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Abstract
[bookmark: _Hlk74913975]Background: Hepatocellular carcinoma (HCC) remains a major global health burden, partly due to the lack of physiologically relevant in vitro models that accurately recapitulate early host-virus interactions and immune responses. Human Hepatocyte Line 5 (HHL-5) is an immortalized hepatocyte cell line that retains key liver-specific functions. This study aimed to characterize the phenotypic, genetic, and metabolic features of HHL-5 cells and evaluate their suitability as a non-cancerous hepatic model, in comparison with the HCC cell line HepG2.
[bookmark: OLE_LINK53][bookmark: OLE_LINK54][bookmark: OLE_LINK43][bookmark: OLE_LINK44]Methods and results: Morphological and phenotypic assessment of cells showed smaller cell and nuclear areas and slower proliferation with markedly longer doubling time of HHL-5 cells than HepG2 cells. Genomic analyses using whole-exome sequencing revealed enrichment of immune-related pathways in HHL-5 cells, including antigen processing and presentation, whereas HepG2 cells showed predominance of DNA replication pathways. Metabolomic profiling of cells by nuclear magnetic resonance spectroscopy showed hepatocyte-like oxidative profiles of HHL-5 cells, in contrast to the glycolytic phenotypes of HepG2 cells. Moreover, Western blotting for selected proteins showed reduced expression of oncogenic and stress-response markers, including c-Myc, pSTAT3, pNrf2, and select cytochrome P450 enzymes.
Conclusion: Our findings support HHL-5 cells as a robust non-cancerous in vitro model for investigating liver diseases, viral infection, and early events in hepatocarcinogenesis.
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Introduction 
Hepatocellular carcinoma (HCC) is an aggressive primary liver malignancy with poor clinical prognosis and remains the third leading cause of cancer-related death worldwide [1]. Hepatocarcinogenesis is a complex process driven by both genetic and epigenetic alterations, chronic inflammation, and metabolic reprogramming that collectively contribute to the initiation, promotion, and progression of liver cancer [2]. 
[bookmark: OLE_LINK67][bookmark: OLE_LINK68]Extensive information is available on the altered genomic and metabolomic profiles of HCC tumours [3,4], but early changes leading to initiation of cellular transformation and which liver cells are most susceptible to this process remain poorly investigated. HCC exhibits pleiotropic molecular profiles with diverse clinical outcomes necessitating an urgent need to innovate in vitro experimental models to understand HCC pathophysiology and perform high throughput screening for therapeutic agents. Existing in-vitro models rely on hepatocytes derived from hepatic tumours, which inherently exhibit altered germline variants [5], as well as distinct metabolic [6] and gene expression [7] signatures that support strong cell adhesion and proliferation.
There are only a few established liver cell lines that are capable of expressing viral proteins upon integration of Hepatitis B virus (HBV) or Hepatitis C virus (HCV) DNA into their genomes [8]. Such in-vitro models can be used examine changes in gene expression and cell signalling that are important in tumorigenesis [9]. However, hepatic tumour-derived cell lines have poor predictive ability about carcinogenic transformation and early stages of metabolic and biochemical changes leading to tumour progression [10].
Primary human hepatocytes (PHH) are highly permissive to infection and efficiently support HBV replication. However, PHHs de-differentiate during in-vitro culture, lose hepatic function and HBV infection ability [11]. Researchers have created liver cell lines resembling primary hepatocytes by immortalizing them using viral oncogenes that target the human telomerase reverse transcriptase (hTERT) subunit, enabling studies of viral infection and hepatocyte function [12]. 
The human hepatocyte line 5 (HHL-5) is an immortalized primary hepatocyte-derived cell line generated through transduction with hTERT and human papillomavirus E6E7 [13,14]. Importantly, HHL-5 cells retain phenotypic features of primary hepatocytes and biliary epithelial cells, while exhibiting minimal expression of tumour-associated proteins such as p53 and alpha-fetoprotein (AFP), consistent with a non-tumorigenic profile. They form adherent monolayers, display enhanced binding to HCV-like particles, and respond to interferon-alpha (IFN-α) stimulation with upregulation of major histocompatibility complex (MHC) molecules [15], indicating preserved immune signalling capabilities. Their sensitivity to anticancer agents [16] and lack of cytotoxicity following silicon nanoparticle exposure [17] further support the suitability of HHL-5 cells for immunological and drug-delivery studies.
