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Background and aims

Hepatitis B virus (HBV) causes chronic hepatic infection, leading to various advanced liver diseases. Currently, there is still a lack of effective non-invasive biomarkers for evaluating hepatic inflammation and fibrosis. Circulating microRNAs (miRNAs) serve as key regulators and potential biomarkers in the progression and pathogenesis of HBV-associated progressive liver diseases. Here, we characterized the miRNA profile in chronic hepatitis B (CHB) patients and probed their association with liver inflammation and fibrosis.





Approaches and results

We profiled 34 candidate miRNAs in serum from a well-characterized HBV Disease Continuum Cohort, comprising 165 individuals in the discovery set (42 healthy controls, HC; 40 CHB; 42 cirrhosis; 41 hepatocellular carcinomas, HCC) and 143 in an independent testing set. Serum miRNA levels were quantified by qRT-PCR. Supervised clustering and correlation analyses revealed distinct miRNA expression profiles across disease stages. Statistical analyses included logistic regression, and ROC/AUC evaluation with 5-fold cross-validation and external validation. Unsupervised clustering and correlation with histological G/S staging revealed stage-specific miRNA signatures: miR-224-5p, miR-125a-5p, and miR-15a-5p peaked in cirrhosis and strongly correlated with fibrosis stage (miR-224-5p: r = 0.606, p = 1.5E-12), while miR-200a-3p and miR-939-5p were predominantly upregulated in HCC. Critically, miR-224-5p emerged as a robust non-invasive biomarker for cirrhosis, with exceptional diagnostic accuracy (AUC = 0.973 in discovery; 0.906 in external validation), significantly outperforming APRI (0.803) and FIB-4 (0.809), and remained the sole independent predictor in multivariable analysis (p = 0.009). For HCC detection, the miR-200a-3p/AFP combined model achieved outstanding performance (AUC > 0.9), substantially improving upon AFP alone (0.737). Bioinformatic prediction of targets (297 for miR-224-5p; 616 for miR-200a-3p) highlighted associated in cancer- and senescence-related pathways; however, these associations are in silico and require experimental validation.





Conclusion

We identify miR-224-5p as a fibroinflammatory activity indicator for early cirrhosis detection and miR-200a-3p as a synergistic enhancer of AFP for non-invasive HCC diagnosis, establishing a dual miRNA signature that spans the HBV disease continuum and addresses critical gaps in current risk stratification. These findings highlight the potential of specific serum miRNAs as non-invasive biomarkers for monitoring disease progression and improving the differential diagnosis during the process of HBV-related liver diseases.
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Introduction

Hepatitis B virus (HBV) is the most common cause of viral hepatitis, which is a leading cause of end-stage liver disease worldwide (1). WHO estimates that there are 1.2 million new infections each year. In 2022, 254 million people were living with chronic hepatitis B (CHB) infection, resulting in an estimated 1.1 million deaths, mostly from cirrhosis and hepatocellular carcinoma (HCC) (WHO, 2024). More than two-thirds of cirrhosis and HCC cases related to CHB are observed in the WHO African, South-East Asian and Western Pacific regions (2). HBV is a non-cytopathic virus, with immunopathological mechanisms predominantly mediating liver damage. Thus, both innate and adaptive immune responses are critical for controlling HBV infection, they also drive liver inflammation, leading to fibrosis, cirrhosis, and HCC (3). HBV vaccination has significantly reduced new infections and childhood transmission globally. While disparities in socioeconomic status result in uneven declines in HBV prevalence, with some regions still experiencing increasing rates. This highlights the challenge of eradicating HBV through vaccination alone (4). Functional cure of CHB - or hepatitis B surface antigen (HBsAg) loss after 24 weeks of therapy - is now the goal of treatment, but is rarely achieved with current therapy (5). Although universal treatment of HBV infection has been proposed (6), in clinical practice, the majority of patients initiate antiviral therapy only when liver damage is apparent. Early identification and intervention in CHB and cirrhosis can, to some extent, slow the progression of liver disease and even partially reverse fibrosis (7). While liver biopsy remains the gold standard for assessing early intrahepatic inflammation and fibrosis, its invasiveness and risk of complications limit its widespread use in clinical practice (8).

In terms of hepatic inflammation biomarkers, serum alanine transaminase (ALT) remains the most widely used marker due to its availability. While there is debate over the upper limit of normal (ULN), 40 IU/L is the most commonly used cutoff. Notably, about 30% of CHB patients with “normal” ALT have significant liver inflammation, which could progress without timely treatment (9, 10). In the field of liver fibrosis diagnostics, transient elastography, ultrasonography, and biomarkers like APRI or FIB-4 are used to assess liver disease, they often exhibit limited diagnostic performance for mild-to-moderate fibrosis (11, 12). Monocyte distribution width (MDW), a routine blood parameter reflecting heterogeneity among monocytes, has been reported to exhibit significant diagnostic value in differentiating CHB, liver cirrhosis (LC), and HCC. As a marker associated with innate immune activation, MDW may be influenced by various inflammatory and immunological processes (13). Serum ATP contributes to diagnosing CHB and predicting its poor clinical outcome, including LC and HCC (14). Although numerous non-invasive biomarkers have been explored, their performance, especially in early disease and across the CHB-cirrhosis-HCC continuum, remains inadequate. Liver biopsy with histological grading (G) and staging (S) remains the gold standard for assessing disease progression; yet most biomarker studies lack rigorous correlation with G/S scores. Despite advances in understanding the pathogenesis and management of chronic liver diseases, effective biomarkers for predicting and preventing liver disease progression remain limited.

MicroRNAs (miRNAs) are single-stranded non-coding RNA molecules, typically 19–25 nucleotides in length, that regulate gene expression post-transcriptionally (15). Since their discovery in serum and plasma, circulating miRNAs have emerged as promising biomarkers for various diseases (16, 17). They offer several advantages, including high stability under extreme conditions, sequence conservation, spatiotemporal expression specificity, and ease of detection. Despite the presence of ribonucleases in blood and other body fluids, circulating miRNAs remain remarkably stable, likely due to their encapsulation in lipid vesicles, association with RNA-binding proteins, or a combination of both (18–20). The significance of miRNAs in molecular biology was further underscored in 2024, when the Nobel Prize in Physiology or Medicine was awarded to Victor Ambros and Gary Ruvkun for their pioneering discovery of miRNAs and their fundamental contributions to elucidating the mechanisms of post-transcriptional gene regulation mediated by these small RNAs (21).

Accumulating studies have demonstrated that miRNAs are critically involved in the biological processes of HBV, including viral replication, transcription, and hepatocyte invasion, exerting either promotive or inhibitory effects on disease progression (22–26). As biomarkers, numerous miRNAs have shown potential as diagnostic and prognostic indicators for liver fibrosis and HCC (27–30). Our group found that lower baseline levels of serum miRNAs and HBsAg-carried miRNAs (let-7f, miR-22, miR-30a and miR-122) associated with YIC (antigen-antibody immunogenic complex based therapeutic vaccine) treatment response and the variation trend of these 4 miRNAs could have a prognostic value for responsiveness to YIC treatment (31). Besides, we suggested that a simplified scoring model composed of miR-210, miR-22 and ALT can reproducibly predict the sustained virological response of IFN-α therapy in CHB patients (20). Furthermore, our findings demonstrate that HBsAg-miR-939-IL-8 axis may play a crucial role in HBV-induced hepatic necro-inflammation and progression of advanced liver diseases (32). Taken together, our group has accumulated some experience in identifying miRNAs as biomarkers for HBV-related liver diseases and elucidating their roles in the progression of chronic HBV infection.

Building on our previous research and to address current challenges, we selected 34 candidate miRNAs associated with HBV infection, involving HBV replication, immune regulation, liver-enriched expression, and hepatocarcinogenesis. We investigated the circulating expression patterns of all candidate miRNAs across the stages of chronic HBV-related liver disease and performed correlation analyses with clinical parameters. Our aim is to identify potential biomarkers for early diagnosis and longitudinal monitoring of disease progression in HBV-related end-stage liver diseases.





Material and methods




Study population

A total of 308 participants were enrolled in this study, divided into a discovery cohort and an independent testing cohort, all recruited from the First Affiliated Hospital of Soochow University and the Fifth People’s Hospital of Suzhou between Oct 2021-Sep 2025. The discovery cohort consisted of 165 individuals: 40 patients with CHB, 42 patients with HBV-related cirrhosis, 41 patients with HBV-related HCC, and 42 healthy controls (HC). The independent testing cohort consisted of 143 additional participants, with matched disease spectrum and identical enrollment criteria: 35 patients with CHB, 33 patients with HBV-related cirrhosis, 35 patients with HBV-related HCC, and 40 HC.

