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Hepatitis B virus (HBV)-associated acute-on-chronic liver failure (HBV-ACLF),

characterized by an acute deterioration of liver function in the patients with chronic

hepatitis B (CHB), is lack of predicting biomarkers for prognosis. Plasma is an ideal

sample for biomarker discovery due to inexpensive and minimally invasive sampling

and good reproducibility. In this study, immuno-depletion of high-abundance plasma

proteins followed by iTRAQ-based quantitative proteomic approach was employed

to analyze plasma samples from 20 healthy control people, 20 CHB patients and 20

HBV-ACLF patients, respectively. As a result, a total of 427 proteins were identified from

these samples, and 42 proteins were differentially expressed in HBV-ACLF patients

as compared to both CHB patients and healthy controls. According to bioinformatics

analysis results, 6 proteins related to immune response (MMR), inflammatory response

(OPN, HPX), blood coagulation (ATIII) and lipid metabolism (APO-CII, GP73) were

selected as biomarker candidates. Further ELISA analysis confirmed the significant

up-regulation of GP73, MMR, OPN and down-regulation of ATIII, HPX, APO-CII in

HBV-ACLF plasma samples (p < 0.01). Moreover, receiver operating characteristic

(ROC) curve analysis revealed high diagnostic value of these candidates in assessing

HBV-ACLF. In conclusion, present quantitative proteomic study identified 6 novel

HBV-ACLF biomarker candidates and might provide fundamental information for

development of HBV-ACLF biomarker.

Keywords: HBV-ACLF, CHB, iTRAQ, proteomics, biomarker

INTRODUCTION

Acute-on-chronic liver failure (ACLF) is increasingly recognized as an acute deterioration of liver
function combining with liver and multi-organ failures in patients with pre-existing chronic liver
disease, although there is no consensus about its definition (Bernal et al., 2015; Anand and Dhiman,
2016; Arroyo and Jalan, 2016). Hepatitis B virus (HBV) associated ACLF, as a subtype of ACLF, can
develop at any stage in the progression of chronic hepatitis B (CHB) (Zamora Nava et al., 2014).
It is estimated that about 70% of liver failure is caused by HBV infections in the Eastern countries
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(Sarin et al., 2009), and there are approximately 97 million
people suffering from HBV infection in China alone (Cui and
Jia, 2013). HBV-ACLF has a poor prognosis with high mortality
rate (>70%), if emergency liver transplantation is not available
(Marrero et al., 2003). Therefore, it is believed that predicting and
stopping the progression of CHB to ACLF at an early stage may
be the most effective strategy of reducing the mortality of patients
with HBV-ACLF.

Despite a number of scoring systems such as Child-Pugh
score have been used for diagnosis of end-stage liver diseases,
not all of these scores are specifically designed for HBV-
ACLF. So far, various biochemical molecules (e.g., Prealbumin,
Serum ferritin), cytokines (e.g., Interleukin 17, Fibroleukin) and
chemokines (e.g., Macrophage inflammatory protein-3α) have
been evaluated to be novel indicators for HBV-ACLF as reviewed
by Chen et al. (2015). Wan et al. (2015) performed a particle-
enhanced immunonephelometry assay on serum samples from
ACLF patients, and they found that the level of cystain C (CysC)
was significantly higher in the ACLF with kidney failure group
than those in the healthy controls and CHB patients. Their
results suggested that CysC could be considered as a biomarker
for renal dysfunction in ACLF patients. However, no protein
biomarker has reached the clinical setting yet. Considering the
complexity and heterogeneity of HBV-ACLF pathology, it has
been suggested that integrated panel of biomarkers with specific
and complementary functions rather than a single biomarker be
useful in diagnosis of patients with HBV-ACLF.

Unbiased proteomic analysis of plasma samples holds the
promise to discover clinically effective disease biomarkers.
Plasma proteomics is an appealing concept in medicine due
to inexpensive and minimally invasive sampling and good
reproducibility (Harel et al., 2015). Plasma proteins comprise
not only actual plasma proteins that maintain physiological
homeostasis but also low abundance “leakage” proteins from
damaged tissues, which may provide direct information about
the pathology of disease and may serve as clinical biomarkers
for diagnosis and treatment (Lv et al., 2007). Several studies have
successfully applied this strategy to identify biomarkers of liver
disease, includingHepatitis B (He et al., 2003), Hepatitis C (HCV)
associated hepatic fibrosis (Yang et al., 2011) and HBV-associated
hepatocellular carcinoma (HCC) (Niu et al., 2010).

With regard to HBV-ACLF, a study using matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry (MS) approach showed that protein profiling was
markedly changed during the progression of CHB to liver
failure and suggested that these dynamic changes can distinguish
different stages of the CHB (Han et al., 2010). Another study
employed two-dimensional gel electrophoresis (2-DE) MS/MS
approach to compared serum samples collected from normal
individuals, CHB patients and HBV-ACLF patients, which
proposed that Alpha-1-acid glycoprotein (A1-AGF) might be
a potential biomarker of ACLF diagnosis for CHB patients

Abbreviations: HBV-ACLF, HBV induced acute-on-chronic liver failure; MMR,
mannose receptor; OPN, osteopontin; HPX, hemopexin; GP73, golgi membrane
protein 1; ATIII, antithrombin-III; APO-CII, apolipoprotein CII; CHB, chronic
hepatitis B; CHC, Chronic hepatitis C.

(Ren et al., 2010). Currently, with the advent of quantitative
proteomic technology, isobaric tagging for relative and absolute
quantitation (iTRAQ) technology makes it possible to quantify
several proteins in a single experiment with improved accuracy
and reproducibility of quantitation (Pierce et al., 2008). Using
this technology, Peng et al. (2013) has identified total of
16 significantly differential proteins in serum from patients
with CHB and patients with HBV-ACLF compared to healthy
controls, and suggested five of those proteins were potentially
associated with progression of hepatitis B and ACLF.

In this study, iTRAQ coupled with LC-MS/MS approach was
utilized to construct the plasma proteome in healthy controls,
patients with CHB and HBV-ACLF to explore disease-associated
alterations of plasma proteins. In addition, we sought to validate
several potential biomarkers that could distinguish ACLF from
both CHB and healthy control by ELISA analysis and subsequent
receiver operating characteristic (ROC) curves analysis. The six
candidates identified in present study can aid clinical biomarker
discovery for HBV-ACLF.

MATERIALS AND METHODS

Human Plasma Sample Collection
Blood samples from healthy people (CON), patients with
chronic hepatitis B (CHB) and patients with HBV induced
acute-on-chronic liver failure (HBV-ACLF) were provided by
Department of Infectious Diseases of Taizhou Hospital of
Zhejiang Province, China (n = 20 per group). The study was
approved by scientific ethics committee (Taizhou hospital of
Zhejiang Province, China). Written informed consent was given
from all participants and legal guardians before commencement
of this study. The diagnoses of HBV-ACLF were based on
criteria previously described (Sarin et al., 2009). Exclusion criteria
included: pregnant or lactating women; liver cancer or suspected
liver cancer; recent infection; use of immune-suppressive agents;
anti-viral therapy, immune disease or malignant tumor; other
types of hepatitis infection and HIV infection patients. Rejection
criteria included: died within 7 days after enrollment, liver
transplantation after enrollment. Information of clinical and
demographic characteristics of patients with CHB, HBV-ACLF
and healthy controls were shown in Table 1. HBV-ACLF
samples were referred to as ACLF in the figure captions.
The collected blood samples were then centrifuged at 3,000
rpm for 10min at room temperature to remove any cells
and debris. Twenty clarified plasma samples of each group
were pooled into 4 samples that contained equal volume of
5 individual plasma samples from each group. As a result,
a total of 60 samples were randomly pooled into 12 pooled
samples.

