Materials Today Bio 15 (2022) 100302

Contents lists available at ScienceDirect

;;aterialstoday
BIO

Materials Today Bio

-

ELSEVIER

journal homepage: www.journals.elsevier.com/materials-today-bio

Proteomic characterization of the natural history of chronic HBV infection | M) |
revealed by tandem mass tag-based quantitative proteomics approach

updates
Zhen Xun ®™¢, Xiaobao Yao ™", Chenggong Zhu®™, Yuchen Ye ™, Songhang Wu ®"°,
Tianbin Chen >, Yongbin Zeng "¢, Caorui Lin®>¢, Bin Yang®>, Qishui Ou®>®",
Can Liu®>¢""

@ Department of Laboratory Medicine, Gene Diagnosis Research Center, The First Affiliated Hospital, Fujian Medical University, Fuzhou, China

Y Fujian Key Laboratory of Laboratory Medicine, The First Affiliated Hospital, Fujian Medical University, Fuzhou, China
¢ Fujian Clinical Research Center for Laboratory Medicine of Immunology, The First Affiliated Hospital, Fujian Medical University, Fuzhou, China

ARTICLE INFO ABSTRACT

Keywords:
Proteomics
Chronic hepatitis B
Natural history
Tandem mass tag
Biomarker
Diagnosis

Currently, determining when to start antiviral therapy in patients with chronic HBV infection is a controversial
issue. One crucial reason is that biomarkers for distinguishing the natural history of chronic HBV infection are
unmet needs. In this study, we aimed to explore novel biomarkers and therapeutic targets for the diagnosis and
treatment of chronic HBV infection by using tandem mass tag (TMT)-based quantitative proteomics approach.
Here, we firstly revealed the serum proteomic characterization of the natural history of chronic HBV infection
using multiplex TMT labeling coupled with liquid chromatography-mass spectrometry. Then, we verified the
levels of differentially expressed proteins (DEPs) across a large number of clinical samples by enzyme-linked
immunosorbent assay (ELISA). We found that DEPs over the different phases of chronic HBV infection were
primarily involved in the biological process of leukocyte-mediated immunity. Patients with chronic hepatitis were
characterized as having an up-regulated proteasome pathway, including upregulation of proteasome activator
subunit 1 (PSME1) and proteasome subunit alpha type 7 (PSMA7) levels. In addition, immune tolerant phase
patients were characterized by having the lowest ephrin-B2 (EFNB2) levels and highest heat responsive protein 12
(HRSP12) levels. Moreover, inactive HBV carrier state patients were characterized by having a down-regulated
glycolysis/gluconeogenesis pathway, with especially low expression of related enzymes alpha-enolase (ENO1)
and fructose-1,6-bisphosphatase 1 (FBP1). What's more, HBeAg-negative chronic hepatitis patients were char-
acterized as having the highest interleukin 18 binding protein (IL-18BP) levels. Thus, our results provide several
potential diagnostic biomarkers for distinguishing the natural history of chronic HBV infection, such as PSME1,
PSMA?7, EFNB2, ENO1, and IL-18BP, and also present potential therapeutic interventions for chronic hepatitis B
patients, such as targeting the proteasome or glycolysis/gluconeogenesis pathways. Our findings shed new light
on the development of novel diagnostic biomarkers and therapeutic targets for the diagnosis and treatment of
chronic HBV infection.

1. Introduction

More than 257 million individuals experience chronic hepatitis B
virus (HBV) infection worldwide [1]. If untreated, ~25% of patients with
chronic HBV infection will die of cirrhosis complications and/or liver
cancer [2]. However, when to start antiviral therapy in patients with
chronic HBV infection is still a controversial issue [3].

