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Abstract
We aimed to identify key genes and pathways associated with different immune sta-
tuses of hepatitis B virus (HBV) infection. The gene expression and DNA methylation 
profiles were analysed in different immune statuses of HBV infection. Differentially 
expressed genes (DEGs) and differentially methylated genes (DMGs) were identified, 
followed by their functional and integrative analyses. The differential expression of 
IgG Fc receptors (FcγRs) in chronic HBV-infected patients and immune cells during 
different stages of HBV infection was investigated. Toll-like receptor (TLR) signal-
ling pathway (including TLR6) and leucocyte transendothelial migration pathway 
(including integrin subunit beta 1) were enriched during acute infection. Key DEGs, 
such as FcγR Ib and FcγR Ia, and interferon-alpha inducible protein 27 showed cor-
relation with alanine aminotransferase levels, and they were differentially expressed 
between acute and immune-tolerant phases and between immune-tolerant and im-
mune-clearance phases. The integrative analysis of DNA methylation profile showed 
that lowly methylated and highly expressed genes, including cytotoxic T lympho-
cyte-associated protein 4 and mitogen-activated protein kinase 3 were enriched in T 
cell receptor signalling pathway during acute infection. Highly methylated and lowly 
expressed genes, such as Ras association domain family member 1 and cyclin-de-
pendent kinase inhibitor 2A were identified in chronic infection. Furthermore, dif-
ferentially expressed FcγR Ia, FcγR IIa and FcγR IIb, CD3−CD56+CD16+ natural killer 
cells and CD14highCD16+ monocytes were identified between immune-tolerant and 
immune-clearance phases by experimental validation. The above genes and path-
ways may be used to distinguish different immune statuses of HBV infection.

www.wileyonlinelibrary.com/journal/jcmm
mailto:
https://orcid.org/0000-0002-8083-0295
http://creativecommons.org/licenses/by/4.0/
mailto:Junny_QN123@hotmail.com


     |  7475JIN et al.

1  | INTRODUC TION

Hepatitis B virus (HBV), an common human pathogen, spreads through 
the mucosal and percutaneous exposure to infected blood and other 
body fluids.1 Acute and chronic infection, cirrhosis and hepatocellular 
carcinoma (HCC) are common sequelae of HBV infection that repre-
sents a major health problem worldwide.2-4 An approximate estimate 
of 600 000 HBV-related deaths are annually reported,5 and 73% 
deaths related to liver cancer are attributed to hepatitis virus infec-
tion.6 Moreover, HCC is known as one of the most common causes of 
cancer-related death worldwide.7,8 Therefore, a better understanding 
of molecular mechanisms underlying the progression of HBV infec-
tions may facilitate researchers to design specific biomarkers and ef-
fective therapeutic strategies for HBV-related liver diseases.

In general, the co-ordinate action of both innate and adaptive 
immune responses is believed to be involved in the sustained control 
of HBV infection.9,10 Innate immunity is the early defensive line for 
viral containment and may efficiently induce virus-specific adaptive 
responses through the production of pro-inflammatory cytokines 
and chemokines.11 Several innate effectors are found to exhibit 
adaptive-like features or exert defensive effects against HBV via 
immunoregulation of T cells.12 Moreover, the frequency of natural 
killer (NK) cells is found to increase during the early stages of HBV 
infection and decreases with the decrease in viraemia,13 indicative 
of the key roles of innate immune responses following HBV expo-
sure. Adaptive immunity necessitates time to activate the functional 
maturation and expansion of distinct B and T cell clones, which can 
specifically recognize the infectious agent and generate a memory 
response to enhance the host ability to control the infection caused 
by the same pathogen.14 HBV infection outcome is ultimately de-
termined by the presence of functional HBV-specific T cells and 
antibody-producing B cells.15 Despite great efforts, the immuno-
pathogenesis of HBV infection is largely unknown.

Accumulating studies have identified key molecules that play a 
crucial role in regulating the immune response against HBV infec-
tions. HBV X protein has been shown to disrupt innate immunity 
through the down-regulation of mitochondrial antiviral signalling 
protein.16 Toll-like receptors (TLRs) may activate intracellular an-
tiviral pathways and promote the production of antiviral effectors 
such as interferons (IFNs) to further activate immune responses for 
controlling HBV infection.17 In addition, aberrant cytosine-guanine 
dinucleotide (CpG) DNA methylation is shown to be correlated with 
the progression of liver diseases caused by chronic HBV infection.18 
A study has confirmed that HBV infection progression is associated 
with the methylation rate of exportin 4 (XPO4) promoter and that 
XPO4 methylation status may be used as a promising biomarker 
to predict HBV infection progression.19 However, the molecular 

mechanisms that activate the immune responses to prevent HBV 
infections are questionable.

To identify key genes and pathways associated with the different 
immune statuses of HBV infection, integrative analysis of gene ex-
pression and DNA methylation profiles of HBV infection were per-
formed in this study. Moreover, the differential expression of IgG 
Fc receptors (FcγRs) in chronic HBV-infected patients and immune 
cells at different stages of chronic HBV infection was investigated. 
The findings of this study will aid in the development of a promising 
biomarker to predict HBV infection progression.

2  | MATERIAL S AND METHODS

2.1 | Workflow of this study

This study mainly includes three parts (Figure 1A): (a) identification of 
key genes and pathways related to different immune statuses of hepati-
tis B virus by integrative analysis of gene expression and DNA methyla-
tion profiles of HBV infection, (b) analysis of the expression of FcγRs in 
different immune statuses of HBV-infected patients by qRT-PCR and (c) 
expressions of FcγRs and cell cytokines on NK cells, B cells and mono-
cytes in different phases of HVB infection. In addition, the correlation 
between key genes, FcγRs and clinical indicators were also performed.