The following inclusion criteria were used: (1) CHB, positivity for HBsAg for longer than 6 months and viral loads over 102 copies per milliliter (33); (2) HBV-related cirrhosis, diagnosed by two experienced pathologists via liver biopsy (34); HBsAg and HBV DNA positivity; (3) HBV-related HCC, diagnosed by two experienced pathologists via liver biopsy or hepatic resection surgery; HBsAg or HBV DNA positivity (35). Further exclusion criteria included: (1) liver damage induced by co-infection with hepatitis A, C, E virus; (2) evidence of liver comorbidities consequent to alcohol, drugs and autoimmune disease; (3) serious concurrent medical illnesses, including other malignant tumors, severe cardiopulmonary disease, psychiatric disorders and uncontrolled diabetes mellitus; (4) pregnancy or nursing. The level of fibrosis and inflammation was assessed using the Modified Gansheng Histological Scoring System (G/S staging) (36, 37). Eighty-two healthy controls were recruited from the department of physical examination of The Fifth People’s Hospital of Suzhou. All of them had normal ALT values (<40 U/L) and were tested negative for hepatitis B, C virus and HIV. This study was approved by the Ethics Committee of The Affiliated Infectious Diseases Hospital of Soochow University (Approval No. SZWY2023007) and conducted in accordance with the Declaration of Helsinki. Written informed consent was obtained from all participants.





Candidate miRNAs screening

According to our previous studies, the miRNAs database and the published literatures, thirty-four miRNAs previously reported to be dysregulated in HBV infection or associated with disease progression were included into this study for screening, specifically in regulation of HBV replication, modulation of HBV-induced immune responses, liver-enriched expression, and HBV-driven hepatocarcinogenesis. All miRNA-specific stem-loop reverse transcription primers and forward qPCR primers were designed and synthesized by RiboBio Co., Ltd. (Guangzhou, China) and GeneAdv Co., Ltd. (Suzhou, China); the corresponding primer sequences are listed in Supplementary Table 1.





Total RNA isolation

Prior to RNA extraction, serum samples underwent sequential centrifugation at 2,000 g for 20 min, then 10,000 g for 30 min, followed by 12,000 g for 10 min to completely remove cellular debris. Total RNA was extracted from 100 μL of serum using TRIzol® LS reagent (Invitrogen, USA) according to the manufacturer’s instructions. Synthetic Caenorhabditis elegans miRNA cel-miR-39 (QIAGEN, Germany) was spiked in as an external reference.





MiRNA reverse transcription and qRT-PCR

The extracted total RNA was conducted miRNA reverse transcription using Multiscribe reverse transcriptase (Thermo Fisher Scientific-Applied Biosystems, Waltham, MA, USA) on RT reaction (16 °C, 30 min; 42 °C, 1 h; 85 °C, 5 min). Real-time PCR reactions were performed using 2 × Universal SYBR Green Fast qPCR Mix (ABclonal, China) in the Applied Biosystems 7500 Real-Time PCR System (Thermo Fisher Scientific, USA). The reactions, running in duplicate, were carried out in 96-well plates at 95 °C for 1 min, followed by 40 cycles of 95 °C for 10 s and 60 °C for 30 s. Following 40 cycles of amplification, melting curve analysis was performed in each run. Melting curve analysis was conducted after amplification. Expression levels were normalized to cel-miR-39 and calculated using the 2−ΔCt method.





Statistical analysis

Statistical analyses were performed using SPSS version 26.0 (IBM Corp.). Continuous variables are presented as median (interquartile range). Parametric tests (ANOVA) and non-parametric tests (Mann-Whitney U or Kruskal-Wallis test) were applied based on data distribution. Differences in miRNA expression across the four groups were assessed by Dunn’s multiple comparisons test for multiple pairwise comparisons. Categorical variables were analyzed using Pearson chi-square test, continuity correction, or Fisher’s exact test as appropriate. Correlation analysis was conducted using Spearman correlation. Univariate and forward stepwise multivariate logistic regression identified independent predictors. Binary logistic regression and ROC curve analyses were used to assess the diagnostic performance of individual and combined miRNAs for differentiating CHB, cirrhosis, and HCC. The optimal cutoff value was determined by maximizing the Youden Index. A p-value < 0.05 was considered statistically significant. ****, p<0.0001; ***, p<0.001; **, p<0.01; *, p<0.05; ns, p≥0.05.






Result




Clinical characterization of the HBV disease continuum cohort

The study cohort comprised four clinically defined groups: HC, CHB, cirrhosis, and HCC, with the HC group serving as the reference control. No statistically significant differences were observed in age or gender distribution among the four groups (p > 0.05, Table 1). However, significant differences in HBsAg levels were detected among the CHB, cirrhosis, and HCC groups (p = 2.3E-06, Table 1), with the HCC group exhibiting markedly lower HBsAg levels compared to the other two groups. Similarly, HBV DNA levels differed significantly among these three groups (p = 0.0004, Table 1), primarily due to the higher viral loads observed in the CHB group. The ALT and AST levels were elevated in all HBV-infected groups compared to the HC group, with no or little significant differences observed among the three HBV-infected groups (CHB, cirrhosis, and HCC) (Table 1, Supplementary Figure 1AB). Based on the histological grading and staging criteria (G/S classification), the majority of CHB patients were classified as G2, reflecting mild inflammatory activity. Cirrhosis patients were predominantly distributed across stages G2 - G4, whereas HCC patients were primarily categorized within grades G1 - G4. Notably, the liver inflammation grade was significantly higher in the cirrhosis group compared to both the CHB and HCC groups (Table 1, Supplementary Figure 1C). In terms of fibrosis staging, the majority of CHB patients were classified as S2, indicative of mild fibrosis, while cirrhosis patients were all categorized as S4, representing advanced fibrosis. HCC patients exhibited a broader range of fibrosis stages from S2 to S4, with cirrhosis patients demonstrating the highest fibrosis staging among all HBV-infected groups (Table 1, Supplementary Figure 1D). AFP levels exhibited a gradual increase across the four groups, with the highest levels detected in the HCC group. Significant differences in AFP levels were noted between the HCC group and each of the other groups (Table 1, Supplementary Figure 1E). Additional data on other liver function parameters, including albumin (ALB), total bilirubin (TBil), and alkaline phosphatase (ALP) are also provided (Table 1, Supplementary Figures 1F–H).


Table 1 | Basic characteristics of enrolled patients at baseline.
	Variables
	HC (n=42)
	CHB (n=40)
	Cirrhosis (n=42)
	HCC (n=41)
	P Value



	Age (year)
	49.0 (40.8-63.0)
	47.5 (41.5-55.8)
	49.5 (43.8-57.0)
	55.0 (48.0-60.0)
	0.0634a


	Gender (Male/Female)
	29/13
	27/13
	30/12
	33/8
	0.5601b


	HBsAg (log10IU/ml)
	–
	3.2 (2.4-3.7)
	3.1 (2.5-3.6)
	2.5 (1.8-3.3)
	2.3E-06a


	HBV DNA (log10copies/ml)
	–
	4.8 (3.7-6.8)
	2.7 (2.7-4.7)
	3.3 (2.5-4.8)
	0.0004a


	ALT (U/L)
	14.5 (10.0-19.3)
	31.0 (19.3/54.3)
	31.0 (19.0-41.0)
	34.9 (21.2-52.8)
	0.5240c


	AST (U/L)
	19.0 (16.8-22.3)
	27.0 (20.3-34.8)
	31.5 (25.0-44.0)
	32.0 (23.9-72.4)
	0.0302c


	G (0/1/2/3/4)
	–
	0/2/36/2/0
	0/0/10/24/8
	0/5/17/15/4
	3.5E-06b


	S (0/1/2/3/4)
	–
	0/2/30/8/0
	0/0/0//42
	0/3/14/12/12
	1.8E-11b


	AFP (μg/L)
	2.8 (2.2-3.3)
	3.3 (1.9-4.9)
	4.9 (2.9-10.4)
	84.3 (3.6-1712.0)
	7E-07c


	TBil (μmol/L)
	9.3 (7.7-12.6)
	14.6 (10.9-16.9)
	18.7 (13.0-32.6)
	19.7 (14.5-29.3)
	0.0002c


	AlB (g/L)
	45.1 (44.2-47.1)
	44.1 (41.1-48.1)
	40.3 (33.6-46.4)
	39.7 (38.2-42.7)
	0.0002c


	ALP (U/L)
	77.0 (67.0-93.3)
	79.5 (67.5-101.5)
	85.5 (68.5-119.5)
	84.3 (65.5-102.2)
	0.3916c





Data are median (25% percentile – 75% percentile) except gender and G\S stage. Abbreviations: HC, Healthy control; CHB, chronic hepatitis B; Cirrhosis, HBV with cirrhosis patients; HCC, HBV with hepatocellular carcinoma patients; HBsAg, surface antigen of hepatitis B virus; HBV DNA, hepatitis B virus deoxyribonucleic acid; TBil, total bilirubin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; AFP, alpha fetoprotein; ALB, albumin; ALP, alkaline phosphatase; G, inflammation stage; S, fibrosis stage. a: Kruskal-Walli’s test; b: Chi-square test; c, an ordinary one-way ANOVA test was performed, with the comparison limited to the CHB, Cirrhosis, and HCC groups.







