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Background: Chronic hepatitis B (CHB) remains a global health challenge, with

current therapies achieving low rates of functional cure (FC). Reliable biomarkers

are urgently needed to guide individualized treatment. This study characterized

the immune–metabolic profiles of CHB patients receiving pegylated interferon-

a (PegIFN-a) or nucleos(t)ide analogues (NAs), focusing on mitochondrial

function as a novel predictor of therapeutic response.

Methods: A total of 93 CHB patients and 32 healthy controls were recruited from

three centers. Peripheral blood leukocyte subsets and mitochondrial parameters,

including mitochondrial mass (MM) and the percentage of cells with low

mitochondrial membrane potential (MMPlow%), were assessed by flow

cytometry. Multivariate logistic regression and receiver operating characteristic

(ROC) analyses were used to identify independent predictors and evaluate

biomarker performance for FC.

Results: Untreated CHB patients showedmarkedmitochondrial depletion across

immune subsets. NA therapy normalized mitochondrial parameters without

improving FC rates, whereas PegIFN-a therapy selectively remodeled CD4+ T

cell metabolism and promoted monocyte differentiation. Improved

mitochondrial efficiency in CD8+ T cells and elevated monocyte counts were

closely associated with HBsAg clearance. Lymphocyte MMPlow% showed the

strongest individual predictive value, while an integrated immune–metabolic

model further enhanced accuracy for FC prediction.

Conclusion: Immune–metabolic remodeling underlies PegIFN-a–induced
functional cure in CHB. Mitochondrial profiling provides a promising framework

for precision stratification and immune-based therapeutic optimization.
KEYWORDS

chronic hepatitis B, functional cure, immune exhaustion, mitochondrial metabolism,
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1 Introduction

Chronic hepatitis B (CHB) remains a major global health

challenge despite effective viral suppression achieved by nucleos(t)

ide analogues (NAs) (Hsu et al., 2023a). Functional cure (FC),

defined as sustained hepatitis B surface antigen (HBsAg) clearance,

remains rare and underscores the need for host-targeted therapeutic

strategies. Current first-line therapies—NAs and pegylated

interferon-a (PegIFN-a)—have distinct limitations (You et al.,

2023). NAs efficiently inhibit HBV DNA polymerase but seldom

induce HBsAg loss, necessitating lifelong therapy for most patients

(Zoulim, 2004; Terrault et al., 2018; Hsu et al., 2023b; Tsai et al.,

2024). In contrast, PegIFN-a acts through interferon-stimulated

gene (ISG) activation, covalently closed circular DNA degradation,

and immune modulation, and thus remains the only therapy

capable of achieving FC (Yin et al., 2022; Jiang et al., 2024; Zhao

et al., 2024). However, the rate of HBsAg clearance remains

unsatisfactory, and reliable biomarkers to predict treatment

response are lacking—posing a critical barrier to personalized

therapy (European Association for the Study of the Liver, 2017).

Mitochondria have emerged as central regulators of immune

cell fate by integrating metabolic and signaling cues to control T-cell

activation, differentiation, and memory formation (van der Windt

et al., 2012; Buck et al., 2016). In chronic viral infections, persistent

antigen exposure triggers mitochondrial dysfunction and oxidative

stress, driving T-cell exhaustion and loss of effector function

(Bengsch et al., 2016; Fisicaro et al., 2020). Recent studies of

chronic HBV infection have shown that HBV-specific CD8+ T

cells exhibit defective glycolysis and mitochondrial respiration,

linking metabolic insufficiency to immune failure (Schurich et al.,

2016; Fisicaro et al., 2017; Winkler et al., 2023).

Emerging data further indicate that mitochondrial parameters

—such as mitochondrial mass (MM) and mitochondrial membrane

potential (MMP)—closely mirror immune competence. In

untreated HBV infection, both MM and the proportion of cells

with lowMMP (MMPlow%) dynamically change with disease stage,

paralleling T-cell exhaustion (Liu et al., 2025). Emerging evidence

indicates that HBV infection actively disrupts mitochondrial

dynamics rather than maintaining equilibrium. HBx-driven

mitochondrial fission, dysfunction, and ROS accumulation impair

antiviral signaling and contribute to immune exhaustion, providing

a mechanistic basis for evaluating mitochondrial remodeling during

therapy (Kim et al., 2013; Mansouri et al., 2018; Lin et al., 2024).

These findings position mitochondrial dysfunction as a measurable

hallmark of immune impairment. Yet, whether antiviral therapy—

particularly PegIFN-a—can remodel mitochondrial metabolism

and restore immune fitness remains unknown.

