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Abstract

Background Chronic HBV infection is a major risk factor for hepatocellular carcinoma, posing a significant global
health burden. However, predictive models for HBV clearance based on immune biomarkers remain limited.

Methods We systematically developed a predictive tool by quantifying mRNA expression levels of CD4* T-cell subset
transcription factors, cytokines, and immune checkpoints in PBMCs from chronic HBV patients and resolved HBY
individuals using RT-gPCR. A binary logistic regression model was constructed in the training cohort, with perfor-
mance evaluated by ROC and calibration curves, followed by internal and external validation in independent cohorts.
For in vivo validation, an HBV-transfected mouse model was established via rapid tail vein injection of pGL3-CP-Fluc-
HBV1.2¢, plasmid. Outcomes included body weight, HBsAg/HBV DNA levels, and luciferase activity. Kaplan-Meier
analysis assessed cumulative clearance rates, while RT-qPCR tracked model-related mRNA dynamics in PBMCs.

Results The model identified GATA3, FOXP3, IFNG, TNF, and HAVCR? as key genes, demonstrating robust predictive
accuracy for HBV clearance. Dose-specific temporal patterns of immune gene regulation were observed, revealing
distinct immunomodulatory mechanisms between groups.

Conclusion This study establishes a reliable immune-based predictive model for HBV clearance and highlights diver-
gent immune responses in chronic versus resolved infection.

Introduction

Hepatitis B virus (HBV), the causative agent of hepatitis
B, is a leading cause of chronic hepatitis B (CHB), liver
cirrhosis, and hepatocellular carcinoma (HCC) world-
wide [1]. According to the World Health Organization,
more than 296 million people are chronically infected
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leads to progressive liver inflammation, extensive fibro-
sis, and even cancer [3]. Currently, chronic HBV infec-
tion is the primary cause of HCC in China, imposing a
significant burden on patients, families, and society [4].
The interaction between HBV replication and the
host immune system determines the outcome of infec-
tion, either acute clearance of HBV or chronic HBV

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12985-025-02792-w&domain=pdf

Zhang et al. Virology Journal (2025) 22:153

persistence [5]. Compared to acute HBV infection, the
host immune response is significantly weaker in chronic
HBYV infection, making the restoration of host immune
function more critical than merely suppressing viral rep-
lication [6]. Adaptive immunity plays a key role in con-
trolling HBV infection: HBV-specific T cells are activated
with the help of antigen-presenting cells (APCs) and
secrete antiviral cytokines such as IFN-y and TNF-q,
which induce cytotoxic T lymphocyte (CTL) responses
to kill HBV-infected hepatocytes [7]. Additionally, B cells
differentiate into plasma cells under the guidance of fol-
licular helper T (Tth) cells, producing specific antibodies
[8]. While much research has focused on the cytotoxic
CD8* T cells, CD4" T cells are equally crucial for viral
clearance, as the generation of effective CD8" T cells and
the maintenance of functional memory T cells depend
on CD4" T cells [9]. During an immune response to
pathogen infection, CD4* T lymphocytes differenti-
ate into various helper T cell subsets such as T helper 1
(Thl), T helper 2 (Th2), T helper 17 (Th17), and regula-
tory T cells (Treg) [10, 11]. This differentiation is driven
by a set of transcription factors that either activate or
repress key genes, controlling the development of differ-
ent immune cell lineages. Specific transcription factors
like T-box transcription factor 21 (T-bet), GATA bind-
ing protein-3 (GATA-3), RAR-related orphan recep-
tor gamma t (RORyt), and Forkhead box P3 (Foxp3) are
crucial for the development of Th1, Th2, Th17, and Treg
cells, respectively [12, 13]. Cytokines, as essential compo-
nents of immune function, play roles in the pathogenesis,
immune exhaustion, and viral clearance in chronic HBV
infection [14]. Interferons (IFNs) and tumor necrosis
factors (TNFs) are particularly important in the various
processes of chronic HBV infection. Recent studies have
indicated that the functional exhaustion of HBV-specific
T cells may be a mechanism leading to chronic HBV
infection. The expression of co-inhibitory receptors on
exhausted T cells increases significantly, which is closely
related to T cell unresponsiveness to pathogens. Block-
ing these pathways can improve the function of specific
T cells [15, 16].