In the present study, we performed further characterization of HHL-5 cells focussing on morphology, growth characteristics, germline variants, metabolite profiles, and cell marker expression to evaluate their suitability as a hepatocyte model for viral infection and HCC research. Comparative analyses between HHL-5 and HepG2 cell lines were conducted via whole-exome sequencing, metabolomics, immunofluorescence, high-content analysis, and functional assays. Results highlight non-tumorigenic, immune-competent nature of HHL-5 and support its utility as a physiologically relevant in-vitro model for studying hepatic immunity, virus-host interactions, and inflammation-driven mechanisms underlying HCC.

Material and Methods 
Cell line and reagents 
The human hepatocyte line HHL-5 was kindly supplied by Professor Arvind Patel, Centre for Virus Research, School of Infection and Immunity, University of Glasgow, UK. Cells were maintained in low glucose Dulbecco’s Modified Eagle Medium (DMEM) and 10% fetal bovine serum (FBS) (Gibco, US). Human hepatocyte carcinoma line (HepG2) was purchased from the American Type Culture Collection (ATCC) and maintained in high glucose DMEM with 10% FBS (Gibco, US). Cells were cultured at 37°C and 5% carbon dioxide in a humified cell culture incubator (Nuaire, US). 
High content analysis 
HHL-5 and HepG2 cells were seeded at 0.2 × 104 cells/well in 96-well plates, cultured for 24 h, and fixed with 4% paraformaldehyde (in pre-warmed PBS) for 15 min followed by 0.03% Triton-X permeabilization for 15 min. Cells were stained for filamentous actin (F-actin), microtubules, and nuclei using Phalloidin-TRITC, AlexaFluor® 488 conjugated anti-α-tubulin (Sigma Aldrich, US), and Hoechst (Sigma Aldrich, US), respectively. Plates were scanned (4 randomly selected fields per well at 20× magnification) using an automated IN Cell Analyzer 2200 Imaging System (GE Healthcare, US). Images were automatically analyzed by IN Cell Investigator software (Version 1.6) using the multitarget analysis bio-application module (GE Healthcare, US). 
MTS-based cell proliferation assay
Cell proliferation was determined using the CellTiter 96® Aqueous Non-radioactive Cell Proliferation Assay (Promega, US) according to the manufacturer’s protocols. A total of 0.2 × 104 cells/well were seeded in 96-well culture plates (Nunc, US) for 0, 8, 24 or 48 h followed by 2 h incubation with MTS solution. Absorbance was measured at 490 nm with the Gen5™ Microplate Reader (BioTek, US). 
Real time monitoring of cell proliferation 
HHL-5 and HepG2 were seeded at 0.2 × 104 cells per well into an E-plate 16 (ACEA Biosciences, San Diego, CA) containing 100 µL medium per well and monitored in real time using the xCELLigence instrument (Agilent). Cells were pre-treated with nocodazole as toxicity control and were incubated at 37°C in a 5% CO2 incubator. Cell growth was quantified as baseline “Cell Index”.  RTCA software v. 1.2.1 was used to automatically calculate doubling times of both cell lines. Experiments were performed in triplicates and repeated at least 3 times.
GSH/GSSG-Glo assay 
HHL-5 and HepG2 cells were seeded into collagen-coated white opaque 96-well plates at density of 1x104 cells/well. The total amounts of combined Glutathione (GSH) and oxidized GSH (GSSG) were measured following the manufacturer's instruction. Luminescence was measured using Cytation 3 image reader instrument with Gen5 microplate reader imager software. GSH/GSSG ratio was calculated as [(net total glutathione RLU – net GSSG RLU)/(net GSSG RLU)] × 2, where RLU is relative light units (RLU). Experiments were performed in triplicates and repeated at least 3 times.
Whole-exome capture and sequencing 
Exome capture was performed using Agilent’s SureSelect Human All Exon V6 (58) Kit according to the manufacturer’s instructions (Agilent, Santa Clara, CA). Products were purified with AMPure XP system (Beckman Coulter, Beverly, US) and quantified using the Agilent high sensitivity DNA assay on the Agilent Bioanalyzer 2100 system. Sequencing was performed on HiSeq 2500 (Illumina, San Diego, CA), in 150 bp paired-end sequencing (PE150). NovaSeq 6000 software were used for raw data processing and fastq file generation. 