Building upon these insights, we systematically evaluated MM

and MMPlow% in peripheral leukocyte subsets from CHB patients

receiving PegIFN-a or NA therapy. Our study had two objectives:

(i) to delineate PegIFN-a-induced mitochondrial remodeling in

specific immune subsets, and (ii) to identify immune-metabolic

biomarkers predictive of HBsAg clearance, addressing a critical

unmet need in HBV therapeutics.
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2 Methods

2.1 Study participants

Between July 2023 and April 2024, a total of 93 patients with

CHB were recruited from three medical centers in Suzhou, Jiangsu

Province, China: The Fourth Affiliated Hospital of Soochow

University, The First Affiliated Hospital of Soochow University,

and The Fifth People’s Hospital of Suzhou. Additionally, 32 healthy

controls without a history of HBV infection or close contact were

included. All CHB patients were aged 18 years or older and had

been HBsAg- and HBV DNA-positive for more than 6 months

prior to initiating NA or PegIFN-a therapy. Exclusion criteria

included: (i) co-infection with other hepatitis viruses (A, C, or D)

or human immunodeficiency virus; (ii) autoimmune liver diseases,

alcoholic liver disease, decompensated cirrhosis, hepatocellular

carcinoma, or other malignancies; and (iii) history of organ

transplantation or long-term immunosuppressive therapy.

Healthy controls were confirmed to be disease-free through

laboratory tests, imaging, and clinical assessment. CHB patients

without prior antiviral treatment were classified as the untreated

group. The PegIFN-a group included patients who had received ≥3

months of PegIFN-a therapy (135 mg or 180 mg), either as

monotherapy or in combination with NA. The NA group comprised

patients treated with NA monotherapy for more than 3 months. For

both groups, peripheral blood samples were obtained during ongoing

antiviral therapy, while all participants remained under active

treatment at the time of collection—prior to therapy completion or

endpoint evaluation. The study was conducted in accordance with the

Declaration of Helsinki and was approved by the Institutional Review

Boards of the participating hospitals (approval number: 241024).

Written informed consent was obtained from all participants.
2.2 Assessment of serum virological
markers and liver fibrosis

Serum HBV DNA levels were quantified using the Roche Cobas

4800 system with a real-time fluorescent quantitative PCR detection kit

(Sansure Biotech, China), with a lower limit of detection of 60 IU/mL.

Serum HBsAg and hepatitis B e antigen (HBeAg) concentrations were

measured using commercial chemiluminescence immunoassay kits

(Abbott, USA). The detection limit for HBsAg was 0.05 IU/mL, and

HBeAg positivity was defined as >1 S/CO. Liver fibrosis was assessed

noninvasively using transient elastography with FibroTouch and

FibroScan devices according to the manufacturers’ instructions

(EASL-ALEH Clinical Practice Guidelines, 2015; Xu et al., 2019).
2.3 Flow cytometric analysis of lymphocyte
subsets and mitochondrial parameters

Lymphocyte subsets and mitochondrial parameters were assessed

by flow cytometry using lymphocyte differentiation antigens (CD
frontiersin.org
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markers) and a mitochondrial-specific fluorescent probe (MitoDye,

structural formula C34H36Cl2N2), as described previously (Ma et al.,

2024; Zhou et al., 2024). The analyzed cell populations included

granulocytes, monocytes, CD45+ lymphocytes, CD3+ T cells, CD3

+CD4+CD8- T cells, CD3+CD4-CD8+ T cells, CD4+CD8+ double-

positive T cells, CD4-CD8- T cells, CD3-CD19+ B cells, and CD3-

CD56+ natural killer (NK) cells. MM andMMPlow%were quantified

for each subset. Flow cytometry data were analyzed using a

standardized gating strategy (Supplementary Figure S1).
2.4 Statistical analysis

Statistical analyses were performed using GraphPad Prism

version 10.0 and SPSS version 26.0. Continuous variables with

normal distribution and homogeneous variance were expressed as

mean ± standard deviation (SD); non-normally distributed data

were presented as median (interquartile range [IQR]). For

comparisons between two groups, the independent samples t-test

or the Mann-Whitney U test was used, depending on data

distribution. Categorical variables were analyzed using the chi-

square test. For comparisons among three or more groups, one-

way analysis of variance (ANOVA) followed by Dunnett’s post hoc

test was used, with the healthy control group as the reference.

Variables with P < 0.05 in univariate analysis were entered into

multivariate logistic regression to identify independent predictors of

HBsAg clearance. Receiver operating characteristic (ROC) curve

analyses were used to evaluate the predictive performance of both
Frontiers in Cellular and Infection Microbiology 03
individual biomarkers and the combined model derived from

multivariate logistic regression. The area under the curve (AUC),

95% confidence interval (CI), optimal cut-off (Youden index),

sensitivity, and specificity were calculated. Model robustness was

assessed using five-fold cross-validation, with mean AUC ±

standard error (SE) values averaged across folds. All tests were

two-tailed, and P < 0.05 was considered statistically significant.
3 Results

3.1 Participant characteristics

A total of 93 patients with CHB and 32 healthy controls were

enrolled in this study. Patients with CHB were stratified into

untreated (n = 18), PegIFN-a–treated (n = 42; monotherapy, n =

4; combination with NA, n = 38), and NA-monotherapy (n = 33;

entecavir, n = 5; tenofovir disoproxil fumarate, n = 1; tenofovir

alafenamide, n = 3; tenofovir amibufenamide, n = 24) groups

(Table 1). Age distributions differed significantly among the four

groups (P = 0.021), primarily due to differences between the

untreated and PegIFN-a groups. Sex ratios were comparable

across groups (P = 0.253). Rates of HBV DNA and HBsAg

positivity varied markedly among CHB subgroups (P < 0.001 and

P = 0.005, respectively), whereas HBeAg positivity rates were

similar (P = 0.318). Fibrosis stages, assessed by transient

elastography, showed no significant differences (P = 0.820), and

no participants had cirrhosis or hepatocellular carcinoma.
TABLE 1 Baseline demographic and clinical characteristics of study participants by group.

