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ABSTRACTABSTRACT
Hepatitis B and C remain significant causes of cirrhosis and hepatocellular carcinoma, especially in the Middle East, 
where HBV genotype D and HCV genotype 4 are predominant. Despite the expansion of vaccination programs 
and new direct-acting antivirals, many patients still progress to advanced liver disease due to complex host–virus 
interactions involving genetic, epigenetic, and immune system balance. This study compiles recent research on 
viral genotypes, host immunogenetic polymorphisms, and multi-omics advances to capture long-term profiles 
of liver injury. Key viral factors include the pathogenic roles of DNA integration and immune-escape mutations in 
HBV, as well as NS5A resistance variants in HCV. Host factors involve HLA allele diversity, interferon-lambda and 
cytokine gene polymorphisms, and immune checkpoint regulation. Multi-omics technologies, analyzing genomics, 
transcriptomics, proteomics, metabolomics, and immunomics, are shaping the era of precision hepatology by 
enabling detailed molecular profiling of tissues and responses to fibrosis stages. To maximize the benefits of 
precision hepatology in the Middle Eastern population, integrating with national genomic databases and linking 
to multi-omics data is crucial for identifying population-specific biomarkers. Additionally, translating detection into 
treatment through local biorepositories and omics collaboration is essential to improve national models, support 
Saudi Vision 2030, and achieve global hepatitis elimination goals.
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globally and is accountable for an estimated 290,000 
fatalities annually.2 Despite advances in antiviral 
therapy and vaccination, progression from chronic 
infection to liver cirrhosis or HCC has not been fully 
described. Virology, host genetics, hepatocellular 
immunology, and liver microarchitecture may still 
be better understood to influence this process. 
Both HBV and HCV have distinctive epidemiologic 
and molecular characteristics in the Middle East, 
particularly in Saudi Arabia and its surroundings. 
HBV prevalence in the Middle East has historically 
ranged from 2 to 8 percent. 3 It has been primarily 
associated with genotype D. The Middle East’s en-
demicity, along with other regional cofactors such as 
metabolic syndrome, obesity, and the prevalence of 
type 2 diabetes, may have an effect by instigating 
the progression to liver fibrosis and HCC.4 However, 
advocacy studies integrating host immunological 
aspects of viral genomics in Middle Eastern traditions 

1. INTRODUCTION1. INTRODUCTION
Infection with the hepatitis B virus (HBV) and the 
hepatitis C virus HCV) is the most common cause 
of chronic infection globally. Infections due to HBV 
resulted in over 250 million people developing 
the disease worldwide. Approximately one million 
deaths per year are due to HBV-related liver illness.1 
Like HBV, HCV infects more than 58 million people 
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remain limited.
The clinical continuum from chronic infection to 
cirrhosis and HCC is a complex and multifactorial 
phenomenon influenced by viral and host factors. 
The viral determinants include genotype, viral load, 
quasispecies diversity, integration of viral DNA into 
host genomes, and epigenetic modifications. In the 
context of HBV, viral replication and host immune 
dynamics determine whether the infection clears 
or persists, whereas in the latter, immune-mediated 
inflammation and viral integration events can unleash 
cascades of carcinogenic pathways. In HCV, despite 
the revolutionizing direct-acting antiviral treatment, 
residual immune dysfunction and genetic predilec-
tions are the drivers of progression in a small subset 
of patients. The technological evolution over the 
past few decades in high-throughput sequencing, 
single-cell transcriptomics, and systems immunology 
is reimagining these scenarios. Multi-omics studies 
highlight intrahepatic immune heterogeneity, epi-
genetic dysregulation, and dysregulated cytokine 
signaling that foster fibrogenesis and hepatocar-
cinogenesis. However, the use of clan informatics 
in clinical precision hepatology remains limited in 
resource-poor academic settings. The catchphrase 
“Precision hepatology” challenges the traditional 
“one-size-fits-all” approach to antiviral treatments 
and risk assessment, emphasizing biomarker-guided 
surveillance and tailored actions based on patients’ 
viral, genomic, and immunologic fingerprints.5 This is 
especially significant in Middle Eastern populations, 
with their unique prevalence patterns, epigenetic 
influences, and environmental factors. However, the 
lack of globally representative genomic collections 
and immunologic profiling creates gaps in this com-
prehensive view.
There is an urgent unmet need for translational re-
search integrating viral genomics with host immune 
signatures in the region. Specifically, HLA polymor-
phisms, interferon-lambda genotypes, cytokine 
gene variants, and checkpoint-molecule expression 
have not been studied for their roles in determining 
progression to cirrhosis or HCC in Saudi Arabia and 
surrounding Middle Eastern countries. This unavail-
ability hampers biomarker discovery and precludes 
the deployment of personalized therapeutic strat-
egies. The current narrative review thus considers 
and integrates the available evidence on genomic 
and immunologic determinants of chronic HBV and 
HCV-related disease progression in the regional con-
text. The focus is on Saudi Arabia, but the broader 
Middle East is also covered, which may guide and 
inform research strategies in other countries of 
the region. By integrating knowledge of molecular 
virology, host immunogenetics, and insights from 
omics-driven research, the narrative aims to outline 
a conceptual basis for precision hepatology in these 
areas. This evidence-based integrated framework 