Clinical predictive models play a crucial role in disease
diagnosis and prognosis evaluation. Researchers have
developed various predictive models for HBV-related
liver cancer, HBV-related liver fibrosis, and HBV-related
acute-on-chronic liver failure [17-19]. However, mod-
els for predicting HBV clearance have not been widely
explored. Currently, there is a lack of predictive models
based on immune markers for HBV clearance. Therefore,
we aim to develop a predictive model for HBV clearance
from the perspective of immunity, focusing on CD4% T
cell subsets, cytokines, and immune checkpoint-related
genes.
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In addition, the host range of HBV is extremely lim-
ited, as it can only infect humans and certain primates
(such as chimpanzees) but not most other species. Due
to ethical constraints, the use of primate models is
strictly regulated. Although ducks can be infected with
duck hepatitis B virus (DHBV), the homology between
DHBYV and HBV is only 40%, which limits the applica-
bility of this model in HBV research [20]. While mice
cannot be naturally infected with HBV, Huang et al.
successfully achieved sustained expression of HBV
DNA in mouse livers using hydrodynamic injection
(HI) technology [21]. Studies have shown that inject-
ing different doses of plasmids significantly affects the
duration of HBV persistence in mouse models: both
insufficient and excessive doses of plasmids acceler-
ate HBV clearance, whereas a dose of 5 pug or 6 ug
results in a relatively prolonged presence of HBV in the
mouse models [22, 23]. Tracking the immune dynam-
ics of HBV-infected individuals is highly challenging;
however, mouse models can simulate human HBV
infection, providing a valuable platform for analyzing
immune dynamics in vivo.

This study aims to explore the interrelationships
between chronic HBV infection and CD4* T lympho-
cyte subsets, cytokines, and immune checkpoints. Addi-
tionally, we aim to develop an HBV clearance prediction
model based on experimental data. Simultaneously, by
establishing an HBV mouse model, we will observe the
complete natural course of the disease. This approach
not only aids in understanding the immunopathological
mechanisms of chronic HBV infection but also allows for
dynamic observation of the mutual interactions between
HBYV and host immunity. This research is crucial for fur-
ther assessment of HBV infection status and prediction
of its clearance.

Methods

Figure 1 illustrates the specific workflow of this study,
aimed at enhancing readersunderstanding of the
research process.

Ethics approval and inclusion to participate

All research involving human participants in this study
was approved by the Ethics Committee of Harbin Medi-
cal University, approval number KY27-118, in compliance
with the Helsinki Declaration, and written informed con-
sent was obtained from all participants. All experiments
involving animal use were performed in accordance with
the Ethics Committee of Harbin Medical University with
approval number SYDW2010-144, and were conducted
in accordance with the ARRIVE guidelines.
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Fig. 1 Flow diagram. Hospital A: The Second Affiliated Hospital of Harbin Medical University; Hospital B: Beidahuang Industry Group General

Hospital

Patients

From September 2021 to December 2022, EDTA-K,-an-
ticoagulated peripheral blood samples were obtained
from 158 chronic HBV patients and 152 resolved HBV
individuals at the Second Affiliated Hospital of Harbin
Medical University. Between March 2025 and April
2025, an additional 51 chronic HBV and 50 resolved
HBYV individuals were similarly enrolled from Beida-
huang Industry Group General Hospital. Both groups
were aged over 18 years. Inclusion criteria were as fol-
lows: (1) Chronic HBV infection group: positive serum
HBsAg and/or HBV DNA for more than 6 months; (2)
Resolved HBV group: negative HBsAg, with positive
HBsAb, HBeAb, and HBcAD, or positive HBeAb and
HBcAbD alone or together. Exclusion criteria included:

(1) Concurrent infection with other viruses; (2) Pres-
ence of other serious physical or mental illnesses; (3)
Use of interferon drugs, corticosteroids, immunosup-
pressants, or chemotherapy drugs. Clinical diagnosis
and research procedures adhered to the Helsinki Decla-
ration. Written informed consent was obtained from all
participants involved in this study.

Plasmid

Based on the HBV C2 subtype full genome sequence
(GenBank: JQ688404.1) and the pAAV/HBV1.2 plasmid
constructed by Huang et al. [21], we employed gene syn-
thesis and homologous recombination methods. Spe-
cifically, we utilized the 1.2-fold HBV gene sequence
(nt1400-nt3182/1-nt1987) from the pAAV/HBV1.2
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plasmid as a basis. The target sequence, comprising the
complete 1.2-fold HBV gene segment with ITRs at both
ends, was split and designed with adjacent overlapping
primers covering the target sequence. PCR amplifica-
tion yielded the complete 1.2-fold HBV gene segment
with ITRs. This segment was then recombined into the
destination vector pGL3-CP-Fluc (Mlu I/Xho I enzyme-
cut vector) using homologous recombination, resulting
in the recombinant plasmid pGL3-CP-Fluc-HBV1.2¢c2
containing both the reporter gene and the 1.2-fold HBV
genome. The experimental procedures were conducted
by Beijing Liuhe Huada Genomics Institute.