Taking into account the presence of alanine aminotransferase (ALT),
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hepatitis B e antigen (HBeAg), HBV DNA levels, and the degree of liver
inflammation, the natural history of chronic HBV infection has been
schematically divided into four phases, including immune-tolerant (IT)
or HBeAg-positive chronic infection, immune reactive HBeAg-positive
phase (IA) or HBeAg-positive chronic hepatitis, inactive HBV carrier
state (IC) or HBeAg-negative chronic infection, and HBeAg-negative
chronic hepatitis (ENH) [3,4]. Among these phases, HBeAg-positive
and HBeAg-negative chronic hepatitis B (CHB) patients, namely IA and
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ENH phase patients, should be treated with antivirals [5]. Meanwhile,
antiviral treatment is generally not recommended for IT phase patients
because of dormant activity as determined by histology and the low risk
of disease progression in these patients [3,6]. However, growing evi-
dence has indicated that a portion of IT phase patients have similar
histological activity [7], HBV-specific immune responses [8,9], and
chromosomal HBV DNA integration [10] as seen in IA phase patients,
suggesting that these patients could be developing hepatocarcinogenesis
[11]. These studies suggest that therapeutic interventions should be
considered in some IT-phase patients to minimize further hepatocyte
damage, however current diagnostic indicators are unable to accurately
screen these patients. Although serial monitoring of ALT, HBeAg, and
HBV DNA levels are required in clinical patients, some individuals with
chronic HBV infection fall into an indeterminate grey area that makes it
difficult to determine whether to use antiviral therapy [12-14]. Bio-
markers for the diagnosis and treatment of HBV infection do not meet
current clinical needs [3,15]. Therefore, further research is needed to
improve our knowledge and ultimately develop new diagnostic markers
pertaining to the natural history of chronic HBV infection [3,4,16].

With the development of high-throughput sequencing, gene chips,
mass spectrometry, and other technologies, omics-based research has
developed rapidly, including genomics, transcriptomics, proteomics,
metabolomics, and others [17]. Increasing numbers of chronic diseases
are using omics-based research to discover new biomarkers at the
genomic, transcriptomic, proteomic, and metabolomic levels [18,19], as
well as HBV-related cirrhosis and hepatocellular carcinoma [20,21].
Furthermore, many studies have revealed the genomic, transcriptomic,
and metabolomic profiles of the natural history of chronic HBV infection
[22-24]. The gene signature distinguishing IA from IT and IC phase pa-
tients is predominantly composed of highly up-regulated immunoglo-
bulin-encoding genes [22]. In addition, EVA1A is expressed higher in IC
than IT, IA, and ENH phase patients by transcriptomics [23]. What's
more, IT phase patients are characterized as having viral hijacking of the
glycerol-3-phosphate-NADH shuttle as shown by metabolomics [24].
Unfortunately, these indicators have not been widely applied in clinical
practice so far. Currently, protein concentrations of various serum com-
ponents are the most routinely assessed analytes in clinical practice.
Based on the numbers of laboratory tests, routine clinical assessment is
dominated by proteins (41.9%), followed by small molecules (35.3%,
such as metabolites), cells (16.9%), specific antibodies (1.5%), nucleic
acids (0.5%), and other factors (2.1%) [25]. In recent years, the tech-
nology used to perform mass spectrometry (MS)-based proteomics has
dramatically improved, and it is now a key tool in biological research
involving proteins [25]. Tandem mass tag (TMT)-based quantitative
proteomics approach is one of the new isobaric mass tagging techniques
performed using MS to identify differentially expressed proteins (DEPs)
and has several advantages, including high reproducibility, accuracy,
sensitivity, specificity, and sample multiplexing capability [25-27].
Taken together, recent studies have claimed that genomic, tran-
scriptomic, and metabolomic characterization have been revealed, but
little is known about the proteomic characterization of the natural history
of chronic HBV infection.

In this study, we performed the first serum proteomic profiling of the
natural history of chronic HBV infection using multiplex TMT labeling
coupled with liquid chromatography-mass spectrometry (LC-MS). We
then screened out the DEPs by bioinformatics analysis. Finally, we veri-
fied the levels of these DEPs across the natural history of chronic HBV
infection by assessing clinical samples with an enzyme-linked immuno-
sorbent assay (ELISA). Taken together, our results provide several po-
tential biomarkers for distinguishing the different phases of chronic HBV
infection and interventions for CHB patients. Our findings may
contribute to the development of novel biomarkers and therapeutic tar-
gets for the diagnosis and treatment of chronic HBV infection.
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2. Materials and methods
2.1. Patients

For the proteomic characterization of the natural history of chronic
HBV infection, a total of 100 chronic HBV-infected patients naive to anti-
HBV treatment were recruited at the First Affiliated Hospital of Fujian
Medical University. A summary of the patient baseline demographics and
clinical characteristics is presented in Table S1.

This study was conducted in compliance with the 1975 Declaration of
Helsinki and was approved by the Ethics Committee of the First Affiliated
Hospital of Fujian Medical University (Approval No. MRCTA, ECFAH of
FMU [2017]022).

2.2. Laboratory measurement of clinical indicators

HBV DNA was detected using quantitative real-time PCR (Sansure
Biotech Inc., Hunan, China) and a Roche Lightcycler 480 (Roche Cor-
poration, Basel, Switzerland).

