by FCM.
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mechanism of DC-based vaccine is that DCs could induce
both CD4+ T helper cells and CD8+ CTLs resulting in activat-
ing apoptosis signal pathways in tumor cells [27]. In the cur-
rent study, we observed that AAH-DCs cocultured with T
lymphocytes had a stronger cell-killing effect against HepG2
cells than the control groups in vitro. We also found that the
AAH-DC vaccine could induce more effective cellular
immune responses in vivo when compared with the control
groups. Although our study was limited in HCC cell lines,
the results supplied us with a theory and practice basis for
exploring the antitumor function of CTL immune response
in animal models. A report by Wu et al. [28] has shown that
DCs loaded with Ad vector carrying human papillomavirus-
16 E6/E7 (HPV-16 E6/E7) fusion gene cocultured with isoge-
nous T cells induced CTL response resulting in a remarkably
lethal effect on cervical cancer cell CaSki in vitro. Fu et al.
[29] also reported the significant inhibition function of CTLs
elicited by HPV E6/E7-loaded DCs against tumor-bearing
nude mice. The above data support the hypothesis that Ad
vector harboring antigen plays a role in constructing DC-
mediated tumor vaccine.

5. Conclusions

In conclusion, the current study identified that the gateway
recombinant cloning technology is a powerful and efficient
method of constructing recombinant adenovirus. The desti-
nation product, Ad-AAH-IRES2-EGFP, combining with
DCs could significantly kill HepG2 cells in vitro. We propose
that the AAH-DC vaccine may be a potential candidate for
immunotreatment of HCC and other types of malignancies
expressing AAH.
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This study is aimed at examining the potential role of regulatory T- (Treg-) Th1-Th17-Th22 cells in the pathogenic process of
autoimmune hepatitis (AIH). The numbers of Foxp3+Tregs and Th1, Th17, and Th22 cells were measured in 32 AIH patients
using flow cytometry. Moreover, a murine model of experimental autoimmune hepatitis (EAH) was also established and used to
investigate the function of Treg-Th1-Th17-Th22 cells in disease progression. AIH patients undergoing an active state had
significantly decreased numbers of CD3+CD4+CD25+Foxp3+Tregs and increased numbers of CD3+CD4+CD25−Foxp3+T,
CD3+CD4+IFN-γ+Th1, CD3+CD4+IL-17+Th17, and CD3+CD4+IL-2+Th22 cells as well as higher levels of Th1/Th17/Th22-type
cytokines compared to AIH patients in remission and HC. Additionally, the numbers of CD3+CD4+CD25+Foxp3+Tregs
were negatively correlated with the numbers of Th1-Th17-Th22 cells. Also, the serum levels of IL-17A and IL-22 were
correlated positively with liver injury (ALT/AST), whereas the serum levels of IL-10 were correlated negatively with
hypergammaglobulinaemia (IgG, IgM) in AIH patients. Interestingly, the percentages of spleen Tregs, expression of Foxp3
mRNA, and liver IL-10 levels decreased, whereas the percentages of spleen Th1-Th17-Th22 cells, expression of T-bet/AHR/
RORγt mRNA, and liver IFN-γ, IL-17, and IL-22 levels increased in the murine model of EAH. Our findings demonstrated that
an imbalance between Tregs and Th1-Th17-Th22 cells might contribute to the pathogenic process of AIH.

1. Introduction

Autoimmune hepatitis (AIH) is a type of autoimmune
inflammatory liver disease characterized by hypergammaglo-
bulinaemia, circulating autoantibodies, and the liver injury
with elevated levels of serum liver enzymes [1]. While
genetic and environmental factors contribute to the patho-
genic process of AIH [2], dysfunctional immune responses
are also crucial for the development and progression of
AIH [3]. However, the precise process of autoimmune
responses remains obscure. Furthermore, although most
patients respond well to immunosuppressive therapy, pro-
gression and end-stage liver disease occur in 10%–20% of
cases and liver transplantation may be necessary [4]. Hence,
further illustration of the mechanism underlying the break-
down of self-tolerance and leading to the development of

AIH is of great importance in the management of patients
with AIH.