Whole-exome sequencing (WES) data analysis 
WES paired-end reads(.fastq) were passed through quality control using FastQC [18]. Reads with TruSeq adaptor sequences, uncertain nucleotides (> 10%) and paired reads when single reads have more than 50 % low-quality (<5) nucleotides were removed using Trimmomatic [19]. Paired end reads were mapped to NCBI human reference genome GRCh38 using Burrows–Wheeler Aligner (BWA) software [20]. Picard tool in Genome Analysis Toolkit (GATK) suite [21] marked duplicates and GATK best practice variants called using HaplotypeCaller. The output variant call files (vcf) were Hard filtered using the VariantFilteration tool. The bcftools was used to filter vcf files based on FILTER="PASS" && %QUAL>50 && GQ>20. Where QUAL is probability that the site has no variant and GQ, probability that the call is incorrect. Finally, variants were annotated using annovar [22] and analysed using vcfshiny tool [23]. Variants were prioritised by filtering based on pathogenicity scores, SIFT and POLYPHEN [24,25]. Variants located in exons were extracted and genes were used for enrichment analysis using EnrichR [26]. Normal human liver exome data was downloaded from the European nucleotide archive project PRJNA207681 [27]. A total of 3 normal human liver exome fastq files (SRR893106, SRR894448, SRR894453) were processed and variants detected as mentioned above.   
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Metabolic profiling using NMR
Cells were harvested and then subjected to methanol and water extraction (2:1) using tissue lyser. The supernatant collected was dried using Spin-Vac and dried extracts were reconstituted in 600 μL 0.1 M phosphate buffer (pH=7.4, K2HPO4/NaH2PO4=4:1, 0.005% TSP-d4, 100% D2O) and then centrifuged 10 min at 16000×g and 4°C; a total of 550 μL of supernatant was transferred into a 5 mm NMR tube for further NMR analysis. Proton (1H) NMR spectra of cell extracts were recorded by III HD 600 MHz Ascend NMR spectrometer (Bruker), equipped with 5mm BBI 600 MHz Z-Gradient high-resolution probe. The one-dimensional (1D) NMR spectra were acquired at 298 K with the first increment of NOESY pulse sequence. A pre-saturation method was used to suppress the water signal during recycle delay (2 s) and mixing time (100 ms). For each sample, the spectral width was 20 ppm and 32 transients were collected into 32 k data points. NMR spectral peak assignment was performed based on previously reported protocols [28].
NMR spectral processing and multivariate data analysis
The free induction decay (FID) of NMR spectra were Fourier transformation (FT) and the derived NMR spectra were phased, and baseline corrected manually on Topspin 3.6.2 (Bruker Biospin, Karlsruhe, Germany). The calibration of spectra was referenced to the TSP peak with chemical shift of δ 0.00 by Topspin 3.0. NMR spectral region of δ 0.5-9.5 was integrated into 0.002 ppm wide buckets by AMIX package (Bruker Biospin, Karlsruhe, Germany). The region δ 4.55-4.75 was excluded to avoid the disturbance of the remaining water signal. Total intensity normalization was applied prior to multivariate data analysis. Multivariate data analysis was performed by SIMCA 16.0 software (Umetrics, Sweden). Normalized data sets were analyzed by Orthogonal Projection to Latent Structure Discriminant analysis (O-PLS-DA) with unit variance (UV) scaling. The model was cross-validated by CV-ANOVA method (p=0.0015<0.05) and permutation test. The back-transformed and plotted with color-coded correlation coefficients (|r|) using an in-house developed script written in MATLAB 7.1 (the MathWorks, USA) with the red color indicating statistical significance, while the blue color no significance. The cutoff value derived from a 95% confidence limit for each model changes according to the number of samples (n) in the groups, here the cutoff value |r| is 0.523.
Protein isolation and detection 
Whole cell lysates were prepared in cell lysis buffer and quantitated using Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad, US). A total of 30 ug protein was separated on sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes (Bio-Rad, US). The membranes were blocked with 5% BSA and then incubated overnight at 4°C with primary antibodies (Supplementary Table 1). Post-incubation, membranes were washed in 1x TBS-T washing buffer, then incubated in an appropriate secondary antibody for 1 h at room temperature. Blots were developed using the WesternBright™ ECL detection kit (Advansta, US) and imaged by ChemiDoc™ MP Imaging System using Image Lab™ Software (Bio-Rad, US). Densitometry analysis of the Western blots was performed using ImageJ software. For Nrf2 and antioxidant enzymes, Odyssey system was applied according to the manufacturer's instructions.	