Hepatitis B surface antigen (HBsAg), HBeAg, hepatitis B e antibody
(anti-HBe), and hepatitis B surface core antibody (anti-HBc) were
quantified using an automated chemiluminescent microparticle immu-
nology analyzer Abbott 12000 (Abbott Laboratories, Chicago, USA). ALT
was quantified using an automatic biochemical analyzer ADVIA 2400
(Siemens, Munich, Germany).

2.3. Serum proteomic profiling

Serum samples from every 10 patients were mixed into one pooled
sample for TMT-based quantitative proteomics detection by
TMT10plex™ Isobaric Label Reagent Set as previously reported and the
schematic representation of the study flow was shown in Fig. 1 [25].
Benefits of the TMT 10-plex include increased sample multiplexing,
improved confidence for the identification and quantification of proteins,
and better sample throughput [28]. The serum proteomic profiling was
performed at the GeneChem Co., Ltd. (Shanghai, China) using the Easy
nLC chromatographic system and Q Exactive Plus mass spectrometry
system (Thermo Fisher Scientific, USA). The detailed experimental pro-
cedures are described in the Supplementary Materials and Methods.

2.4. Engyme-linked immunosorbent assay (ELISA)

To validate the DEPs screened by proteomics, the serum levels of
these potential biomarkers of patients with chronic HBV infection were
measured using ELISA kits (as described in Table S2) in accordance with
the manufacturer's instructions.

2.5. Statistical analysis

Continuous variables were presented as mean + SD unless indicated
otherwise. Category variables were presented as frequency or percent-
age. Data were analyzed with Prism 8.0.2 (GraphPad) software using the
two-tailed unpaired Student's t-test when comparing two independent
groups, the one-way analysis of variance (ANOVA) test or Kruskal-Wallis
test when comparing multiple independent groups, and the Chi-Squared
test to examine differences for categorical variables. P < 0.05 was
considered statistically significant.

3. Results

3.1. Identification of differentially expressed proteins across the natural
history of chronic HBV infection

Recent studies have demonstrated the genomic, transcriptomic, and
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Fig. 1. Schematic representation of the experimental workflow for protein profiling of serum samples.

metabolomic characterization of the natural history of chronic HBV
infection [29,30], but the serum proteomic profiles have not been pre-
viously reported. We used multiplex TMT labeling coupled with
LC-MS/MS to analyze the serum protein composition in different phases
of chronic HBV infection in patients that were naive to treatment. Ex-
periments were carried out in one TMT 10-plex labeling and LC-MS/MS
identified a total of 1162 proteins (Fig. 1). The distribution of ion score,
molecular weight, and isoelectric point clearly showed that the overall
serum proteome datasets from chronic HBV infection had no strong bias
(Fig. S1). Enrichment analyses using the Gene Ontology (GO) database
for the 1162 proteins revealed that most proteins were annotated as
belonging to extracellular proteins, indicating that there was no bias in
the serum protein extraction process (Fig. 2A). In addition, the top three
molecular functions for the 1162 proteins were cell adhesion molecule
binding, calcium ion binding, and glycosaminoglycan binding (Fig. 2B),
and the top three biological processes were regulated exocytosis,
exocytosis, and immune system process (Fig. 2C), in line with the char-
acteristics of serum specimens. Taken together, these results clearly
prove that the quality of the proteome dataset is high.

Among the 1162 proteins, 226 DEPs were screened across the natural
history of chronic HBV infection (Fig. 2D). GO enrichment analysis
showed that these DEPs were involved in immunological processes,
including leukocyte-mediated immunity, immune response, and immune
effector process (Fig. 2E). Reactome pathway analysis also showed that
DEPs were mainly mapped to the innate immune system, and immune
system (Fig. 2F). These findings suggest that the changes in proteomic
expression seen in the different phases of chronic HBV infection are
primarily focused on immunopathological processes.

Given the interdependency of proteomic pathways, functionally
related proteins may have similar response patterns. To examine this, a
trend analysis was performed on the total proteomics dataset comprising
226 DEPs using the Short Time-series Expression Miner (STEM). A
pattern of 20 clusters was selected as the most distinct pattern describing
the proteomics data (Fig. S2). Subsequently, only 3 of the 20 clusters had
statistical differences that were further analyzed, including Cluster 15:
reflective of ALT levels, Cluster 17: lowest expression in IT phase, and
Cluster 18: highest expression in ENH phase (Fig. 2G). Pattern analysis
identifies similarly responding proteins but is not a measure of signifi-
cance. Therefore, we next performed group comparisons to find signifi-
cantly changed proteins.