It is generally believed that autoreactive T cells play a
central role in the initiation and progression of AIH [5].
For example, numerous studies have revealed a transient
and moderate increase in the production of Th1 cytokines,
including interleukin-2 (IL-2), interferon-γ (IFN-γ), and
tumor necrosis factor α (TNF-α) in AIH patients [6, 7].
In addition, recent studies also suggested that Th17 cells
and further released cytokine IL-17 may induce accumula-
tion of proinflammatory cells [8, 9], which contributed to
the occurrence of AIH. In addition to well-characterized
Th1 and Th17 lymphocytes, a new IL-22-producing T cell,
termed Th22 cell, has been described as expressing its key
cytokine IL-22, which can activate signal transduction and
transcription 3 (STAT3) [10]. Recent studies have reported
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that the Th22 cell has hepatoprotective and antifibrotic
functions in acute liver injury models of HBV [11]. Fur-
thermore, Th22 cells are associated with inflammatory
conditions and numerous autoimmune diseases, such as
rheumatoid arthritis (RA) and systemic lupus erythemato-
sus (SLE) [12, 13]. However, little is known about the role
of Th22 cells in the pathogenesis of AIH. We believe that
Th22 cells may partially contribute to the pathogenesis of
AIH, and their expressions are likely time-dependent.

Regulatory T cells (Tregs) are important regulators of
immune tolerance to self-antigens [14, 15], and their impair-
ment has been associated with the development of autoim-
mune diseases [16, 17]. Human Tregs are CD4+CD25+, and
their development and function depend on forkhead box
protein 3 (FoxP3) expression [14, 15]. Previous studies in
animal models have shown that a decreased number of
CD4+CD25+FoxP3+T cells was detected [18], and function
impairment was associated with the inflammatory activity
of the liver [18, 19]. This reason is possible in that Tregs
can actively suppress proinflammatory T cell responses
[20]. At present, it is clear that Tregs can suppress Th1 and
Th17 cell-mediated responses [20–22]. However, the rela-
tionship between Tregs and Th22 cells remains unclear.
Moreover, recent studies have reported that FoxP3 is also
expressed in some CD25− T cells, which may be induced
peripherally by environmental antigens [23–25]. While some
studies have shown that CD4+CD25−FoxP3+T cells lacked
inhibitory function [24], others indicated that CD4+-

CD25−FoxP3+T cells inhibited inflammation [25]. However,
little is known about the expression of CD4+CD25−FoxP3+T
cells in AIH patients and whether or not these cells are asso-
ciated with disease development.

In the current study, we examined the numbers of circu-
lating Foxp3+Tregs and Th1-Th17-Th22 cells, and the con-
centration of serum inflammatory cytokines in AIH
patients, and used the mouse model of EAH to investigate
the biological importance of Tregs and Th1/Th17/Th22 cells
in the pathogenesis of AIH. The results of this experiment
indicated a decreased Treg level and increased Th1, Th17,
and Th22 cell levels, and all these cells contributed to the
development of AIH. More importantly, a significantly nega-
tive correlation between Tregs and Th22 cells was noted in
our experiment. These data indicated that Tregs and Th22
cells, in addition to classically described Th1 and Th17 cells,
are involved in the process of AIH.

2. Material and Methods

2.1. Subjects. A total of 32 patients with newly onset AIH
were recruited sequentially at the inpatient clinic of the
Department of Digestive Disease, the First People’s Hospital
of Changzhou, the Third Affiliated Hospital of Soochow Uni-
versity, China. All patients were analyzed in an active disease
state, as defined by ALT values or AST values above 50U/mL.
23 patients were treated with prednisolone alone at a median
dose of 100mg at the time of acute presentation. 9 patients
received prednisolone in combination with azathioprine at
a median dose of 100mg. Another 20 age-, gender-, and
ethnicity-matched healthy controls (HCs) were recruited

from the Department of Medical Examination Center of
our hospital during the same period, and they had no history
of any chronic inflammatory disease. Individual patients with
AIH were diagnosed, according to the international criteria
for the definitive diagnosis of AIH type I [4]. Patients with
any other autoimmune diseases, connective tissue diseases
(CTDs), chronic inflammatory diseases, recent infection,
or a history of hepatitis virus infection or those who had
received immunosuppressive therapies or glucocorticoid
therapies within the past 6 months were excluded from
the study. All subjects signed an informed consent form
prior to the initiation of the study, and the study was
approved by the Ethical Committee of the First People’s
Hospital of Changzhou.

2.2. Clinical Examination. The clinical data of each subject
was collected from the hospital records. These data included
age, sex, and laboratory tests. Individual subjects were sub-
jected to routine laboratory tests for full blood cell counts
and the concentrations of serum alanine transaminase
(ALT) and aspartate aminotransferase (AST), antinuclear
and smooth muscle antibody (ANA/SMA), IgG, IgM, and
IgA by a biochemistry automatic analyzer (Roche Diagnos-
tics, Branchburg, USA) and scattered turbidimetry on a Sie-
mens special protein analysis instrument (Siemens
Healthcare Diagnostics Products GmbH, Germany).