Global miRNA expression profiles in the HBV disease continuum cohort

To investigate the miRNA expression profiles in individuals with HBV disease continuum cohort, 34 candidate miRNAs were selected based on our previous findings and recent literature (Supplementary Table 1). The expression levels of these miRNAs were quantified in serum samples from 165 enrolled individuals in the cohort of HBV Disease Continuum (HC, CHB, cirrhosis, HCC). Initially, the CHB, cirrhosis, and HCC groups were collectively classified as the HBV-infected group (n = 123), while the HC group served as the reference cohort (n = 42). The fold change of each miRNA in the HBV-infected group relative to the HC group was then calculated. Among the 34 candidate miRNAs, 17 miRNAs exhibited at least a 2-fold upregulation in the HBV-infected group compared to the HC group. Notably, the levels of miR-224-5p (fold change = 16.012, p = 1.1E-20), miR-15a-5p (fold change = 6.122, p = 0.0090), and miR-125a-5p (fold change = 4.949, p = 7.84E-05) were significantly elevated in the HBV-infected group compared to the HC group, with fold changes exceeding 4-fold (p < 0.01, Supplementary Table 2). Moreover, miR-145-5p was found to be the most significantly downregulated in the HBV-infected group, with a fold change of 0.265 (p=3.59E-14). To further analyze the distribution profiles of the 34 miRNAs across the four groups, we compared the expression levels of 34 miRNAs among HC, CHB, cirrhosis and HCC groups. It was found that miR-224-5p displayed the most significant difference among these four groups (p = 6.39E-27). Besides, miR-125a-5p (p =4.95E-16), miR-145-5p (p =3.15E-15), miR-15a-5p (p = 9.05E-11) also showed significant difference among the four groups (Supplementary Table 3).





Stage-specific circulating miRNA signatures across the HBV disease continuum

In order to explore the association between miRNA expression profiles and disease progression of HBV disease continuum, a supervised clustering analysis incorporating the 34 candidate miRNAs and histological G/S staging was conducted to visualize global miRNA expression profiles across the four groups, including HC, CHB, cirrhosis and HCC. The data revealed that miR-224-5p, miR-125a-5p, miR-15a-5p, miR-30a-5p, and miR-22-3p were closely clustered and showed similar trend with G/S staging, exhibiting high expression in cirrhosis group (Blue font, Figure 1A). On the other hand, miR-200a-3p and miR-939-5p were predominantly upregulated in the HCC group. Additionally, miR-27a-3p and miR-26a-5p also showed the similar trend with the two aforementioned miRNAs, while with a weak increasing trend in HCC group (Purple font, Figure 1A). Additionally, miR-145-5p, miR-199a-5p and miR-126-3p were closely clustered because of their higher expression levels in HC group (Green font, Figure 1A).
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Figure 1 | Unsupervised Clustering and Principal Component Analysis (PCA) of Plasma miRNA Expression Profiles across HC, CHB, Cirrhosis, and HCC Groups: (A) Heatmap with hierarchical clustering of 30 differentially expressed plasma miRNAs (rows) across all study samples (columns). Color intensity reflects relative expression levels (2-ΔCt), with red indicating upregulation and blue indicating downregulation. Samples are grouped by clinical status: healthy controls (HC, green), chronic hepatitis B (CHB, red), cirrhosis (cyan), and hepatocellular carcinoma (HCC, purple). Clustering reveals distinct expression patterns associated with disease progression. (B) Three-dimensional PCA plot based on the top 3 principal components (PC1: 41.7%, PC2: 32.3%, PC3: 16.1%), showing clear separation between HC, CHB, cirrhosis, and HCC groups. Each dot represents an individual sample, colored by group. The results demonstrate that global miRNA expression profiles can effectively distinguish disease stages, supporting their potential as molecular classifiers for liver disease progression. HC, Healthy control; CHB, chronic hepatitis B; Cirrhosis, HBV with cirrhosis patients; HCC, HBV with hepatocellular carcinoma patients.

Taken together, several miRNAs exhibited distinct expression patterns across the HBV disease continuum. Specifically, miR-224-5p, miR-125a-5p, and miR-15a-5p demonstrated the highest expression levels in the cirrhosis group. In contrast, miR-200a-3p and miR-939-5p were predominantly upregulated in the HCC group. Notably, miR-145-5p showed relatively higher expression levels in the HC group. Therefore, the 3D principal components analysis was conducted to distinguish (similarity versus difference) between various patient groups. It was found that miR-224-5p, miR-125a-5p, miR-15a-5p, miR-200a-3p, miR-939-5p combined with miR-145-5p can effectively distinguish the four groups. We observed that cirrhosis group (dark blue points) and HCC group (brown points) formed independent clusters, respectively. And, CHB patients (green points) showed completely separation from cirrhosis and HCC groups, while HC group (red points) appeared as a distinct subset (Figure 1B).





MiR-224-5p strongly correlates with histological G/S grading and enables high-accuracy detection of cirrhosis

The significant clustering of these miRNAs suggests a similar expression pattern among them and indicates a clear association with the progression of HBV disease continuum. Among the four groups, miR-224-5p, miR-125a-5p, miR-15a-5p, miR-22-3p, and miR-30a-5p showed highest levels in cirrhosis group, with significant difference between cirrhosis vs CHB, cirrhosis vs HC and cirrhosis vs HCC. Importantly, miR-224-5p displayed more differentially expression levels among the four groups. MiR-224-5p expressed higher in CHB than in HC, higher in cirrhosis than in CHB and HC, and also higher in HCC than in CHB and HC (Supplementary Figure 2, Supplementary Table 4). The data suggested that the expression trend of miR-224 was more similar to G/S grading. The correlation matrix analysis, which was conducted in CHB, cirrhosis and HCC groups, showed that miR-224-5p (r=0.55, r=0.60), miR-125a-5p (r=0.45, r=0.55), miR-15a-5p (r=0.39, r=0.45), miR-22-3p (r=0.36, r=0.43), miR-30a-5p (r=0.34, r=0.40) and were significantly correlated with histopathological staging (G/S staging) in HBV infected patients (Figure 2A, n=123). Collectively, among the 34 candidate miRNAs, miR-224-5p displayed the most significant clustering and positive correlation with G/S grading in the HBV disease continuum cohort. Focused on miR-224-5p, we found that the levels of miR-224-5p not only displayed most significantly positive correlation with GS grading (G: r=0.55, p=4.1E-10; S: r=0.60, p=1.5E-12) (Figures 2B, C), but also showed significant positive correlations with ALT, AST, and AFP (ALT: r = 0.41, p=4.1E-07; AST: r = 0.48, p=6.4E-10;AFP: r = 0.36, p=1.1E-05). In contrast, miR-224-5p expression exhibited a significantly negative correlation with HBV DNA levels (r =–0.36, p = 8.4E-04) (Figures 2D–G).
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Figure 2 | Correlation Analysis between miR-224-5p and Clinical Parameters in HBV-Infected Patients. (A) Correlation matrix analysis of highly expressed miRNAs with pathological grading of liver inflammation/fibrosis, key inflammation markers, and virological variables in cirrhosis and hepatocellular carcinoma cohorts. The significant differences in miR-224-5p were analyzed in conjunction with clinical and Enrichment analysis: (B, C) The analysis results of the correlation between miR-224-5p and G/S staging; (D–G) Correlation analysis of relative miR-224-5p expression levels with clinical indicators in a cohort of HBV-infected patients.