can eventually guide screening for key biomarkers, 
novel therapeutic targets, and therapeutic paths for 
the personalized management of viral hepatitis.

2. EPIDEMIOLOGIC CONTEXT OF HBV AND 2. EPIDEMIOLOGIC CONTEXT OF HBV AND 
HCV IN THE MIDDLE EASTHCV IN THE MIDDLE EAST
The Middle East and North Africa present a unique 
epidemiological landscape for the burden of chronic 
viral hepatitis. This region features a highly diverse 
population, high migration rates, and distinct geno-
type distributions, all of which significantly influence 
long-term disease progression and clinical out-
comes. Despite public health improvements, HBV 
and HCV infections continue to be significant causes 
of cirrhosis and hepatocellular carcinoma throughout 
the region. The World Health Organization estimates 
that approximately 18 million people are infected 
with HBV and 15 million with HCV in the Eastern 
Mediterranean Regional Office, with these infections 
accounting for nearly 50% of all liver-related deaths 
in the area. 1

2.1 Epidemiology of the hepatitis B virus
The epidemiology of hepatitis B virus (HBV) in the 
Middle East shows substantial inter-country variabil-
ity, reflecting differences in vaccination coverage, 
blood safety, and access to healthcare. Prior to the 
introduction of universal HBV immunization in the 
late 1980s and early 1990s, several Gulf and Levant 
countries exhibited high endemicity, with HBsAg 
prevalence exceeding 6–10%.6 Following widespread 
implementation of infant vaccination programs, HBV 
prevalence has declined markedly across the region. 
In Saudi Arabia, for example, HBsAg prevalence de-
creased from approximately 7–8% in the pre-vaccina-
tion era to around 1–1.5% in recent population-based 
estimates, with rates below 0.1% reported among 
vaccinated younger cohorts. 7 Nevertheless, HBV still 
causes a clinically relevant proportion of chronic liver 
diseases among those infected before vaccination. 
Genotype D is the prevalent strain in the Arabian 
Peninsula and surrounding areas, while genotypes 
A and E coexist in some ethnic groups. Molecular 
epidemiology suggests that genotype D is associ-
ated with higher chronicity rates, lower interferon 
response, and increased frequencies of core and 
pre-core mutations, leading to immune escape. Hep-
atitis B virus infection is well-established in the area 
and remains a challenge, as frequent OBI reporting 
among donated blood and hemodialysis patients 
complicates transfusion safety and screening.
2.2 Hepatitis C Virus Epidemiology
The Middle East exhibits HCV epidemiology 
characterized by variation between countries and 
a tendency toward specific genotypes. Historically, 
Egypt has had the highest global prevalence 
(>10%) due to previous parenteral-based anti-
schistosomal campaigns.8 Nevertheless, active 
national programs have significantly reduced this 
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prevalence. Conversely, Recent systematic reviews 
indicate that Saudi Arabia, Oman, and Kuwait have 
a low HCV prevalence in the general population 
(0.3–1.5%), but substantially higher rates persist 
among high-risk groups, including people who inject 
drugs, hemodialysis patients, and some expatriate 
populations. Across the Arab world, HCV genotype 
4 remains predominant, representing the majority of 
infections in Saudi Arabia and accounting for most 
cases in Egypt, while genotype 1 is the second most 
common. 9 Genotype 4 infection has been shown to 
accelerate fibrosis progression, result in suboptimal 
response to pegylated-interferon-based therapy, and 
express unique immune-evading NS5A variants, 
as evidenced by regional studies. While the Direct-
Acting Antiviral (DAA)-induced cure rate is optimal for 
HCV, genotype-related differences in the initiation of 
inflammation and post-treatment fibrosis regression 
persist and differ significantly across subpopulations. 
2.3 Co-infection and Comorbidities
While HBV/HCV co-infection is rare, it correlates with 
an increased risk of hepatic decompensation and 
HCC.10 In addition, emerging hepatotropic viruses, 
such as the hepatitis D virus, and novel agents, 
such as Torque Teno Virus, may influence immune 
modulation and the disease course and have epide-
miological relevance for HCV.11 Furthermore, type 2 
diabetes and lifestyle diseases characterizing Gulf 
populations accelerate liver disease progression 
through metabolic inflammation and immunological 
dysregulation. 12