2.3. Animals. Adult C57BL/6 female mice were purchased
from Nanjing Medical University (Jiangsu, China), and they
were housed at controlled temperature with light-dark cycles,
with free access to food and water. The experiments had been
approved by the animal experimentation committee, and
guidelines for human care for laboratory animals were
observed. Each experiment was performed with five animals
per group and repeated at least three times.

2.4. Induction of Experimental Autoimmune Hepatitis (EAH).
Induction of experimental autoimmune hepatitis (EAH) was
performed through intraperitoneal injection of the mice with
freshly prepared S-100 antigen at a dose of 0.5 to 2mg/mL in
0.5mL phosphate-buffered saline (PBS) emulsified in an
equal volume of complete Freund’s adjuvant (CFA) on day
0. A poster dose was given on day 7 as well [26]. Disease
severity was assessed histologically on day 28 at the peak of
disease activity. Disease severity was graded on a scale of 0
to 3 by an observer blinded to the identity of the samples.

2.5. Histological Evaluation. Liver tissues from sacrificed ani-
mals were fixed with 4% (v/v) PFA, dehydrated through a
graded series of sucrose, frozen in an optimal cutting temper-
ature (OCT) compound (Tissue TCK, Miles Elkhart, IN,
USA), and stored at −80°C. 5μm cryostat sections were
stained with hematoxylin and eosin (HE) to reveal and esti-
mate the degree of inflammatory cell infiltration. Liver histol-
ogy of EAH mice was scored using light microscopy and a
modified Scheuer scoring scale, assigning scores for lobular
inflammation (0, none; 1, mild-scattered foci of lobular-
infiltrating lymphocytes; 2, moderate-numerous foci of
lobular-infiltrating lymphocytes; and 3, severe-extensive
pan–lobular-infiltrating lymphocytes).
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2.6. Flow Cytometric Analysis of Intracellular Cytokine
Staining. Freshly isolated peripheral blood mononuclear
cells (PBMCs) of AIH patients and spleen mononuclear
cells (SMNCs) of EAH mice were stimulated in duplicate
with 50 ng/mL of phorbol myristate acetate (PMA) and
1.0mg/mL of ionomycin (Sigma, St. Louis, MO, USA)
in RPMI 1640 medium at room temperature in a humid-
ified incubator with 95% air and 5% carbon dioxide for 2
hours and then cultured for another 4 hours in the
presence of 0.5mg/mL of brefeldin A (BFA, Sigma). The
numbers of CD3+CD4+IFN-γ+Th1, CD3+CD4+IL-17+Th17,
CD3+CD4+IL-22+Th22, and CD3+CD4+CD25+Foxp3+Tregs
in individual samples and the frequency of CD3+CD8−IFNγ+-

Th1, CD3+CD8−IL17+Th17, CD3+CD8−IL22+Th22, and
CD4+CD25+FoxP3+Tregs in EAH mice were determined
by flow cytometry following intracellular staining with
anticytokine antibodies.

2.7. Enzyme-Linked Immunosorbent Assay for IL-10, IFN-γ,
IL-17, and IL-22. The cytokine levels in the serum (human)
and in the supernatant of normalized hepatic tissue weight
(mice) were collected and allowed to clot at 4°C for 2 hours.
The clots were removed by centrifuging at 7000 rpm for
30min in a refrigerated centrifuge. Serum/supernatant was
obtained from all subjects by centrifugation and stored at
−80°C for determination of cytokine levels. The levels of
cytokines in the serum/supernatant were measured by
enzyme-linked immunosorbent assay (ELISA) using com-
mercially available IL-10, IFN-γ, IL-17, and IL-22 ELISA
kits (Boster, Wuhan, China) according to the manufac-
turer’s instructions.

2.8. RT-PCR. Total RNA was acquired from the hepatic tissue
at each time point from EAH mice. The expressions of tran-
scriptional repressors Foxp3, T-bet, RORγt, and AHR were
thenmeasured through real-time quantitative RT-PCR. Total
RNAwas extracted fromhepatic tissue using the acid guanidi-
nium thiocyanate-phenol-chloroform method. Total RNA of
2μg was reverse transcribed with hexamer and M-MuLV
reverse transcriptase (New England Biolabs, Ipswich,
MA) according to the manufacturer’s instructions. cDNA
corresponding to 25 ng of total RNA was subjected to
quantitative PCR (qPCR) using primer sets and TaqMan
probes corresponding to murine Foxp3, T-bet, AHR,
RORγt, and GAPDH with qPCR Master Mix. All esti-
mated mRNA values were normalized to GAPDH mRNA
levels. The sizes of the PCR amplicons were as follows: Foxp3,
172 bp; T-bet, 86 bp; RORγt, 112 bp; and AHR, 98 bp.
Promoter-specific primers were used for amplification:
FOXP3 (forward: 5′-AGGAGAAAGCGGATACCA-′3 and
reverse: 5′-TGTGAGGACTACCGAGCC-′3), T-bet (forward:
5′-TCTTACTGGCTGGGAACACC-′3 and reverse: 5′-GCAG
AGGGTAGGAATGTGGG-′3), AHR (forward: 5′-AGAATC
CCACATCCGCATGATT-′3 and reverse: 5′-CATTGGACT
GGACCCACCTC-′3), RORγt (forward: 5′-CCAGCTACC
AGAGGAAGTCAA-′3 and reverse: 5′-TCCATGAAGCC
TGAAAGCCG-′3), and GAPDH forward: 5′-TGTGTCCGT