Plasma Sample Preparation for Proteomic
Analysis
Since disease biomarkers in the plasma are usually covered by
high-abundance proteins, and their signals are weak in the mass
spectrum, removal of high-abundant proteins was performed
using Agilent High-Capacity Human-14 Multiple Affinity
Removal System (MARS Human-14, Agilent, USA) according
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TABLE 1 | Clinical and demographic characteristics of subjects enrolled in this

study.

Variation ACLF (n = 23) CHB (n = 45) CON (n = 20) p-value

Age (year) 45.8 ± 13.3 40.9 ± 10.7 42.7 ± 10.9 0.250

Gender:

male (%)

14 (60.9) 30 (66.7) 12 (60) 0.833

ALT (U/L) 427.2 ± 27.5 422.6 ± 16.4 30.2 ± 1.2 0.042

AST (U/L) 316.4 ± 13.5 189.3 ± 4.4 24.8 ± 0.4 <0.001

TB (µmol/L) 267.2 ± 3.8 37.6 ± 1.4 11.0 ± 0.2 <0.001

HBV-DNA

(log10/mL)

5.4 ± 1.6 5.7 ± 1.4 ND −

HBsAg:

positive (%)

23 (100) 45 (100) ND −

HBeAg:

positive (%)

16 (69.6) 33 (73.3) ND −

ALT, alanine transaminase; AST, glutamic-oxalacetic transaminase; TB, total bilirubin; ND,

not determined.

to the manufacturer’s instructions. Protein concentrations were
determined by tryptophan fluorescence emission at 350 nm using
an excitation wave length of 295 nm (Geiger et al., 2010).
Removal effect was verified by Coomassie-stained gel. Then 100
µg of protein from each pooled sample was processed by the
Filter Assisted Sample Preparation (FASP) method as previously
described (Wiśniewski et al., 2010). Briefly, each sample was
transferred to a 10 kDa filter (Millipore Corporation) and
centrifuged at 14,000 g for 40min at 20◦C. Then, 200 µL of
urea buffer (8M urea, 0.1M Tris-HCl, pH 8.5) was added and
followed by another centrifugation at 15,000 g for 40min. This
step was repeated one more time. The concentrate was then
mixed with 100µL of 50mM iodoacetamide (IAA) in urea buffer
and incubated for an additional 40min at room temperature
in darkness. After that, IAA was removed by centrifugation at
14,000 g for 40min. Next, the sample was diluted with 200 µL
of urea buffer and centrifuged two more times. Then, 200 µL
of 50mM tetraethyl ammonium bromide (TEAB) was added
and the sample was centrifuged at 14,000 g for 40min. This step
was repeated twice. Finally, samples were digested with trypsin
(1:50, enzyme to protein in 50mM TEAB) by incubating at 37◦C
for 16 h.

iTRAQ Labeling of Plasma Samples
Peptides were labeled with iTRAQ reagents according to the
manufacturer’s instructions (AB Sciex, Foster City, CA). To
quantify 12 samples, 2 batches of 8-plex iTRAQ labeling
experiment were performed, with a mixture of 12 samples
in equal amount as a bridge for comparison among different
batches. Each aliquot (50 µg of peptide equivalent) was reacted
with one tube of iTRAQ reagent. After the sample was dissolved
in 15 µL of 0.5M TEAB solution, pH 8.5, the iTRAQ reagent
was dissolved in 50 µL of isopropanol. The mixture was
incubated at room temperature for 2 h. The 8-plex labeled
samples in the same experiment branch was pooled together and
lyophilized.

High pH Reverse Phase Fractionation
(HPRP)
iTRAQ-labeled peptides mixture was fractionated using aWaters
XBridge BEH130 C18 3.5µm 2.1 × 150mm column on
a Agilent 1260 HPLC operating at 0.2 mL/min. Buffer A
consisted of 10mM ammonium formate and buffer B consisted
of 10mM ammonium formate with 90% acetonitrile; both
buffers were adjusted to pH 10 with ammonium hydroxide as
described previously (Wang et al., 2011). A CBS-B programed
multifunction automatic fraction collecting instrument (Huxi
instrument, Shanghai, China) was coupled to the HPLC and used
to collect eluted peptides. A total of 28 fractions were collected
for each peptides mixture, and then concatenated to 14 (pooling
equal interval RPLC fractions). The fractions were dried for nano
LC-MS/MS analysis.

LC-MS/MS Analysis
The reverse phase high-performance liquid chromatography
(RP-HPLC) separation was achieved on the Easy nano-LC system
(Thermo Fisher Scientific) using a self-packed column (75µm
× 150mm; 3µm ReproSil-Pur C18 beads, 120 Å, Dr. Maisch
GmbH, Ammerbuch, Germany) at a flow rate of 300 nL/min.
The mobile phase A of RP-HPLC was 0.1% formic acid in
water, and B was 0.1% formic acid in acetonitrile. The peptides
were eluted using a gradient (2–90% mobile phase B) over a
90min period into a nano-ESI Orbitrap Elite mass spectrometer
(Thermo Fisher Scientific). The mass spectrometer was operated
in data-dependent mode with each full MS scan (m/z 300–
1,500) followed by MS/MS for the 12 most intense ions with
the parameters: ≥ +2 precursor ion charge, 2 Da precursor
ion isolation window, 80 first mass and 38 normalized collision
energy of HCD. Dynamic ExclusionTM was set for 30 s. The full
mass and the subsequent MS/MS analyses were scanned in the
Orbitrap analyzer with R= 60,000 and R= 15,000, respectively.

Database Searching and Analysis
Data were processed by search against the UniProt/SwissProt
Human database (IPI.human.v3.87) using Maxquant (version
1.5.1.0), with default settings including the allowance of
one missed cleavage and 8-plex iTRAQ fixed modifications.
Minimum 7 amino acids for peptide, >2 peptides were
required per protein. For peptide and protein identification, false
discovery rate (FDR) was set to 1%. iTRAQ reporter ion intensity
were used for quantification. By setting the median of intensity
for each channel to equal and matching the distributions of
each treatment iTRAQ reporter group (114, 115, 116, 118, 119,
and 121) to those of the control iTRAQ reporter group (113,
which corresponded to the mixture sample), we able to make
consistent comparisons across different samples obtained from
different iTRAQ 8-plex experiments. The ratio was restored to
the intensity by multiplying the median of intensity of the first
channel 113 (MIX1).

Bioinformatics Analysis
Functional enrichment analysis of Gene Ontology (GO) of
biological process, molecular function, and cellular component
was performed using DAVID Bioinformatics Resources version
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6.7. The protein-protein interaction (PPI) network analysis of
differentially expressed proteins was performed using STRING
(https://www.string-db.org/). And the PPI network was further
processed by Cytoscape software.