Given the high expression of miR-224 in cirrhosis group and its significant positive correlation with G/S grading, we speculated that miR-224 may have potential diagnostic value in differentiating cirrhosis patients from CHB patients. Univariate and multivariate analyses revealed that, among the five miRNAs significantly upregulated in cirrhosis group, only miR-224-5p remained significantly associated with cirrhosis in the multivariable analysis (p=0.009, Supplementary Table 5). We further performed ROC curve analysis to compare the diagnostic performance of serum miR-224-5p with that of conventional non-invasive fibrosis biomarkers. The ROC data showed that miR-224-5p exhibited the highest diagnostic accuracy (AUC = 0.973), markedly exceeding that of FIB-4 (AUC = 0.809), APRI (AUC = 0.803), Red Cell Distribution Width – Standard Deviation (RDW-SD) (AUC = 0.781) and Red Cell Distribution Width – Coefficient of Variation (RDW-CV) (AUC = 0.738) for identifying cirrhosis (Figure 3A, Supplementary Table 6). To assess the robustness and generalizability of miR-224-5p as a diagnostic biomarker for differentiating HBV-related cirrhosis from CHB patients, we performed 5-fold cross-validation within the discovery cohort. In the internal training set validation, miR-224-5p achieved near-perfect discrimination, with individual fold AUCs ranging from 0.861 to 1.000 and a mean AUC of 0.950 (Supplementary Figure 3A). In the internal validation set, the classifier maintained high discriminatory power, with a mean AUC of 0.917 and individual fold AUCs between 0.833 and 1.000 (Supplementary Figure 3B). To further evaluate the generalizability of miR-224-5p, we validated its diagnostic performance in an independent external cohort (Supplementary Table 7). Consistently, serum miR-224-5p maintained high predictive accuracy for identifying cirrhosis, achieving an AUC of 0.906 (Figure 3B). The consistency of high AUC values across both discovery and testing cohorts suggests that miR-224-5p is not overfitted and possesses strong predictive capacity for the identification of cirrhosis in CHB patients.

[image: Two ROC curve graphs comparing diagnostic test performances. Panel A displays multiple colored lines, with miR-224-5p showing the highest AUC at 0.973. Panel B compares three models, with miR-224.5p again having the highest AUC at 0.906, followed by APRI and FIB-4. Both graphs illustrate sensitivity versus 1-specificity, with dashed diagonal lines indicating random chance performance.]
Figure 3 | Diagnostic Performance of miR-224-5p and Conventional Biomarkers in the Training Set (A) and External Validation Cohort (B): (A) Receiver operating characteristic (ROC) curves for miR-224-5p, FIB-4, APRI, RDW-SD, and RDW-CV in the training set. The area under the curve (AUC) with 95% confidence interval (CI) is shown for each marker. (B) ROC curves for the same biomarkers in an independent external validation cohort.

To explore the functional implications of miR-224-5p, which was markedly upregulated in cirrhosis and significantly correlated with GS grading, target gene prediction was conducted using established online miRNA target databases (Targetscan, miRmap, mirDIP). A total of 297 putative target genes were identified for miR-224-5p. Functional enrichment analysis based on the KEGG pathway database suggested that these 297 putative target genes predominantly associated with the pathways such as “microRNAs in cancer,” “nucleocytoplasmic transport,” and “signaling pathways regulating pluripotency of stem cells”, which still require experimental validation (Figures 4A, B).

[image: Graphical analysis of miR-224-5p pathways. Panel A displays a scatter plot with dot size indicating gene count and color representing p-value, detailing pathways like ErbB signaling and actin cytoskeleton regulation. Panel B features a bar chart categorized by biological process, cellular component, and molecular function, with gene counts for aspects such as RNA polymerase II transcription regulation and protein binding.]
Figure 4 | Functional enrichment analysis of target genes regulated by miR-224-5p: (A) The top 10 KEGG pathways. (B) The 10 top enriched GO terms. BP, biological process; CC, cellular component; MF, molecular function. The P values of GO terms and KEGG pathways decrease from top to bottom.





Identification of a novel miRNA signature for early detection of HBV-related HCC

Building upon the findings from the clustering analysis, a distinct expression pattern was observed for four microRNAs among HCC subgroups. Specifically, the circulating levels of miR-26a-5p, miR-27a-3p, miR-200a-3p and miR-939-5p were significantly higher in HCC patients compared to those in the HC, CHB, and cirrhosis groups (Figure 1). Among the four groups, miR-26a-5p, miR-27a-3p, miR-200a-3p and miR-939-5p showed higher levels in HCC compared with cirrhosis, CHB and HC, respectively. Besides, miR-939-5p also displayed higher levels in cirrhosis than in CHB groups (Supplementary Figure 4, Supplementary Table 4).

Further, to enhance clinical applicability, particularly for distinguishing HCC from non-HCC chronic liver disease, we combined the CHB and cirrhosis groups into a single “CHB/cirrhosis” group. Univariate and multivariate analyses revealed that, among the four miRNAs significantly upregulated in cirrhosis group, only miR-200a-3p significantly associated with cirrhosis in the multivariable analysis (p=3.36E-04, Supplementary Table 8). Thus, for the differential diagnosis between CHB/Cirrhosis and HCC, ROC curves were constructed to assess the predictive potential of miR-200a-3p and AFP. The AUC values showed that the miR-200a-3p (AUC=0.853) showed higher prediction value than AFP (AUC=0.737) (Figure 5A, Supplementary Table 9). To further improve diagnostic performance of this miRNAs, Binary logistic regression analysis was conducted. Binary logistic regression analysis led to the combination of miR-200a-3p and AFP as independent constituents for the predictive model, logit(p) = 51.073 - 1.866 * miR-200a-3p + 0.002 * AFP. The AUC, as determined by ROC curve analysis, yielded a value of 0.977 in the discovery cohort (Figure 5A, Supplementary Table 9). To evaluate the reproducibility of miR-200a-3p as an HCC-specific biomarker, we applied 5-fold cross-validation in the discovery cohort. While performance in the training folds was modest (mean AUC = 0.776; range: 0.600 - 1.000, Supplementary Figure 5A), the held-out validation folds yielded robust discrimination (mean AUC = 0.889; range: 0.800 -1.000; Supplementary Figure 5B), suggesting model stability despite inter-fold variability. Critically, in the independent external cohort, the miR-200a-3p/AFP combined model achieved excellent diagnostic accuracy for HCC detection (AUC = 0.907; Figure 5B), markedly outperforming either marker alone. This consistent high performance across internal and external validation underscores the potential of miR-200a-3p, not as a standalone test, but as a synergistic enhancer of AFP, for non-invasive identification of HCC in high-risk patients with underlying CHB or cirrhosis.

[image: Two graphs labeled A and B show ROC curves comparing the performance of different models. In both graphs, the blue line represents the Combine Model, the green line represents miR-200a-3p, and the red line represents AFP. Graph A shows higher AUC values: Combine Model (0.977), miR-200a-3p (0.853), and AFP (0.737). Graph B shows lower AUC values: Combine Model (0.907), miR-200a-3p (0.843), and AFP (0.573). Sensitivity is plotted against 1-Specificity, with a diagonal line indicating random chance.]
Figure 5 | Diagnostic performance of the combined model, miR-200a-3p, and AFP for predicting HCC in patients with chronic hepatitis B or cirrhosis — training set (A) and External Validation Cohort (B). (A) Receiver operating characteristic (ROC) curves for the combined model (integrating miR-200a-3p + AFP), miR-200a-3p alone, and AFP alone in the training set. (B) ROC curves for the same models in an independent external validation cohort. The combined model maintained excellent performance, demonstrating strong generalizability.

Given the HCC-specific upregulation of miR-200a-3p, putative targets of miR-200a-3p were predicted using an integrated approach across the miRNA target databases (Targetscan, miRmap, mirDIP). A total of 616 putative target genes for miR-200a-3p were identified through in silico prediction. KEGG pathway enrichment analysis of these predicted targets revealed statistically significant overrepresentation in pathways, including “chemical carcinogenesis - receptor activation”, “cellular senescence”, and “ Transcriptional regulation” (Figures 6A, B). Importantly, this analysis is hypothesis-generating; the observed pathway links do not imply direct functional roles of miR-200a-3p in tumorigenesis or signal transduction and require rigorous experimental validation.