Statistical analysis 
Statistical analysis was performed with GraphPad Prism 9 software. Data was evaluated for normality and Grubbs outlier analysis. The results are presented as means ± standard deviations (SD), and the student’s t-test was used to compare the means of independent samples. For cell morphometry analysis nonparametric Mann Whitney U test was performed.  p values of <0.05 were considered statistically significant.

Results 
HHL-5 cells exhibit slower cell growth than HepG2 cells
Cell morphology and function are closely related characteristics. Monitoring of cell morphology helps to distinguish between normal and transformed (e.g., cancer-like) cells. Phase-contrast images of confluent monolayers of HHL-5 and HepG2 cells show the presence of typical bile canaliculi-like structures and cell polarization (Fig. 1A). To quantitatively evaluate cellular morphologies, we performed immunofluorescence staining of cytoskeletal proteins (F-actin and α-tubulin) and nuclei (DAPI), and cells were imaged using an automated microscope (Fig. 1B). Quantitative cell-based high content analysis revealed that HHL-5 cells have a significantly smaller overall cell area and nuclear area compared to HepG2 cells (Fig. 1C, D). Cell proliferation analysis using MTS-based assays over 24 h showed slower growth kinetics of HHL-5 cells than HepG2 (Fig. 1E). The observed reduced growth kinetics of HHL-5 cells, compared to HepG2 cells, was further verified using impedance-based monitoring of cell growth in real-time over 96 h (Fig. 1F). Notably, both cell lines showed sensitivity to the microtubule-depolymerizing agent nocodazole (Fig. 1F). HHL-5 cells exhibited significantly longer doubling time of 53.68 ± 14.43 hours than HepG2 cells that was 18.75 ± 2.07 hours (Fig. 1G). Together, these findings demonstrate that HHL-5 cells differ markedly from HepG2 in both morphologies and growth characteristics.
[image: ]
Fig. 1 HHL-5 cells exhibit slower cell growth than HepG2. (A) Phase-contrast images (20X magnification) of HHL-5 and HepG2 cells. (B) Immunofluorescence 20X image of HHL-5 and HepG2 cells stained for nucleus (blue), F-actin (orange), α-tubulin (green) and merged. Randomly selected fields/well were imaged using an INCell Analyzer™ 2200 automated microscope. (C) Cell area and (D) nuclear area were automatically quantified using IN Cell Investigator software v1.6. (E) Trendline plot showing MTS-based proliferation of HHL-5 and HepG2 cells at 0, 8, 24, and 48 h time points. (F) Cell growth profiles generated for HHL-5 and HepG2 cells for up to 96 h using the xCELLigence Real-Time Cell Analyzer based on electrical impedance measurements and plotted as baseline “Cell index”. (G) Bar plot illustrating doubling time in h for HHL-5 and HepG2 cells. Data (mean ± SD) represent at least three biological replicates. *p<0.05; **p<0.01; ****p<0.0001.

Exonic Single Nucleotide Variant (SNV) profiling of HHL-5 cells
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]We analysed exonic SNV counts obtained from HepG2 and HHL5 cell lines in comparison to that of human primary liver tissues (Fig. 2A). While 813 pathogenic SNVs were found to be common among the three groups, Both HepG2 and HHL5 cells exhibited unique pathogenic SNVs (Fig. 2B). Gene Ontology (GO) analysis identified specific biological processes associated with the three cell types. In HepG2 cells, terms like “protein homo-oligomerization” and “DNA-template replication fidelity” were enriched, while HHL-5 cells showed enrichment in immune-related processes such as “antigen processing via MHC class Ib” and “leukocyte adhesion” (Fig. 2C). SNVs from normal liver tissues displayed enrichment in developmental processes, including “cilium organization” and “intercellular transport” (Fig. 2C), highlighting functional specificity of variants. KEGG pathway analysis revealed that SNVs in HepG2 cells were associated with genes involved in olfactory transduction, HIV-1 infection, butanoate metabolism, the Fanconi anemia pathway, and cell cycle regulation. In HHL-5 cells, enriched pathways included viral myocarditis, antigen processing and presentation, allograft rejection, and ABC transporters. Normal liver tissue variants were linked to folate and retinol metabolism, N-glycan biosynthesis, African trypanosomiasis, and antifolate resistance (Fig. 2D).