Elisa Assay
The expression levels of selected biomarkers were measured in
plasma samples from 20 healthy controls, 45 CHB patients and
23 HBV-ACLF patients using ELISA quantitation kits (APO-
CII, GP73, OPN, MMR, HPX purchased from RayBiotech; ATIII
purchased from R&D systems, UK). The experimental methods
were carried out according to the manufacturer’s instructions.

Evaluation of the Diagnostic Accuracy
Mathematical models for separation of HBV-ACLF from CHB
patients were performed on ELISA results of 6 candidate
biomarkers using SPSS 19.0 software (Chicago, IL, USA). The
diagnostic score of CHB patient was set as “0,” while that of
ALCF patient was set as “1.” The forward stepwise multivariate
regression analysis was conducted to determine which proteins
should be included or excluded from the diagnostic model. The
global performances of the model and individual biomarkers
were evaluated by constructing receiver operating characteristic
(ROC) curves and calculating the area under the curve (AUC)
values.

Statistical Analysis
One way analysis of variance (ANOVA) and Tukey’s honestly
significant difference (HSD) test was performed with language
R. p-value <0.05 was defined as statistically significant. Clinical
chemistry data are expressed as mean ± SEM. Hierarchical
clustering of proteins was performed on logarithmized data,
using Euclidean distances and Ward clustering method using
Package of “pheatmap” in language R. Correlation between
samples was analyzed using Spearman’s rank correlation
coefficient.

RESULTS

Identification of Significantly Changed
Proteins in CHB and HBV-ACLF Groups
In this study, plasma samples from healthy control, CHB
and HBV-ACLF patients were subjected to LC-MS/MS analysis
following removal of high abundance protein, FASP preparation,
tryptic digestion and iTRAQ labeling. The experimental
workflow is illustrated in Figure 1. iTRAQ 113 and 117 were used
to label the mixture of all samples as a reference pool in different
sets, thus allowing for cross-set comparison (Song et al., 2008).

With the false discovery rate (FDR) <1%, 397 and 396
proteins were identified in the 8-plex iTRAQ data set 1
and 2, respectively, resulting in a total of 427 proteins
identified (Table S1). Of which, 364 non-redundant proteins
were commonly identified across all samples by these two
iTRAQ experiments. The quality of the proteomic dataset
and instrumental reproducibility was evaluated. As shown in
Figure 2A, the box plot analysis showed that the log2 protein
intensity medians of all 12 pooled samples were about 1.25,

almost at the same levels across all the samples, suggesting
that there were no biases toward any samples. In addition,
correlation analysis was performed on intensities between
biological replicates inside each cohort or between different
cohorts. Figure 2B showed that all of correlation coefficients
between each two samples were higher than 0.86, demonstrating
good reproducibility of biological replicates. Taken together,
these results suggest that the iTRAQ-MS/MS analysis yielded a
high quality reproducible dataset.

Filtering the iTRAQ data set using criteria of p-value < 0.05
and fold change >2, we identified a total of 149 significantly
changed proteins through comparing each two groups. A full list
of all significantly differential proteins is given in Table S2.

A heatmap analysis of 149 differential proteins using an
unsupervised hierarchical clustering and correlation distance
metric was generated to depict the change of expression level
in different groups (Figure 2C). As the dendrogram indicated,
CON, CHB and HBV-ACLF group samples formed three distinct
clusters and the individuals within each group displayed the
closest relationship.

Venn diagrams displayed unique and overlapping differential
proteins in CHB andHBV-ACLF as compared to CON. As shown
in Figure 2D, 3 overlapping differential proteins were identified
by comparison of each two groups. There were 143 proteins
differentially expressed between HBV-ACLF and CON, of which
42 were significantly changed when HBV-ACLF was compared to
both CON and CHB. There were only 13 proteins differentially
expressed between CHB and CON.

Bioinformatics Analysis of Differentially
Expressed Proteins
To understand biological significance regarding to differentially
expressed proteins in HBV-ACLF patients, the cellular
component, molecular function and biological process of
the 143 proteins were explored by Gene Ontology (GO)
annotation (Table S3). In the cellular component category of
GO, the most over-represented term is high-density lipoprotein
particle (Figure 3A) and the most significant molecular function
is endopeptidase inhibitor activity (Figure 3B). The top 3
biological processes terms were regulation of endopeptidase
activity, platelet degranulation and regulation of complement
activation. Other important biological processes such as
regulation of fibrinolysis, complement activation, immune
response and inflammatory response were also over-represented
(Figure 3C).

To understand functional relationship among the 42
differential proteins between CHB and HBV-ACLF groups,
protein protein interaction (PPI) network based on STRING
action scores was illustrated. The annotations of biological
processes based on GO analysis were also indicated in this
view. PPI analysis showed a complex network with several
distinct biological subgroups that contained highly connected
proteins. As shown in Figure 3D, proteins involved in immune
response, inflammatory response, blood coagulation and lipid
metabolism were highly connected with each other, indicating
that functional network of these processes contribute to
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FIGURE 1 | Workflow chart of the proteomic study. Twelve pooled plasma samples (pooled from n = 5) from 20 healthy controls, 20 CHB patients and 20 ACLF

patients were subjected to removal of high abundant proteins. Then equal amounts of proteins from each sample were digested with trypsin. Resultant peptides were

processed 8-plex iTRAQ labeling, HPRP fractionation and subsequent LC-MS/MS analysis. Bioinformatics analysis was performed using Uniprot and STRING

database. The plasma levels of candidate proteins were further verified by ELISA assay and diagnostic value of these biomarkers were assessed by forward stepwise

logistic regression analysis and ROC curve analysis.

HBV-ACLF pathophysiology. Based on promising reports from
literature, 6 proteins antithrombin-III (ATIII), mannose receptor
(MMR), golgi membrane protein 1 (GP73), osteopontin (OPN),
apolipoprotein CII (APO-CII), hemopexin (HPX) involved in
biological processes mentioned above were selected for further
verification.

Evaluation of Six Selected Proteins as
Biomarker Candidates
To verify whether alterations of 6 selected candidates are reliably
presented in clinical samples, we performed an ELISA assay to
measure protein levels in plasma samples from healthy controls
(CON, n = 20), CHB patients (CHB, n = 45), HBV-ACLF
patients (ACLF, n= 23). The results showed significant elevation
of GP73, MMR, and OPN (p < 0.01) and significant reduction of

ATIII, HPX, APO-CII expression levels (p < 0.01) in the HBV-
ACLF group as compared to both CHB and CON groups. In
addition, significant differences in GP73 and MMR levels were
also observed between the CHB and CON groups (p < 0.01).
These results are consistent with the data obtained from the
proteomic studies (Figure 4A).

Subsequently, the diagnostic values of 6 candidates were
analyzed by forward stepwise multivariate regression. The result
showed that MMR and ATIII were included in this logistic
regression model as below (e is the mathematical constant and
base value of natural logarithms):

P = e−0.0496+0.006MMR−0.176ATIII/1+ e−0.0496+0.006MMR−0.176ATIII

Odds ratios of MMR and ATIII in the diagnostic model were
1.006 and 0.839 respectively. Furthermore, receiver operating
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FIGURE 2 | Identification of total proteins and differentially expressed proteins. (A) Box plots of log2 protein intensity average for each sample. (B) Correlation analysis

between each two samples. Rows and columns represent samples, and each square shows the correlation coefficients between two samples. ***p < 0.001

comparing intensity of each two samples. (C) Heatmap of the significantly changed proteins. Rows represent proteins and columns represent different samples. Color

of each cell represents expression change of proteins, red is increased and blue is decreased relative to control group. (D) Venn diagram shows the overlap of

differential proteins between comparison of each two groups.

characteristic (ROC) curve was exploited based on the results
of the area under the curve (AUC), sensitivity and specificity.
Figures 4B,C and Table 2 showed the results of ROC analysis
of individual biomarkers and the combined biomarker model
for discriminating liver failure patients from CHB patients. The
AUC of the combined biomarker model ATIII+MMRwas 0.993,
higher than any other individual biomarkers, indicating the
combination of ATIII and MMR can effectively discriminate the
HBV-ACLF patients from CHB patients.