[image: Chart A displays the significant pathways of miR-200a-3p with fold enrichment on the x-axis. Dot size represents count, and color indicates -log10(p-value). Top pathways include axon guidance and cellular senescence. Chart B is a bar graph showing the gene count and -log10(p-value) of miR-200a-3p across biological processes, cellular components, and molecular functions, with different colors representing each category.]
Figure 6 | Enrichment analysis of target genes of DEMs miR-200-3p: (A) The top 10 KEGG pathways of miR-200-3p. (B) The 10 top enriched GO terms of miR-200-3p. BP, biological process; CC, cellular component; MF, molecular function. The P values of GO terms and KEGG pathways decrease from top to bottom.






Discussion

Chronic hepatitis B, caused by persistent HBV infection, progresses from an asymptomatic carrier state to liver fibrosis, cirrhosis, and ultimately HCC, representing a major global health burden and a leading cause of cancer-related mortality (38–40). The clinical outcome of chronic HBV infection is primarily determined by the dynamic interplay between viral factors and host immune responses. Notably, HBV is a non-cytopathic virus, and liver damage is predominantly mediated by the host immune response. During the course of HBV infection, the immune system plays a dual role: it contributes to viral clearance by targeting and eliminating infected hepatocytes, but concurrently drives hepatic inflammation and exacerbates liver injury (3). Hepatic inflammatory response is a key mediator in the pathogenesis of CHB and its progression towards cirrhosis and HCC (41, 42). Chronic hepatitis B is primarily managed through the use of oral nucleot(s)ide analogues, interferon therapies, or a combination of both (43). Despite these interventions, most patients fail to achieve complete viral eradication or sustained disease resolution (44). This limitation can largely be attributed to an incomplete understanding of the complex interplay between HBV and the host immune response during various stages of infection and disease progression. Notably, one potential mechanism of host-virus interaction involves HBV’s modulation of host miRNAs expression. By altering miRNA profiles, HBV may enhance its replication within hepatocytes and establish a favorable microenvironment that supports viral persistence and contributes to the development of liver disease (45, 46).

Our study focused on the multiple miRNAs’ profiles during the progress of HBV disease continuum, including CHB, cirrhosis and HCC, HC serving as controls. Based on our previous studies, in combination with the latest literature reports and miRNA databases, we have screened out 34 candidate miRNAs for further investigation. We have found that miR-224-5p, miR-125a-5p, miR-15a-5p, miR-30a-5p, and miR-22-3p were closely clustered and showed similar trend with G/S staging, exhibiting high expression in cirrhosis group. Besides, miR-200a-3p and miR-939-5p were predominantly upregulated in the HCC group, and miR-27a-3p and miR-26a-5p also showed a slight increase in HCC group.

It is worth noting that miR-224-5p exhibited the highest fold change (fold change = 16.012, p = 1.1E-20) when comparing the HC group with the HBV infection group (CHB + cirrhosis + HCC). Additionally, miR-224-5p showed the closest clustering with G/S grading, and correlation analysis also revealed that miR-224-5p expression displayed the most significantly positive correlation with G grade (r=0.55), S stage (r=0.60), ALT (r=0.41), AST (r=0.48), and AFP (r=0.36) levels, suggesting that miR-224-5p may play a critical role in hepatic inflammatory responses and the progression of advanced liver diseases. Among fibrosis-associated miRNAs, miR-224-5p emerged as the sole independent predictor of cirrhosis in multivariable analysis. Notably, it demonstrated exceptional and reproducible diagnostic accuracy for distinguishing cirrhosis from CHB, achieving AUCs of 0.973 (discovery), 0.950 (cross-validation), and 0.906 (independent validation), consistently outperforming conventional non-invasive indicators (APRI, FIB-4).

To date, the existing literature has reported that miR-224-5p is significantly upregulated in HCC. It was found that miRNA-224-5p expression level in HCC was higher than in non-tumor tissues. However, the circulating miR-224 levels, which are more favorable for early non-invasive clinical diagnosis, were not detected (47, 48). In terms of mechanism, it was already reported that E2F1−mediated upregulation of miR−224−5p may serve an important role in liver cancer cell migration, invasion, and epithelial−mesenchymal transition (EMT) by targeting melanoregulin (MREG), highlighting the critical regulatory role of miR−224−5p in liver cancer progression (49). However, these works relied on tissue-based, binary comparisons (HCC vs. non-tumor) and did not assess circulating miR-224-5p across the full HBV disease spectrum or correlate it with histological inflammation/fibrosis. In contrast, our study provides the first comprehensive serum profiling of miR-224-5p in a histologically discovery and testing cohorts spanning healthy controls, CHB, cirrhosis, and HCC. While we confirm its elevation in HCC versus HC and CHB, we reveal a novel pattern: miR-224-5p peaks in cirrhosis, significantly exceeding levels in both CHB and HCC. Critically, it shows the strongest correlation with G/S staging among all 34 miRNAs, reflecting active immune-mediated liver injury rather than malignancy per se. This aligns with the established model that HBV is non-cytopathic and that chronic immune-driven inflammation and fibrogenesis underlie progression to cirrhosis and HCC (3, 50). More importantly, our study focused on the circulating levels of miR-224-5p, which holds significant clinical implications for its use as a non-invasive biomarker. Thus, we reframe miR-224-5p not as a tumor-specific marker, but as a non-invasive indicator of fibroinflammatory activity in the pre-neoplastic stage. Our findings extend prior literature by placing miR-224-5p within a disease-continuum context, offering a more precise, stage-specific biomarker for monitoring HBV-related liver disease progression.

The study also found that the expression levels of miR-26a-5p, miR-27a-3p, miR-200a-3p, and miR-939-5p were significantly upregulated in the HCC group compared to the HC, CHB, and cirrhosis groups. More importantly, miR-200a-3p combined with AFP showed effective predictive performance in the differential diagnosis between CHB/cirrhosis and HCC (AUC > 0.9) in the discovery and testing cohorts. Besides, the predictive model consisting of miR-200a-3p and AFP also displayed significant predictive capability for the differential diagnosis of HCC in the cross validation. Our results demonstrated that miR-200a-3p not only highly expressed in HBV-infected associated HCC, but also significantly improves the diagnostic performance of AFP for HBV-HCC when used in combination.

MiR-200a-3p has been implicated in various malignancies, including gastric cancer, bladder cancer, and hepatocellular carcinoma, participating in multiple pathophysiological processes involved in tumor development (51, 52). In a cohort of 136 HCC patients undergoing trans-arterial chemoembolization (TACE), miR-224-5p was found to be significantly associated with overall survival in univariate analysis, suggesting a potential prognostic role. However, it did not remain an independent predictor in multivariate analysis. In contrast, miR-200a-3p emerged as a strong independent prognostic factor for survival (p<0.001), outperforming conventional clinical markers. It demonstrated high predictive accuracy (AUC = 0.853; sensitivity = 80.5%, specificity = 100.0%) and, when combined with AFP and satellite nodules, further improved prognostic performance (AUC = 0.977). These findings highlight serum miR-200a-3p as a promising biomarker to guide personalized TACE therapy in HCC (53). Notably, the independent prognostic value of serum miR-200a-3p in HBV-HCC patients, as reported by Liu et al. in a TACE cohort, aligns closely with our observation of its stage-specific upregulation in HCC. Interestingly, both our study and Liu et al. (2014) observed that while miR-224-5p is elevated in HCC, it fails to retain independent prognostic significance in multivariable models, unlike miR-200a-3p. This convergence suggests that miR-224-5p elevation primarily reflects the underlying fibroinflammatory liver disease burden rather than intrinsic tumor aggressiveness.

We fully agree that miR-224-5p alone is suboptimal for distinguishing cirrhosis from HCC, as it is elevated in both stages. Recognizing this limitation, we developed alternative, highly accurate diagnostic models: notably, the miR-200a-3p/AFP combination achieves an AUC > 0.9 for differentiating HCC from CHB/cirrhosis, fulfilling the need for precise HCC detection in high-risk cirrhotic patients. In summary, both our study and prior literature confirm that miR-224-5p is significantly elevated in HCC versus healthy individuals. Our unique contribution is demonstrating that miR-224-5p is most strongly associated with G/S staging, reaches its highest level in cirrhosis (where inflammatory and fibrotic activity is maximal), and thus serves as a robust non-invasive biomarker for distinguishing CHB from cirrhosis (AUC > 0.9). More importantly, this finding mechanistically links miR-224-5p to the immune-pathological processes driving HBV-related end-stage liver disease, offering new insight into its role in the inflammation-fibrosis-cirrhosis-HCC axis. While, we demonstrated that miR-200a-3p were significantly elevated in the serum of HBV-related HCC patients and exhibited good diagnostic performance in distinguishing HBV-related HCC from other conditions, highlighting its potential as biomarker for the early diagnosis of HBV-related HCC.