[image: ]
Fig. 2 Characterization of exonic and pathogenic SNVs across HepG2, HHL-5, and normal liver tissues.  (A) Bar plot showing mean exonic variant counts (± SD) for HepG2 cells, HHL-5 cells, and normal liver tissues. (B) Venn diagram showing the overlap of pathogenic SNVs across HepG2, HHL-5, and normal liver tissue groups. (C) Top 5 significantly enriched GO biological processes (p < 0.05) in each of the three groups based on pathogenic variants. (D) Top 5 significantly enriched KEGG pathways (p < 0.05). Dot sizes indicate gene ratio, and the colour gradient reflects p-values.
Insertion Deletion (INDEL) Variant profile 
[bookmark: OLE_LINK14][bookmark: OLE_LINK15]Analysis of insertion and deletion variants showed that HepG2 (mean ≈ 520) and HHL5 cells (mean ≈ 500) contain a greater number of INDELs compared to the liver tissue (mean ≈ 300) (Fig. 3A). Functional categorisation of indels showed high non-frameshift deletions across all the three cell types among the three indel categories while cultured cells, HepG2 and HHL-5 lines, showed higher overall variants compared to that in normal liver tissues (Fig. 3B).  Each cell types showed several unique variants, out of which 63 variants were shared among all the three groups (Fig. 3C). GO analysis revealed distinct functional signatures across the three cell types: ‘heterotypic cell-cell adhesion’ in HepG2, ‘antigen processing and presentation’ in HHL-5, while ‘negative regulation of phagocytosis’ and ‘mismatch repair’ in the liver tissues (Fig. 3D). KEGG terms enriched in HepG2 and HHL-5 showed immune related pathways, including “graft versus host disease”, “autoimmune thyroid disease”, “allograft rejection”, and “type-1 diabetes mellitus”. Liver and HepG2 showed enriched KEGG term, “olfactory transduction” (Fig. 3E). Collectively, these results show distinct mutational and functional landscape of INDELs across liver-derived cell lines and primary liver tissues, reflecting both shared and divergent genetic landscape. 
[image: ]

Fig. 3 Comparative analysis of exonic INDEL variants across HepG2, HHL-5, and normal liver tissues. (A) Bar graph showing the mean exonic INDEL count (± SD) detected in HepG2, HHL-5, and the normal liver tissue samples. (B) Functional categorization of INDELs into frameshift and non-frameshift insertions and deletions across the three sample groups. (C) Venn diagram depicting the overlap of frameshift INDEL variants among HepG2, HHL-5, and liver samples. (D) Bubble plot showing the top 5 enriched GO biological processes (p < 0.05) for each of the three sample groups. (E) Bubble plot showing the top 5 significantly enriched KEGG pathways (p < 0.05) for each of the three samples. Dot sizes indicate gene ratio, and the colour gradient reflects p-values.
Hepatocyte function markers in HepG2 and HHL-5 cell line.
[bookmark: OLE_LINK27][bookmark: OLE_LINK28]It has previously been shown that HHL-5 cells express albumin and Cytochrome P450 (CYP450) proteins at levels comparable to Huh-7 and HepG2 cells [13]. Here, we specifically measured the expression of cancer proliferative marker proteins c-Myc, signal transducer and activator of transcription 3 (STAT3) and its phosphorylated active form (pSTAT3) in HHL-5 cells compared to HepG2. Western blot analysis revealed significantly lower expression levels of c-Myc (Fig. 4A) and pSTAT3 (Fig. 4B) in HHL-5 compared to HepG2 cells. Moreover, HHL-5 cells showed significantly reduced expression of the CYPP450 family protein CYP2A7 compared to HepG2, while we could not detect CYP1A2 in HHL-5 cells (Fig. 4C). 
Nuclear factor E2-related factor 2 (Nrf2) is abundantly expressed in cancer and is considered an important prognostic marker that promotes proliferation and metastasis in HCC [29]. HHL-5 cells were found to express significantly reduced amounts of an active phosphorylated form on Nrf2 (pNrf2) compared to HepG2 (Fig. 4D). This result was consistent with significantly low levels of pNrf2-regulated proteins, including Catalase (CAT), Uridine Diphosphate Glucuronosyltransferase 1A1 (UGT1A1), NAD(P)H Quinone Oxidoreductase 1 (NQO1), Glutamyl Cysteine Synthetase (GCS), Glutathione S-Transferase Alpha 1 (GSTA1), and Heme Oxygenase-1 (HO-1) in HHL-5 cells (Supplementary Fig. 1). Additionally, significantly lower amounts of both reduced Glutathione (GSH), and oxidised Glutathione (GSSG) as well as GSH/GSSG ratio were recorded in HHL-5 compared to HepG2 cells (Fig. 4E-G).