DISCUSSION

To our knowledge, there are two representative ACLF definitions
proposed by the Asia-Pacific Association for the Study of the
Liver (APASL) and the American Association for the Study of
Liver Disease and the European Association for the Study of
the Liver (AASLD/EASL) (Kim and Kim, 2013). The APASL
focused on the occurrence of complication such as ascites and
encephalopathy within 4 weeks in patients with chronic liver

disease (Sarin et al., 2009), whereas the other one emphasized
the occurrence of multi-organ failure and 3 months mortality
(Olson and Kamath, 2011). However, most researchers agree that
the concept of ACLF should include: acute deterioration of pre-
existing chronic liver disease, multi-system organ failure and
with a mortality ≥15% at day 28 (Kim and Kim, 2013; Blasco-
Algora et al., 2015). Unfortunately, there is a lack of biomarker
highly sensitive and minimally invasive to predict ACLF in CHB
patients. In this study, plasma proteome profiling of healthy
controls, CHB patients and HBV-ACLF patients was established
by iTRAQ-based proteomic analysis, aiming to search novel
diagnostic biomarkers of HBV-ACLF. We identified 6 candidates
with strong biological relevance to HBV-ACLF pathogenesis and
further confirmed their change of plasma levels in 68 subjects
using ELISA assay.

Demographic information exhibited that approximately 60%
patients are male in either CHB or ACLF group as shown in
Table 1. This result was consistent with the study from Rifai et al.
(2012). They found that significantly more males than females

Frontiers in Physiology | www.frontiersin.org 6 December 2017 | Volume 8 | Article 1009

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Zhou et al. iTRAQ-Based Proetomics for HBV-ACLF Biomarker Discovery

FIGURE 3 | Bioinformatics analysis of differentially expressed proteins. All of 147 proteins were functionally annotated in according to their cellular component (A),

molecular function (B), and biological process (C). The x axis represent the negative log of p-value. Digits mentioned inside each bar represent the number of proteins

involved in each GO term. (D) Protein-protein interaction analysis of 42 differential proteins between CHB and HBV-ACLF using STRING database. Interactions

between two proteins were indicated with gray edges. Color of node indicates fold change in ACLF. Green represents down-regulated protein and red represents

up-regulated protein. Manual functional annotations based on GO analysis were shown.

underwent liver transplantation for CHB. There may be a gender
difference with more men susceptible to HBV infection and
developing to end-stage liver disease, which could be attribute to
sex hormone effects on HBV transcription and immune response
to HBV infection (Wang et al., 2015).

Individual variations among patients make a big challenge
for applications of conventional proteomics. This issue has
been addressed in plasma proteomic studies (Zhou et al.,
2012). In the present study, particularly, each 5 plasma samples
in the same group were randomly pooled to minimize the
individual variations (Schisterman and Vexler, 2008). Plasma has
been widely used in proteomic study for biomarker discover.
However, the large dynamic range of protein concentrations in
plasma samples exceeds the analytical capabilities of traditional
proteomic methods, making those lower abundance plasma
proteins undetectable (Pernemalm and Lehtiö, 2014). Therefore,
we firstly conducted removal of high-abundance proteins (such
as Albumin and IgG) using immune affinity-based depletion
method to improve depth of detection in plasma sample. In doing

so, a total of 427 proteins were identified across all samples.
We found that more extensive molecular response was occurred
in progression of ACLF (143 altered proteins as compared to
healthy control) than in that of CHB (13 altered proteins as
compared to healthy control).

Accurate diagnostic prediction is critical for distinguishing
CHB patients who require transplantation from those who will
survive following intensive medical care alone. Current Venn
diagram revealed that expression of 42 proteins were changed
significantly when HBV-ACLF group were compared with both
healthy control and CHB groups, indicating these proteins
may be helpful in identifying biomarkers for discriminating
HBV-ACLF from CHB patients. Analysis of the protein-protein
interaction of 42 proteins revealed that these proteins connected
each other to regulate distinct biological process, including
immune response, inflammatory response, blood coagulation,
and lipid metabolic process.

It is well accepted that ACLF is an exaggerated systemic
inflammatory response in context of immune dysregulation.
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FIGURE 4 | Evaluation of plasma levels of 6 candidate proteins in healthy controls, CHB patients and HBV-ACLF patients using ELISA assay. (A) Plasma levels of six

candidates (ATIII, HPX, APO-CII, GP73, MMR, and OPN) in different groups were analysis by ELISA assay. Median values were shown with a horizontal line. *p < 0.01,

Upper panel indicates protein intensity of each candidate obtained from iTRAQ-proteomic analysis. (B) ROC curve analysis of the 6 individual biomarkers. (C) ROC

curve analysis of the combination of ATIII and MMR.
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TABLE 2 | ROC analysis of individual biomarkers and combined diagnostic model.

Proteins AUC 95% CI Sensitivity (%) Specificity (%)

GP73 0.91 0.81–0.96 100.00 75.56

HPX 0.86 0.75–0.93 73.91 90.91

MMR 0.96 0.88–0.99 82.61 95.56

OPN 0.96 0.87–0.99 100.00 88.64

ATIII 0.96 0.89–0.99 91.30 88.89

APO-CII 0.72 0.60–0.82 90.91 50.00

MMR+ATIII 0.99 0.93–1.00 100.00 97.78

The inflammation may also result in the unbalance of pro-
thrombotic and anti-thrombotic states that may be manifested
by either bleeding or thrombotic complications (Blasco-Algora
et al., 2015). Since these biological processes are closely related
to ACLF pathology, we considered 6 proteins (MMR, OPN,
HPX, GP73, ATIII, and APO-CII) involved in these processes as
potential biomarkers for diagnosis of HBV-ACLF and the clinical
relevance of these proteins was further confirmed by ELISA
assay. Subsequent ROC analysis indicated that these candidates,
especially combination of MMR and ATIII, have good sensitivity
and specificity in predicting HBV-ACLF.

Mannose receptor (MMR) locates on the surface of various
cell types such as macrophages and dendritic cells (Martinez-
Pomares, 2012). As a pattern recognition receptor, MMR binds
and internalizes the glycoproteins from various pathogens (e.g.,
virus, bacteria and parasites) (Stahl and Ezekowitz, 1998), thus
playing an important role in innate and adaptive immune
response (Apostolopoulos and McKenzie, 2001). Another
function of the MMR is to eliminate inflammatory agents
released into the circulation during the inflammatory response
(Lee et al., 2002). It has been reported that the concentration
of soluble MMR (sMR) in serum from CHC patients with
cirrhosis was higher than that with mild hepatic fibrosis patients
(Andersen et al., 2014). Similarly, our study showed that levels
of plasma MMR in HBV-ACLF patients were higher than CHB
patients and healthy controls. It can be speculated that MMR-
mediated immune and inflammatory response was dramatically
triggered in context of HBV-ACLF.