Animal experiments

Male wild-type C57BL/6 mice were purchased from the
Animal Experimental Center of the Second Affiliated
Hospital of Harbin Medical University or Changsheng
Biotechnology. They were housed under specific path-
ogen-free conditions with a 12-h light/dark cycle. The
pGL3-CP-Fluc-HBV1.2, plasmid was transfected into
the liver of mice via HI to establish an HBV mouse model
[21]. D-luciferin potassium salt (ST198, Beyotime, China)
was injected into the mouse peritoneal cavity, and the
mice were placed in a prone position under a live animal
imaging system (Burker, Switzerland) for 3 min to detect
the expression intensity of luciferase. Mouse body weight
was measured at different time points, and blood samples
were collected.

Real-time quantitative polymerase chain reaction
(RT-qPCR)

Patient PBMCs were isolated as in previous studies [24].
Mouse PBMCs were isolated using Mouse PBMC Isola-
tion Kit (LDS1090, TBDscienceHY, China). Total RNA
from PBMCs was extracted using RNAkey = Reagent
(SM129-02, Sevenbio, China). 1 pg of RNA was con-
verted to cDNA using All-in-one First Strand cDNA Syn-
thesis Kit II (SM143-02, Sevenbio, China). RT-qPCR was
performed using SYBR Green Master Mix (SM143-01,
Sevenbio, China) and an RT-qPCR instrument (SLAN-
96p, Shanghai hongshi, China). ACT values were nor-
malized to B-actin. HBV DNA detection was conducted
using HBV Nucleic Acid Quantitative Detection Kit
(SANSURE BIOTECH, China) following the manufac-
turer’s instructions. Primer sequences are listed in Sup-
plementary Table 1.

Enzyme-linked immunosorbent assay (ELISA)

After centrifuging at 1091 g for 15 min, mouse plasma
samples were obtained. The plasma was then diluted
20-fold and HBsAg was detected using an ELISA kit
(Wantai, Beijing, China), following the manufacturer’s
instructions. The optical density (OD) values of the
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sample wells were measured using an microplate reader
(BIO-RAD, America) at dual wavelengths of 450 nm and
630 nm.

Bioinformatics analysis

In order to understand the chromosomal positions of the
target genes, we used the R package"RCircos"for visuali-
zation. The gene chromosomal location information was
obtained from the National Center for Biotechnology
Information (NCBI) database. Next, to determine the
potential functions and pathway mechanisms of the tar-
get genes, we conducted Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analysis using R packagesclusterProfiler","org.
Hs.eg.db","enrichplot”, and"ggplot2". Enrichment results
were filtered with criteria of P< 0.05 and adjusted P value
<0.05.

Statistical analysis

This study employed R (version 4.2.2) and GraphPad
(version 9.1) for statistical analysis and graphing. Nor-
mally distributed metric data are presented as mean
+standard deviation (x *s), while non-normally distrib-
uted metric data are presented as median and interquar-
tile range. Student’s t-test or Mann—Whitney U test was
used for comparing data between two groups. For com-
parisons among multiple groups, One-Way ANOVA test,
Kruskal-Wallis test, or Tamhane’s T2 test was used, with
Bonferroni correction applied for pairwise comparisons.
Spearman test was used for correlation analysis. Chi-
square test was used for comparing two rates or propor-
tions. ROC curves were used to assess the diagnostic
performance of genes or models. Binary logistic regres-
sion analysis was conducted for multifactorial analysis,
stepwise selection was used for variable screening, vari-
ance inflation factor (VIF) was checked to detect colline-
arity among variables, and calibration curves and column
charts were plotted. The analyses and visualizations uti-
lized R packages including"pheatmap”,"limma","pROC","
fmsb","SimDesign","tdROC","rmda","rms","regclass","Res
ourceSelection", and"ggplot2". A significance level of P<
0.05 was considered statistically significant.

Results

Demographic characteristics and clinical features
According to the above inclusion criteria, a total of
209 chronic HBV patients and 202 resolved HBV indi-
viduals were included in this study. Table 1 summa-
rizes their clinical characteristics. Comparison between
patient groups from the two medical institutions
revealed statistically significant differences in ALT (P<
0.001) and AST (P< 0.01) levels, whereas no signifi-
cant difference was observed in gender distribution (P>
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Table 1 Clinical characteristics of study participants
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Characteristics The Second Affiliated Hospital of Harbin

Medical University

Beidahuang Industry Group General Hospital

Chronic group Resolved group P value Chronic group Resolved group P value
(n=158) (n=152) (n=51) (n=50)

Male/Female 79/79 88/64 0111 25/26 17/33 0.126

Age 46.50 50.00 <0.001 55.00 52.00 0.142
(35.00-53.25) (42.25-55.00) (47.00-61.00) (42.25-58.25)