Variables
Healthy control

(n=32)
Untreated group

(n=18)
PegIFN-a group

(n=42)
NA group
(n=33)

P
value

Age, years 36 (13) 34 (9) 45 (18) 38 (21) 0.021

Male (%) 59.38 44.44 71.43 63.64 0.253

Course of hepatitis B
disease,
n (%)

0.314

<10 years / 4 (22.22) 18 (42.86) 12 (36.36)

≥10 years / 14 (77.78) 24 (57.14) 21 (63.64)

HBV DNA positivity, n
(%)

/ 18 (100) 2 (4.76) 8 (24.24) <0.001

HBsAg positivity, n (%) / 18 (100) 32 (76.19) 32 (96.97) 0.005

HBeAg positivity, n (%) / 5 (27.78) 5 (11.90) 7 (21.21) 0.318

Liver fibrosis grading, n
(%)

0.820

no liver fibrosis / 16 (88.89) 35 (83.33) 30 (90.91)

mild liver fibrosis / 1 (5.56) 4 (9.52) 3 (9.09)

moderate liver fibrosis / 1 (5.56) 2 (4.76) 0

severe liver fibrosis / 0 1 (2.38) 0
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3.2 Peripheral blood leukocyte profiles and
mitochondrial features in CHB subgroups

Peripheral blood immune profiles and mitochondrial

parameters were assessed during ongoing antiviral therapy in

treated CHB patients, and at enrollment in untreated patients and

healthy controls (Table 2). All CHB subgroups exhibited reduced

total lymphocyte counts compared to controls (P < 0.001), with the

most pronounced reductions in the PegIFN-a group, affecting total

lymphocytes, CD3+ T cells, CD4+ T cells, and CD4+CD8+ double-
Frontiers in Cellular and Infection Microbiology 04
positive T cells. B cell proportions were highest in untreated CHB

patients (P = 0.004), whereas monocyte percentages were elevated

in PegIFN-a–treated patients (P < 0.001), who also showed the

lowest CD4+ T cell percentages (P = 0.002).

Untreated CHB patients displayed significant reductions in MM

across all leukocyte subsets relative to healthy controls (P < 0.001).

During ongoing NA therapy, MM and MMPlow% levels in

leukocyte subsets were maintained within the normal range,

comparable to those of healthy controls, reflecting metabolic

stabilization without major immune remodeling. In contrast,
TABLE 2 Comparison of peripheral blood immune cell and mitochondrial function in different populations.

Variables
Healthy control

(n=32)
Untreated group

(n=18)
PegIFN-a group

(n=42)
NA group
(n=33)

P
value

Granulocyte count (/mL) 3031.21 (2015.39) 2068.28 (2787.14) 2153.50 (1478.81) 2976.88 (1617.44) 0.068

Granulocyte percentage (%) 50.93 ± 12.06 52.90 ± 10.58 54.42 (15.58) 55.00 (14.02) 0.363

Granulocyte MMPlow% 18.12 (29.22) 13.65 (24.27) 17.52 (30.72) 13.29 (12.61) 0.329

Granulocyte MM 3.79 (3.35) 1.32 (0.80) ↓↓↓ 2.31 (1.75) 3.42 (2.80) <0.001

Lymphocyte count (/mL) 2054.39 (1377.03) 1736.18 (994.59) 1293.50 (590.67) ↓↓ 1759.26 (757.61) <0.001

Lymphocyte percentage (%) 37.85 ± 12.86 33.72 ± 10.28 30.39 (17.28) 34.12 (12.32) 0.596

Lymphocyte MMPlow% 49.97 ± 17.41 59.56 ± 20.55 41.62 (29.83) 43.46 (28.73) 0.015

Lymphocyte MM 1.44 (1.25) 0.75 (0.64) ↓↓ 1.29 (0.70) 1.55 (0.81) 0.005

Monocyte count (/mL) 384.19 (262.96) 346.17 (337.66) 359.42 (176.82) 315.49 (174.60) 0.187

Monocyte percentage (%) 6.60 (2.57) 6.27 (2.81) 9.08 (4.26) ↑↑ 5.84 (2.70) <0.001