3.2. Identification of differentially expressed proteins between patients with
chronic hepatitis and patients with chronic infection

Cluster 15, the ALT reflective cluster, grouped proteins following the
same trend as ALT with increased levels in patients with HBeAg-positive
chronic hepatitis (or IA phase) and HBeAg-negative chronic hepatitis (or
ENH phase), and normal levels in patients with HBeAg-positive chronic
infection (or IT phase) and HBeAg-negative chronic infection (or IC
phase). Thus, we analyzed the proteomic characterization of patients
with chronic hepatitis (IA plus ENH phases) versus patients with chronic
infection (IT plus IC phases). Heat maps demonstrated that patients with
chronic hepatitis and patients with chronic infection exhibited distinct
serum protein expression profiles (Fig. 3A). Volcano plot analysis
revealed 136 proteins that were differentially expressed, including 130
up-regulated proteins and 6 down-regulated proteins (Fig. 3B). As ex-
pected, many enzymes were elevated in patients with chronic hepatitis,
including ALT and aspartate aminotransferase (AST) (Fig. 3B). Further-
more, WikiPathways analysis showed that these 136 DEPs were mainly
mapped to proteasome degradation, glycolysis/gluconeogenesis, and
amino acid metabolism pathways (Fig. 3C). Consistent with these results,
gene set enrichment analysis (GSEA) also revealed that patients with
chronic hepatitis only showed upregulation in terms of proteasome,
glycolysis/gluconeogenesis, and arginine and proline metabolism
(Fig. 3D). Notably, hierarchical clustering analysis showed that the
protein expression levels of proteasome activator subunit 1 (PSME1) and
proteasome subunit alpha type 7 (PSMA7), which belong to the protea-
some pathway, showed the most significant increase (Fig. 3E). Therefore,
we then measured serum protein expression of PSME1 and PSMA7 using
ELISA. Consistent with proteomic results, patients with chronic hepatitis
expressed significantly higher levels of PSME1 and PSMA7 compared to
patients with chronic infection (Fig. 3F). Collectively, these results sug-
gest that the proteasome pathway is the most significantly up-regulated
pathway, and serum PSME1 and PSMA?7 levels are significantly
elevated in patients with chronic hepatitis compared to patients with
chronic infection.

3.3. Identification of differentially expressed proteins when comparing IA
and IT phase patients

IA and IT phase patients are characterized by high levels of HBV DNA
but have widely varied ALT levels. To further investigate and understand
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Fig. 2. Serum proteomic characterization of the natural history of chronic HBV infection. (A-C) Gene Ontology (GO) enrichment analyses of the identified 1162

proteins from pooled serum were done to evaluate enriched cellular components,

molecular functions, and biological processes among the natural history of chronic

HBV infection. (D) Heatmap of serum proteomic profiles in different disease phases. (E and F) GO Terms and Reactome pathway enrichment analyses of 226
differentially expressed proteins were performed to evaluate enriched biological processes and signaling pathways in different phases of chronic HBV infection. (G)
Serum protein pattern analyses by the Short Time-series Expression Miner (STEM). FDR, false discovery rate; IT, immune-tolerant phase; IA, immune reactive HBeAg-
positive phase; IC, inactive HBV carrier state phase; ENH, HBeAg-negative chronic hepatitis B phase.

the proteomics alterations, we carried out further analysis on our pro-
teomics data. Heat maps demonstrated that IA and IT phase patients
exhibited distinct serum protein expression profiles (Fig. 4A). Volcano
plot analysis revealed 119 dysregulated proteins that were differentially
expressed between IA and IT phase patients, including 105 up-regulated
proteins and 14 down-regulated proteins (Fig. 4B). Notably, heat maps
showed that expression of CD163 was the most significantly increased
(Fig. 4C). Consistently, the level of CD163 expression was significantly