2.1.1 | Integrative analysis of gene expression and 
DNA methylation profiles of HBV infection

Subjects

A total of 76 HBV patients hospitalized in the First Bethune Hospital 
of Jilin University and eight healthy individuals who attended physical 
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2. Leucocyte transendothelial migration pathway was in-
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volved in chronic HBV infection.
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examination, between December 2008 and December 2010, were re-
cruited. All individuals provided informed consent for using their sam-
ples for research. According to the different immune stage and natural 
history, patients with HBV infection could be divided into acute hepa-
titis B (AH) and chronic hepatitis B. According to the 2009 update of 
the American Association for the Study of Liver Diseases (AASLD)20 
and guidelines for the prevention and control of European liver disease 
(EASL),21 chronic hepatitis B were subdivided into immune-tolerant 
(CA1), inactive (CA2), immune-clearance (hepatitis B e antigen (HBeAg) 
positive) (CH1) and immune-clearance (hepatitis B e antigen (HBeAg) 
negative) (CH2) phases. In accordance with the diagnostic criteria as 
previously described,22 the characteristic AH, CA1, CH1, CH2 and CA2 
were listed in Table 1a. Besides, the inclusion criteria for enrolling pa-
tients and healthy individuals were also described in detail in Table 1a.

Isolation of peripheral blood mononuclear cells (PBMCs)

Whole blood (15 mL) was collected from each patient through pe-
ripheral venepuncture and then maintained in the sterile antico-
agulant tubes containing sodium citrate (Becton, Dickinson and 
Company, Franklin Lakes, NJ). After centrifugation at 1200 g/min for 
5 minutes, PBMCs were isolated by Ficoll-Hypaque density gradient 
separation, counted and saved in RNALater (Qiagen Inc., Valencia, 
CA) at −80°C.

Gene expression microarray preparation, pre‐processing and functional 

analysis

Using TRIzol (Invitrogen, Corporation, Carlsbad, CA) following the 
protocols provided by manufacturers, Total RNA was extracted 
from PBMCs. RNA integrity was then detected performed with 
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara CA). 
Equal amount of total RNA (5 µg) was then prepared as microar-
ray targets performed with Ambion RNA amplification kit (Ambion, 

Austin, TX, USA) for its reverse transcription into cDNA and a sin-
gle round of in vitro transcription into cRNA. Human WG-6 v3.0 
whole-genome expression bead array was performed and scanned 
with Illumina's BeadLab system Array Scanner-iScan based on 
Illumina Human whole-genome gene expression array v3 BeadChip.

All the raw expression data were pre-processed, including data sig-
nal conversion, quality evaluation, probe filtration and normalization. 
Based on the platform of Illumina Human whole-genome gene expres-
sion array v3, 48 803 probes corresponding to 43 062 transcripts and 
24 928 known genes were obtained. After probe filtration and quality 
evaluation for raw expression data, one CH1 sample and one CH2 sam-
ple were excluded. Finally, 82 samples were used for the generation 
of gene expression profile, including 17 091 probes corresponding to 
11 417 genes. The demographic characteristics and clinical features 
of patients are shown in Table S1. We performed t test23 to identify 
differentially expressed genes (DEGs) between two groups such as AH 
vs normal controls (N), CA1 vs N, CA2 vs N, CH1 vs N, CH2 vs N, all 
C (CA1, CA2, CH1 and CH2) vs N, AH vs CA1, AH vs CH1, AH vs all C 
and CA1 vs CH1. By Benjamini-Hochberg (BH) method,24 significant 
P-value was adjusted as false discovery rate (FDR). Only, DEGs with 
|log fold change (FC)| > 1.5 and FDR < 0.05 were considered significant.

Gene Ontology (GO, http://www.geneo ntolo gy.org)25 and 
Kyoto Encyclopedia of Genes and Genomes (KEGG; available at 
http://www.genome.ad.jp/kegg/)26 are common databases used 
for the function and pathway annotation of large-scale genes or 
proteins. In our study, GO and KEGG pathway enrichment anal-
yses were carried out to better understand the biological signif-
icance of DEGs performed with the cumulative hypergeometric 
test. The calculation formula was as follows:

P = 1−

k−1
∑

i=0

Ci

M
Cn−i

N−M

Cn

N

F I G U R E  1   The workflow of this study (A) and different expressed genes between different immune state of HBV infection patients 
(B). (a) Integrative analysis of gene expression and DNA methylation profiles of HBV infection; (b) Analysis of FcγRs expression in different 
immune state of chronic HBV-infected patients; (c) Differential expression of FcγRs on immune cells in different statuses of HBV infection

http://www.geneontology.org
http://www.genome.ad.jp/kegg/
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where, N stands for the total number of genes, M represents the 
number of DEGs, and n and k stand for the total gene number and 
DEGs corresponding to a special GO function or KEGG pathway, re-
spectively. Significant P-value was adjusted by BH method, and the 
adjusted P-value < .05 was considered as the cut-off value.

Analysis of the correlation between clinical indicators and gene 

expression levels

To identify key genes associated with HBV infection, Spearman’s test 
was performed for the determination of the correlation between 
gene expression levels and clinical indicators, including ALT levels 

TA B L E  1   The diagnostic and inclusion criteria for enrolling HBV-infected patients and healthy individuals

 Groups/number Diagnostic criteria inclusion criteria

a (84) AH/9 Acute hepatitis B; no history of hepatitis B; negative for the 
presence of five serological markers of hepatitis B for nearly 
2 months; acute onset; HBV surface antigen (HBsAg) and 
hepatitis B core antibody (HBcAb) IgM positive; and symp-
toms such as jaundice and pain over the liver area, but no 
signs of chronic liver disease and cirrhosis, portal hyperten-
sion, hypersplenism, and ascites

The inclusion criteria for enrolling patients 
with HBV infection were as follows: HBsAg 
positive; ultrasound testing showed no other 
lesions such as liver cirrhosis and liver cancer; 
patients had no long history of drinking; 
patients never received any drugs (including 
liver-protective drugs) for long term within half 
a year; patients never received anti-HBV ther-
apy, including IFN and nucleoside analogues; 
patients had no other organ diseases such as 
hypertension, diabetes and cancer

CA1/16 Chronic hepatitis B; positive for HBsAg and serum HBV DNA 
(serum HBV DNA > 2000 IU/mL) for more than 6 mo; HBeAg 
positive; normal range of alanine aminotransferase (ALT) 
and aspartate transaminase (AST) for more than consecutive 
three times within a year; and no abnormality during liver 
histological examination

CH1 (HBeAg+)/30 Chronic hepatitis B; positive for HBsAg and HBeAg for more 
than 6 months; serum HBV DNA positive (serum HBV 
DNA > 20 000 IU/mL); persistent or recurrent elevated 
transaminase or hepatitis lesions during liver histological 
examination; and no other cause of liver damage