CGTGGATCTGA-′3 and reverse: 5′-TTGCTGTTGAAGTC
GCAGGAG-′3).

2.9. Statistical Analysis. The differences between the groups
were analyzed by Mann–Whitney U test and Wilcoxon
signed-rank test using SPSS 18.0 software for unpaired
and paired comparisons, respectively. The relationship
between variables was evaluated using the Spearman rank
correlation test. A two-sided p value < 0.05 was considered
statistically significant.

Table 1: The demographic and clinical characteristics of subjects.

Parameters AIH HC

Number 32 20

Age (years) 48 (37–76) 51 (41–74)

Gender: female/male 24/8 14/6

ALT (U/L) 125.9± 108.3∗ 27.2± 8.2
AST (U/L) 101.1± 53.7∗ 22.7± 5.7
γ-GT (U/L) 89.1± 30.3∗ 25.1± 7.4
ALP (U/L) 133.4± 37.1∗ 89.5± 23.6
Anti-ANA (+) 23/32 (71.8%)∗ 0/20 (0%)

Anti-ANA titer 1 : 640 (1 : 80–1 : 10000) —

Anti-SMA (+) 2/30 (6.25%) 0/20 (0%)

Anti-SMA titer 1 : 1000 (1 : 160–1 : 3200) —

IgG (g/L) 15.9± 3.7∗ 7.8± 2.3
IgM (g/L) 6.9± 1.9∗ 2.64± 0.87
IgA (g/L) 4.07± 2.3∗ 1.6± 1.1
WBC (×109/L) 7.93 (5.6–11.2)∗ 5.08 (3.9–9.2)

Data shown are the real case number or mean ± SD. Normal values: ALT:
<40 IU/L; AST: <40 IU/L. Normal values: ANA: <1 : 80; SNA: <1 : 80. IgG
(normal range: 7–16 g/L); IgM (normal range: 0.7–4.6 g/L); and IgA
(normal range: 0.4–2.3 g/L). HC: healthy control; AIH: autoimmune
hepatitis. ∗p < 0 05 versus HC.

Table 2: Effect of treatment on the values of clinical measures in
follow-up AIH patients.

Parameters Before treatment After treatment

Number 19 19

Age (years) 42 (37–76) 42 (37–76)

Gender: female/male 16/3 16/3

ALT (U/L) 184.6± 105.3∗ 37.2± 10.4
AST (U/L) 126.4± 54.8∗ 43.6± 11.5
γ-GT (U/L) 105.6± 26.1∗ 76.1± 24.9
ALP (U/L) 152.5± 33.3∗ 93.7± 23.2
IgG (g/L) 17.7± 3.1∗ 8.7± 2.9
IgM (g/L) 7.8± 1.6∗ 4.5± 2.3
IgA (g/L) 3.9± 1.7∗ 2.6± 1.1
Data shown are the real case number or mean ± SD. Normal values: ALT:
<40 IU/L; AST: <40 IU/L. IgG (normal range: 7–16 g/L); IgM (normal
range: 0.7–4.6 g/L); IgA (normal range: 0.4–2.3 g/L). HC: healthy control;
AIH: autoimmune hepatitis. ∗p < 0 05 versus posttreatment.
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3. Results

3.1. Demographic and Clinical Characteristics of Study
Subjects. The baseline (before treatment) demographic char-
acteristics of AIH patients and HC are summarized in
Table 1. As expected, the concentrations of serum ALT, AST,
γ-GGT, and ALP in the patients were significantly higher
than those in the HC. Furthermore, 23 of 32 patients with
new-onset AIH were positive for anti-ANA antibodies, while
two were positive for anti-SMA antibodies. In addition,
abnormally higher levels of serum IgG, IgM, and IgA were

detected in the patients, as compared with those in the HC
in this population. Furthermore, we analyzed the values of
clinical parameters and in 19 AIH patients 8 weeks
posttreatment. We found that the serum levels of ALT, AST,
γ-GGT, and ALP were significantly descending compared to
per-treatment values. Similarly, the titers IgG, IgM, and IgA
were significantly decreased compared to the pretreatment
levels (Table 2).