In summary, this study utilized qRT-PCR technology to screen for miRNAs specifically expressed in the cohort of HBV disease continuum. Analysis with clinical indicators revealed that differentially expressed miRNAs were associated with liver injury, inflammatory response, fibrosis level, and HCC occurrence. These findings provide valuable references for the study of HBV-related miRNAs and offer potential biomarkers for early prediction of liver inflammation and early-stage progression of end-stage liver disease. However, the roles of these miRNAs (miR-224-5p, miR-200a-3p) in the progression of HBV-related liver diseases remain unclear. Furthermore, the mechanisms by which these miRNAs influence the progression of HBV-related liver diseases require further in-depth investigation.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The studies involving humans were approved by Medical Ethics Committee of Suzhou Fifth People’s Hospital, China. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

MH: Investigation, Software, Validation, Visualization, Writing – original draft, Writing – review & editing. JX: Data curation, Resources, Writing – original draft, Writing – review & editing. XW: Methodology, Writing – original draft, Writing – review & editing. ZH: Visualization, Writing – review & editing. XH: Formal analysis, Writing – review & editing. XZ: Validation, Writing – review & editing. CC: Writing – review & editing. QX: Supervision, Writing – review & editing. YL: Supervision, Writing – review & editing. CZ: Funding acquisition, Project administration, Writing – review & editing. LZ: Funding acquisition, Methodology, Supervision, Writing – review & editing. XY: Funding acquisition, Supervision, Writing – review & editing. JL: Conceptualization, Data curation, Funding acquisition, Methodology, Project administration, Resources, Validation, Writing – review & editing.





Funding

The author(s) declared that financial support was received for this work and/or its publication. Funding: National Natural Science Foundation of China (81902054, 82172252); Jiangsu Provincial Social Development General Project (BE2022734); Ili Kazakh Autonomous Prefecture-Level Projects (YZ2022Y016, yl2021lh04); Suzhou Science and Technology Program (SKY2023221, SYW2024036, SYW2024034); WBE Liver Fibrosis Foundation (CFHPC2025053, CFHPC2026047); Science and Technology Project of the Suzhou Municipal Health Commission (DZXYJ202310).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1671149/full#supplementary-material




References

	 Asandem DA, Segbefia SP, Kusi KA, Bonney JHK. Hepatitis B virus infection: A mini review. Viruses. (2024) 16:724. doi: 10.3390/v16050724


	 Wong GL, Lemoine M. The 2024 updated WHO guidelines for the prevention and management of chronic hepatitis B: Main changes and potential implications for the next major liver society clinical practice guidelines. J Hepatol. (2025) 82:918–25. doi: 10.1016/j.jhep.2024.12.004


	 Khanam A, Chua JV, Kottilil S. Immunopathology of chronic hepatitis B infection: role of innate and adaptive immune response in disease progression. Int J Mol Sci. (2021) 22:5497. doi: 10.3390/ijms22115497


	 Tang Y, Xu M, Wang C, Wu M, Hu L, Li J, et al. Circulating capsid-antibody-complexes (CACs) drive intrahepatic complement deposition and inform subclinical liver inflammation in chronic hepatitis B. Antiviral Res. (2024) 231:106017. doi: 10.1016/j.antiviral.2024.106017


	 Lim SG, Baumert TF, Boni C, Gane E, Levrero M, Lok AS, et al. The scientific basis of combination therapy for chronic hepatitis B functional cure. Nat Rev Gastroenterol Hepatol. (2023) 20:238–53. doi: 10.1038/s41575-022-00724-5


	 Hall S, Howell J, Visvanathan K, Thompson A. The yin and the yang of treatment for chronic hepatitis B-when to start, when to stop nucleos(t)ide analogue therapy. Viruses. (2020) 12:934. doi: 10.3390/v12090934


	 Roehlen N, Crouchet E, Baumert TF. Liver fibrosis: mechanistic concepts and therapeutic perspectives. Cells. (2020) 9:875. doi: 10.3390/cells9040875


	 Neuberger J, Patel J, Caldwell H, Davies S, Hebditch V, Hollywood C, et al. Guidelines on the use of liver biopsy in clinical practice from the British Society of Gastroenterology, the Royal College of Radiologists and the Royal College of Pathology. Gut. (2020) 69:1382–403. doi: 10.1136/gutjnl-2020-321299


	 Zhang C, Li JW, Wu Z, Zhao H, Wang GQ. Significant histologic changes are not rare in treatment-naive hepatitis B patients with normal alanine aminotransferase level: A meta-analysis. J Clin Transl Hepatol. (2021) 9:615–25. doi: 10.14218/JCTH.2020.00136


	 Liu J, Wang J, Yan X, Xue R, Zhan J, Jiang S, et al. Presence of liver inflammation in asian patients with chronic hepatitis B with normal ALT and detectable HBV DNA in absence of liver fibrosis. Hepatol Commun. (2022) 6:855–66. doi: 10.1002/hep4.1859


	 Lee J, Vali Y, Boursier J, Spijker R, Anstee QM, Bossuyt PM, et al. Prognostic accuracy of FIB-4, NAFLD fibrosis score and APRI for NAFLD-related events: A systematic review. Liver Int. (2021) 41:261–70. doi: 10.1111/liv.14669


	 European Association for the Study of the Liver. EASL Clinical Practice Guidelines on non-invasive tests for evaluation of liver disease severity and prognosis - 2021 update. J Hepatol. (2021) 75:659–89. doi: 10.1016/j.jhep.2021.05.025


	 Lin S, Yang X, Yang X, Tang M, Yao X, Ye Y, et al. Monocyte distribution width as a promising biomarker for differential diagnosis of chronic hepatitis, cirrhosis, and hepatocellular carcinoma. Front Immunol. (2024) 15:1406671. doi: 10.3389/fimmu.2024.1406671


	 Lin C, Huang Y, Luo L, Fang F, Zhang J, Xun Z, et al. Adenosine triphosphate in serum as a promising biomarker for differential diagnosis of hepatitis B disease progression. Front Immunol. (2022) 13:927761. doi: 10.3389/fimmu.2022.927761


	 Yang P, Song F, Yang X, Yan X, Huang X, Qiu Z, et al. Exosomal MicroRNA signature acts as an efficient biomarker for non-invasive diagnosis of gallbladder carcinoma. iScience. (2022) 25:104816. doi: 10.1016/j.isci.2022.104816


	 Ho PTB, Clark IM, Le LTT. MicroRNA-based diagnosis and therapy. Int J Mol Sci. (2022) 23:7167. doi: 10.3390/ijms23137167


	 Mori MA, Ludwig RG, Garcia-Martin R, Brandão BB, Kahn CR. Extracellular miRNAs: from biomarkers to mediators of physiology and disease. Cell Metab. (2019) 30:656–73. doi: 10.1016/j.cmet.2019.07.011


	 Wang K, Yuan Y, Cho JH, McClarty S, Baxter D, Galas DJ. Comparing the MicroRNA spectrum between serum and plasma. PloS One. (2012) 7:e41561. doi: 10.1371/journal.pone.0041561


	 Etheridge A, Lee I, Hood L, Galas D, Wang K. Extracellular microRNA: a new source of biomarkers. Mutat Res. (2011) 717:85–90. doi: 10.1016/j.mrfmmm.2011.03.004


	 Li J, Zhang X, Chen L, Zhang Z, Zhang J, Wang W, et al. Circulating miR-210 and miR-22 combined with ALT predict the virological response to interferon-alpha therapy of CHB patients. Sci Rep. (2017) 7:15658. doi: 10.1038/s41598-017-15594-0


	 Lim SY, Boyd SC, Diefenbach RJ, Rizos H. Circulating MicroRNAs: functional biomarkers for melanoma prognosis and treatment. Mol Cancer. (2025) 24:99. doi: 10.1186/s12943-025-02298-7


	 Mishra AK, Hossain MM, Sata TN, Yadav AK, Zadran S, Sah AK, et al. Hepatitis B Virus X Protein Inhibits the Expression of Barrier To Autointegration factor1 via Upregulating miR-203 Expression in Hepatic Cells. Microbiol Spectr. (2023) 11:e0123522. doi: 10.1128/spectrum.01235-22