CH2 (HBeAg-)/9 Chronic hepatitis B; positive for HBsAg for more than 6 
months; serum HBV DNA positivity (serum HBV DNA 
2000-20 000 IU/mL); negative for HBeAg and/or positive for 
anti-HBeAg for more than 6 months; persistent or recurrent 
elevated transaminase or hepatitis lesions during liver histo-
logical examination; and no other cause of liver damage

CA2/12 Chronic hepatitis B; positive for HBsAg; serum HBV 
DNA < 2000 IU/mL; HBeAg negative; normal range of ALT 
for more than consecutive three times within a year

Normal/8 Age ranging from 18 to 65 years; no history of hepatitis B; negative result for the five serological markers of hepa-
titis B within 1 week; negative results for hepatitis A, C and E antibodies; HIV antibody negativity; no autoan-
tibodies; no obvious abnormality in liver ultrasound; no long history of drinking; no long-term use of any drugs 
(including liver-protective drugs) within half a year; and no other organ diseases such as hypertension, diabetes 
and cancer

b (64) HBISC/12 Acute onset; HBsAg and HBcAb positive; symptoms such as 
jaundice and uncomfortable liver area, but no signs of chronic 
liver disease, cirrhosis, and other complications; follow-up 
results were HBsAg negative, and no detectable HBV was 
found

Patients with HBV infection were HBsAg and 
HBeAg positive among five serological mark-
ers of hepatitis B, and other inclusion criteria 
for enrolling patients with HBV infection were 
in accordance with the description in Section 
(a)CH/32 HBeAg positive; serum HBsAg and HBVDNA positive for more 

than 6 months; persistent or recurrent elevated transaminase 
or hepatitis lesions during liver histological examination; and 
no other cause of liver damage

CA/20 HBeAg positive; serum HBsAg and HBVDNA positive for more 
than 6 months; normal range of ALT and AST for more than 
consecutive three times within a year

Normal/14 The inclusion criteria for enrolling healthy individuals were in accordance with the description in Section (a)

c (54) HBISC/7 The diagnostic and inclusion criteria for enrolling HBV-infected patients and healthy individuals were in accord-
ance with the description in Section (b)CH/31

CA/16

Normal/20
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and HBV DNA. Significant P-value was adjusted by BH method. The 
adjusted P-value < .05 and |spearman coefficient| > .45 were defined 
as the cut-off value.

DNA methylation microarray preparation, pre‐processing and 

functional analysis

Genomic DNA was isolated from the peripheral blood by the over-
night digestion of lysed peripheral lymphocytes with proteinase K 
and phenol/chloroform extraction. The concentration and quality of 
genomic DNA were determined with NanoDrop 2000 (Thermo Fisher 
Scientific) and agarose gel electrophoresis (1% wt/vol), respectively. 
The sample preparation for DNA methylation microarray was carried 
out as previously described.27 To produce 200 to 1000 bp fragments 
(keeping CpG islands intact), 2 to 6 μg of high-quality genomic DNA 
was digested with MseI (New England Biolabs, Ipswich, MA) and then 
purified using PCR purification kit (Qiagen). The sample was heat-de-
natured to form single strands; the methylated DNA fragments were 
immunoprecipitated (IP) with 1 μg of monoclonal mouse antibody 
against 5-methylcytidine (Eurogentec, Belgium) and subsequently cap-
tured with Protein A agarose beads. The DNA-antibody-bead mixture 
was digested with proteinase K and purified with phenol-chloroform. 
The enrichment of the methylated IP DNA was completed performed 
with a whole-genome amplification kit (WGA2 kit, Sigma, USA). The 
labelling of IP and input DNA, microarray hybridization and scanning 
were conducted by NimbleGen Laboratories (Reykjavik, Iceland) as 
previous described.28 Data were extracted from scanned images by 
NimbleGen MS 200 Microarray scanner (48 slides) and data collection 
software (NimbleGen Systems, Inc, Madison, WI). The samples were 
assayed in duplicates.

All the methylation microarray data were generated based 
on Roche NimbleGen Human DNA Methylation 3x720K CpG 
Island Plus RefSeq Promoter Array and pre-processed by 
NimbleScan V2.6 software (Roche) following NimbleScan soft-
ware user's guide V2.6, including data signal conversion, qual-
ity evaluation, probe filtration and normalization. Differentially 
methylated genes (DMGs) between two groups were identified 
with t test.23 Significant P-value was adjusted as FDR by BH 
method (FDR = 1.11%). A value of P < .0001 and the difference 
in means between the two groups > 0.4 were set as cut-off val-
ues. GO and KEGG pathway enrichment analysis for DMGs were 
performed with the cumulative hypergeometric test as described 
above, and the adjusted P-value < .05 (by BH method) was consid-
ered as the threshold.

2.1.2 | Analysis of the expression of FcγRs in 
different immune statuses of HBV‐infected patients

Patients

A total of 64 HBV patients (including 12 HBV infection successfully 
cleared (HBISC) patients, 32 CH patients and 20 CA patients) re-
cruited from the First Bethune Hospital of Jilin University and 14 
healthy individuals who attended physical examination were en-
rolled in this study. According to the 2009 update of AASLD20 and 

EASL guidelines,21 the diagnostic criteria for HBISC, CA, CH and 
normal groups were listed in Table 1b in details. The characteristics 
of patients and healthy controls were represented in Table S2. All 
individuals provided informed consent for using their samples for 
research.