ALT(u/1) 37.00 18.00 < 0.001 24.00 16.50 < 0.001
(21.00-74.00) (14.00-27.00) (18.00-37.00) (12.00-22.25)

AST(u/l) 30.00 19.00 < 0.001 23.00 19.50 0.006
(20.00-59.25) (15.00-24.00) (18.00-35.00) (16.00-23.00)

Table 2 Clinical Characteristics of training and internal validation
group participants

Table 4 Clinical Characteristics of internal validation group
participants

Characteristics  Training group Internal validation P value
(n=212) group
(n=198)

Chronic/Resolved  108/104 50/48 0.990
Male/Female 115/97 52/46 0.846
Age 49.00 (39.00-54.00) 48.00 (35.75-53.25) 0.243
ALT(u/1) 24.50 (16.00-42.75)  26.00 (16.75-47.25) 0.548
AST(u/1) 21.00 (16.00-32.75)  25.00 (18.00-38.25) 0.06

Table 3 Clinical Characteristics of training group participants

Characteristics  Chronic group Resolved group Pvalue
(n=108) (n=104)

Male/Female 54/54 61/43 0.206

Age 4550 (34.25-52.00)  51.00 (44.25-56.75) < 0.001

ALT(u/1) 36.50 (21.25-72.50)  17.00 (14.00-26.00) <0.001

AST(u/) 28.00(20.00-56.00)  18.00 (15.00-23.75) <0.001

0.05). Notably, a significant age difference was found
between chronic HBV patients and those in the remis-
sion group from the Second Affiliated Hospital of Har-
bin Medical University (P< 0.001).

According to the order of enrollment, participants
from the Second Affiliated Hospital of Harbin Medi-
cal University were divided into a training group (the
first 70%) and a internal validation group (the remain-
ing 30%) at a 7:3 ratio. As shown in Table 2, there were
no statistically significant differences in baseline char-
acteristics, including gender distribution, age, and ALT
and AST levels, between the two groups (all P> 0.05).

Tables 3 and 4 present the baseline characteristics
of participants in the training group and the internal
validation group, respectively. In the training group,

Characteristics  Chronic group Resolved group P value
(n=50) (n=48)

Male/Female 25/25 27/21 0.535

Age 4750 (35.75-54.25)  49.00 (35.25-51.00) 0.909

ALT(u/1) 37.50(21.00-75.75)  19.50 (14.00-34.75) <0.001

AST(u/l) 34.50 (21.75-60.75)  21.00 (16.00-26.00) <0.001

compared with the resolved HBV group, the chronic
HBYV infection group showed significant differences in
age (P< 0.001), ALT (P< 0.001), and AST (P< 0.001)
levels, while no significant difference was observed in
gender distribution (P> 0.05). In the internal valida-
tion group, ALT (P< 0.001) and AST (P< 0.001) levels
differed significantly between the chronic and resolved
groups, whereas age and gender distribution showed no
statistically significant differences (P> 0.05). In sum-
mary, the training-validation stratification effectively
preserved balanced baseline parameters between the
study cohorts.

Bioinformatics analysis of the target genes

To gain a clearer understanding of the ten target genes
included in this study, their positions were visual-
ized using a circos plot (Fig. 2A). Through GO analysis,
enrichment analysis revealed that in the Biological Pro-
cess (BP) section, they are mainly enriched in pathways
such as regulation of leukocyte cell-cell adhesion. In
the Cellular Component (CC) section, enrichment was
observed primarily on the external side of plasma mem-
brane. In the Molecular Function (MF) section, enrich-
ment was noted in activities such as DNA-binding
transcription repressor activity, RNA polymerase II-spe-
cific (Fig. 2B). Additionally, KEGG analysis showed that
the target genes are predominantly enriched in pathways
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Fig. 2 Bioinformatics analysis and identification of DEGs. A Circular map of the chromosomal positions of ten genes. B The bubble plot of GO
enrichment analysis. C The bubble plot of KEGG pathway enrichment analysis. D The boxplot of mRNA expression of ten genes. E Correlation plot

of mMRNA expression of eight genes. F ROC curve of eight genes

related to Th17, Thl, and Th2 cell differentiation, as well
as T-cell receptor (TCR) signaling (Fig. 2C).