Osteopontin (OPN), as a phosphorylated integrin-binding
protein, has been implicated in many distinct pathophysiological
processes including wound healing, bone turnover and
tumorigenesis. Particularly, its roles in immune response and
inflammation have been extensively studied (Rittling and Singh,
2015). OPN contributes to development of immune-mediated
and inflammatory disease by promoting inflammatory cells
recruitment (Apte et al., 2005), enhancing B cell proliferation
(Wang and Denhardt, 2008) and suppressing apoptosis of
immune cells (Denhardt et al., 2001). Several studies have shown
that expression level of OPN was positively associated with CHB,
CHC, alcoholic liver disease, fibrosis and HCC (Nagoshi, 2014;
Fouad et al., 2015; Duarte-Salles et al., 2016). Recent studies
reported remarkable elevation of serum OPN concentration in
fulminant hepatic failure (FHF) patients and acute liver failure
patients (Arai et al., 2006; Srungaram et al., 2015). Consistent
with these findings, this study showed that level of plasma OPN

was significantly elevated in HBV-ACLF groups as compared
to CHB and healthy control groups, and this up-regulation of
OPN may aggravate hepatic inflammation of CHB patients in
progression to ACLF.

Hemopexin (HPX), as an acute phase glycoprotein, can bind
heme with high affinity (Paoli et al., 1999), and the resultant
Heme-HPX complex can be taken up by liver, protecting the
body against free heme-induced oxidative damage (Hvidberg
et al., 2005). Recent study reported anti-inflammatory function
of HPX through its ability to regulate the pro-inflammatory
cytokines and infiltration of Th17 cell (Liang et al., 2009).
Xu et al. (2014) concluded that serum HPX concentration is
negatively associated with severity of rat acute rejection after liver
allograft. In addition, decrease of of HPX level was also observed
in rat model of liver fibrosis induced by carbon tetrachloride
(CCl4) (Zhang et al., 2015). In present study, plasma HPX level
was significantly reduced in HBV-ACLF patients compared to
CHB patients and healthy controls. Low HPX level may be
attribute to impaired function of hepatocyte that is principal site
of HPX synthesis, and decreased HPX may further aggravate
liver damage. However, the role of HPX in pathogenesis of
HBV-ACLF remains elusive to contradictory results reported
by Lu et al. (2010), where up-regulation of HPX level was
observed in plasma sample fromHBV infected patients with liver
fibrosis.

Golgi membrane protein 1 (GP73), as a type II Golgi
membrane protein with unknown function, mainly presents
in biliary epithelial cell and is rarely expressed in normal
hepatocytes (Ba et al., 2012). However, serum GP73 levels are
dramatically elevated in context of various types of liver disease
such as viral infection (HBV, HCV), alcohol-induced liver disease
(Kladney et al., 2002), cirrhosis (Iftikhar et al., 2004), or HCC
(Gao et al., 2015; Sai et al., 2015; Zhang et al., 2016). Wei
et al. (2014) revealed that expression level of serum GP73 was
significantly up-regulated in patient with HBV-ACLF compared
to HCC patients, CHB patients, and healthy controls, supporting
our present result. Biological significance of GP73 elevation
requires further study.

One of the typical clinical characteristics of liver failure
is coagulation dysfunction because of the dysregulated
production of coagulation factors and anti-coagulation
factors. Antithrombin-III (ATIII), exclusively synthesized
by hepatocytes, is a natural anticoagulant that inactivates
several enzymes of coagulation system (Castelino and Salem,
1997). It was reported that ATIII levels are reduced in various
liver disorders, such as cirrhosis, hepatitis and the fatty
liver of pregnancy (Castelino and Salem, 1997). Tischendorf
et al. (2016) suggested that reduced activity of ATIII was
independent predictors of hepatic encephalopathy in patients
with liver cirrhosis. Evaluating 158 HCC patients subjected to
hepatectomy, Mizuguchi et al. (2012) demonstrated the decrease
of serum ATIII as a useful predictor for postoperative liver
dysfunction post hepatectomy. Similar conclusion was also
yielded by Kuroda et al. (2015). In line with these findings,
plasma ATIII level was significantly reduced in HBV-ACLF
patients group.

Liver is the primary site of production for apolipoproteins
that is responsible for the maintenance of lipoproteins and
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lipid metabolism (Bell, 1979). Apolipoprotein CII (APO-
CII), together with APO-CI and APO-CIII are constituents
of chylomicrons, very low-density lipoprotein (VLDL), and
high-density lipoprotein (HDL) in blood circulation. APO-
CII regulates triglyceride metabolism through interact with
lipoprotein lipase (LPL), a enzyme for hydrolysis and clearance
of triglycerides from VLDL and chylomicrons (Jong et al.,
1999). However, both an excess and a lack of APO-CII inhibit
LPL activity and thus result in hypertriglyceridemia (Kei et al.,
2012). Song et al. (2012) concluded that reduced serum APO-
CII and APO-CIII were associated with aberrant biliary cycle,
and considered APO-CII and APO-CIII as potential biomarker
for diagnosis of biliary atresia. Trieb et al. (2016) found that
decrease of serum APO-CIII level was associated with cirrhosis
mortality. However, the relationship between APO-CII and liver
damage such as ACLF has not been reported. Previous study has
suggested that APO-CII levels would not be affected in most
patients with liver disease, despite a down-regulation of APO-
CIII levels (Koga et al., 1984). Our study showed that the plasma
concentration of APO-CII was reduced in HBV-ACLF patients
compared to both CHB patients and healthy controls, which may
reflect impairment of lipid metabolism in HBV-ACLF disease.

According to the previous proteomic study reported by Peng
et al. (2013), there were 16 proteins differentially expressed
in CHB and ACLF patients. We did the comparison of our
differentially expressed proteins with their 16 proteins, and
three proteins were overlapped, including vitronectin (VTN), C-
reactive protein (CRP) and platelet factor 4 (PF4). In their study,
vitronectin (VTN) showed 1.23- and 2.14-fold down-regulation
in CHB and ACLF patients, respectively, and this protein was
also down-regulated in our dataset with the ratio of CHB/CON
= 0.73 in CHB patients and the ratio of ACLF/CON = 0.48
in ACLF patients (Table S2). As a cell adhesion and spreading
factor found in serum and tissues, VTN was reported that
its plasma level dramatically decreased in chronic liver disease
(Tomihira, 1991; Kobayashi et al., 1994). In Peng et al.’s study,
pro-inflammatory protein C-reactive protein (CRP) was 2.46-
fold down-regulated and 4.59-fold up-regulated in CHB and
ACLF patients, respectively, and our data demonstrated that
CRP was up-regulated with the ratio of CHB/CON = 1.97 in
CHB patients and the ratio of ACLF/CON = 5.43 in ACLF
patients. Platelet factor 4 (PF4) was down-regulated with 1.15-
and 1.87-fold in CHB and ACLF patients respectively, and our
data is consistent with theirs with the ratio of CHB/CON =

0.21 in CHB patients and the ratio of ACLF/CON = 0.12 in
ACLF patients. Thus, the similar tendency of these three proteins
between Peng et al.’s study and ours suggested that the potential
clinical application of these proteins for HBV-ACLF diagnosis
can be further investigated.