[image: ]
Fig. 4 Expression of hepatocyte protein markers in HHL-5 cells compared to HepG2. Western blot images showing expression levels of (A) c-Myc (B) pSTAT3/STAT3 (C) CYP2A7, CYP1A2, and (D) pNrf2/Nrf2 proteins in HHL-5 cells compared to HepG2 cells. Proteins from 3 independent samples are shown (samples 1, 2, and 3 are from HepG2 and 4, 5, and 6 are from HHL-5 cell lysates). Blots were re-probed for either GAPDH or β-actin for loading control. Relative densitometry values of protein bands are presented as bar graphs below the blots. The amounts (relative light units, RLU) of (E) GSH, (F) oxidized GSSG, and (G) GSH/GSSG ratio were determined using luminescence-based assays. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
HHL-5 cells exhibit distinct metabolic signatures
[bookmark: OLE_LINK20][bookmark: OLE_LINK21]Multivariate statistical analysis of the 1H-NMR spectra revealed distinct metabolic profiles of HHL5 cells compared to HepG2. In the Partial least squares discriminant analysis (PLS-DA) score plot (Fig. 5A), clear separation of the two cell types was observed, indicating marked differences in their metabolite compositions. The robustness and reliability of the model were confirmed by permutation testing (Fig. 5B), yielding a high predictive value (Q² = 0.895) and excellent model fit (R² = 0.988) (Fig. 5B). Spectral decomposition of the aromatic and ribose region (Fig. 5C) in HHL-5 samples illustrate elevated levels of key metabolites involved in redox regulation, energy metabolism, and biosynthesis. Increased NAD and its derivative 1-methylnicotinamide (1-meNAM) indicate enhanced mitochondrial respiration and NAD⁺ turnover. Higher levels of ADP reflect elevated ATP utilization and energy demand. Additionally, enrichment of UDP-GalNAc and uridine suggests active glycosylation and RNA metabolic processes, supporting a biosynthetically active phenotype. In contrast, HepG2 cells showed increased levels of uracil, indicating enhanced nucleotide degradation and RNA turnover. Elevated aromatic amino acids such as tyrosine and phenylalanine suggest higher protein turnover or altered amino acid metabolism, reflecting a more catabolic or stress-associated metabolic state. (Fig. 5C). 
The aliphatic region of the 1H-NMR difference spectrum (Fig. 5D) further revealed distinct metabolic profiles of HHL-5 cells compared to HepG2 cells. Only glutamate exhibited a positive peak (+0.02), indicating it is elevated in HHL-5 and suggests greater engagement in TCA cycle activity and amino acid metabolism. In contrast, a series of metabolites showed negative peaks, indicating they are elevated in HepG2. These included lactate, creatine, GSSG, Glycerophosphocholine (GPC), aspartate, citrate, and the branched-chain amino acids (valine, leucine, isoleucine). This pattern reflects a metabolic state in HepG2, characterized by increased aerobic glycolysis, ATP buffering via creatine, membrane turnover, and amino acid catabolism. Together, these results indicate that HepG2 cells rely more heavily on glycolytic energy production, redox stress adaptation, and amino acid turnover, whereas HHL-5 cells exhibit relatively higher glutamate-linked mitochondrial activity.
[image: ]
Fig. 5 Partial least squares discriminant analysis (PLS-DA) and 1H-NMR spectral comparisons between HepG2 and HHL5 cells. (A) Score plot showing clear separation of HepG2 (green) and HHL-5 (blue) metabolite profiles, indicating distinct metabolic states. (B) Validation plot from permutation testing (n=200), demonstrating model robustness. R2 is the explained variance and Q2 is the predictive ability of the model. Loading plots showing differential metabolite contributions in (C) aromatic/ribose (D) and aliphatic regions. Peaks in the positive and negative directions indicate increased and decreased metabolites, respectively, in the HHL-5 samples. Colour gradient represents variable importance projection (VIP) scores. ADP, adenosine diphosphate; Asp, aspartate; Gly, glycine; GPC, glycerophosphocholine; GSSG, glutathione oxidized; isoLeu, iso-leucine; Lac, lactate; Leu, leucine; meNAM, N-methyl nicotinamide; NAD, nicotinamide adenine dinucleotide; Phe, phenylalanine; Tyr, tyrosine; UDP-GalNAc, uridine diphosphate-N-acetylgalactosamine; Val, valine.