3.2. Altered Numbers of CD3+CD4+FoxP3+T Cells and
Changed Levels of Serum IL-10 in AIH Patients. We first
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Figure 1: FACS analysis of the numbers of different subsets of circulating CD3+CD4+T cells and ELISA analysis of serum IL-10 in AIH
patients. PBMCs were isolated from individual subjects, and PBMCs 5∗105/tube were stained in duplicate with FITC-anti-CD3, PE-Cy7-
anti-CD25, and PerCP-anti-CD4 or isotype controls, fixed, and permeabilized, followed by intracellular staining with PE-anti-Foxp3. The
frequency of CD3+CD4+CD25−Foxp3+ and CD3+CD4+ CD25+Foxp3+T cells was determined by flow cytometry analysis. The cells were
gated on living lymphocytes and then gated on CD3+CD4+ cells, and at least about 30,000 events were analyzed for each sample. The
numbers of each type of CD3+CD4+Foxp3+T cells were calculated, according to the total numbers of PBMCs and the frequency of different
types of CD3+CD4+Foxp3+T cells. The concentrations of serum IL-10 in individual subjects were determined by ELISA. (a) Flow cytometry
analysis; (b) the numbers of CD3+CD4+CD25+Foxp3+T cells; (c) the numbers of CD3+CD4+CD25−Foxp3+T cells; (d) serum levels of IL-10.
Data shown are representative FACS charts or the mean numbers of each type of cells per mL of peripheral blood and the mean levels of
serum IL-10 in individual subjects from two separate experiments. The horizontal lines indicate the median values for each group. Data
shown are representative charts of different subsets of CD3+CD4+T cells and serum IL-10 from individual groups of subjects (n = 20 for the
HC, n = 32 for the patients at 0 week, and n = 19 for the patients at 8 weeks posttreatment).
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Figure 2: Continued.
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characterized the levels of different subsets of CD3+CD4+-

FoxP3+T cells in PB of HC and AIH patients by flow cytom-
etry analysis. As shown in Figure 1, AIH patients undergoing
an active state had significantly decreased numbers of CD3+-

CD4+CD25+Foxp3+Tregs and increased numbers of CD3+-

CD4+CD25−Foxp3+T cells, compared to AIH patients in
remission and HC. However, we did not find a significant dif-
ference in the numbers of CD3+CD4+CD25+Foxp3+Tregs
and CD3+CD4+CD25−Foxp3+T cells between HC and AIH
patients in remission.

Then, we further analyzed the levels of IL-10 in the serum
of AIH patients and found a lower level of serum IL-10 in
AIH patients undergoing an active state, compared to AIH
patients in remission and HC (Figure 1(d)). However, we
did not find a significant difference in the level of serum IL-
10 between HC and AIH patients in remission. In addition,
the concentrations of serum IL-10 were correlated positively
with the numbers of CD4+CD25+Foxp3+T cells (r = 0 517,
p = 0 002), but not with the numbers of CD4+CD25−Foxp3+-

T cells (r = 0 381, p = 0 511) in the patients.
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Figure 2: FACS analysis of the numbers of different subsets of circulating effector CD3+CD4+T cells and ELISA analysis of serum IFN-γ, IL-
17, and IL-22 in AIH patients. PBMCs were isolated from individual subjects, and PBMCs 5 ∗ 105/tube were stained in duplicate with APC-
anti-CD4 and PerCP-anti-CD3 or isotype controls, fixed, and permeabilized, followed by intracellular staining with FITC-anti-IL-17 and PE-
Cy7-anti-IFN-γ and PE-anti-IL-22. The frequency of CD3+CD4+IFN-γ+Th1, CD3+CD4+IL-17+Th17, and CD3+CD4+IL-22+Th22 cells was
determined by flow cytometry analysis. The cells were gated on living lymphocytes and then gated on CD3+CD4+ cells, and at least about
30,000 events were analyzed for each sample. The numbers of each type of CD3+CD4+T cells were calculated, according to the total
numbers of PBMCs and different types of CD3+CD4+T cells. (a) The flow cytometry analysis; (b–d) the numbers of CD3+CD4+IFN-
γ+Th1, CD3+CD4+IL-17+Th17, and CD3+CD4+IL-22+Th22 cells; (e–g) serum levels of IFN-γ, IL-17, and IL-22. Data shown are
representative FACS charts or the mean numbers of each type of cells per mL of peripheral blood in individual subjects from two separate
experiments. The horizontal lines indicate the median values for each group. Data shown are representative charts of different subsets of
CD3+CD4+T cells and serum IL-10 from individual groups of subjects (n = 20 for the HC, n = 32 for the patients at 0 week, and n = 19 for
the patients at 8 weeks posttreatment).
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Figure 3: Correlation among the numbers of different subsets of circulating CD3+CD4+T cells in AIH patients. Correlation between the
numbers of CD3+CD4+CD25+Foxp3+T cells and the numbers of CD3+CD4+IFN-γ+Th1 (a), CD3+CD4+IL-17+ Th17 (b), and
CD3+CD4+IL-22+Th22 cells (c) in AIH patients.
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3.3. Increased Numbers of Th1/Th17/Th22 Cells and Related
Cytokines in AIH Patients. Further comparison of different
types of effector CD3+CD4+T cells found that AIH patients
undergoing an active state had significantly increased num-
bers of CD3+CD4+IFN-γ+Th1, CD3+CD4+IL-17+Th17, and
CD3+CD4+IL-22+Th22 cells and higher levels of serum Th1
cytokine IFN-γ, Th17 cytokine IL-17A, and Th22 cytokine
IL-22, compared to AIH patients in remission and HC
(Figure 2). However, we did not find a significant difference
in the numbers of Th1/Th17/Th22 cells and their related
cytokines between HC and AIH patients in remission.