In summary, this study employed an iTRAQ-based
quantitative proteomic approach to identify plasma biomarkers

for HBV-ACLF diagnosis. Based on protein-protein interaction
analysis, we focused on 6 differentially expressed proteins
involved in inflammation, immune response, blood coagulation
and lipid metabolism. And the following ELISA analysis of
plasma samples from patient cohorts further confirmed the
up-regulation of GP73, MMR, OPN and the down-regulation of
ATIII, HPX, APO-CII in HBV-ACLF patients. These proteins
were involved in the key pathological processes on acute
occurrence of complication or multi-organ failure in the
progression of ACLF. So we believed that these proteins can be
considered as the potential biomarkers for HBV-ACLF diagnosis.
However, more confirmatory studies are required with hope that
theses candidate biomarkers can be applied to routine clinical
practice.

AUTHOR CONTRIBUTIONS

NZ, KW, SF, HZ and JZ designed the experiments and wrote
the manuscript. NZ, KW and SF performed the experiments
with the support and help from FY and YT. NZ and XZ
performed the clinic sample collection and ELISA experiments
and statistical data analysis with the assistance of TH and HC. All
authors critically reviewed content and approved final version for
publication.

FUNDING

This work was financially supported by the Zhejiang Province
Major Science and Technology Programs (No. 2012C13018-3),
Zhejiang Provincial Natural Science Foundation (No.
LY15H030003), National Natural Science Foundation
of China (Grant No. 21375138 and 81500469) and by
the Strategic Priority Research Program of the Chinese
Academy of Science, “Personalized Medicines-Molecular
Signature-based Drug Discovery and Development” (No.
XDA12030203).

ACKNOWLEDGMENTS

We thank Dr. Jing Gao and Han He for their technical
assistance. The authors declare no competing financial interest.
The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE partner
repository with the data set identifier PXD007975 (http://www.
ebi.ac.uk/pride).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2017.01009/full#supplementary-material

REFERENCES

Anand, A. C., and Dhiman, R. K. (2016). Acute on chronic liver failure-what is in
a ‘definition’? J. Clin. Exp. Hepatol. 6, 233–240. doi: 10.1016/j.jceh.2016.08.011

Andersen, E. S., Rødgaard-Hansen, S., Moessner, B., Christensen, P. B., Møller,
H. J., and Weis, N. (2014). Macrophage-related serum biomarkers soluble
CD163 (sCD163) and soluble mannose receptor (sMR) to differentiate mild
liver fibrosis from cirrhosis in patients with chronic hepatitis C: a pilot study.

Frontiers in Physiology | www.frontiersin.org 10 December 2017 | Volume 8 | Article 1009

http://www.ebi.ac.uk/pride
http://www.ebi.ac.uk/pride
https://www.frontiersin.org/articles/10.3389/fphys.2017.01009/full#supplementary-material
https://doi.org/10.1016/j.jceh.2016.08.011
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Zhou et al. iTRAQ-Based Proetomics for HBV-ACLF Biomarker Discovery

Eur. J. Clin. Microbiol. Infect. Dis. 33, 117–122. doi: 10.1007/s10096-013-
1936-3

Apostolopoulos, V., and McKenzie, I. F. (2001). Role of the mannose
receptor in the immune response. Curr. Mol. Med. 1, 469–474.
doi: 10.2174/1566524013363645

Apte, U. M., Banerjee, A., McRee, R., Wellberg, E., and Ramaiah, S.
K. (2005). Role of osteopontin in hepatic neutrophil infiltration
during alcoholic steatohepatitis. Toxicol. Appl. Pharmacol. 207, 25–38.
doi: 10.1016/j.taap.2004.12.018

Arai, M., Yokosuka, O., Kanda, T., Fukai, K., Imazeki, F., Muramatsu, M., et al.
(2006). Serum osteopontin levels in patients with acute liver dysfunction.
Scand. J. Gastroenterol. 41, 102–110. doi: 10.1080/00365520510024061

Arroyo, V., and Jalan, R. (2016). Acute-on-Chronic Liver Failure: definition,
diagnosis, and clinical characteristics. Semin. Liver Dis. 36, 109–116.
doi: 10.1055/s-0036-1583202

Ba, M. C., Long, H., Tang, Y. Q., and Cui, S. Z. (2012). GP73 expression and its
significance in the diagnosis of hepatocellular carcinoma: a review. Int. J. Clin.
Exp. Pathol. 5, 874–881.

Bell, A. W. (1979). Lipid metabolism in liver and selected tissues and in the whole
body of ruminant animals. Prog. Lipid Res. 18, 117–164.

Bernal, W., Jalan, R., Quaglia, A., Simpson, K., Wendon, J., and Burroughs,
A. (2015). Acute-on-chronic liver failure. Lancet 386, 1576–1587.
doi: 10.1016/S0140-6736 (15)00309-8

Blasco-Algora, S., Masegosa-Ataz, J., Gutiérrez-García, M. L., Alonso-López,
S., and Fernández-Rodríguez, C. M. (2015). Acute-on-chronic liver failure:
pathogenesis, prognostic factors and management. World J. Gastroenterol. 21,
12125–12140. doi: 10.3748/wjg.v21.i42.12125

Castelino, D. J., and Salem, H. H. (1997). Natural anticoagulants and the liver. J.
Gastroenterol. Hepatol. 12, 77–83.

Chen, E. Q., Zeng, F., Zhou, L. Y., and Tang, H. (2015). Early warning and
clinical outcome prediction of acute-on-chronic hepatitis B liver failure.World

J. Gastroenterol. 21, 11964–11973. doi: 10.3748/wjg.v21.i42.11964
Cui, Y., and Jia, J. (2013). Update on epidemiology of hepatitis B and C in China.

J. Gastroenterol. Hepatol. 28 (Suppl. 1), 7–10. doi: 10.1111/jgh.12220
Denhardt, D. T., Noda, M., O’Regan, A. W., Pavlin, D., and Berman, J. S.

(2001). Osteopontin as a means to cope with environmental insults: regulation
of inflammation, tissue remodeling, and cell survival. J. Clin. Invest. 107,
1055–1061. doi: 10.1172/JCI12980

Duarte-Salles, T., Misra, S., Stepien, M., Plymoth, A., Muller, D., Overvad, K., et al.
(2016). Circulating osteopontin and prediction of hepatocellular carcinoma
development in a large european population. Cancer Prev. Res. (Phila) 9,
758–765. doi: 10.1158/1940-6207.CAPR-15-0434

Fouad, S. A., Mohamed, N. A., Fawzy, M. W., and Moustafa, D. A. (2015). Plasma
osteopontin level in chronic liver disease andHepatocellular Carcinoma.Hepat.
Mon. 15:e30753. doi: 10.5812/hepatmon.30753

Gao, G., Dong, F., Xu, X., Hu, A., and Hu, Y. (2015). Diagnostic value of serum
Golgi protein 73 for HBV-related primary hepatic carcinoma. Int. J. Clin. Exp.
Pathol. 8, 11379–11385.