Isolation of PBMCs and qRT‐PCR

Whole blood collection, PBMC isolation and total RNA ex-
traction were performed as described in Section (a). Reverse 
transcription into cDNA was performed with PrimeScript RT 
Enzyme Mix (Takara). The gene expression levels were deter-
mined with SYBR PrimeScript RT-PCR kit (Takara) by means of 
an Applied Biosystems 7500 fluorescent quantitative PCR sys-
tem (Applied Biosystems, Foster City, CA, USA). The primer se-
quences (5´ to 3´) used for gene amplification were as follows: 
FcγR Ia forward TCACGGAAGGAGAACCTCTG and reverse CTG 
CTGATGTGTAGCGATGC; FcγR Ib forward GCATCGCTACACATCA 
GCAG and reverse CGTATTGTCACCCAGAGAACA; FcγR IIa 
forward ATCCCACAAGCAAACCACAG and reverse AATGA 
CCACAGCCACAATGA; FcγR IIb forward ATCCCACAAGCAAACC 
ACAG and reverse TACAGCAATCCCAGTGACCA; FcγR IIIIa 
forward TTCCCTCACAGCAAAGCAAC and reverse TGTAT 
GGTCCTGCCTCAACC; FcγR IIIIb forward TCCTCCCAACTGCTCT 
GCTA and reverse AGCACGCTGTACCATTGAGG; β-actin for-
ward CCTAGAAGCATTTGCGGTGG and reverse GAGCTACG 
AGCTGCCTGACG. The relative gene expression was normalized to 
β-actin and then calculated with 2−ΔΔCt method. The obtained data 
were shown as mean ± standard deviation (SD). Significant dif-
ferences between two groups were obtained when P < .05 which 
were analysed by Mann-Whitney test by means of GraphPad Prism 
5.0 software (GraphPad Prism Software, Inc., La Jolla, CA).

Analysis of the correlation between FcγRs expression and clinical 

indicators

To further investigate whether FcγRs were key regulators in dif-
ferent statuses of HBV infection, we analysed the correlation be-
tween the expression levels of FcγRs and clinical indicators (ALT and 
AST) by Spearman’s test with the same cut-off value as described in 
Section (a).

2.1.3 | Differential expression of FcγRs on immune 
cells in different statuses of HBV infection

Subjects

Fifty-four HBV patients (including 7 HBISC patients, 31 CH patients 
and 16 CA patients) and 20 healthy individuals that attended physi-
cal examination were enrolled from the First Bethune Hospital of 
Jilin University. As shown in Table 1c, the diagnostic and inclusion 
criteria for enrolling HBV-infected patients and healthy individuals 
were in accordance with the description in Section (b). The clinical 
characteristics of patients and healthy controls are shown in Table 
S3. All individuals provided informed consent for using their samples 
for research.
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Flow cytometry staining

Multicolour flow cytometry was used to detect FcγRs on NK cells, B 
cells and monocytes in different phases of HVB infection. Briefly, six 
freshly obtained whole blood samples were added with six groups of 
fluorescent marker antibodies, including CD3-PE-Cy7, CD56-APC, 
and CD16-FITC; CD3-PE-Cy7, CD19-APC, CD5-PE and CD32-FITC; 
CD3-APC, CD4-PE-Cy7 and CD8-PE; CD14-PE and CD16-FITC; 
CD14-PE and CD32-FITC; and CD14-PE and CD64-FITC. All anti-
bodies were purchased from BD Biosciences (San Diego, CA, USA). 
After incubation in the dark for 30 minutes at room temperature, 
the freshly obtained whole blood was treated with RBC lysis buffer 
(BD Biosciences) for 3 minutes in the dark. Dead cells were excluded 
through staining with Aqua Viability Dye (Invitrogen). The samples 
were detected by FACS LSR II Fortessa (BD Biosciences) and ana-
lysed with FlowJo (Tree Star, Ashland, OR, USA).

Analysis of the correlation between clinical indicators and FcγRs levels

The correlation between FcγRs expression on the subsets of 
immune cells, including CD3−CD56+CD16+, CD14highCD16+, 
CD3−CD19+CD32+, CD3−CD5+CD32+, CD3CD19+CD5−CD32+ and 
CD3−CD19+CD5+CD32+, and different clinical indicators, includ-
ing ALT, AST, serum HBsAg and serum HBV DNA, was analysed by 
Spearman’s test. Significant P-value was adjusted by BH test, and 
the adjusted P-value < .002 indicated statistical significance.

Cell cytokine detection

Cytometric bead array (CBA) was used to detect cytokine levels in 
the plasma of subjects. Briefly, the levels of interleukin (IL)-1β, IL-6, 
IL-10, IL-12p70, macrophage inflammatory protein-1 beta (MIP-1β) 
and tumour necrosis factor (TNF), in plasma of patients, were meas-
ured using CBA kit (BD Biosciences) as previously described.29 
During flow cytometry, data were acquired and analysed using 
Becton Dickinson CBA software.

Statistical analysis

The obtained data were expressed as mean ± SD, and the differ-
ence in FcγRs expression between any two groups was estimated 
by Mann-Whiney U test within SPSS 18.0 software (SPSS, USA). 
Statistically significant results were obtained when P < .0083.

3  | RESULTS

3.1 | Integrative analysis of gene expression and 
DNA methylation profiles of HBV infection

3.1.1 | Identification and functional enrichment 
analysis of DEGs

As shown in Figure 1B. 2239, 1638, 1888, 1582 and 316 DEGs were 
identified in AH, CA1, CA2, CH1 and CH2 patients, respectively, as 
compared with healthy controls (N). Moreover, 1540, 317, 584 and 
309 DEGs were identified in all C vs N, AH vs all C, AH vs CA1 and 
CA1 vs CH1 group, respectively. Functional enrichment analyses for 

DEGs between groups were performed. The results showed that 
DEGs significantly enriched in AH vs N group were from 18 path-
ways, including T cell receptor signalling, transforming growth fac-
tor-beta (TGF-β) signalling, leucocyte transendothelial migration, 
gonadotropin-releasing hormone signalling and TLR signalling path-
way. DEGs significantly enriched in all C vs N group belong to eight 
pathways such as T cell receptor signalling, folate biosynthesis, ad-
herens junction, mitogen-activated protein kinase (MAPK) signalling 
and TGF-β signalling pathway.

The functional enrichment analysis was performed for DEGs be-
tween acute and chronic infection. The results showed that DEGs in 
AH vs all C groups were associated with various immune responses; 
therefore, the immune system had the most enriched genes. In addi-
tion, DEGs significantly enriched between acute and chronic infec-
tion (AH vs all C) were associated with T cell receptor signalling and 
leucocyte transendothelial migration pathway. In the acute phase, 
the T cell receptor pathway is enriched for CD3E, LCK, NFKB and 
so on (Figure S1). The expressions of TLR6, MYD88, TRAF6, IRF7, 
NFKB, MAPKs and STAT1 enriched in the Toll-like receptor path-
way were significantly higher than those in healthy controls (data 
not shown).