Monocyte MMPlow% 17.74 (40.34) 12.55 (32.18) 21.00 (26.55) 15.92 (20.95) 0.158

Monocyte MM 6.06 (7.04) 1.95 (2.53) ↓ 2.55 (1.82) ↓↓ 3.30 (3.90) <0.001

CD3+ T cell count (/mL) 1407.61 (1080.45) 1163.01 (721.95) 800.28 (515.84) ↓↓ 1229.91 (541.52) <0.001

CD3+ T cell percentage (%) 68.42 ± 10.64 67.93 ± 6.73 64.32 ± 11.35 68.78 ± 9.82 0.206

CD3+ T cell MMPlow% 63.66 (22.31) 65.33 (25.63) 70.46 (19.68) 61.66 (22.85) 0.733

CD3+ T cell MM 1.42 (0.96) 0.78 (0.50) ↓↓↓ 1.12 ± 0.53 1.43 ± 0.53 <0.001

CD3+CD4+ T cell count (/mL) 621.16 (501.24) 531.22 (414.19) 290.41 (230.91) ↓↓↓ 510.93 (260.22) <0.001

CD3+CD4+ T cell percentage
(%)

32.69 ± 8.93 33.18 ± 8.69 26.14 ± 8.39 ↓ 31.18 ± 7.66 0.002

CD3+CD4+ T cell MMPlow% 65.90 (17.52) 66.55 (30.71) 77.62 (22.40) ↑ 69.21 (18.65) 0.007

CD3+CD4+ T cell MM 1.51 (0.96) 0.80 (0.48) ↓↓↓ 1.05 (0.82) ↓↓ 1.44 (0.78) <0.001

CD3+CD8+ T cell count (/mL) 515.34 (437.94) 474.84 (164.46) 404.80 (397.95) 474.12 (303.76) 0.020

CD3+CD8+ T cell percentage
(%)

24.44 (12.11) 25.61 (9.21) 29.14 ± 11.98 25.94 ± 8.11 0.597

CD3+CD8+ T cell MMPlow% 63.56 ± 15.76 59.59 ± 19.19 65.42 (18.16) 62.45 (24.75) 0.851

CD3+CD8+ T cell MM 1.27 (0.81) 0.72 (0.57) ↓↓ 1.22 ± 0.61 1.50 ± 0.59 0.004

CD4+CD8+ T cell count (/mL) 14.82 (26.96) 14.52 (17.33) 5.55 (10.17) ↓ 12.03 (22.24) 0.012

CD4+CD8+ T cell percentage
(%)

0.81 (0.71) 0.84 (0.80) 0.41 (0.79) 0.95 (1.02) 0.469

CD4+CD8+ T cell MMPlow% 54.20 ± 16.56 52.25 ± 22.26 54.33 ± 19.11 54.20 ± 16.55 0.980

CD4+CD8+ T cell MM 1.74 (1.17) 0.93 (0.59) ↓↓ 1.56 (1.14) 1.73 (1.02) 0.002

(Continued)
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PegIFN-a therapy induced distinctive metabolic reprogramming,

characterized by decreased MM (P < 0.001) and increased MMPlow

% (P = 0.007) specifically in CD3+CD4+ T cells—a pattern

associated with subsequent HBsAg clearance in FC-achievers.
3.3 Univariate analysis of immune
correlates of HBsAg clearance during
PegIFN-a therapy

To identify immune and mitochondrial correlates associated with

treatment response, patients receiving PegIFN-a were stratified

according to HBsAg clearance status. HBsAg clearers had

significantly higher monocyte counts (P = 0.004) and CD4-CD8- T

cell counts (P = 0.008), but lower B cell percentages (P = 0.011),

compared to non-clearers. Additionally, HBsAg clearers exhibited

lower MMPlow% in total lymphocytes (P = 0.003), CD3+ T cells

(P = 0.024), CD4+ T cells (P = 0.005), and CD8+ T cells (P = 0.026)

(Table 3). Variables with P < 0.05 in univariate analysis were

subsequently included in multivariate logistic regression to identify

independent predictors of FC (Table 4). No significant difference in

baseline HBV DNA levels was observed between FC and non-FC

patients (P > 0.05), and HBV DNA was therefore not considered a

discriminative variable for subsequent multivariate modeling.
3.4 Multivariate analysis of predictors for
HBsAg clearance during PegIFN-a therapy

Multivariate logistic regression incorporating immune and

metabolic variables identified seven parameters independently
Frontiers in Cellular and Infection Microbiology 05
associated with functional cure (Table 4). Among these, monocyte

count (b = –0.006, P = 0.014), CD4-CD8- T-cell count (b = –0.012,

P = 0.008), B-cell percentage (b = 0.275, P = 0.027), and lymphocyte

MMPlow% (b = –0.065, P = 0.009) showed the strongest

associations. These findings provided the statistical foundation for

subsequent evaluation of predictive performance.
3.5 Predictive performance of immune-
metabolic biomarkers for FC

Based on these independent predictors, ROC analyses (Table 5,

Figure 1) showed that lymphocyte MMPlow% achieved the highest

discriminative ability (AUC = 0.803), followed by monocyte count

(AUC = 0.794), CD4-CD8- T cell count (AUC = 0.775), CD4+ T

cell MMPlow% (AUC = 0.791), and B cell percentage (AUC =

0.770). These immune–metabolic biomarkers displayed moderate-

to-high accuracy in predicting functional cure among PegIFN-a–
treated CHB patients. Five-fold cross-validation yielded consistent

AUC values across folds, confirming the robustness of the

predictive performance (Table 5).