Identifying differentially expressed genes (DEGs)
Using RT-qPCR, mRNA levels of 10 genes were assessed
in 212 PBMC samples from the training group, including

108 chronic HBV-infected individuals and 104 resolved
HBYV individuals. In the resolved group, expression lev-
els of GATA3 (P< 0.001), FOXP3 (P< 0.001), TNF (P<
0.001), LAG3 (P= 0.034), and TIGIT (P< 0.001) were
significantly higher compared to the chronic group, while
expression levels of IFNG (P< 0.001), CTLA4 (P< 0.001),
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and HAVCR2 (P =0.002) were significantly lower than
the chronic group. TBX21 and RORC did not show sta-
tistically significant differences (Fig. 2D). In correlation
analysis, most gene expressions were positively corre-
lated, with FOXP3 showing higher correlations with TNF
(R=0.48), LAG3 (R =0.54), and TIGIT (R =0.51). TIGIT
exhibited high correlations with GATA3 (R =0.62) and
LAG3 (R =0.5). GATA3 and CTLA4 showed a significant
negative correlation (R =—0.58) (Fig. 2E). ROC analysis
demonstrated that the AUC values for GATA3, FOXP3,
IFNG, TNF, CTLA4, LAG3, TIGIT, and HAVCR2 were
0.729, 0.689, 0.667, 0.663, 0.646, 0.584, 0.662, and 0.5623,
respectively (Fig. 2F). These results indicate that the
expression levels of the target genes are correlated and
possess diagnostic potential.

Development and evaluation of prediction models for HBV
clearance

First, we included eight markers (GATA3, FOXP3, IENG,
TNF, CTLA4, LAG3, TIGIT, and HAVCR?2) that showed
statistical differences into the model and conducted logis-
tic regression analysis. The results are shown in Fig. 3A,
where CTLA4, LAG3, and TIGIT did not exhibit statisti-
cal differences. Subsequently, using AIC as the selection
criterion, we employed backward elimination to select
variables. The final model included five markers (GATA3,
FOXP3, IFNG, TNF, and HAVCR2) (Fig. 3B). The
model formula is P=1/[1+e"(-(-0.34+0.854*GATA3
expression+1.929*FOXP3 expression—1.367* IFNG
expression+ 1.075*TNF expression—2.995*HAVCR2
expression))].

To check for multicollinearity issues in the model,
we used the VIF method, and the results are shown in
Fig. 3C, where the VIF values for all five variables were
significantly less than 10, indicating no significant multi-
collinearity among the variables. Furthermore, we evalu-
ated the diagnostic performance of the model using ROC
curve analysis. At a cutoff value of 0.50919, the model
had an AUC of 0.877 (Fig. 3D). We ranked the AUCs of
the prediction model and the five genes, and the mod-
el's AUC was significantly higher than that of individual
markers (Fig. 3E).

Additionally, we used calibration curves to assess the
model, and the results are shown in Fig. 3F, demon-
strating close agreement between predicted and actual
outcomes. Subsequently, based on the five variables, we
constructed nomograms to personalize the assessment
of HBV clearance probability for each patient. Scores
for each marker were derived based on their expression
values, and these scores were summed to determine
the total score and thereby assess clearance probability
(Fig. 3G).
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Validation of the HBV clearance prediction model

We used RT-qPCR to detect mRNA levels of model genes
in 98 PBMC samples from an internal validation cohort,
including 50 patients with chronic HBV infection and
48 resolved HBV individuals. In the resolved group, the
expression levels of GATA3, FOXP3, and TNF were sig-
nificantly higher than those in the chronic group (P<
0.001), while the expression levels of IFNG (P< 0.001)
and HAVCR2 (P< 0.05) were lower than those in the
chronic group, consistent with the trends observed in the
training cohort (Fig. 4A). ROC analysis showed an AUC
of 0.87 for the test cohort (Fig. 4B).

To evaluate the generalizability and robustness of the
model, an independent external cohort from Beidahuang
Group General Hospital, comprising 51 chronic HBV
patients and 50 resolved HBV individuals, was used for
external validation. The results showed that, compared to
the chronic group, resolved group exhibited significantly
higher GATA3 mRNA expression levels (P< 0.05), while
IFNG (P< 0.001) and HAVCR?2 (P< 0.05) expression lev-
els were significantly lower (Fig. 4C). ROC curve analysis
demonstrated an AUC of 0.861 in this external valida-
tion cohort (Fig. 4D). Although the magnitude of gene
expression differences was slightly attenuated compared
to the internal validation cohort, the model still exhibited
strong discriminatory performance.

Dynamic observation of HBV transfected mice

Building upon established dose-dependent effects of
plasmid transfection on HBV persistence (6 pg: pro-
longed infection; 20 pg: rapid clearance), we selected
intermediate plasmid doses of 6 pg (persistence-favoring)
and 10 pg (moderate-clearance) for comparative analysis.
The pGL3-CP-Fluc-HBV1.2, plasmids were dissolved
in sterile saline at these concentrations and HI into mice
to establish HBV-transfected murine models. The body
weight was measured, and peripheral blood was collected
regularly (Fig. 5A). As shown in Fig. 5B, there were no
statistically significant differences in initial body weights
or at each time point among the two groups (P> 0.05).
Following injection, mice exhibited a significant initial
weight loss on 1 day post-infection (DPI) (P< 0.001),
which gradually increased thereafter. By the 3 DPI,
weights were higher than on the 1 DPI (P< 0.01), and
by 7 DPI, weights were higher than on 3 DPI (P< 0.001),
with no statistical difference between initial and 7 DPI
weights, indicating recovery to initial weight levels by 7
DPI (Fig. 5C).