As shown in Figure 2A, nine DEGs up-regulated in AH vs all C 
were enriched in leucocyte transendothelial migration pathway, 
including integrin subunit beta 1 (ITGB1), integrin subunit alpha 
4 (ITGA4), actin beta (ACTB), vinculin (VCL), myosin light chain 9 
(MYL9), neutrophil cytosolic factor 1 (NCF1), NCF4, phosphoinos-
itide-3-kinase regulatory subunit 5 (PIK3R5) and cell division cycle 
42 (CDC42).

We performed functional enrichment analysis for DEGs in AH 
vs CA1 group. Among these DEGs, interferon-stimulated genes 
(ISGs), including interferon-induced protein with tetratricopeptide 
repeats 3 (IFIT3), interferon-alpha inducible protein 27 (IFI27), IFI30 
and IFI35, interferon-induced transmembrane protein 3 (IFITM3) 
and FcγRs, such as FcγR Ib, FcγR Ia and FcγR IIa, showed significant 
differential expression. These DEGs were significantly enriched in 
functions associated with immune response and in key pathways 
such as TLR signalling pathway. As shown in Figure 2B, DEGs such 
as TLR6, TLR9, signal transducer and activator of transcription 1 
(STAT1) and myeloid differentiation primary response 88 (MYD88) 
were enriched in TLR signalling pathway.

The functional enrichment analysis was also performed for DEGs 
from CA1 and CH1 phases of chronic hepatitis B. We found that 
309 DEGs significantly enriched between CA1 and CH1 exhibited 
important functions related to inflammatory process. Of these, ex-
pression levels of IFI27 and FcγRs (including FcγR Ib, FcγR Ia and 
FcγR IIIa) were markedly higher in CH1 patients as compared with 
CA1 patients.

3.1.2 | Analysis of the correlation between clinical 
indicators and gene expression levels

With the cut-off value of adjusted P-value < .05 and |spearman co-
efficient| > 0.45, a significant correlation existed between ALT and 
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gene expression levels (Figure 3A), but no genes were markedly cor-
related with HBV DNA (Figure 3B). A total of 397 genes showed 
closed correlation with ALT level, including 161 positively correlated 
genes and 236 negatively correlated genes. Functional enrichment 
analyses showed that these genes were significantly enriched in 
immune response, antigen processing and presentation, major his-
tocompatibility complex (MHC) class I receptor activity and proteas-
ome activity. According to Spearman’s coefficient, several key DEGs, 
including proteasome activator subunit 2 (PSME2), guanylate-bind-
ing protein 1 (GBP1), FcγR Ia, FcγR Ib, HLA-F and IFI27, correlated 
with ALT level (Figure 3C).

3.1.3 | Identification of DMGs and functional 
enrichment analysis

The main purpose of methylation profiling studies is to observe 
the DNA methylation status of peripheral blood in HBV infection 
patients and to identify DMG related DEGs. Based on the plat-
form of Roche NimbleGen Human DNA Methylation 3x720K CpG 
Island Plus RefSeq Promoter Array, 711 794 probes corresponding 
to 43 062 transcripts and 24 928 known genes were obtained. 
After probe filtration and quality assessment, 62 samples (7 AH, 
15 CA1, 12 CA2, 12 CH1, 9 CH2 and 7 N) were selected for the 
development of DNA methylation profiles, including 564 464 
probes corresponding to 17 731 genes. Using t test, 4867 (819 
up-regulated and 4048 down-regulated), 4248 (591 up-regulated 
and 3657 down-regulated) and 1703 (601 up-regulated and 1102 
down-regulated) DMGs were identified in AH vs N, AH vs all C and 
all C vs N groups, respectively.

The functional enrichment analysis for DMGs in AH vs N group 
showed that these significantly enriched DMGs were associated 
with signal transduction, olfactory transduction, cyanoamino acid 
metabolism and intercellular communication. DMGs significantly 
enriched in all C vs N group were related to focal adhesion, tight 
junction, Janus kinase-STAT signalling, calcium signalling and Wnt 
signalling pathway. DMGs significantly enriched in all C vs N group 

belong to perception of chemical stimuli, perception of odour, re-
sponse to stimuli, differentiation of keratinocytes, G protein-cou-
pled receptor signalling pathway and inflammatory response. The 
results suggested that extensive methylation occurs during both 
acute and chronic HBV infection. In the acute HBV infection, a 
large number of genes involved in the immune response and T cell 
receptor complex formation are abnormally methylated. While, 
in the chronic HBV infection, cancer-related genes, especially 
MSCTP1, RASSF1A and CDKN2A, which are reported in liver can-
cer, are abnormally methylated, suggesting that accumulation of 
abnormal methylation events has begun in the stage of chronic 
HBV infection.

3.1.4 | Integrative analysis of gene expression and 
DNA methylation profiles

In combination with gene expression profile data, 478 and 2097 
genes were identified from 819 up-regulated and 4048 down-regu-
lated DMGs in AH vs N group, respectively. Among 478 up-regu-
lated DMGs, 59 genes showed down-regulated expression and 
were significantly enriched in important functions associated with 
RNA metabolism and cell movement. Among 2097 down-regulated 
DMGs, 207 genes showed up-regulated expression and were mark-
edly enriched in key functions related to immune response, regula-
tion of immune response and glycerol lipid metabolism. Five lowly 
methylated and highly expressed genes were found to be enriched 
in T cell receptor signalling pathway, including nuclear factor kappa 
B subunit 2 (NFκB2), cytotoxic T lymphocyte-associated protein 4 
(CTLA4), CD3e molecule (CD3E), mitogen-activated protein kinase 3 
(MAPK3) and LCK proto-oncogene, Src family tyrosine kinase (LCK) 
(Figure S1).

In addition, 38 lowly methylated and highly expressed genes and 
12 highly methylated and lowly expressed genes were identified in 
all C vs N group in combination with gene expression profile data. 
These highly methylated and lowly expressed genes, such as Ras as-
sociation domain family member 1 (RASSF1A) and cyclin-dependent 

F I G U R E  2   Leucocyte transendothelial migration pathway (A) and Toll-like receptor signalling pathway (B) enriched by differentially 
expressed genes between acute and chronic hepatitis B virus (HBV) infection. Pink nodes indicate differentially expressed genes
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F I G U R E  3   Analysis of the correlation between clinical indicators and gene expression levels. A, The correlation between alanine 
aminotransferase (ALT) levels and gene expression levels. B, The correlation between HBV DNA and gene expression levels. C, Key 
differentially expressed genes associated with ALT levels
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kinase inhibitor 2A (CDKN2A), were predominantly enriched in mul-
tiple cancer-associated signalling pathways.