elevated in IA phase patients compared to IT phase patients by ELISA
(Fig. 4D). Overall, patients in different phases of chronic HBV infection
had higher CD163 levels compared to healthy controls (Fig. 4D).
Furthermore, Kyoto Encyclopedia of Genes and Genomes (KEGG) and
GSEA analysis showed that the proteasome pathway was the most sig-
nificant up-regulated pathway (Fig. 4E and F). Using ELISA, we measured
serum protein expression of proteasome pathway-related proteins.
Consistent with proteomic analysis, IA phase patients expressed
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Fig. 3. Proteomic characterization of patients with chronic hepatitis versus patients with chronic infection. (A) Heatmap of serum proteomic profiles in
patients with chronic hepatitis and patients with chronic infection. (B) Volcano plot represented the up- or down-regulated protein abundance changes in the pooled
serum between patients with chronic hepatitis and patients with chronic infection (1.2-fold change threshold and P < 0.05). (C and D) WikiPathways and GSEA
analyses of 136 differentially expressed proteins were performed to evaluate enriched signaling pathways between the patients with chronic hepatitis and patients
with chronic infection. (E) Heat map representation of differentially expressed proteins (fold change>1.8, P < 0.05) between patients with chronic hepatitis and
patients with chronic infection. (F) Proteasome subunit alpha 7 (PSMA7) and proteasome activator subunit 1 (PSME1) expression in healthy controls and different
disease phases of chronic HBV infection as assessed by ELISA. HC, healthy controls (black, n = 26); IT, immune-tolerant phase (red, n = 30); IA, immune reactive
HBeAg-positive phase (blue, n = 33); IC, inactive HBV carrier state phase (orange, n = 32); ENH, HBeAg-negative chronic hepatitis B phase (green, n = 32). Each circle

represents an individual sample. Data were presented as the mean + SD. Unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

significantly higher levels of PSME1, PSMA7, PSMA6, and proteasome PSMA3 across the different disease phases of chronic HBV infection
subunit beta type 10 (PSMB10) compared to IT phase patients (Figs. 3F (Fig. S3). Although there was no significant difference in the level of
and 4G), and there was no significant difference in the expression of PSMB6 between the different phases of chronic HBV infection, healthy
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Fig. 4. Proteomic characterization of IA phase versus IT phase of chronic HBV infection. (A) Heatmap of serum proteomic profiles in IA and IT phase patients.
(B) Volcano plot representing the up- or down-regulated protein abundance changes in the pooled serum comparing IA and IT groups (1.2-fold change threshold and P
< 0.05). (C) Heat map representation of differentially expressed proteins (fold change>1.5, P < 0.05) between IA and IT phase patients. (E and F) KEGG pathway and
GSEA analyses of the 119 differentially expressed proteins in the pooled serum between IA and IT phase patients. (D and G) CD163, PSMA6, PSMB10, and PSMB6
expression in healthy controls and different phases of chronic HBV infection as assessed by ELISA. HC, healthy controls (black, n = 23); IT, immune-tolerant phase
(red, n = 25); IA, immune reactive HBeAg-positive phase (blue, n = 23); IC, inactive HBV carrier state phase (orange, n = 26); ENH, HBeAg-negative chronic hepatitis

B phase (green, n = 25). Each circle represents an individual sample. Data are presented as the mean + SD. Unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0.001, **

< 0.0001.

P

controls had higher PSMB6 levels compared to patients in different
phases of chronic HBV infection (Fig. 4G). Collectively, these results
demonstrate that serum CD163 expression and various proteasome levels
are significantly elevated in IA phase patients compared to IT phase
patients.

3.4. Identification of differentially expressed proteins between IT and IC
phase patients

Cluster 17 showed lowest protein expression in IT phase compared to
other phases of chronic HBV infection. As we know, both the IT and IC
phase are characterized by none or minimal liver inflammatory necrosis
or fibrosis, but they have hugely different viral loads [31]. Currently, the
mechanism underlying extremely high viral replication with normal ALT
level status in IT phase remains largely unknown. Heat maps demon-
strated that IT and IC phase patients exhibited distinct serum protein
expression profiles (Fig. 5A). Volcano plot analysis revealed 50 proteins
that were differentially expressed between IT and IC phase patients
(Fig. 5B). Furthermore, KEGG analysis showed that these 50 DEPs were
mainly mapped to the glycolysis/gluconeogenesis signaling pathway
(Fig. 5C). Notably, hierarchical clustering analysis showed that the pro-
tein expression level of elongation factor 2 (EEF2) was the most signifi-
cantly increased, and the protein expression levels of myocilin (MYOC)
and ephrin-B2 (EFNB2) were the most significantly decreased (Fig. 5D).
Due to a lack of ELISA Kkits for EEF2, we measured the level of heat
responsive protein 12 (HRSP12), which was also significantly increased
in IT phase patients (Fig. 5D). Consistently, the level of EFNB2 was
significantly reduced and HRSP12 expression was significantly elevated
in IT phase patients compared to IC phase patients by ELISA (Fig. 5E). In
contrast, there was no significant difference in the level of MYOC across
the different phases of chronic HBV infection (Fig. S3). Furthermore,
among all patients in different phases of chronic HBV infection, Pearson
correlation analysis showed that EFNB2 levels correlated negatively with
HBeAg, HBV DNA, and HBsAg levels, while HRSP12 levels correlated
positively with HBeAg, HBV DNA, and HBsAg levels, especially in
HBeAg-positive patients (Fig. 5F and G). Collectively, these findings
demonstrate that serum EFNB2 levels are significantly reduced and
serum HRSP12 levels are significantly elevated in IT phase patients
compared to patients from other phases of chronic HBV infection. EFNB2
is negatively correlated with HBV markers and HRSP12 is positively
correlated with HBV markers in patients with chronic HBV infection.