Variables included in the combined model were selected based

on independent significance in multivariate logistic regression

(Table 4) and complementary biological relevance. Monocyte

count represents innate immune activation, B-cell percentage

reflects adaptive immune coordination, and lymphocyte MMPlow

% captures mitochondrial metabolic fitness. A logistic-regression–

based combined model incorporating these three parameters was

then established. As shown in Figure 2, the model achieved an AUC

of 0.882 (95% CI 0.667-0.980, P < 0.0001), with an optimal cut-off

of 0.388 yielding 90.91% sensitivity and 80.00% specificity.
TABLE 2 Continued

Variables
Healthy control

(n=32)
Untreated group

(n=18)
PegIFN-a group

(n=42)
NA group
(n=33)

P
value

CD4-CD8- T cell count (/mL) 133.64 (160.34) 157.76 (88.17) 78.65 (120.83) 155.83 (264.53) 0.004

CD4-CD8- T cell percentage
(%)

6.46 (8.02) 8.37 (4.21) 9.33 (6.01) 9.73 (10.54) 0.056

CD4-CD8- T cell MMPlow% 69.53 ± 14.47 62.21 ± 19.72 72.30 (23.05) 68.32 (24.01) 0.262

CD4-CD8- T cell MM 1.23 (0.59) 0.75 (0.26) ↓↓↓ 1.10 (0.80) 1.36 (0.80) 0.001

CD19+ B cell count (/mL) 161.88 (165.39) 216.11 (167.58) 112.53 (73.19) 123.96 (114.55) 0.001

CD19+ B cell percentage (%) 7.92 (4.70) 11.64 (6.79) 9.46 (6.42) 7.90 (3.47) 0.004

CD19+ B cell MMPlow% 67.11 ± 19.34 65.07 ± 18.60 68.04 ± 14.93 63.53 ± 16.42 0.691

CD19+ B cell MM 1.54 (2.16) 0.72 (0.62) ↓↓ 1.09 (0.63) 1.41 (1.75) <0.001

CD56+ NK cell count (/mL) 391.63 (302.58) 330.04 (128.90) 284.46 (234.74) 360.23 (234.57) 0.010

CD56+ NK cell percentage
(%)

22.30 ± 9.51 18.73 ± 7.33 24.81 ± 9.52 22.95 ± 10.25 0.155

CD56+ NK cell MMPlow% 69.03 ± 12.94 63.48 ± 17.34 65.04 (29.57) 61.56 (20.02) 0.155

CD56+ NK cell MM 1.77 (1.36) 0.74 (0.54) ↓↓ 1.23 (0.84) 1.92 (1.15) 0.001
fron
The symbols in the table indicate statistical comparisons of different subgroups of HBV infection with the healthy control group: ↑ denotes a significant increase (P < 0.05); ↓ indicates a significant
decrease (P < 0.05); ↓↓ represents a more significant decrease (P < 0.01); ↓↓↓ indicates the most significant decrease (P < 0.001).
tiersin.org

https://doi.org/10.3389/fcimb.2025.1719456
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Zhang et al. 10.3389/fcimb.2025.1719456

Frontiers in Cellular and Infection Microbiology 06
This performance exceeded that of any single biomarker,

underscoring the additive predictive value of integrating innate,

adaptive, and metabolic features for identifying PegIFN-

a responders.
4 Discussion

This study provides a comprehensive immune-metabolic

characterization of CHB patients receiving PegIFN-a or NAs,

revealing mitochondrial dysfunction as a central feature of

immune exhaustion and identifying novel biomarkers for FC. We

demonstrate that untreated CHB induces global mitochondrial

depletion across leukocyte subsets, while PegIFN-a—but not NA

—selectively remodels CD4+ T cell metabolism and promotes
TABLE 3 Comparison of immune and mitochondrial markers between
HBsAg clearers and non-clearers in PegIFN-a-treated patients.