In addition, 40 lowly methylated and highly expressed genes and 
five highly methylated and lowly expressed genes were identified 
in AH vs all C groups by integrative analysis of gene expression and 
DNA methylation profiles. Of these, 40 lowly methylated and highly 
expressed genes, seven were associated with immune response, in-
cluding complement C1q B chain (C1QB), CTLA4, leucocyte immu-
noglobulin-like receptor A1 (LILRA1), leucocyte immunoglobulin-like 
receptor B1 (LILRB1), LIM domain only 2 (LMO2), NCF1 and NCF4.

3.2 | Analysis of FcγRs expression in different 
immune statuses of chronic HBV‐infected patients

3.2.1 | The expression of FcγRs in different 
statuses of chronic HBV‐infected patients

We performed qRT-PCR analysis to detect FcγRs expression in 
chronic HBV infection. As shown in Figure 4A, the expression 
levels of FcγR Ia, FcγR IIa, FcγR IIIa and FcγR IIIb in CH patients 
were increased as compared to CA patients and healthy control (all 
P < .05). Moreover, FcγR Ia and FcγR IIb expressions in CA group 
were markedly increased as compared with that of HBISC group, 
while FcγR Ib and FcγR IIIb expression was decreased in CA group 
(all P < .05). FcγR IIb expression was higher in CA group relative to 
that of CH group (P < .01).

3.2.2 | Analysis of the correlation between clinical 
indicators and FcγR expression levels

The correlation between FcγR expression and clinical indicators, in-
cluding ALT and AST, was analysed. As shown in Figure 4B,C, ALT 
and AST showed a positive correlation with the expression of acti-
vated receptors such as FcγR Ia and FcγR IIa and negative correla-
tion with the expression of inhibitory FcγR IIb, indicating that the 
differential expression of FcγR Ia, FcγR IIa and FcγR IIb may be used 
to distinguish between different immune statuses of HBV infection.

3.3 | Differential expression of FcγRs on immune 
cells in different statuses of HBV infection

3.3.1 | Differential expression of FcγRs on immune 
cells in HBV‐infected patients

The expression of FcγR III (CD16) on NK cells and their subsets in 
patients with different HBV infection was detected. As shown in 
Figure 5A and Table S4A, total NK and CD3−CD56+CD16+ NK cells 
in CH patients significantly decreased as compared with those in CA 
patients and healthy controls (all P ≤ .001). In addition, total NK and 
CD3−CD56+CD16+ NK cells in HBISC patients decreased in HBISC 
patients as compared with those in healthy controls (P = .002). 
There were no significant differences in CD3−CD56−CD16+ and 
CD3−CD56+CD16− NK cells between any two groups.

The FcγR II (CD32) expression on B cells and their subsets 
in different HBV-infected patients was detected. As shown in 
Figure 5B,5 and 5 and Table S4B, CD3−CD5+, CD3−CD19+CD5+, 
CD3−CD19+CD32+, CD3−CD5+CD32+ and CD3−CD19+CD5+CD32+B 
cells in CH patients were higher than those in healthy controls 
(P = .005, .006, .008, .002 and .006, respectively). CD3−CD19+CD5−, 
CD3−D19+CD32+ and CD3−CD19+CD5−CD32+B cells in CH patients 
were markedly increased as compared with those in CA patients 
(P = .006, .008 and .004, respectively). No significant differences 
were observed in CD3−CD19+, CD3−CD5+, CD3−CD19+CD5− and 
CD3−CD19+CD5+ B cells between any two groups.

The expression of FcγRs on monocyte cells was also detected. 
As indicated in Figure 1E and Table S4C, CD14highCD16+ cells in CH 
patients were increased in comparison with those in CA patients 
and healthy controls (P < .001). Moreover, CD14highCD16+ cells were 
markedly increased in HBISC patients as compared with those in 
healthy controls (P = .002). No significant differences were observed 
in CD14+CD32+ and CD14+CD64+ cells between any two groups.

3.3.2 | Analysis of the correlation between clinical 
indicators and FcγR expression levels

The correlation between FcγR expression on the subsets of im-
mune cells, including CD3−CD56+CD16+, CD14highCD16+, 
CD3−CD19+CD32+, CD3−CD5+CD32+, CD3−CD19+CD5−CD32+ and 
CD3−CD19+CD5+CD32+, and different clinical indicators, includ-
ing ALT, AST, serum HBsAg and serum HBV DNA, was analysed 
by Spearman’s test. As shown in Figure 6, only CD14highCD16+ 
monocyte cells showed a positive correlation with ALT (r = 0.694, 
P < .001) as well as AST (r = .698, P < .001) and negative correla-
tion with serum HBsAg (r = −.614, P = .0017) and serum HBV DNA 
(r = −.446, P = .0017). There was no significant correlation be-
tween CD3−CD56+CD16+, CD3−CD19+CD32+, CD3−CD5+CD32+, 
CD3−CD19+CD5−CD32+ and CD3−CD19+CD5+CD32+ and different 
clinical indicators (P > .002).

3.3.3 | Analysis of cytokine levels in plasma of HBV‐
infected patients

Cytokine levels in plasma of HBV-infected patients were analysed. 
We found that levels of IL-6, IL-1β, IL-10, TNF, MIP-1β and IL-12p70 
were markedly increased in CH patients relative to those in CA 
patients and healthy controls (all P ≤ .001, Figure 7). Moreover, 
IL-10 and IL-12p70 levels in HBISC patients were obviously higher 
than those in healthy controls (P = .002 and .007, respectively) 
(Figure 7).

4  | DISCUSSION

The present study investigated key genes and pathways associ-
ated with different immune statuses of HBV infection. The results 
showed that TLR signalling pathway and leucocyte transendothelial 



     |  7483JIN et al.

migration pathway (including ITGB1) were enriched during acute 
HBV infection. Key DEGs such as FcγR Ia, FcγR Ib and IFI27 showed 
differential expression between AH and CA1 phases and between 
CA1 and CH1 phases. Furthermore, the differential expression of 
FcγR Ia, FcγR IIa and FcγR IIb was identified between CA and CH 
phases by experimental validation. Integrative analysis of gene ex-
pression and DNA methylation profile showed that lowly methyl-
ated and highly expressed genes (such as CTLA4 and MAPK3) were 
enriched in T cell receptor signalling pathway during acute HBV 
infection. Highly methylated and lowly expressed genes (including 
RASSF1A and CDKN2A) were identified in chronic HBV infection.