Geiger, T., Cox, J., Ostasiewicz, P., Wisniewski, J. R., and Mann, M. (2010). Super-
SILACmix for quantitative proteomics of human tumor tissue.Nat. Methods 7,
383–385. doi: 10.1038/nmeth.1446

Han, T., Liu, H., Yu, Z. L., Li, J., Wang, L., Xiao, S. X., et al. (2010). Serum peptide
profiles during progression of chronic hepatitis B virus infection to liver failure.
J. Viral Hepat. 17 (Suppl 1), 18–23. doi: 10.1111/j.1365-2893.2010.01267.x

Harel, M., Oren-Giladi, P., Kaidar-Person, O., Shaked, Y., and Geiger, T. (2015).
Proteomics of microparticles with SILAC Quantification (PROMIS-Quan):
a novel proteomic method for plasma biomarker quantification. Mol. Cell.

Proteomics. 14, 1127–1136. doi: 10.1074/mcp.M114.043364
He, Q. Y., Lau, G. K., Zhou, Y., Yuen, S. T., Lin, M. C., Kung, H. F., et al. (2003).

Serum biomarkers of hepatitis B virus infected liver inflammation: a proteomic
study. Proteomics 3, 666–674. doi: 10.1002/pmic.200300394

Hvidberg, V., Maniecki, M. B., Jacobsen, C., Højrup, P., Møller, H. J., and
Moestrup, S. K. (2005). Identification of the receptor scavenging hemopexin-
heme complexes. Blood 106, 2572–2579. doi: 10.1182/blood-2005-03-1185

Iftikhar, R., Kladney, R. D., Havlioglu, N., Schmitt-Gräff, A., Gusmirovic, I.,
Solomon, H., et al. (2004). Disease- and cell-specific expression of GP73
in human liver disease. Am. J. Gastroenterol. 99, 1087–1095. doi: 10.1111/j.
1572-0241.2004.30572.x

Jong, M. C., Hofker, M. H., and Havekes, L. M. (1999). Role of ApoCs in
lipoprotein metabolism: functional differences between ApoC1, ApoC2, and
ApoC3. Arterioscler. Thromb. Vasc. Biol. 19, 472–484.

Kei, A. A., Filippatos, T. D., Tsimihodimos, V., and Elisaf, M. S. (2012). A
review of the role of apolipoprotein C-II in lipoprotein metabolism and
cardiovascular disease. Metabolism 61, 906–921. doi: 10.1016/j.metabol.2011.
12.002

Kim, T. Y., and Kim, D. J. (2013). Acute-on-chronic liver failure. Clin. Mol.

Hepatol. 19, 349–359. doi: 10.3350/cmh.2013.19.4.349
Kladney, R. D., Cui, X., Bulla, G. A., Brunt, E. M., and Fimmel, C. J. (2002).

Expression of GP73, a resident Golgi membrane protein, in viral and nonviral
liver disease. Hepatology 35, 1431–1440. doi: 10.1053/jhep.2002.32525

Kobayashi, J., Yamada, S., and Kawasaki, H. (1994). Distribution of vitronectin
in plasma and liver tissue: relationship to chronic liver disease. Hepatology 20,
1412–1417.

Koga, S., Yamamoto, K., and Ibayashi, H. (1984). Alterations in levels of
apolipoprotein C-III and C-II/C-III ratios in patients with liver disease.
Gastroenterol. Jpn. 19, 65–71.

Kuroda, S., Tashiro, H., Kobayashi, T., Hashimoto, M., Mikuriya, Y.,
and Ohdan, H. (2015). Administration of antithrombin III attenuates
posthepatectomy liver failure in hepatocellular carcinoma. Dig. Surg. 32,
173–180. doi: 10.1159/000379759

Lee, S. J., Evers, S., Roeder, D., Parlow, A. F., Risteli, J., Risteli, L., et al. (2002).
Mannose receptor-mediated regulation of serum glycoprotein homeostasis.
Science 295, 1898–1901. doi: 10.1126/science.1069540

Liang, X., Lin, T., Sun, G., Beasley-Topliffe, L., Cavaillon, J. M., and Warren,
H. S. (2009). Hemopexin down-regulates LPS-induced proinflammatory
cytokines from macrophages. J. Leukoc. Biol. 86, 229–235. doi: 10.1189/jlb.12
08742

Lu, Y., Liu, J., Lin, C., Wang, H., Jiang, Y., Wang, J., et al. (2010). Peroxiredoxin
2: a potential biomarker for early diagnosis of hepatitis B virus related liver
fibrosis identified by proteomic analysis of the plasma. BMC Gastroenterol.

10:115. doi: 10.1186/1471-230X-10-115
Lv, S., Wei, L., Wang, J. H., Wang, J. Y., and Liu, F. (2007). Identification of novel

molecular candidates for acute liver failure in plasma of BALB/c murine model.
J. Proteome Res. 6, 2746–2752. doi: 10.1021/pr0701759

Marrero, J., Martinez, F. J., and Hyzy, R. (2003). Advances in critical
care hepatology. Am. J. Respir. Crit. Care Med. 168, 1421–1426.
doi: 10.1164/rccm.200303-361UP

Martinez-Pomares, L. (2012). The mannose receptor. J. Leukoc. Biol. 92,
1177–1186. doi: 10.1189/jlb.0512231

Mizuguchi, T., Kawamoto, M., Meguro, M., Son, S., Nakamura, Y., Harada, K.,
et al. (2012). Serum antithrombin III level is well correlated with multiple
indicators for assessment of liver function and diagnostic accuracy for
predicting postoperative liver failure in hepatocellular carcinoma patients.
Hepatogastroenterology 59, 551–557. doi: 10.5754/hge10052

Nagoshi, S. (2014). Osteopontin: versatile modulator of liver diseases.Hepatol. Res.
44, 22–30. doi: 10.1111/hepr.12166

Niu, D., Feng, H., and Chen, W. N. (2010). Proteomic analysis of HBV-associated
HCC: insights on mechanisms of disease onset and biomarker discovery. J.
Proteomics 73, 1283–1290. doi: 10.1016/j.jprot.2010.02.016

Olson, J. C., and Kamath, P. S. (2011). Acute-on-chronic liver failure:
concept, natural history, and prognosis. Curr. Opin. Crit. Care 17, 165–169.
doi: 10.1097/MCC. 0b013e328344b42d

Paoli, M., Anderson, B. F., Baker, H. M., Morgan, W. T., Smith, A., and Baker, E.
N. (1999). Crystal structure of hemopexin reveals a novel high-affinity heme
site formed between two beta-propeller domains. Nat. Struct. Biol. 6, 926–931.
doi: 10.1038/13294

Peng, L., Liu, J., Li, Y. M., Huang, Z. L., Wang, P. P., Gu, Y. R., et al. (2013).
Serum proteomics analysis and comparisons using iTRAQ in the progression
of hepatitis B. Exp. Ther. Med. 6, 1169–1176. doi: 10.3892/etm.2013.1310

Pernemalm, M., and Lehtiö, J. (2014). Mass spectrometry-based plasma
proteomics: state of the art and future outlook. Expert Rev. Proteomics 11,
431–448. doi: 10.1586/14789450.2014.901157

Pierce, A., Unwin, R. D., Evans, C. A., Griffiths, S., Carney, L., Zhang, L.,
et al. (2008). Eight-channel iTRAQ enables comparison of the activity
of six leukemogenic tyrosine kinases. Mol. Cell. Proteomics 7, 853–863.
doi: 10.1074/mcp.M700251-MCP200