3.4. Negative Correlation between Tregs and Th1/Th17/Th22
Cells in AIH Patients. Tregs can suppress the proliferation

and activation of other effector CD3+CD4+T cells [20–22].
In order to better characterize the role of Tregs in Th1/
Th17/Th22 cells, correlation analysis was performed, and
the results showed that decreased numbers of Tregs were sig-
nificantly negatively correlated with the numbers of Th1 and
Th17 cells in AIH patients undergoing an active state
(Figures 3(a) and 3(b)). In addition, the numbers of Tregs
also had a negative correlation with peripheral Th22 cell level
with statistical significance in AIH patients undergoing an
active state (Figure 3(c)). Moreover, further analysis indi-
cated that decreased numbers of Tregs were negatively corre-
lated with the concentrations of serum IFN-γ, IL-17, and IL-
22 in AIH patients undergoing an active state (data not
shown). However, we did not observe any significant
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Figure 4: Correlation between serum levels of CD3+CD4+T cell-related cytokines and the values of clinical parameters in AIH patients. (a, b)
Correlation between serum levels of IL-10 and titer IgG/IgM in AIH patients; (c, d) correlation between serum levels of IL-17A and ALT/AST
in AIH patients; (e, f) correlation between serum levels of IL-22 and ALT/AST in AIH patients.
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correlation among these cells in AIH patients in remission or
HC. These data suggested that Tregs might also regulate
Th22 cell-mediated responses, in addition to classically
described Th1 and Th17 cells.

3.5. The Relationship between CD3+CD4+T Cell-Related
Cytokines and Clinical Parameters in AIH Patients. To
understand the importance of Tregs-Th1-Th17-Th22 cells,
we analyzed the potential association of the levels of these
CD3+CD4+T cell-related cytokines with the values of clinical
parameters in AIH patients undergoing an active state. We
found that the concentrations of serum IL-10 were correlated
negatively with the concentrations of serum IgG and IgM,
whereas the concentrations of serum IL-17 and IL-22 were
positively correlated with the levels of ALT and AST
(Figure 4). However, there was no other significant correla-
tion between the levels of these CD3+CD4+T cell-related
cytokines with any of the clinical parameters tested in this
population (data not shown).

3.6. Statistical Increase in Th1/Th17/Th22 Cells and Decrease
in Tregs in EAHMice. To understand the effects of regulatory
and effector T cells in vivo, we had successfully established
the murine model of EAH. Compared with the control
group, EAH mice had obvious liver injury evidenced by liver
edema with a rising liver index and dramatically enhanced

serum levels of AST and ALT (Figure 5). Splenocytes were
collected from mice at each time point, and flow cytometry
was performed to analyze the percentages of IFN-γ-produc-
ing Th1 cells, IL-17-producing Th17 cells, IL-22-producing
Th22 cells, and FoxP3+Tregs in EAH and control mice. We
found that IFN-γ-producing CD3+CD8− T cells (Th1 cells)
and IL-17-producing CD3+CD8− T cells (Th17 cells) in the
experimental group significantly increased on the 7th, 14th,
and 28th days of post-EAH induction, and IL-22-producing
CD3+CD8−T cells (Th22 cells) obviously increased on the
14th and 28th days of post-EAH induction compared with
those in the control group (Figures 6(a)–6(d)). Furthermore,
our data also showed that the liver levels of IFN-γ, IL-17, and
IL-22 on the 7th, 14th, and 28th days of post-EAH induction
were statistically higher in the experimental group than in the
control group (Figures 6(f)–6(h)). Moreover, CD3+CD4+-

CD25+FoxP3+Tregs and liver levels of IL-10 obviously
decreased on the 7th, 14th, and 28th days of post-EAH
induction compared with those in the control group
(Figures 6(e) and 6(i)).