We collected peripheral blood from mice at speci-
fied time points for HBsAg and HBV DNA detection.
There was no statistical difference in HBsAg levels
between the two groups on 1 DPI, but on 3 DPI, HBsAg
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G The nomogram showing the inclusion of five variables

levels were significantly higher in the 6 ug group com-
pared to the 10 ug group (P< 0.001). Starting from 7
DPI, HBsAg levels gradually decreased in both groups
over time (Fig. 5D, Figure S1 A). Kaplan—Meier curves

showed cumulative rates of HBsAg clearance in mice,
and there was a statistically significant difference in
clearance times between the two groups (P < 0.05), with
mice in the 6 pg group requiring longer time for HBsAg
clearance (Fig. 5E).
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In both matched 6 pug and 10 pg groups, there was a sig-
nificant increase in HBsAg levels on 3 DPI compared to
1 DPI (P< 0.05). However, there was no statistical differ-
ence in HBsAg levels between 3 and 7 DPI, while HBsAg
levels significantly decreased on 14 DPI compared to 7
DPI (Figures S1B-C).

Regarding HBV DNA detection, HBV DNA levels were
significantly higher in the 6 pg group compared to the
10 pg group on 7 DPI and 35 DPI (P< 0.01). HBV DNA

group

levels gradually decreased over time starting from 1 DPI
in both groups (Fig. 5F, Figures S1D-F). Kaplan—Meier
curves for HBV DNA clearance showed no statistically
significant difference in clearance times between the two
groups (P> 0.05), indicating a longer presence of HBV
DNA in peripheral blood compared to HBsAg (Fig. 5G).
To observe the expression of pGL3-CP-Fluc-
HBV1.2¢, plasmids in the liver of mice, we performed
dynamic observations using live fluorescence imaging.
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Fluorescence intensity in the 10 pg group was signifi-
cantly higher than in the 6 pg group on 1 DPI(P< 0.01),
3 DPI (P< 0.01), 7 DPI (P< 0.01), and 14 DPI (P< 0.05)
(Fig. 6A, B). In all mice, there was a trend of increased
fluorescence intensity on 3 DPI compared to 1 DPI, but

it was not statistically significant (P> 0.05), while fluo-
rescence intensity significantly decreased on 7 DPI (P<
0.001), and most mice showed disappearance of fluores-
cence by 14 DPI (Fig. 6C, Figures S1G-H). In correla-
tion analysis, HBV DNA levels correlated positively with
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fluorescence intensity (r =0.46, P< 0.001), with higher
correlation observed in the 6 pg group (r =0.6, P< 0.001)
compared to the 10 pg group (r =0.4, P< 0.001) (Fig. 6D).

In summary, our findings confirm that 6 pg plasmid
dosing generates a durable HBV persistence model, cre-
ating conditions for longitudinal immune gene expres-
sion profiling.

The mRNA expression levels of model genes in PBMCs

of HBV-transfected mice

At the designated time points, euthanasia was performed
on the mice, and blood samples were collected. PBMCs
were isolated, and the mRNA levels of target genes were
detected using RT-qPCR. To elucidate the dynamic
changes of HBV DNA, HBsAg, and immune-related
genes, we performed longitudinal analyses in both the
6 ug and 10 pg groups. In the 6 pg group, we observed
a gradual increase in TNF expression accompanying
the progressive decline of HBV DNA and HBsAg levels.
Notably, IFNG and HAVCR2 exhibited transient fluctua-
tions at 28 DPI, while GATA3 showed a biphasic pattern
at 42 DPI, with an initial increase followed by a sig-
nificant decrease and then a rebound (P< 0.05). FOXP3
expression was markedly upregulated at both 56 DPI
and 112 DPI (Fig. 7A). In contrast, although HBV DNA
and HBsAg also declined gradually in the 10 ug group,
most immune genes remained relatively stable without
a sustained upward trend. However, transient peaks in
IFNG and HAVCR2 were detected at 12 DPI, and TNF
fluctuated repeatedly throughout the observation period
(Fig. 7B). Comparative analysis revealed significant dif-
ferences in the temporal expression patterns between
the two groups. The 6 ug group exhibited more dynamic
immune modulation, with GATA3 significantly down-
regulated at 42 DPI (P< 0.05) and upregulated at 112
DPI (P< 0.05), and FOXP3 elevated at 14 DPI (P< 0.05).
Notably, TNF expression rebounded at 28 and 56 DPI
(P< 0.05) in this group. In contrast, no significant inter-
group differences in HAVCR2 expression were observed
at any time point (Fig. 7C). These findings demonstrate a
temporal pattern of immune gene regulation, suggesting
that the 6pg and 10pg groups may involve distinct immu-
nomodulatory mechanisms during HBV clearance.