Variables
HBsAg-

negative group
(n=10)

HBsAg-positive
group (n = 32)

P
value

Granulocyte
count (/mL)

3036.89 (1631.83) 2064.22 (1195.24) 0.137

Granulocyte
percentage (%)

53.75 (11.04) 54.42 (15.58) 0.894

Granulocyte
MMPlow%

17.80 (15.95) 17.52 (36.78) 0.281

Granulocyte MM 2.53 (0.78) 2.14 (1.95) 0.392

Lymphocyte
count (/mL)

1556.49 (616.82) 1151.97 (519.00) 0.108

Lymphocyte
percentage (%)

24.55 (9.21) 35.44 (19.58) 0.009

Lymphocyte
MMPlow%

53.93 (29.02) 39.66 (19.65) 0.003

Lymphocyte MM 1.27 (0.50) 1.29 (0.73) 0.813

Monocyte count
(m/L)

645.85 (526.91) 326.38 (145.07) 0.004

Monocyte
percentage (%)

11.55 (6.80) 8.96 (3.09) 0.231

Monocyte
MMPlow%

30.47 (19.73) 18.41 (21.41) 0.048

Monocyte MM 2.85 (0.80) 2.40 (1.91) 0.256

CD3+ T cell
count (/mL)

1094.16 (390.48) 696.73 (441.39) 0.096

CD3+ T cell
percentage (%)

67.32 (17.19) 65.92 (13.89) 0.712

CD3+ T cell
MMPlow%

53.08 (30.18) 71.64 (16.21) 0.024

CD3+ T cell MM 1.33 (0.36) 1.11 (0.97) 0.089

CD3+CD4+ T
cell count (/mL)

349.52 (312.73) 285.08 (195.84) 0.494

CD3+CD4+ T
cell percentage

(%)
28.84 (15.85) 25.30 (11.48) 0.942

CD3+CD4+ T
cell MMPlow%

63.70 (20.36) 81.24 (20.22) 0.005

CD3+CD4+ T
cell MM

1.20 (0.33) 0.99 (0.79) 0.174

CD3+CD8+ T
cell count (/mL)

582.34 (319.23) 291.56 (277.27) 0.064

CD3+CD8+ T
cell percentage

(%)
36.84 (6.26) 25.52 (15.79) 0.213

CD3+CD8+ T
cell MMPlow%

54.39 (24.55) 66.50 (17.61) 0.026

CD3+CD8+ T
cell MM

1.31 (0.48) 0.99 (0.79) 0.062

(Continued)
TABLE 3 Continued

Variables
HBsAg-

negative group
(n=10)

HBsAg-positive
group (n = 32)

P
value

CD4+CD8+ T
cell count (/mL)

9.46 (27.69) 5.08 (8.57) 0.152

CD4+CD8+ T
cell percentage

(%)
0.45 (1.40) 0.39 (0.72) 0.243

CD4+CD8+ T
cell MMPlow%

52.27 (19.55) 55.00 (33.27) 0.469

CD4+CD8+ T
cell MM

1.60 (0.28) 1.54 (1.37) 0.565

CD4-CD8- T cell
count (/mL)

185.75 (160.74) 69.50 (120.95) 0.008

CD4-CD8- T cell
percentage (%)

10.64 (7.04) 8.43 (5.33) 0.308

CD4-CD8- T cell
MMPlow%

67.25 (31.14) 72.79 (19.92) 0.128

CD4-CD8- T cell
MM

1.23 (0.53) 1.01 (0.77) 0.204

CD19+ B cell
count (/mL)

91.41 (83.20) 115.33 (71.05) 0.172

CD19+ B cell
percentage (%)

6.46 (1.86) 10.16 (7.53) 0.011

CD19+ B cell
MMPlow%

65.88 (21.70) 71.83 (18.08) 0.064

CD19+ B cell
MM

1.22 (0.39) 0.96 (0.68) 0.132

CD56+ NK cell
count (/mL)

379.07 (269.04) 282.71 (160.96) 0.224

CD56+ NK cell
percentage (%)

25.09 (15.11) 23.07 (12.31) 0.673

CD56+ NK cell
MMPlow%

65.69 (14.17) 65.03 (29.68) 0.805

CD56+ NK cell
MM

1.20 (0.46) 1.23 (1.15) 1.000
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monocyte differentiation, with these changes strongly correlating

with HBsAg clearance. Notably, lymphocyte MMPlow% achieved

an AUC of 0.803 in predicting FC, outperforming conventional

immune markers and offering a potentially actionable tool for

personalized therapy in alignment with WHO’s 2030 hepatitis

elimination goals. A graphical summary of these immune-

metabolic pathways and therapeutic outcomes is illustrated in

Figure 3. Our findings are consistent with recent evidence linking

mitochondrial remodeling to immune exhaustion in chronic HBV

infection. In untreated patients, MM increases and MMPlow%

declines progressively from CHB to cirrhosis and hepatocellular

carcinoma, reflecting compensatory mitochondrial expansion amid

functional decline (Liu et al., 2025). In contrast, in our PegIFN-a–
treated cohort, FC achievers exhibited reduced MMPlow% and

improved mitochondrial efficiency, indicating partial reversal of

this exhaustion-associated phenotype. Together, these data suggest

that mitochondrial parameters not only reflect immune dysfunction

but also capture the dynamic process of immune restoration under

antiviral therapy. These findings are consistent with established

evidence that HBV infection disrupts mitochondrial homeostasis.