During the HBV infection, the innate immune response inhibits 
the replication and the spread of HBV in the early stage, while the 
adaptive HBV-specific immune response primarily plays a role in 
viral clearance in the late stage.14 In acute HBV infection, the im-
mune response to clear the virus precedes the clinical features such 
as jaundice and elevated transaminases. Actually, it is difficult to col-
lect samples of acute HBV infection at the window period. Stefan et 
al reported that they did not detect natural immune response in the 
early stage in the acute infection of the apes, but they emphasized 
that the adaptive immune response played a role in clearing the virus 
after a few weeks.30 Besides, there were increasing evidence showed 
that HBV inhibits natural immune response by regulating Toll-like 
receptors on the surface of immune cells.31-33 In our study, the key 
different pathway between AH and all C groups was Toll-like recep-
tor pathway also known as TLR signalling pathway. The innate im-
mune response mediated by TLR signalling pathway is found to play 
a role in the control of HBV infection.17 HBeAg induces the patho-
genesis of HBV infection through targeting TLR-mediated signalling 
pathways to evade innate immune responses.34 Moreover, higher 
level of HBsAg may attenuate TLR-mediated immune responses 

to evade innate and adaptive immune responses and maintain per-
sistent HBV infection.35 In our study, TLR signalling pathway was 
significantly enriched during acute infection of HBV. Thus, innate 
immune responses mediated by TLR signalling pathway may regulate 
the acute phase of HBV infection. In addition, leucocyte transen-
dothelial migration is a key process to evoke the innate or adaptive 
immune response.36 ITGB1 haplotype is shown to be correlated with 
the clearance of HBV infection.37 Our results showed that leucocyte 
transendothelial migration pathway was enriched during AH phase 
of HBV infection, in which ITGB1 was included. Therefore, we spec-
ulate that leucocyte transendothelial migration pathway may be in-
volved in HBV clearance during acute infection via ITGB1 regulation.

HBV-specific T cell dysfunction and decreased T cell numbers 
contribute to the chronic of HBV infection.10 In our study, DEGs be-
tween AH and N, AH and chronic of HBV infection were also en-
riched in the T cell receptor signalling. Almost no type I IFN response 
was detected during the entire acute infection process, and NK cell 
activation and function were inhibited at the peak of viraemia.38 
Combined with our findings, T cell-mediated adaptive immune re-
sponses are predominantly dominant during acute HBV infection. 
The maturation and activation of T cells are mediated by immune 
synapses formed by the binding of T cell receptors, MHC and other 
T cell receptor accessory molecules.39 Among them, CD3E, CD4 
and LCK are auxiliary molecules of important T cell receptors that 
form this immune synapse. We observed that these genes are 
highly expressed in the acute phase and low in the chronic phase 
and healthy controls, suggesting that the activation status of these 
genes is related to the natural course of disease after HBV infection. 
Furthermore, lowly methylated and highly expressed genes (includ-
ing CTLA4 and MAPK3) in AH phase were enriched in T cell recep-
tor signalling pathway by integrative analysis of DNA methylation 

F I G U R E  4   The expression of FcγRs in different immune state of chronic HBV infection and analysis of the correlation between clinical 
indicators and FcγR expression levels. A, The expression levels of FcγRs. B, The correlation between ALT levels and FcγR expression levels. 
C, The correlation between aspartate transaminase (AST) and FcγR expression levels. Data were expressed as mean ± standard deviation. 
*P < .05 and **P < .01
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profile. It is reported that defective antigen presentation may induce 
T cell tolerance by combining CTLA4 and PD 1.40 DNA immunization 
with the fusion of CTLA-4 to HBV core protein has the ability to pro-
mote Th2-type responses for HBV elimination.41 In addition, MAPK3 
is important for the induction of T cell energy and has the capacity to 
activate T cell responses via dendritic cells in autoimmunity.42 Based 
on our results, we suggest that the epigenetic regulation of CTLA4 
and MAPK3 by DNA methylation may be involved in the acute phase 
of HBV infection via regulation of T cell receptor signalling pathway. 

In addition, highly methylated and lowly expressed genes (including 
RASSF1A and CDKN2A) were identified in chronic HBV infection. It 
has been confirmed that the reduced expression and hypermethyla-
tion of RASSF1A were frequently observed in HCC and played crucial 
roles in HCC tumorigenesis and metastases.43 The combination of 
serum RASSF1A methylation and α-fetoprotein level is suggested 
as a promising biomarker to discriminate HCC patients with chronic 
HBV infection.44 Moreover, CDKN2A promoter methylation and lack 
of p16 expression are main hallmarks for the differentiation of HCC 

F I G U R E  5   The expressions of FcγRs on immune cells in different state of HBV infection. A, Different expression of FcγRs on the 
subsets of CD3-CD56+CD16+NK cells between four groups. B, Different expression of FcγRs on the subsets of CD3-CD19+CD5- and 
CD3-CD19+CD5+B cells between four groups. C, Different expression of FcγRs on the subsets of CD3-CD19+CD32+B cells between four 
groups. D, Different expression of FcγRs on the subsets of CD3-CD5+CD32+B cells between four groups. E, Different expression of FcγRs 
on the subsets of CD14highCD16+ monocytes between four groups. One or two columns on the left show a schematic diagram of cell 
subsets in a flow cytometry experiment
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from other liver tumours.45 Taken together, we speculate that the 
methylation of RASSF1A and CDKN2A may exhibit an important role 
in chronic HBV infection and HBV-related liver diseases.