Discussion

CHB, as a global public health issue, is associated with
approximately one-third of cirrhosis cases and half of
hepatocellular carcinoma cases [25]. The natural course
of chronic HBV infection is primarily determined by
changes in virus-host immune interactions, charac-
terized by varying viral loads, e-antigen status, and
degree of liver damage at different clinical stages [26].
The mechanisms underlying persistent viral infection
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depend not only on the biological characteristics of
the virus itself but also on the host’s immune response
status.

In this study, we established an immune-based pre-
dictive model for HBV clearance, identifying GATA3/
FOXP3/IFNG/TNF/HAVCR2 as key determinants
through multicenter validation. Notably, our murine
studies revealed dose-specific temporal patterns of these
markers, suggesting distinct immunoregulatory mecha-
nisms between chronic and resolved infections.

The immunological mechanisms underlying HBV
clearance appear to involve complex interactions among
multiple immune cell populations. GATA-3 plays a piv-
otal role in Th2 cell differentiation, with its expression
potentially regulated through the IL-4/STAT6 path-
way while being reciprocally inhibited by Th1 cell activ-
ity. This balanced Th1/Th2 response in individuals with
resolved infection likely facilitates B cell activation and
restoration of humoral immune function, as supported
by previous studies [27, 28]. The Foxp3 expression pat-
terns observed in our study present an intriguing para-
dox. While chronic HBV infection typically demonstrates
increased Treg cell frequency, our resolved cases exhib-
ited a distinct temporal pattern of Foxp3 regulation. We
hypothesize that this may represent a compensatory
mechanism whereby transient Treg expansion helps miti-
gate immune-mediated liver damage without compro-
mising the development of HBV-specific CD8 +T cells or
memory T cells [29, 30]. Elevated IFNG expression in the
HBV-infected group may reflect that some patients were
in the immune clearance phase or active disease stage.
This interpretation is supported by clinical characteris-
tics showing significantly higher ALT and AST levels in
the chronic group compared to the self-limited group,
suggesting ongoing hepatic inflammation. The dual role
of inflammatory cytokines in HBV infection was par-
ticularly evident in our results. TNF-a and IFN-y dem-
onstrated divergent associations—while elevated TNF-a
levels in PBMCs showed strong correlation with viral
clearance, increased IFN-y levels were more significantly
associated with hepatic inflammation. This dichotomy
underscores the delicate balance between viral control
and immunopathology in HBV infection [31]. Our data
further reveal unexpected patterns in immune check-
point expression. Contrary to conventional exhaustion
markers observed in chronic infections, the resolved
group exhibited downregulation of CTLA-4 and TIM-3
alongside elevated LAG3 and TIGIT expression. This
surprising finding challenges current paradigms and
suggests these molecules may play more nuanced roles
in HBV clearance than previously recognized [32]. The
distinct expression profiles of these immune regulators
in resolved versus chronic infections point to potentially
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novel mechanisms of viral control that warrant further
investigation.

The development of reliable mouse models for HBV
and host immune system research represents a critical
advancement in the field. In our study, we successfully