3.5. Identification of differentially expressed proteins between ENH and IC
phase patients

Cluster 18 showed a stably decreased trend over the four clinical
phases compared with ENH phase. Both the ENH and IC phase are
characterized as being negative for HBeAg. Therefore, we further
compared proteomic differences between ENH and IC phase patients.
Heat maps demonstrated that ENH and IC phase patients exhibited
distinct serum protein expression profiles (Fig. 6A). Volcano plot analysis
revealed 55 proteins that were differentially expressed when comparing
ENH and IC phase patients, including 43 up-regulated proteins and 12
down-regulated proteins (Fig. 6B). Notably, hierarchical clustering

analysis showed that protein expression of superoxide dismutase (SOD2)
showed the most significant increase (Fig. 6C). Furthermore, GSEA
analysis revealed that ENH phase patients only showed upregulation in
terms of glycolysis/gluconeogenesis genes compared to IC phase patients
(Fig. 6D). WikiPathways and KEGG analysis also showed that these 55
DEPs were mainly mapped to the glycolysis/gluconeogenesis signaling
pathway, including fructose-1,6-bisphosphatase 1 (FBP1), alpha-enolase
(ENO1), and others (Fig. 6E). What's more, Cluster 18 contained 12
proteins (Fig. 2G), including interleukin 18 binding protein (IL-18BP),
which most clearly differentiated across the different phases of chronic
HBV infection (Table S3). Next, we further validated these findings by
assessing serum protein expression using ELISA. Consistently, ENH phase
patients expressed significantly higher levels of SOD2, IL-18BP, and
ENO1 compared to IC phase patients (Fig. 6F). Although FBP1 showed no
significant difference between ENH and IC phase patients, HBeAg-
positive patients had higher levels of FBP1 than those in HBeAg-
negative patients and healthy controls (Fig. 6F). Collectively, these re-
sults demonstrate that ENH phase patients are characterized as having
the highest serum expression of IL-18BP. IC phase patients are charac-
terized as having the most significantly down-regulated glycolysis/
gluconeogenesis pathway and the lowest ENO1 and FBP1 levels.

4. Discussion

The World Health Organization (WHO) developed ambitious targets
for the elimination of HBV as a public health threat by 2030 [32].
However, the choice of treatment timing for CHB patients remains a
point of contention [13]. To solve this problem, it is crucial to find more
biomarkers to distinguish the natural history of chronic HBV infection
[3].

Progression of chronic HBV infection involves interactions between
the virus and the host immune response [3]. Currently, tests for
measuring several novel virus-related biomarkers that reflect the natural
phases of chronic HBV infection and predict the outcomes of anti-HBV
treatment [33], such as covalently closed circular DNA (cccDNA) [34],
HBV pregenomic RNA (pgRNA) [35,36], and hepatitis B core-related
antigen (HBcrAg) [35,37], are still in development and not widely
available for clinical use. On the other hand, omics-based research is the
frontier approach for new host biomarker discovery, such as metab-
olomics and proteomics [38,39]. Compared to the results of genomics,
transcriptomics, and metabolomics, the validation of serum proteins
screened by proteomics has more convenient laboratory assays, such as
classical clinical chemistry assays, antibody-based immunoassays, or
utilizing the enzymatic activities of certain serum proteins, and others
[25]. In addition, serum specimens are especially promising sources of
new and easily accessible protein biomarkers since the blood proteome
reflects systemic changes that occur during organ dysfunction. Recently,
serum metabolomic profiling of the natural history of chronic HBV
infection has occurred, however serum proteomic profiling is still
unknown.