2.4 Public Health Response and Deficiencies
Regional governments have built control measures, 
such as newborn HBV immunization, blood donor 
screening, and the mainstreaming of hepatitis ser-
vices in state non-communicable disease plans. 
Saudi Arabia and Egypt stand out for their progress 
in elimination initiatives, marked by “substantial” sur-
veillance and depenalized access to therapy centers, 
which simplify access to DAAs.9 However, several 
weaknesses remain, including inadequate molecu-
lar surveillance, limited or absent representation of 
regional genotypes in global databases, and limited 
immunogenetic research to inform precision med-
icine. Multicenter genomic consortia do not exist, 
necessitating the exploration of host-viral interactions 
across various ethnic and environmental contexts.

3. MOLECULAR DETERMINANTS OF 3. MOLECULAR DETERMINANTS OF 
DISEASE PROGRESSIONDISEASE PROGRESSION
The wide range of reactions linking chronic Hepa-
titis B and C infections to more serious conditions, 
such as cirrhosis and hepatocellular carcinoma, is 
governed by a complex network of interactions in-
volving variations in viral genomes and diverse host 
cellular responses. However, these reactions are not 
limited to the factors mentioned, as many epigenetic 
changes also occur. In this context, understanding 

molecular prerequisites is essential to precision 
medicine because it not only clarifies the pathway 
but also helps identify prognostic biomarkers and 
develop new, more effective intervention strategies.13