HBx has been shown to promote excessive mitochondrial

fission, alter the balance of fusion–fission regulators, and induce

mitophagy and loss of membrane potential, thereby contributing to

metabolic insufficiency and impaired antiviral immunity (Kim
FIGURE 1

ROC curves for selected immune and mitochondrial biomarkers
predicting FC in PegIFN-a–treated patients.
TABLE 4 Multivariate logistic regression analysis of immune parameters associated with HBsAg clearance in patients treated with PegIFN-a.

Variable b coefficient Odds Ratio 95% Confidence interval P value

Monocyte count (m/L) –0.006 0.994 0.989 - 0.999 0.014

CD4-CD8- T cell count (/mL) –0.012 0.988 0.979 - 0.997 0.008

Lymphocyte percentage (%) 0.084 1.088 0.998 - 1.185 0.055

CD19+ B cell percentage (%) 0.275 1.316 1.031 - 1.680 0.027

Lymphocyte MMPlow% –0.065 0.937 0.892 - 0.984 0.009

Monocyte MMPlow% –0.041 0.960 0.917 - 1.005 0.080

CD3+ T cell MMPlow% 0.052 1.054 1.007 - 1.103 0.025

CD3+CD4+ T cell MMPlow% 0.058 1.059 1.009 - 1.113 0.021

CD3+CD8+ T cell MMPlow% 0.046 1.048 1.002 - 1.095 0.039
TABLE 5 ROC analysis of immune markers predicting HBsAg clearance in PegIFN-a–treated patients.

Prediction model AUC ± SE Cut-off point Sensitivity Specificity P value

Monocyte count (/mL) 0.794 ± 0.121 426.00 90.62% 80% 0.016

CD4-CD8- T cell count (/mL) 0.775 ± 0.089 151.17 84.37% 60% 0.002

CD19+ B cell percentage (%) 0.770 ± 0.082 7.90 78.12% 80% 0.0009

Lymphocyte MMPlow% 0.803 ± 0.078 41.39 59.38% 90% 0.0001

CD3+ T cell MMPlow% 0.738 ± 0.089 53.60 87.50% 60% 0.007

CD3+CD4+ T cell MMPlow% 0.791 ± 0.074 77.46 62.50% 90% 0.0001

CD3+CD8+ T cell MMPlow% 0.734 ± 0.087 56.80 75.00% 70% 0.007
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et al., 2013; Mansouri et al., 2018; Lin et al., 2024). The

mitochondrial remodeling observed in our PegIFN-a cohort may

therefore reflect, at least in part, the reversal of HBV-induced

mitochondrial dysregulation.

Importantly, all treated patients were still under ongoing

PegIFN-a or NA therapy at the time of sampling, indicating that
Frontiers in Cellular and Infection Microbiology 08
immune-metabolic remodeling occurred during active treatment

rather than after its completion. This ensures that the observed

mitochondrial and immune signatures reflect on-treatment

processes potentially predictive of subsequent functional cure,

rather than post-therapy correlates. The profound reduction in

MM in untreated CHB patients underscores the systemic impact of

persistent HBV replication on immune cell energetics. This aligns

with prior work linking chronic antigen exposure to T cell

exhaustion via oxidative stress and metabolic insufficiency (Hu

et al., 2011; Fisicaro et al., 2020). While NA therapy normalized

MM and MMPlow% to healthy control levels—consistent with its

role in suppressing viral replication without immune modulation—

it failed to restore CD8+ T cell function or achieve FC in most

patients (Liu et al., 2019; Tout et al., 2020). In contrast, PegIFN-a
uniquely induced a divergent metabolic response: reduced MM and

elevated MMPlow% in CD4+ T cells, a pattern that may reflect

broader immunometabolic effects of type I interferon signaling.

PegIFN-a induces a strong ISG response, and prior studies have

shown that sustained inflammatory and interferon-rich

environments in chronic viral infection can influence

mitochondrial homeostasis and membrane potential (Li and Ou,

2023; Su et al., 2024). These established observations provide a

biological context for the mitochondrial phenotype we observed in

CD4+ T cells during PegIFN-a therapy, although the precise

mechanisms underlying this remodeling remain to be fully

elucidated. Importantly, this CD4+ T-cell phenotype contrasts

with the mitochondrial improvements observed in CD8+ T cells

among HBsAg clearers, who demonstrated markedly lower

MMPlow%—a profile indicative of enhanced mitochondrial
FIGURE 3

Immune and mitochondrial features associated with antiviral strategies in CHB.
FIGURE 2

ROC curve of the combined immune-metabolic model.
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efficiency. This finding is consistent with previous work showing

that restoration of mitochondrial fitness is a key step in reversing

exhaustion-associated metabolic defects in HBV-specific CD8+ T

cells (Schurich et al., 2016; Fisicaro et al., 2017; Winkler et al., 2023).