Discussion  
[bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: OLE_LINK31][bookmark: OLE_LINK32][bookmark: OLE_LINK33][bookmark: OLE_LINK34]In this study, we characterized the HHL-5 cell line to support its utility as primary immortalized hepatic cells to study liver pathology. We examined HHL-5 morphologies, growth characteristics, variant and metabolite profiles, along with the expression of markers related to proliferation, xenobiotic biotransformation, and oxidative stress. 
Genetic variants serve as critical indicators of a cell’s molecular function, offering valuable insights about its signalling and immune pathways. Germ line variants identified in HHL-5 and HepG2 cells compared to primary human liver tissues revealed distinct landscapes, reflecting their biological contexts. Both hepatic cell lines exhibited a higher overall variant burden than primary liver tissues, consistent with genomic instability in immortalized models [30]. HHL-5 cells uniquely demonstrated enrichment in immune-related pathways, including antigen processing and presentation as well as interferon signalling. These immune-relevant variant signatures are absent in HepG2 cells, which exhibited instead enriched pathways associated with DNA replication and the Fanconi anemia pathway, aligning with their tumorigenic and highly proliferative nature. Of note, the SNV and INDEL profiles of primary liver tissue were included as a reference in the current study to illustrate differences rather than to directly overlay HHL-5 variants. The analyses were designed primarily to characterize each cell type individually, emphasizing their unique features, that emphasised “hepatocyte-like” characteristics of HHL-5 cells while also exhibiting a distinct immune-related landscape with antigen processing and presentation potential. Primary liver tissues showed a comparatively lower burden of variants but was enriched in developmental and xenobiotic metabolism pathways [31], highlighting their intact physiological complexity. Notably, the immune-enriched variant profiles in HHL-5 cells correspond with their expression of antiviral components, such as MHC molecules and toll-like receptors [13,14]. In contrast HepG2 cells lack robust intrinsic immune functionality due to downregulation of innate immune sensors and impaired interferon signalling making HepG2 less capable of mounting effective intrinsic antiviral responses compared to primary hepatocytes [32]. While healthy hepatocytes are not professional antigen presenting cells (APCs), they can present antigens, especially during liver inflammation (e.g., hepatitis) by upregulating MHC-II to activate CD4+ helper T-cells. 
[bookmark: OLE_LINK35][bookmark: OLE_LINK36]Metabolites reflect the dynamic biochemical state of a cell, providing key insights into cellular metabolic and immune functions, and are essential for evaluating the suitability of a model system to study liver-specific viral infections. HHL-5 cells display metabolite profiles more closure to primary hepatocytes than HepG2, marked by elevated 1-methylnicotinamide, ADP and UDP-GalNAc, metabolites linked to mitochondrial respiration, redox balance and glycosylation, which are hallmarks of functional oxidative metabolism in hepatocytes [33-35]. Elevated glutamate in HHL-5 indicates enhanced TCA cycle activity and oxidative phosphorylation, further highlighting its bioenergetic profile as more reflective of primary liver tissue [36]. In contrast, HepG2 cells display cancer-associated metabolic reprogramming, with increased levels of lactate, GSSG, creatine, GPC, and branched-chain amino acids (BCAAs). Elevated lactate reflects a shift toward glycolysis, typical of the Warburg effect in cancer cells and is linked to immune suppression and tumour progression [37,38]. High GSSG levels indicate oxidative stress and a heightened antioxidant response, while increased creatine supports elevated energy demands [39,40]. Elevated GPC is associated with membrane turnover and phospholipid remodelling, a hallmark of malignancy, and increased BCAAs have been implicated in cancer metabolism and are consistently observed in HCC [41-43], including HepG2 [44]. Together, these findings reinforce that HHL-5 retains oxidative, mitochondrial-based energy metabolism with minimal signs of metabolic transformation, thereby preserving key aspects of normal hepatocyte function. Importantly, given HHL-5 cells’ immunocompetent genomic profiles and bioenergetic similarity to primary hepatocytes, they provide a robust in vitro platform for studying immunometabolism of liver diseases, viral infection and inflammation-associated hepatocarcinogenesis under physiologically relevant conditions.