	 Wang Y, Cao J, Zhang S, Sun L, Nan Y, Yao H, et al. MicroRNA-802 induces hepatitis B virus replication and replication through regulating SMARCE1 expression in hepatocellular carcinoma. Cell Death Dis. (2019) 10:783. doi: 10.1038/s41419-019-1999-x


	 Li C, Wang Y, Wang S, Wu B, Hao J, Fan H, et al. Hepatitis B virus mRNA-mediated miR-122 inhibition upregulates PTTG1-binding protein, which promotes hepatocellular carcinoma tumor growth and cell invasion. J Virol. (2013) 87:2193–205. doi: 10.1128/JVI.02831-12


	 Sartorius K, Makarova J, Sartorius B, An P, Winkler C, Chuturgoon A, et al. The regulatory role of microRNA in hepatitis-B virus-associated hepatocellular carcinoma (HBV-HCC) pathogenesis. Cells. (2019) 8:1504. doi: 10.3390/cells8121504


	 Zhang S, Yu J, Rao K, Cao J, Ma L, Yu Y, et al. Liver-derived extracellular vesicles from patients with hepatitis B virus-related acute-on-chronic liver failure impair hepatic regeneration by inhibiting on FGFR2 signaling via miR-218-5p. Hepatol Int. (2023) 17:833–49. doi: 10.1007/s12072-023-10513-0


	 Tomimaru Y, Eguchi H, Nagano H, Wada H, Kobayashi S, MArubashi S, et al. Circulating microRNA-21 as a novel biomarker for hepatocellular carcinoma. J Hepatol. (2012) 56:167–75. doi: 10.1016/j.jhep.2011.04.026


	 Zhao Y, Jia HL, Zhou HJ, Dong QZ, Fu LY, Yan ZW, et al. Identification of metastasis-related microRNAs of hepatocellular carcinoma in hepatocellular carcinoma cell lines by quantitative real time PCR. Zhonghua Gan Zang Bing Za Zhi. (2009) 17:526–30. doi: 10.3760/cma.j.issn.1007-3418.2009.07.013


	 Jiang J, Gusev Y, Aderca I, Mettler TA, Nagorney DM, Brackett DJ, et al. Association of MicroRNA expression in hepatocellular carcinomas with hepatitis infection, cirrhosis, and patient survival. Clin Cancer Res. (2008) 14:419–27. doi: 10.1158/1078-0432.CCR-07-0523


	 Nakamura M, Kanda T, Jiang X, Haga Y, Takahashi K, Wu S, et al. Serum microRNA-122 and Wisteria floribunda agglutinin-positive Mac-2 binding protein are useful tools for liquid biopsy of the patients with hepatitis B virus and advanced liver fibrosis. PloS One. (2017) 12:e0177302. doi: 10.1371/journal.pone.0177302


	 Wang W, Li J, Zhang X, Wen Y, Wang XY, Yuan Z. A pilot study of microRNAs expression profile in serum and HBsAg particles: predictors of therapeutic vaccine efficacy in chronic hepatitis B patients. Med (Baltimore). (2016) 95:e2511. doi: 10.1097/MD.0000000000002511


	 Li J, Ma X, Xuan Q, Li Q, Wu M, Shi B, et al. Modulation of monocyte activity by hepatocellular MicroRNA delivery through HBsAg particles: Implications for pathobiology of chronic hepatitis B. Hepatology. (2025) 81:990–1005. doi: 10.1097/HEP.0000000000000972


	 European Association for the Study of the Liver. EASL 2017 Clinical Practice Guidelines on the management of hepatitis B virus infection. J Hepatol. (2017) 67:370–98. doi: 10.1016/j.jhep.2017.03.021


	 Chinese Society of Hepatology, Chinese Medical Association. Chinese guidelines on the management of liver cirrhosis. Zhonghua Gan Zang Bing Za Zhi. (2019) 27:846–65. doi: 10.3760/cma.j.issn.1007-3418.2019.11.008


	 Zhou J, Sun H, Wang Z, Cong W, Zeng M, Zhou W, et al. Guidelines for the diagnosis and treatment of primary liver cancer (2022 edition). Liver Cancer. (2023) 12:405–44. doi: 10.1159/000530495


	 Vilstrup H, Amodio P, Bajaj J, Cordoba J, Ferenci P, Mullen KD, et al. Hepatic encephalopathy in chronic liver disease: 2014 Practice Guideline by the American Association for the Study of Liver Diseases and the European Association for the Study of the Liver. Hepatology. (2014) 60:715–35. doi: 10.1002/hep.27210


	 Poynard T, Bedossa P, Opolon P. Natural history of liver fibrosis progression in patients with chronic hepatitis C. The OBSVIRC, METAVIR, CLINIVIR, and DOSVIRC groups. Lancet. (1997) 349:825–32. doi: 10.1016/S0140-6736(96)07642-8


	 Zoulim F, Chen PJ, Dandri M, Kennedy PT, Seeger C. Hepatitis B virus DNA integration: Implications for diagnostics, therapy, and outcome. J Hepatol. (2024) 81:1087–1099. doi: 10.1016/j.jhep.2024.06.037


	 Bixler D, Zhong Y, Ly KN, Moorman AC, Spradling PR, Teshale EH, et al. Mortality among patients with chronic hepatitis B infection: the chronic hepatitis cohort study (CHeCS). Clin Infect Dis. (2019) 68:956–63. doi: 10.1093/cid/ciy598


	 Mohamed R, Ng CJ, Tong WT, Abidin SZ, Wong LP, Low WY. Knowledge, attitudes and practices among people with chronic hepatitis B attending a hepatology clinic in Malaysia: a cross sectional study. BMC Public Health. (2012) 12:601. doi: 10.1186/1471-2458-12-601


	 Lebossé F, Testoni B, Fresquet J, Facchetti F, Galmozzi E, Fournier M, et al. Intrahepatic innate immune response pathways are downregulated in untreated chronic hepatitis B. J Hepatol. (2017) 66:897–909. doi: 10.1016/j.jhep.2016.12.024


	 Protzer U, Maini MK, Knolle PA. Living in the liver: hepatic infections. Nat Rev Immunol. (2012) 12:201–13. doi: 10.1038/nri3169


	 Liang TJ, Block TM, McMahon BJ, Ghany MG, Urban S, Guo JT, et al. Present and future therapies of hepatitis B: From discovery to cure. Hepatology. (2015) 62:1893–908. doi: 10.1002/hep.28025


	 Shih C, Chou SF, Yang CC, Huang JY, Choijilsuren G, Jhou RS. Control and eradication strategies of hepatitis B virus. Trends Microbiol. (2016) 24:739–49. doi: 10.1016/j.tim.2016.05.006


	 Shah N, Nelson JE, Kowdley KV. MicroRNAs in liver disease: bench to bedside. J Clin Exp Hepatol. (2013) 3:231–42. doi: 10.1016/j.jceh.2013.09.001


	 Wei YF, Cui GY, Ye P, Chen JN, Diao HY. MicroRNAs may solve the mystery of chronic hepatitis B virus infection. World J Gastroenterol. (2013) 19:4867–76. doi: 10.3748/wjg.v19.i30.4867


	 Zhang L, Huang L, Liang H, Zhang R, Chen G, Pang Y, et al. Clinical value and potential targets of miR-224-5p in hepatocellular carcinoma validated by a TCGA- and GEO- based study. Int J Clin Exp Pathol. (2017) 10:9970–89


	 Zhao X, Dou J, Cao J, Wang Y, Gao Q, Zeng Q, et al. Uncovering the potential differentially expressed miRNAs as diagnostic biomarkers for hepatocellular carcinoma based on machine learning in The Cancer Genome Atlas database. Oncol Rep. (2020) 43:1771–84. doi: 10.3892/or.2020.7551


	 Li A, Wu N, Sun J. E2F1-induced microRNA-224-5p expression is associated with hepatocellular carcinoma cell migration, invasion and epithelial-mesenchymal transition via MREG. Oncol Lett. (2022) 23:82. doi: 10.3892/ol.2022.13202


	 Iannacone M, Guidotti LG. Immunobiology and pathogenesis of hepatitis B virus infection. Nat Rev Immunol. (2022) 22:19–32. doi: 10.1038/s41577-021-00549-4