3.1 Viral Genomic Variability
Both HBV and HCV exhibit extensive genomic hetero-
geneity, which significantly influences their pathobi-
ology. HBV is a partially double-stranded DNA virus 
that is divided into at least 10 genotypes.14 Genotype 
D, the most common in Middle Eastern countries, is 
more likely to result in chronic infection, produce pre-
core or core mutations that lead to HBeAg negativity, 
and increase the risk of hepatocellular carcinoma. 
Mutations at the basal core promoter (A1762T/T/
G1764A) and in the pre-S regions alter viral protein 
composition and immune recognition. 15 Additionally, 
recombination events between genotypes have been 
observed in Saudi and Egyptian cohorts, suggesting 
that the virus has a unique mechanism for adapting 
to immune pressure. HCV is an RNA virus with an 
error-prone polymerase that exists as a quasispecies 
within a single patient. The predominant regional 
genotype 4, especially subtype 4a, harbors distinct 
sequence markers in the NS5A and E2 domains that 
facilitate immune escape and influence treatment 
outcomes. Specific amino acid changes, such as 
NS5A L31M and Y93H, increase resistance to DAAs 
and correlate with fibrosis progression. 
3.2. Viral Integrations and Oncogenic Features
Hepatitis B virus (HBV) infection involves the integra-
tion of viral DNA into the host hepatocyte genome, a 
process that drives oncogenesis. Integration causes 
chromosomal instability, insertional mutagenesis, 
and the activation of oncogenes TERT, CCNE1, and 
MLL4. 16 Importantly, integration can occur early in 
infection, before cirrhosis is detectable, and serves 
as a molecular landmark for the clonal expansion 
of hepatocytes. The HBV X protein exacerbates 
this process by disrupting DNA damage response, 
DNA repair, and interferon pathways, resulting in 
epigenetic redox reprogramming that sanctions 
carcinogenesis. 17 For the hepatitis C virus, there is 
no DNA intermediate, and integration occurs indi-
rectly. However, chronic inflammation and oxidative 
stress cause somatic mutations and epigenetic dys-
regulation of tumor-suppressor genes. Among the 
persistent expression of viral proteins is hepatitis C 
virus core, NS3, and NS5A, which promote reactive 
oxygen species production, lipid accumulation, and 
endoplasmic reticulum ER stress, leading to fibrosis 
and neoplastic transformation. 
3.3. Epigenetics and Transcriptomics
In addition to genetic factors, epigenetic modifica-
tions influence the persistence and progression of 
HBV and HCV infections. Viral proteins directly recruit 
host chromatin-modulated cells to suppress antiviral 
responses, and chronic inflammation leads to wide-
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spread host methylome programming. 18 Recently, 
single-cell and spatially resolved transcriptomic stud-
ies have examined hepatocytes and immune cells in 
chronically infected livers. Notable gene expression 
changes include interferon signaling, markers of 
mitochondrial dysfunction, and pro-fibrotic media-
tors, as identified by comparing aggressive-disease 
groups.19 Planning patient-specific networks using 
transcriptomic data combined with viral genomics 
helps identify molecular informatics systems that 
predict individual disease progression, thereby aid-
ing diagnosis and therapy.

4. HOST IMMUNOLOGIC DETERMINANTS4. HOST IMMUNOLOGIC DETERMINANTS
The immunologic environment surrounding chron-
ic HBV and HCV infections is a key factor in viral 
persistence, fibrosis progression, and HCC devel-
opment. Host genetic responses, involving both 
innate and adaptive immune components, have 
dual roles.20 They are essential for clearing the virus 
but can cause chronic inflammation and damage 
if dysregulated. In fact, variations in immune gene 
expression, cytokine polymorphisms, and pathways 
are associated with cell exhaustion, contributing to 
the variability in disease outcomes within individuals 
and across populations. 
4.1 Innate immune response is as follows
The innate immune response is the body’s first 
line of defense against hepatotropic viruses. Pat-
tern-recognition receptors initiate this response by 
detecting viral nucleic acids and stimulating type I 
interferon production. However, both HBV and HCV 
have developed mechanisms to counteract this 
pathway. HBV polymerase and HBx inhibit RIG-I 
signaling and MAVS expression, while HCV NS3/4A 
protease cleaves MAVS and TRIF to block interferon 
production. 21 Polymorphisms in the TLR3 and TLR9 
genes, as well as in the genes for type III interferon 
(IFNL3/4), affect susceptibility to liver disease and 
influence treatment outcomes. Furthermore, NK cell 
function is impaired during chronic infection; their 
cytotoxic activity is believed to be inversely correlated 
with the degree of fibrosis.
4.2 Adaptive Immune Landscape
Adaptive immunity is essential for long-term control 
of infection, but it becomes increasingly ineffective 
over time. CD8+ T cells specific to HBV and HCV tend 
to become exhausted, as evidenced by elevated PD-
1, CTLA-4, and TIM-3, along with diminished effector 
functions. 22 These exhausted and ineffective T cells 
cannot eliminate infected hepatocytes, contributing 
to ongoing low-grade necroinflammation. CD4+ 
helper T-cell responses are also impaired, limiting 
the production of effective antibodies and cytotoxic 
memory. Additionally, B-cell dysregulation plays a 
key role; ongoing antigen exposure causes poly-
clonal B-cell activation, leading to the production of 
non-neutralizing antibodies and the formation of im-

mune complexes that worsen liver inflammation. The 
CXCR5-CCL13 axis, which is involved in germinal 
center formation, is disrupted in chronic infections, 
leading to abnormal intrahepatic B-cell clustering 
and increasing the risk of HCC.23