3.7. Marked Changes of Hallmark Transcription Factor of
Treg/Th1/Th17/Th22 Cells in EAH Mice. The transcriptional
repressors FoxP3, T-bet, RORγt, and AHR were the hallmark
transcription factors of Tregs, Th1 cells, Th17 cells, and Th22
cells, respectively. Immunohistochemistry and real-time
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Figure 5: Biochemical and histological analyses in EAHmice. Ten mice (5 from the EAH group and 5 from the control group) were killed at
each time point (7, 14, and 28 days). (a) Representative histological picture of liver lesions in animals after standard induction of EAH and
controls (magnification, 40x, 100x, 200x, or 400x). (b) Serum ALT levels progressively upregulated from 1 to 28 days. (c) Serum AST
levels progressively upregulated from 1 to 28 days. (d) Histological score of liver lesions in mice after standard induction of EAH. The
horizontal lines indicate the mean values of the different groups. ∗p < 0 05 and ∗∗∗p < 0 01.
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PCR were employed to further ascertain in detail whether
Tregs and Th1, Th17, and Th22 cells had the potential of
local changes in the process of EAH induction. The results
found that the mRNA expression levels of T-bet, RORγt,

and AHR in experimental mice increased remarkably 7, 14,
and 28 days post-EAH induction compared with those in
the control group, whereas the messenger RNA (mRNA)
encoding Foxp3 was expressed in different ways (Figure 7).
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Figure 6: Flow cytometry of Treg/Th1/Th17/Th22 cells in SMNCs and ELISA analysis of hepatic levels of IL-10, IFN-γ, IL-17A, and IL-22 in
EAH mice. Ten mice (5 from the EAH group and 5 from the control group) were killed at each time point (1, 7, 14, and 28 days). (a) Flow
cytometry analysis of Tregs and Th1, Th17, and Th22 cells from the spleen on the 14th day. (b–e) Percentages of Tregs and Th1, Th17, and
Th22 cells at each time point from EAH and control mice were analyzed by FACS. (f–i) Liver IL-10, IFN-γ, IL-17A, and IL-22 levels at each
time point from EAH and control mice were used for ELISA. The horizontal lines indicate the mean values of the different groups. ∗p < 0 05
and ∗∗∗p < 0 01.
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4. Discussion

Although dysregulated activation of effector CD4+T helpers
(Th) has been associated with the pathogenic process of auto-
immune hepatitis [3, 5–7], this specific mechanism is still
contradictory. In this study, we found a strong Th1 and
Th17 proinflammatory response with increased levels of
serum/liver Th1-type (IFN-γ) and Th17-type (IL-17A) cyto-
kines in AIH patients undergoing an active state and EAH
mice, indicating that Th1 and Th17 cells have critical func-
tions in the pathogenic process of AIH, which were consis-
tent with previous studies [6–9]. The significantly changed
Th1 and Th17 cells may stem from the inflammatory envi-
ronment, which preferably activates naive helper T cells
towards Th1 and Th17 directions. In addition to Th1 and
Th17 cells, Th22 cells expressing aryl hydrocarbon receptor
(AHR) play a critical role in the development of immune
and inflammatory diseases by producing proinflammatory
cytokine IL-22 [10–12, 27, 28]. However, the possible mech-
anisms of Th22 cells and IL-22 in the development of AIH
remain unknown. Notably, our data showed also a high
expression level of Th22 cells and serum/liver Th22 type
(IL-22) in AIH patients undergoing an active state and EAH
mice. On the other hand, consistent with changes in Th1
and Th17 cells, the levels of Th22 cells and IL-22 decreased
significantly after immunosuppressive drug treatment. These
results suggested that Th22 cells, like Th1 and Th17 cells, also
have major functions in the pathogenesis of AIH. More
importantly, the levels of Th17/Th22-type (IL-17A, IL-22)
cytokines were correlated positively with the levels of serum
ALT/AST, which are a hallmark of liver injury, suggesting
that Th22 and Th17 cells contribute to the progression of liver
damage and fibrosis [6, 7, 11, 28]. Furthermore, our data
showed a sustained replication of Th1/Th17/Th22-related
mRNA (T-bet, RORγt, and AHR) in a time-dependent man-
ner in EAHmice, which might be the direct cause of the grad-
ual elevation of Th1/Th17/Th22 cells [29–31].