established a robust experimental system by hydrody-
namically injecting varying concentrations (6 ug and 10
ug) of the pGL3-CP-Fluc-HBV1.2, plasmid into mouse
livers, enabling comprehensive dynamic monitoring of
viral and immunological parameters. The transient body
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weight reduction observed immediately post-injection,
followed by complete recovery without mortality, con-
firms the procedure’s safety and aligns with previous
reports of minimal adverse effects [33]. Our virologi-
cal analyses revealed several important findings regard-
ing HBV dynamics. Both experimental groups exhibited
peak HBsAg levels approximately one week post-injec-
tion, consistent with the kinetics reported for pAAV/
HBV 1.2 plasmid transfection [22]. While the 6 pg group
demonstrated higher HBsAg levels at 3 DPI—a find-
ing that initially appears counterintuitive regarding dose
response—this observation actually corroborates Wang
et al’s report of similar initial HBsAg levels following
6 ug and 20 pg injections [23]. The apparent discrepancy
between fluorescence intensity (consistently higher in
the 10 pg group) and HBsAg levels may reflect funda-
mental differences in viral protein translation efficiency,
secretion kinetics, or stability, though the precise mecha-
nisms require further investigation. The immunological
implications of our findings are particularly noteworthy.
The Kaplan—Meier analysis clearly demonstrated faster
HBsAg clearance in the 10 pg group, supporting previ-
ous observations that higher plasmid doses correlate with
accelerated viral clearance [23]. This phenomenon mir-
rors clinical observations in chimpanzee models, where
high-dose HBV exposure results in limited hepatocyte
infection and reduced immune-mediated liver damage
compared to low-dose exposure [34]. Our model’s reca-
pitulation of the well-documented clinical pattern of
HBV DNA clearance lagging behind HBsAg clearance
further validates its physiological relevance [35]. The live
imaging data provided unique insights into early viral
replication events, with fluorescence intensity peaking at
3 DPI—notably preceding the HBsAg peak. This tempo-
ral pattern reflects the molecular cascade of HBV replica-
tion: initial plasmid-driven transcription of pgRNA and
other viral mRNAs, formation of replication intermedi-
ates, subsequent protein translation, and eventual secre-
tion—processes that necessarily introduce measurable
delays between plasmid delivery and detectable antigene-
mia. This comprehensive murine model successfully cap-
tures multiple key aspects of human HBV infection and
clearance dynamics while offering unique advantages for
real-time monitoring of viral activity. The dose-depend-
ent effects observed in our system provide valuable
insights for understanding immune-viral interactions and
may inform future therapeutic strategies aimed at modu-
lating these responses.

Our longitudinal analysis revealed that distinct plas-
mid doses can shape qualitatively different immune land-
scapes, ultimately influencing the kinetics and outcomes
of HBsAg clearance. Mice receiving 6 pg plasmid devel-
oped a more prolonged but regulated immune response,
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characterized by sustained expression of GATA3, FOXP3,
and TNE. This profile may reflect a more tolerogenic or
modulated immune environment, potentially delaying
viral clearance despite activation of key immune path-
ways. In contrast, the 10 pg group mounted an earlier and
more pro-inflammatory response—marked by elevated
IFNG and TNF and reduced FOXP3 expression at the
critical 14-day post-immunization point—which likely
accelerated antigen clearance. TNF, in particular, may
play a central role in mediating these differences. It exerts
antiviral activity through multiple mechanisms, includ-
ing reducing viral entry into hepatocytes, disrupting
nucleocapsids leading to cccDNA decay, and indirectly
suppressing HBV transcription and replication by modu-
lating cellular FLICE-inhibitory protein (c-FLIP) [36—38].
The earlier upregulation of TNF in the 10 pug group may
therefore contribute mechanistically to its more efficient
viral clearance, whereas delayed TNF induction in the
6 ug group could explain its slower resolution.

These findings point to a dose-dependent immune
polarization, where lower doses may favor balanced
immune activation and regulatory feedback, while higher
doses drive stronger inflammatory responses that more
effectively eliminate the virus. Importantly, the biphasic
pattern of GATA3 in the 6 pg group hints at dynamic Th2
involvement over time, further underscoring the com-
plex interplay between immune regulation and antiviral
efficacy. Taken together, our data suggest that even with
identical antigenic content, the magnitude of immune
stimulation profoundly alters host-virus interactions, tip-
ping the balance between persistence and clearance. This
highlights the importance of immunogen dosage not only
for response magnitude but also for qualitative immune
trajectory—a key consideration for optimizing therapeu-
tic vaccine design against HBV.

Although this study provides valuable insights, several
limitations should be acknowledged. First, when collect-
ing information from the two groups of participants, it
was not possible to precisely determine their time of HBV
infection or the exact timing of HBV clearance. Second, the
single-center design and regional restriction of our study
population may limit the generalizability of our findings.
Regarding the animal experiments, although we conducted
a comprehensive longitudinal analysis, the limited volume
of peripheral blood in individual animals posed technical
constraints that prevented us from tracking PBMC pro-
files from the same mouse across different time points. As
a result, different mice had to be used at each time point,
which may have introduced inter-individual variability.
Nevertheless, our study has significant strengths that miti-
gate these limitations. The predictive model was developed
using a large sample size and was rigorously validated in an
independent cohort. Importantly, the conserved expression
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patterns of GATA3 and TNF between the 6 pg mouse
group and human PBMCs strongly suggest their crucial
role in the mechanism of HBsAg clearance. This cross-spe-
cies consistency enhances the biological relevance of our
findings and supports their potential translational value.

Conclusions

We selected 5 genes—GATA3, FOXP3, IENG, TNE, and
HAVCR2—as model genes and developed a model for
predicting HBV infection clearance based on their mRNA
expression, demonstrating good predictive capability. We
observed the natural course of HBV infection using an
HBV-transfected mouse model.
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