	 Li Z, Wang Y, Liu S, Li W, Wang Z, Jia Z, et al. MiR-200a-3p promotes gastric cancer progression by targeting DLC-1. J Mol Histol. (2022) 53:39–49. doi: 10.1007/s10735-021-10037-7


	 Wan P, Chen Z, Huang M, Jiang H, Wu H, Zhong K, et al. miR-200a-3p facilitates bladder cancer cell proliferation by targeting the A20 gene. Transl Androl Urol. (2021) 10:4262–74. doi: 10.21037/tau-21-941


	 Liu M, Liu J, Wang L, Wu H, Zhou C, Zhu H, et al. Association of serum microRNA expression in hepatocellular carcinomas treated with transarterial chemoembolization and patient survival. PloS One. (2014) 9:e109347. doi: 10.1371/journal.pone.0109347







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Han, Xu, Wu, Hu, Hu, Zhu, Chen, Xuan, Li, Zhu, Zhu, Yang and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-16-1671149-g003.jpg
100 1.00-
0.75 - o
z
£ z
F  050- 2 050-
2 g
wn
025+ 025-
— miR-224-5p AUC =0.973 ( 0.940-1.000)
— FIB-4 AUC =0.809 ( 0.716-0.902)
—sARREALIC=0.805/(0.705-0.898) ~— miR.224.5p AUC = 0.906 ( 0.826-0.986)
~— RDW-SD AUC = 0.781 ( 0.682-0.880) — AFRIAUC 0694 (0566-0422)
= RDW:CV.AUC=0.738(0.632-0.843) — FIB4 AUC =0.523 (0.383-0.663)
0.00-" ; - - , 0.00-L : : : ,
0.00 025 0.50 075 1.00 0.00 0.25 0.50 0.75 1.00

1 - Specificity 1 - Specificity





OEBPS/Images/fimmu-16-1671149-g001.jpg
A
I Grop &

1 | miR—18a-5p
G
S
miR-224-5p
I miR-125a-5p
l miR-15a-5
miR-30a-5p

miR-22-3p

miR-638 =5
miR-885-5p

miR-29a-5p

miR-221-3p -10

e HC
e CHB

o Cirrhosis

e HCC

I miR-145-5p
miR-199a-5p
miR-126-3p

i miR-146a-5p
miR-155-5p
let-7a—5p

| miR-10a-5p
i | let-7f-5p
miR-100-5p
miR-122-5p
miR-194-5p
miR-192-5p
miR-99a-5p
miR-125b-5p
miR-200a-3p
miR-939-5p
I miR-148a-3p
miR-29¢-3p
| miR-106b-5p
miR-21-5p

I miR-27a-3p PC1 (417%)

PC3 (16.1%)
(]
PC2 (32.3%)

miR-26a-5p
miR-92a-3p
miR-101-3p





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1671149-g004.jpg
Diffgene Sig Pathway of miR-224-5p

Endocrine and other factor-regulated calcium reabsorption .
ErbB signaling pathway )
—log,o(pvalue)
Nucleocytoplasmic transport [ ] 5
20
Phosphatidylinositol signaling system [ ] 19
18
17
Fad Sphingolipid signaling pathway [ ] 16
s X
£
=
& Signaling pathways regulating pluripotency of stem cells @
count
® 6
Axon guidance [ ]
@3
[ 0
Rapl signaling pathway °
12
Regulation of actin cytoskeleton{ @)
MicroRNAs in cancer | (@)
3 i 5 6
Fold Enrichment
positive regulation of transcription by RNA polymerase I1 [ BN
metanephros development I 5
chromatin organization .
cell migration . 2
negative regulation of transcription by RNA polymerase | .
protein K48-linked deubiquitination 1+
negative regulation of transcription by RNA polymerase 11 .
nervous system development - 4
translational initiation | H
protein K11-linked deubiquitination .

nucleoplasm

nucleus

cytosol

chromatin

synapse

focal adhesion

PML body

cytoplasm

Golgi membrane

histone deacetylase complex
protein binding

RNA binding

identical protein binding
mRNA binding

ATP binding

metal ion binding
chromatin binding

SH3 domain binding
translation initiation factor activity
ATP hydrolysis activity

miR-224-5p
B Biological process
I Cellular component

Y ™ Molccular function

I
U
=
— L
i By
Y
.
I
I 4
15 10 5 0 50 100 150 200
-log,o(pvalue) Gene count





OEBPS/Images/fimmu-16-1671149-g006.jpg
Diffgene Sig Pathway of miR-200a-3p

Ascorbate and aldarate metabolism
Pentose and glucuronate interconversions
Porphyrin metabolism

Retinol metabolism

Steroid hormone biosynthesis

Chronic myeloid leukemia

Pathway

Bile secretion
Chemical carcinogenesis — receptor activation
Cellular senescence

Axon guidance

positive regulation of transcription by RNA polymerase 11
negative regulation of transcription by RNA polymerase I
regulation of transcription by RNA polymerase II
negative regulation of glucuronosyltransferase activity
negative regulation of cellular glucuronidation

negative regulation of fatty acid metabolic process
cellular glucuronidation

positive regulation of DNA-templated transcription
flavone metabolic process

flavonoid glucuronidation

chromatin

nucleus

nucleoplasm

cytosol

cytoplasm

axon

RNA polymerase II transcription regulator complex

glutamatergic synapse

synapse

dendrite

protein binding

DNA-binding transcription factor activity

transcription cis-regulatory region binding

DNA binding

binding transcription factor binding

sequence-specific double-stranded DNA binding

binding transcription activator activity, RNA polymerase II-specific
RNA polymerase II cis-regulatory region sequence-specific DNA binding
chromatin binding

UDP-glycosyltransferase activity

Fold Enrichment

—log;o(pvalue)
5.5
50
A 45
4.0
]
35
@
5]
count
o e 9
() o 2
15
@ o
° ® =
T T T . 21
4 6 8

miR-200a-3p
I Biological process
B8 Cellular component

1 | ™ Molccular function

15

10 5 0 100
-log;o(pvalue)

200 300
Gene count

400





OEBPS/Images/fimmu-16-1671149-g002.jpg
HBV DNA
G
S
HBsAg
miR-15a-5p
miR-22-3p
miR-26a-5p
miR-27a-3p
miR-30a-5p
miR-125a-5p
miR-200a-3p
miR-224-5p & @
miR-939-5p

HBV DNA

G
S

miR-15a-5p
miR-22-3p
miR-26a-5p
miR-27a-3p
miR-30a-5p
miR-125a-5p

HBsAg

0.49

. 045|043 0! 0.55

0.85 0.46 0.84 0.78

0.88 0.75

& e
g
(=3 =
(=3 N
§ g
g o
E E
i
0.48
055
0.60
059
0.49
0.60 (
0.79
0.58
0.64

miR-939-5p

0.72

0.75

0.68

045

08

0.6

04

0.2

-08

Relative expression (22Ct)

Relative expression (22Ct)

w
=

r
=3

=
o

60

miR-224-5p

r=0.55
p=4.1E-10 e

G stage

miR-224-5p

=048
p=6.4E-10

AST(log10)

Relative expression (2-2Ct)

-
>

N w
> =

[
>

>

N
S

I~
S

=0.60
p=15E-12

miR-224-5p

S stage

miR-224-5p

AFP(log10)

.

.

o
%
-
*»
o‘
.
.

Relative expression (2°Ct)

D miR-224-5p

P =
=) S

Relative expression (24Ct)
o
=

ALT(logl0)

G miR-224-5p

60 =-036
p=8.4E-04

HBV-DNA(log10)





OEBPS/Images/fimmu-16-1671149-g005.jpg
1.00 -

0.75+

0.25-

0.00 %

= Combine Model AUC =0.977 ( 0.933-1.000)

— miR-200a-3p AUC = 0.853 ( 0.755-0.950)
== AFP AUC =0.737 ( 0.620-0.854)

0.00

0.25

0.50
1 - Specificity

0.75 1.00

1.00

0.75-

0.50-

Sensitivity

0.25-

0.00-

— Combine Model AUC =0.907 ( 0.849-0.965)
— miR-200a-3p AUC = 0.843 ( 0.761-0.926)
~— AFP AUC = 0.573 ( 0.438-0.708)

0.00 025 0.50 0.75 1.00

1 - Specificity






OEBPS/Images/fimmu.2025.1671149_cover.jpg
& frontiers | Frontiers in Immunology

Identification of serum MicroRNAs
associated with hepatic
immunoinflammatory injury in chronic
hepatitis B: implications for non-invasive
diagnosis