In addition to effector T cells, Tregs are important reg-
ulators of immune tolerance and inflammation response.

In this study, we found lower levels of Tregs in AIH
patients and in EAH mice in a time-dependent manner,
which were consistent with previous studies [18, 32, 33]
but were different from another report [19]. Conflicting
results may be due to differences in methodology, or
detection markers of the definition of Tregs, because
Moritz et al. considered CD4+CD25highCD127lowFoxP3+T
cells as Tregs in their study. Moreover, these inconsis-
tencies are partly due to enrollment of patients regardless
of the phase of their disease. More importantly, we found
that the concentrations of serum IL-10 were significantly
higher and correlated positively with the numbers of Tregs
and correlated negatively with the levels of serum immu-
noglobulins in AIH patients undergoing an active state,
which might interfere with plasma B cell differentiation
and inhibit immunoglobulin production, contributing to
the pathogenic process of AIH [34]. These results sug-
gested that deficient Tregs might contribute to the break-
down in tolerance in the development of AIH. Recent
studies have reported that CD4+CD25−T cells can be
induced for FoxP3 expression [23]. Functionally, some
studies showed that CD4+CD25−FoxP3+T cells have no
inhibitory function; others indicated that these cells can
inhibit inflammation in immune rejection and autoim-
mune diseases [24, 25]. In this study, our data showed
increased numbers of CD3+CD4+CD25−FoxP3+T cells in
AIH patients undergoing an active state. On the other
hand, the numbers of CD3+CD4+CD25−FoxP3+T cells
decreased after immunosuppressive drug treatment. How-
ever, there was no correlation between these cells and
the clinical indicators. Hence, these new findings suggested
that CD3+CD4+CD25−FoxP3+T cells may not be inhibi-
tory Tregs. However, the role of these changes needs more
studies to investigate.

Given that Tregs have the ability to inhibit the prolif-
eration and activation of autoreactive Th1 and Th17 cells
[20–22], we further set out to analyze the correlation
between Tregs and Th1-Th17 cells in AIH patients. Our
data demonstrated that Tregs were negatively correlated
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Figure 7: Foxp3, T-bet, RORγt, and AHR expressions in the hepatic tissue of EAH mice. Ten mice (5 from the EAH group and 5 from the
control group) were killed at each time point (1, 7, 14, and 28 days). (a–d) The changes of Foxp3, T-bet, RORγt, and AHR expressions in the
hepatic tissue of EAH mice, respectively. ∗p < 0 05 and ∗∗∗p < 0 001.
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with Th1 and Th17 cells as well as with Th1-type (IFN-γ)
and Th17-type (IL-17A) cytokines, which were consistent
with previous research that showed suppression of Th1
cell-mediated and Th17 cell-mediated responses by Tregs
through inhibition of monocyte-derived TGF-β or IL-10
or IL-6 [21, 22]. These results indicated that the imbalance
of Treg-to-Th1 andTreg-to-Th17 ratiosmight favor the path-
ogenesis of AIH. Furthermore, we further examined the asso-
ciation between Tregs and Th22 cells and found that Tregs
were also negatively correlated with Th22 cells and IL-22 in
the circulating levels of AIH patients, suggesting that deficient
Tregs also enhanced Th22-mediated immune responses. This
processmight bedue to the secretionof particular cytokines by
Tregs. However, the specific mechanisms of Treg-regulated
Th22 cell activation and differentiation need to be further
explored in the process of AIH.

In conclusion, our data showed significantly reduced
numbers of Tregs and serum IL-10 levels and increased num-
bers of Th1, Th17, and Th22 cells as well as higher levels of
Th1-Th17-Th22-type cytokines in AIH patients and EAH
mice. Additionally, the numbers of Tregs were negatively
correlated with the numbers of Th1-Th17-Th22 cells and
levels of IFN-γ, IL-17A, and IL-22. More importantly, serum
IL-17A and IL-22 levels were positively correlated with the
liver damage, whereas serum IL-10 levels were negatively
correlated with hypergammaglobulinaemia. These novel
findings suggested that effector Th1/Th17/Th22-cell-medi-
ated immune response might be controlled by Tregs and
the imbalance between Tregs and the Th1/Th17/Th22 axis
might contribute to the process of AIH. We recognized that
our study had limitations, such as the lack of functional study
of Treg-regulated Th22 cells in the pathogenic process of
AIH. Therefore, further studies on the molecular mecha-
nisms are needed further to be carried out.
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