In this study, we measured the serum protein profiles during the
natural progression of chronic HBV infection by using an isobaric TMT
label-based high-resolution quantitative proteomics approach. Our re-
sults showed that DEPs found across the different phases of chronic HBV
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Fig. 5. Proteomic characterization of IT phase versus IC phase of chronic HBV infection. (A) Heatmap of serum proteomic profiles in IT and IC phase patients.
(B) Volcano plot representing the up- or down-regulated protein abundance changes in the pooled serum between IT and IC groups (1.2-fold change threshold and P <
0.05). (C) KEGG pathway analyses of the 50 differentially expressed proteins from the pooled serum were compared between IT and IC phase patients. (D) Heat map
representation of differentially expressed proteins (fold change>1.4, P < 0.05) between IT and IC phase patients. (E) EFNB2 and HRSP12 expression in healthy
controls and patients from different phases of chronic HBV infection as assessed by ELISA. HC, healthy controls (black); IT, immune-tolerant phase (red); IA, immune
reactive HBeAg-positive phase (blue); IC, inactive HBV carrier state phase (orange); ENH, HBeAg-negative chronic hepatitis B phase (green). Each circle represents an

individual sample. Data are presented as the mean + SD. Unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (F and G) Pearson correlation analysis
between EFNB2 or HRSP12 levels and HBeAg, HBV DNA, or HBsAg levels in HBeAg-positive patients (IT plus IA, blue) or in all patients (IT plus IA plus IC plus ENH,

red). Pearson correlation coefficient (r) and P value were shown.

infection are primarily involved in the biological process of leukocyte-
mediated immunity. Consistent with our findings, whole-blood tran-
scriptome profile analysis revealed that, compared with other immune-
related gene transcripts, B-cell-related genes are transcriptionally most
active, especially in the IA phase [22]. Intrahepatic transcriptomes ob-
tained using microarray analysis of liver biopsies showed activation of
innate and adaptive immune responses in patients with chronic hepatitis
[23]. In addition, liver damage during the natural history of HBV is
induced by virus-specific and nonspecific infiltrating leukocytes [40,41].
Furthermore, we found that these DEPs are primarily focused on 3
clusters identified with STEM trend analysis, which are similar to serum
metabolite clusters reported previously [24]. Therefore, proteomics data
analysis across different clinical phases was carried out according to
these 3 clusters.

Firstly, Cluster 15 includes proteins that are significantly increased in
IA and ENH phase (chronic hepatitis) patients compared to IT and IC
phase (chronic infection) patients. Thus, we first analyzed the proteomic
characterization between patients with chronic hepatitis and patients
with chronic infection. As expected, proteomics showed that patients
with chronic hepatitis have elevated ALT and AST levels compared to
patients with chronic infection. Notably, we found significant upregula-
tion of the proteasome pathway when comparing patients with chronic
hepatitis and patients with chronic infection. Consistent with proteomic
results, serum expression of various proteasome-related proteins, espe-
cially PSME1 and PSMA?7, is significantly elevated in patients with
chronic hepatitis compared to patients with chronic infection using
ELISA. In addition, we found a similar phenomenon between IA and IT
phase patients. This phenomenon may be due to impaired liver function
in active chronic hepatitis caused by the innate and adaptive immune
responses specific to HBV infection that can lead to hepatocyte damage,
inflammatory necrosis, and the release of proteasomes from liver cells
into systemic circulation [42]. What's more, previous reports have shown
serum cytokine and chemokine profiles that point toward distinct regu-
lation of the monocyte-macrophage compartment between IA and IT
phase patients [22]. Here, we demonstrated that the level of serum
CD163 expression, which is exclusively expressed in monocytes and
macrophages, is significantly elevated in IA phase patients compared to
IT phase patients and healthy controls, indicating that the
monocyte-macrophage compartment plays an important role in
HBeAg-positive patients [43].

Secondly, Cluster 17 includes proteins that are significantly reduced
in IT phase compared to patients in other phases of chronic HBV infec-
tion. Patients in both the IC and IT phase have normal ALT levels but
huge variations in viral loads. Thus, we analyzed the proteomic charac-
terization between IT and IC phase patients. Here, we found that serum
proteomic profiling in IT and IC phase patients are similar, despite the
huge difference in HBV viral loads, which is consistent with intrahepatic
immune-related gene expression profiles [23]. We also found that the
level of EFNB2 is lowest in IT phase patients and negatively correlated
with HBV markers. Previous studies have reported that EFNB2 can
regulate thymocyte development, peripheral T cell differentiation, anti-
viral immune responses, and is essential for interleukin-6 (IL-6) signaling

[44], indicating that low EFNB2 levels may lead to higher HBV viral loads
in IT phase patients. As such, targeting EFNB2 could be a promising
approach for anti-HBV treatment.