Protein markers for proliferation, cytochrome enzymes, and oxidation are essential for evaluating hepatocyte cell line suitability as models for liver function and disease research [45,46]. Comparisons of HHL-5 cells with other cell lines, including Huh-7 and primary hepatocyte lines HHL-7 and HHL-16 in terms of phenotypes and expression of key hepatocyte markers have been reported earlier [13,14]. Studies have shown that HHL-5 cells retain key hepatocyte-like properties, including non-tumorigenicity, matrix-dependent morphology, contact inhibition, albumin secretion, CYP450 expression and CK7 retention, distinguishing it from HCC lines, such as HepG2 and Huh-7 [13]. Notably, HHL-5 cells express both the parenchymal markers CK8 and CK18, as well as the non-parenchymal biliary epithelium markers CK7 and CK19 [13]. CK7 is expressed in the bile duct epithelium in the healthy liver while CK19 expression ceases in liver cells at an early embryonic stage and is retained in bile duct cells only [47]. HHL-5 cells also express the hepatocyte marker albumin [13,14]. These suggest that HHL-5 cells can function as both hepatocyte-like and biliary epithelial-like under normal culture conditions. In contrast, HepG2 cells do not express the non-parenchymal biliary epithelium marker CK7 [13,14]. Moreover, HHL-5 has been shown to express the mature hepatocyte protein marker albumin but lack the hepatocytic malignancy marker AFP, which is in contrast with the well-differentiated HCC line HepG2 [13]. The expression profiles of these protein markers further indicate that HHL-5 cells do not exhibit transformed malignant phenotypes but retain at least some of the phenotypes relevant for primary hepatocytes. It has also been shown that HHL-5 cells maintain monolayer in collagen sandwich-based 3D culture as well as in air-liquid interface. Furthermore, HHL-5 cells contain active gap junctions and respond to IFN-α stimulation. It would be interesting to see whether HHL-5 cells express bile salt export pumps (BSEPs) and multidrug resistance (MDR) proteins, relevant for studies requiring testing of bile salt transport. Future studies should also check whether HHL-5 cells express hepatocyte nuclear factor 4 alpha (HNF4-α), the liver metabolism enzyme aldolase B, and β-catenin/Wnt signaling pathway proteins, which are important in studies related to liver health and development, hepatocarcinogenesis, and HBV-related liver diseases.
In general, pluripotent stem cell-derived hepatocyte-like cells and hepatoma cells exhibit poor drug biotransformation capacity. In this context, HHL-5 cells have been found to exhibit key xenobiotic-metabolizing features and previous studies have demonstrated the utility of this cell line in many toxicological assessments. For example, this HHL-5 cells have been used to test sulforaphane toxicity [16], resistance to H₂O₂, and preserved viability upon ammonium chloride [48] as well as poly-acrylic acid functionalized silicon nanoparticles [17]. These findings support the broader applicability of HHL-5 in pharmaco-toxicology studies of compounds including paracetamol or acetaminophen. 
The human liver progenitor stem cell line HepaRG is bipotent and can be differentiated towards either hepatocyte-like or biliary-like depending on various culture conditions such as treatment with dimethyl sulfoxide, or culturing in Matrigel or collagen-I under flow. In the present study, our focus was on metabolic and genomic characterization, and we showed expression profiles of several proteins, including c-Myc, STAT3, CYP2A7, CYP1A2 and cytoplasmic Nrf2 as well as phosphorylated active pNrf2, compared to HepG2. Additionally, HHL-5 cells showed low or absent expression of xenobiotic metabolism enzymes like CYP2A7 and CYP1A2, indicating a preserved inducibility of these pathways and tighter regulatory control [49], which contrasts with the dysregulated enzyme expression often seen in HCC. Importantly, HHL-5 also demonstrates diminished oxidative stress response signalling regulated by Nrf2, including reduced expression of CAT, NQO1, HO-1, and GSTA1, along with a lower GSH/GSSG ratio, hallmarks of primary hepatocytes that are more susceptible to oxidative insults than cancer cells [50]. These collective features highlight the functional alignment of HHL-5 with non-malignant liver tissues.
Conclusion
In conclusion, the protein expression profiles of HHL-5 cells support their utility as a physiologically relevant, non-tumorigenic hepatocyte model suitable for studying HCC development. Moreover, HHL-5 cells exhibit distinct variant and metabolic profiles showing hepatocyte-like functions and immune responsiveness. Unlike the transformed hepatoma line HepG2, HHL-5 cells can serve as a physiologically relevant model, making HHL-5 a valuable resource for studying HBV-host immune interactions and advancing therapeutic strategies against viral-mediated HCC development. Future studies to perform more detailed characterization of protein expression profiles of HHL-5 compared to other available cell lines such Huh7, BC2, HepaRG and THLE-2 as well as primary hepatocytes are needed to further establish the utility of HHL-5 cells for various applications in relevant experimental models.
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