FcγRs is a receptor for the Fc segment of immunoglobulin IgG. It is 
known that FcγRs mediate multiple immunological functions, which 
influence both innate and adaptive responses.46 Besides, FcγRs-me-
diated antibody effector functions are compromised or suppressed 
during persistent viral infection.47,48 FcγRs are classified into CD64 
(FcγR I), CD32 (FcγR II) and CD16 (FcyR III) depending on their affin-
ity and structure. Among them, FcγR I show the stronger affinity to 
IgG Fc than that of FcγR II and FcγR III. NK cells recruit immune cells 
to the site of infection by killing immature dendritic cells and secret-
ing inflammatory cytokines and chemokines.49 CD3-CD56+CD16+ 
NK cells can activate antiviral-infected cells. When the Fc segment 
of an antibody is conjugated to FcγR III, it is linked to the ζ dimer 
contained in NK cells and then transmits an activation signal to the 
cells. Subsequently, antibody-dependent cytotoxicity is performed 
to destroy target cells. FcγR IIb, which is the only Fcγ family recep-
tor on the surface of B cell, is a negative regulator of innate immu-
nity and acquired immunity.50,51 The CD3-CD19+CD32+ B cells in 

the CH group were significantly higher than those in the CA and N 
groups, suggesting that the immune system controlled the excessive 
activation and proliferation of B cells by the increased CD32+ B cells 
in the immune-clearance period of chronic hepatitis B. In our study, 
FcγR Ia and FcγR Ib were differentially expressed between AH and 
CA1 phases as well as CA1 and CH1 phases. Moreover, experimental 
validation confirmed the differential expression of FcγR Ia, FcγR IIa 
and FcγR IIb between CA and CH phases. ALT and AST showed a 
positive correlation with the expression of activated receptors such 
as FcγR Ia and FcγR IIa and negative correlation with the expression 
of inhibitory FcγR IIb. These findings suggest the use of FcγR Ia, FcγR 
IIa and FcγR IIb to distinguish the different immune statuses of HBV 
infection and as potential targets for immunotherapy of HBV-related 
liver diseases.

There was significantly difference of DMGs between acute and 
chronic HBV infection and healthy controls, indicating that the HBV 
infection indeed leads to epigenetic recombination of host genes. 
Based on the comprehensive analysis of DEGs and DMGs, hypermeth-
ylated genes (low expressed) or demethylated genes (high expressed) 
were mainly enriched in the immune response and T cell receptor 

F I G U R E  6   The correlation between FcγR expression on CD14highCD16+ monocytes and different clinical indicators, including ALT, AST, 
serum HBsAg and serum HBV DNA
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F I G U R E  7   The levels of key cytokines (IL-6, IL-1β, IL-10, TNF, MIP-1β and IL-12p70) in plasma of patients with different immune statuses 
of HBV infection. Data were expressed as mean ± standard deviation. *P < .05, **P < .01 and ***P < .001
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pathways. The T cell receptor (TCR) -CD3 complex formed by CD3E 
and TCR plays a key role in antigen recognition, linking downstream 
signalling pathways and T cell maturation.52 Besides, the mutation or 
non-expression of CD3E is closely related to immunodeficiency.53 
LCK belongs to the Src family of tyrosine protein kinases, which are 
involved in T cell maturation and proliferation, and mediate the key 
downstream molecules of MAPK and NFKB through TCR-CD3 com-
plex.54,55 CD3E and LCK are upstream molecules of the T cell recep-
tor pathway. In the acute HBV infection, hypomethylated and high 
expressed CD3E and LCK activates the T cell response process. Our 
results suggested that the T cell receptor pathway is regulated by 
epigenetics in the acute infection, especially in the process of T cell 
receptor complex formation. The methylation status of the enriched 
gene in T cell receptor pathway is closely related to their expression 
levels. In addition, other DMGs such as MAPK3 and NFKB2, which are 
downstream of the T cell receptor pathway, are also fast transcription 
factors that mediate inflammation and immune response processes.

Clinically, elevated ALT is used as a marker of immune activa-
tion and as a basis for immune staging and treatment.56,57 Our re-
sults suggested that genes associated with ALT levels were mainly 
enriched in immune responses, antigen processing and presen-
tation, MHC class I receptor activity a and proteasome activities. 
Functional enrichment and Spearman’s correlation analysis showed 
that the expressions of HLA-F, IFI27 and PSME2 were associated 
with ALT. Among them, HLA-F acts as a surface marker for activated 
lymphocytes, whereas PSME2 (also known as PA28β) is associated 
with maturation of dendritic cells and MHC class I antigen presen-
tation.58,59 Immune cells recognize viruses and secrete IFN through 
pattern recognition receptors (PRRs), which induce the production 
of a series of Interferon-stimulated genes (ISGs).60 The primary role 
of ISGs is to amplify the IFN signalling pathway, induce the produc-
tion of cytokines capable of activating adaptive immune responses 
and directly inhibit the virus.61 Our results showed that there were 
differential expressions of ISGs between AH and all C groups, as 
well as between different stages of chronic infection, such as IFI27, 
IFI30, IFI35, IFIT3 and IFITM3. Among of them, the FC of IFI27 was 
the highest with FC=10.44 and P = .0014225. In the early stages of 
viral infection, IFITM3 inhibits virus entry into cells, whereas IFI27 
is produced in the late stages of viral infection, mediating apoptosis 
by disrupting mitochondrial membrane stability.62,63 IFI30 is induced 
by type II IFN and mainly assists in the antigen presentation process 
restricted by MHC class II antigens.64

We identified the DEGs and DGMs in HBV infection and pre-
dicted the possible roles by enrichment analysis. One limitation in this 
study was that we did not validate the roles of DEGs and DMGs on 
the HBV infection. However, in the next study, we will collect periph-
eral blood PBMC from patients with different HBV infection status, 
and the expression levels of main DEGs will be detected by qRT-PCR 
and Western blot. In addition, the mechanisms related to DEGs and 
DGMS in different HBV infection states will be further studied.

In conclusion, our study reveals key genes and pathways that 
may be used to distinguish between different immune statuses 
of HBV infection. The innate immune response mediated via TLR 

signalling pathway may regulate the acute phase of HBV infection. 
Leucocyte transendothelial migration pathway may be involved in 
HBV clearance during acute infection via ITGB1 regulation. In addi-
tion, FcγR Ia, FcγR IIa and FcγR IIb may be used to distinguish differ-
ent immune statuses of HBV infection and serve as potential targets 
in immunotherapy of HBV-related liver diseases. The epigenetic 
regulation of CTLA4 and MAPK3 by DNA methylation may be in-
volved in the acute phase of HBV infection through regulating T cell 
receptor signalling pathway, while the methylation of RASSF1A and 
CDKN2A may exhibit an important role in chronic HBV infection.
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