Taken together, these divergent remodeling patterns—interferon-

associated mitochondrial modulation in CD4+ T cells and

restoration of mitochondrial competence in CD8+ T cells—may

represent complementary aspects of PegIFN-a–driven immune

reconditioning that support FC. Although HBV DNA positivity

rates differed significantly between groups, high viral load is known

to drive T-cell exhaustion through sustained inhibitory receptor

upregulation (Ye et al., 2015). However, once HBV DNA exceeds

~105 copies/mL, further increases correlate only weakly with

intrahepatic inflammation or fibrosis (Shao et al., 2007). In our

cohort, FC achievers and non-achievers had comparable baseline

HBV DNA, yet showed striking mitochondrial differences. Thus,

the immune-metabolic remodeling we observed appears primarily

driven by treatment-specific immune activation rather than by

baseline viral load alone.

Multivariate analysis identified seven independent predictors of

FC, with monocyte count, CD4-CD8- T cell count, B-cell

percentage, and lymphocyte MMPlow% showing the strongest

associations, highlighting the interplay between innate and

adaptive immunity in viral clearance. CD4-CD8- T cells, although

representing a relatively small peripheral subset, comprise

heterogeneous populat ions including gd T cel ls and

unconventional ab T cells. These innate-like T cells are capable

of rapid cytokine secretion and non-classical cytotoxic responses

during viral infection, and their enrichment in FC achievers

suggests that PegIFN-a may enhance antiviral immunity beyond

conventional CD4+ and CD8+ T-cell pathways. While our cross-

sectional design does not allow mechanistic confirmation, the

association between higher CD4-CD8- T cell levels and FC is

consistent with the broader concept that multiple T-cell

compartments—including innate-like subsets—cooperate in HBV

immune control. Elevated monocytes in FC achievers likely reflect

PegIFN-a–associated immune activation, potentially enhancing

antigen presentation and supporting coordinated T-cell responses

(Mehrotra et al., 2020; Jiang et al., 2024), complementing the

contribution of CD4-CD8- T cells to antiviral immunity. ROC

analysis demonstrated that lymphocyte MMPlow% achieved the

highest discriminative ability (AUC = 0.803), and a combined

model integrating monocyte count, B-cell percentage, and

lymphocyte MMPlow% further improved predictive performance

(AUC = 0.882). In contrast, traditional virological and serological

markers—such as baseline HBsAg, HBV DNA, and anti-HBc—

have shown only moderate predictive accuracy for PegIFN-a
response. Meta-analytic data indicate pooled AUCs below 0.70 for

baseline HBsAg and HBV DNA, while a multicenter study reported

week-12 anti-HBc levels predicting HBsAg clearance with AUCs of

0.61–0.74 (Jiang et al., 2024; Wang et al., 2024). Even newer viral

markers such as HBcrAg exhibit better but still modest

performance, with lower baseline HBcrAg associated with higher

spontaneous HBsAg seroclearance (adjusted HR ≈ 1.9) (Tseng et al.,

2023). Compared with conventional clinical predictors—including
Frontiers in Cellular and Infection Microbiology 09
HBsAg, anti-HBc, and HBcrAg—which typically achieve only

modest discrimination for PegIFN-a response, the immune-

metabolic markers identified in this study provide substantially

stronger predictive performance. These findings highlight the added

value of incorporating mitochondrial metrics into response

assessment algorithms. Future work should include longitudinal

metabolic tracking and single-cell mechanistic analyses to further

define how PegIFN-a reshapes immune function over the course

of therapy.

Clinically, our findings advocate for integrating immune-metabolic

profiling into CHB management. The association between

mitochondrial integrity and FC suggests therapeutic potential for

metabolic modulators (such as mitophagy enhancers or OXPHOS

promoters) to synergize with PegIFN-a, an approach supported by

preclinical models (Fisicaro et al., 2017). Additionally, ROC-optimized

biomarker panels (for example, MMPlow% plus monocyte count)

could guide trial design for novel FC-targeting regimens, such as

PegIFN-a/NA combinations or checkpoint inhibitors.

To strengthen the internal validity of our predictive model, we

implemented a five-fold cross-validation approach, which

confirmed the stability of AUC estimates and reduced potential

overfitting bias. While our multicenter design strengthens

generalizability, larger cohorts are needed to validate rare subset

analyses (for example, CD4-CD8- T cells). The cross-sectional

sampling limits causal inference; longitudinal studies tracking

mitochondrial dynamics during therapy will clarify kinetic

relationships. Finally, mechanistic studies—using single-cell RNA

sequencing or mitochondrial flux assays—should dissect how

PegIFN-a restores T-cell metabolism and whether these pathways

can be pharmacologically harnessed. Future studies with larger

prospective cohorts and complementary mechanistic models—

such as animal studies or ex vivo functional assays—will be

essential to further validate these immune–metabolic biomarkers

and elucidate the mitochondrial pathways underlying PegIFN-

a responsiveness.

In summary, our study establishes mitochondrial dysfunction

as a hallmark of CHB-induced immune exhaustion and defines

immune-metabolic signatures that robustly predict the efficacy of

PegIFN-a therapy. These insights bridge virology, immunology,

and metabolism, providing both biomarker-driven strategies for

current therapies and new targets for curative interventions.
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