Thirdly, Cluster 18 includes proteins that are significantly increased
in ENH phase compared to patients in other phases of chronic HBV
infection. We then analyzed the proteomic characterization between
ENH and IC phase patients, both of which are HBeAg negative. Here, we
found that ENH phase patients have upregulated activity in the glycol-
ysis/gluconeogenesis signaling pathway compared to IC phase patients
and IT phase patients are similarly upregulated. This phenomenon may
be due to high HBV viral loads in ENH phase patients compared to IC
phase patients. Further supporting this idea is the observation that the
glycolysis/gluconeogenesis signaling pathway is also enriched in IT
phase patients compared to IC phase patients. Previous reports have
shown that, compared to HepG2 cells, HepG2.2.15 cells consume more
glucose and the consumed glucose is distributed into central carbon
metabolism, providing energy and biomass for HBV replication [45].
These observations suggest that HBV replication promotes glycolysis in
host cells [46]. Moreover, enzymes involved in the glyco-
lysis/gluconeogenesis signaling pathway, including ENO1 and FBP1, are
also expressed at low levels in IC phase patients. Namely, IC phase pa-
tients with lowest HBV viral loads consume less glucose, resulting in
relatively ~ down-regulated  glycolysis/gluconeogenesis  signaling
pathway, as well as lower levels of related enzymes, ENO1 and FBP1.
These results suggest that restriction of glucose metabolism, such as in-
hibition of the concentration or activity of related enzymes, may be
considered as a novel strategy to restrain HBV replication during chronic
HBV infection [47].

Our current findings leave room for specific follow-up research. First,
a large-scale multicenter study is needed to determine the reliability and
clinical applicability of these potential biomarkers, such as PSME1,
EFNB2, ENOI1, IL-18BP, etc. Second, artificial intelligence is needed to
construct a mathematical model using both traditional and new in-
dicators to judge the anti-HBV treatment timing. Third, the mechanisms
involved in how these new biomarkers impact HBV replication deserve
further study. Fourth, more research is needed to prove whether target-
ing the proteasome or the glycolysis/gluconeogenesis pathway may be
meaningful in treating CHB patients.

5. Conclusions

In conclusion, the current study provides the first serum quantitative
proteomic profiling throughout the natural history of chronic HBV
infection by TMT labeling coupled with LC-MS. We found that the
differentially expressed proteins present during the natural history of
chronic HBV infection are primarily involved in the biological process of
leukocyte-mediated immunity. Notably, studies have identified several
potential biomarkers to distinguish the natural history of chronic HBV
infection.

Patients with chronic hepatitis are characterized as having up-
regulated proteasome pathway activity, with pathway members PSME1
and PSMA7 being the most highly expressed. IT phase patients are
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Fig. 6. Proteomic characterization of ENH phase versus IC phase of chronic HBV infection. (A) Heatmap of serum proteomic profiles in ENH and IC phase
patients. (B) Volcano plot representing the up- or down-regulated protein abundance changes in the pooled serum between ENH and IC phase patients (1.2-fold change
threshold and P < 0.05). (C) Heat map representation of differentially expressed proteins (fold change>1.5, P < 0.05) between ENH and IC phase patients. (D and E)
GSEA, WikiPathways, and KEGG pathway analyses of the 55 differentially expressed proteins were performed to evaluate enriched signaling pathways between ENH
and IC phase patients. (F) SOD2, IL-18BP, ENO1, and FBP1 expression in healthy controls and different phases of chronic HBV infection as assessed by ELISA. HC,
healthy controls (black, n = 23); IT, immune-tolerant phase (red, n = 24); IA, immune reactive HBeAg-positive phase (blue, n = 27); IC, inactive HBV carrier state
phase (orange, n = 23); ENH, HBeAg-negative chronic hepatitis B phase (green, n = 22). Each circle represents an individual sample. Data are presented as the mean +

SD. Unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

characterized as having the lowest expression of EFNB2 and the highest
expression of HRSP12, indicating that targeting EFNB2 or HRSP12 could
be a promising approach for anti-HBV treatment. Moreover, IC phase
patients are characterized as having down-regulated glycolysis/gluco-
neogenesis pathway activity, particularly in the lowest expressed
pathway members ENO1 and FBP1, indicating a strong link between

10

glycolysis/gluconeogenesis pathway and HBV replication. ENH phase
patients are characterized as having the highest expression of IL-18BP.
Thus, our results provide multiple potential novel biomarkers that can
be used to distinguish the natural history of chronic HBV infection, such
as PSME1, PSMA7, EFNB2, HRSP12, ENO1, FBP1, SOD2, IL-18BP, and
suggest several potential therapeutic targets for the treatment of CHB
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patients, such as targeting proteasome or glycolysis/gluconeogenesis
pathways. Our findings may assist in the development of novel bio-
markers and therapeutic targets for the diagnosis and treatment of
chronic HBV infection.
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