Frontiers in Physiology | www.frontiersin.org 11 December 2017 | Volume 8 | Article 1009

https://doi.org/10.1007/s10096-013-1936-3
https://doi.org/10.2174/1566524013363645
https://doi.org/10.1016/j.taap.2004.12.018
https://doi.org/10.1080/00365520510024061
https://doi.org/10.1055/s-0036-1583202
https://doi.org/10.1016/S0140-6736
https://doi.org/10.3748/wjg.v21.i42.12125
https://doi.org/10.3748/wjg.v21.i42.11964
https://doi.org/10.1111/jgh.12220
https://doi.org/10.1172/JCI12980
https://doi.org/10.1158/1940-6207.CAPR-15-0434
https://doi.org/10.5812/hepatmon.30753
https://doi.org/10.1038/nmeth.1446
https://doi.org/10.1111/j.1365-2893.2010.01267.x
https://doi.org/10.1074/mcp.M114.043364
https://doi.org/10.1002/pmic.200300394
https://doi.org/10.1182/blood-2005-03-1185
https://doi.org/10.1111/j.
https://doi.org/10.1016/j.metabol.2011.12.002
https://doi.org/10.3350/cmh.2013.19.4.349
https://doi.org/10.1053/jhep.2002.32525
https://doi.org/10.1159/000379759
https://doi.org/10.1126/science.1069540
https://doi.org/10.1189/jlb.1208742
https://doi.org/10.1186/1471-230X-10-115
https://doi.org/10.1021/pr0701759
https://doi.org/10.1164/rccm.200303-361UP
https://doi.org/10.1189/jlb.0512231
https://doi.org/10.5754/hge10052
https://doi.org/10.1111/hepr.12166
https://doi.org/10.1016/j.jprot.2010.02.016
https://doi.org/10.1097/MCC.
https://doi.org/10.1038/13294
https://doi.org/10.3892/etm.2013.1310
https://doi.org/10.1586/14789450.2014.901157
https://doi.org/10.1074/mcp.M700251-MCP200
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Zhou et al. iTRAQ-Based Proetomics for HBV-ACLF Biomarker Discovery

Ren, F., Chen, Y., Wang, Y., Yan, Y., Zhao, J., Ding, M., et al. (2010). Comparative
serum proteomic analysis of patients with acute-on-chronic liver failure: alpha-
1-acid glycoprotein maybe a candidate marker for prognosis of hepatitis B virus
infection. J. Viral Hepat. 17, 816–824. doi: 10.1111/j.1365-2893.2009. 01242.x

Rifai, K., Hadem, J., Wiegand, J., Potthoff, A., Pischke, S., Klempnauer, J., et al.
(2012). Gender differences in patient receiving liver transplantation for viral
hepatitis. Z. Gastroenterol. 50, 760–765. doi: 10.1055/s-0031-1281631

Rittling, S. R., and Singh, R. (2015). Osteopontin in immune-mediated diseases. J.
Dent. Res. 94, 1638–1645. doi: 10.1177/0022034515605270

Sai, W., Wang, L., Zheng, W., Yang, J., Pan, L., Cai, Y., et al. (2015). Abnormal
expression of Golgi Protein 73 in clinical values and their role in HBV-Related
hepatocellular carcinoma diagnosis and prognosis. Hepat. Mon. 15:e32918.
doi: 10.5812/hepatmon.32918

Sarin, S. K., Kumar, A., Almeida, J. A., Chawla, Y. K., Fan, S. T., Garg, H.,
et al. (2009). Acute-on-chronic liver failure: consensus recommendations of
the Asian Pacific Association for the study of the liver (APASL). Hepatol. Int.
3, 269–282. doi: 10.1007/s12072-008-9106-x

Schisterman, E. F., and Vexler, A. (2008). To pool or not to pool, from whether to
when: applications of pooling to biospecimens subject to a limit of detection.
Paediatr. Perinat. Epidemiol. 22, 486–496. doi: 10.1111/j.1365-3016.2008.
00956.x

Song, X., Bandow, J., Sherman, J., Baker, J. D., Brown, P. W., McDowell, M. T.,
et al. (2008). iTRAQ experimental design for plasma biomarker discovery. J.
Proteome Res. 7, 2952–2958. doi: 10.1021/pr800072x

Song, Z., Dong, R., Fan, Y., and Zheng, S. (2012). Identification of serum
protein biomarkers in biliary atresia by mass spectrometry and enzyme-
linked immunosorbent assay. J. Pediatr. Gastroenterol. Nutr. 55, 370–375.
doi: 10.1097/MPG.0b013e31825bb01a

Srungaram, P., Rule, J. A., Yuan, H. J., Reimold, A., Dahl, B., Sanders, C.,
et al. (2015). Plasma osteopontin in acute liver failure. Cytokine 73, 270–276.
doi: 10.1016/j.cyto.2015.02.021

Stahl, P. D., and Ezekowitz, R. A. (1998). The mannose receptor is a pattern
recognition receptor involved in host defense. Curr. Opin. Immunol. 10, 50–55.

Tischendorf,M.,Miesbach,W., Chattah, U., Chattah, Z.,Maier, S.,Welsch, C., et al.
(2016). Differential kinetics of coagulation factors and natural anticoagulants
in patients with liver cirrhosis: potential clinical implications. PLoS ONE

11:e0155337. doi: 10.1371/journal.pone.0155337
Tomihira, M. (1991). Changes in plasma vitronectin, fibronectin, and serum

laminin P1 levels and immunohistochemical study of vitronectin in the liver
of patients with chronic liver diseases. Fukuoka Igaku Zasshi 82, 21–30.

Trieb, M., Horvath, A., Birner-Gruenberger, R., Spindelboeck, W., Stadlbauer,
V., Taschler, U., et al. (2016). Liver disease alters high-density lipoprotein
composition, metabolism and function. Biochim. Biophys. Acta. 1861, 630–638.
doi: 10.1016/j.bbalip.2016.04.013

Wan, Z., Wu, Y., Yi, J., You, S., Liu, H., Sun, Z., et al. (2015). Combining serum
cystatin C with total bilirubin improves shot-term mortality prediction in
patients with HBV-related acute-on-chronic liver failure. PLoS ONE 10, 1–14.
doi: 10.1371/journal.pone.0116968

Wang, K. X., and Denhardt, D. T. (2008). Osteopontin: role in immune
regulation and stress responses. Cytokine Growth Factor Rev. 19, 333–345.
doi: 10.1016/j.cytogfr.2008.08.001

Wang, S. H., Chen, P. J., and Yeh, S. H. (2015). Gender disparity in chronic
hepatitis B: mechanisms of sex hormones. J. Gastroenterol. Hepatol. 30,
1237–1245. doi: 10.1111/jgh.12934

Wang, Y., Yang, F., Gritsenko, M. A., Wang, Y., Clauss, T., Liu, T., et al. (2011).
Reversed-phase chromatography with multiple fraction concatenation strategy
for proteome profiling of human MCF10A cells. Proteomics 11, 2019–2026.
doi: 10.1002/pmic.201000722

Wei, H., Zhang, J., Li, H., Ren, H., Hao, X., and Huang, Y. (2014).
GP73, a new marker for diagnosing HBV-ACLF in population with
chronic HBV infections. Diagn. Microbiol. Infect. Dis. 79, 19–24.
doi: 10.1016/j.diagmicrobio.2014.01.008
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