4.3 Cytokine and Chemokine Networks
Cytokines are critical in the immunological orchestra-
tion of HBV and HCV infection by balancing antiviral 
resistance and inflammation. Pro-inflammatory medi-
ators such as TNF-α, IL-6, and IL-1β trigger HSC acti-
vation, thereby promoting fibrosis. Anti-inflammatory 
cytokines, such as IL-10, enhance viral resistance by 
inhibiting Th1 and cytotoxic responses. IL-17 and 
related Th17 cytokines promote accelerated fibro-
sis by recruiting neutrophils and modulating MMP 
activity. 23 Notably, cytokine gene polymorphisms 
promote disease progression, as the IL-10 promoter 
variant and TNF-α polymorphisms correlate with 
HCC susceptibility in Saudi and Egyptian patients. 
24 Meanwhile, systems immunology approaches 
ensure cytokine profile data integration with speci-
ficity for unique inflammatory biomarkers that predict 
cirrhosis or HCC progression.
4.4 Immune Checkpoints and Therapeutic Impli-
cations
Markers of exhaustion, such as PD-1, CTLA-4, and 
LAG-3, are upregulated in chronic hepatitis and could 
be potential therapeutic targets.22 While immune 
checkpoint blockade is established in oncology, 
reactivating these targets in the context of viral 
hepatitis should be applied cautiously due to the 
high risk of hepatotoxic immune reactivation. Novel 
approaches can explore combining PD-1 blockade 
with therapeutic HBV vaccines and antiviral therapies 
to restore T-cell function. These incredibly complex 
immune networks in Table 1 underscore the need 
for precision immunologic profiling within regional 
populations to inform biomarker-driven therapeutic 
design.

5. HOST GENOMIC AND IMMUNOGENETIC 5. HOST GENOMIC AND IMMUNOGENETIC 
FACTORSFACTORS
Host genetic diversity plays a crucial role in deter-
mining clinical outcomes in both chronic HBV and 
HCV infections. While virus-specific factors like 
infectivity and replication dynamics also contribute, 
host immunogenetic variability primarily influences 
response strength, infection persistence, and the 
risk of fibrotic or cancerous transformation. Ge-
nome-wide association studies and candidate-gene 
analyses have identified multiple host loci linked to 
disease development. These associations vary by 
region and ethnicity, including in Middle Eastern 
populations. This review highlights locally relevant 
immunogenetic features. 
5.1 Human Leukocyte Antigen Polymorphisms 
The HLA region on chromosome 6 contains crucial 



95

Precision hepatology: genomic and immunologic determinants of disease progression in HBV/HCV.

Gomal Journal of Medical Sciences. January - March 2026, Vol. 24, No. 1

loci for antigen presentation. Specific HLA class I 
and II alleles influence whether the virus resolves 
or becomes chronic. For HBV, HLA-DPA103:01 and 
HLA-DPB102:01 are associated with viral resolution, 
whereas HLA-DPB104:02 is associated with chronic 
infection. Cytotoxic T-cell responses differ due to 
specific viral peptide binding, which can suppress 
immune responses. In HCV, HLA-DQB103:01 and 
HLA-DRB111:01 are associated with viral resolution. 
Understanding how different HLA alleles interact 
with the virus can help redefine epitope pools for 
existing vaccines and therapies tailored to regional 
populations. Some alleles have been identified 
as risk factors for advanced fibrosis in the Middle 
East. Studies from Saudi Arabia and Egypt report 
higher frequencies of HLA-DQB1*06 and DRB1*13 
in patients with advanced fibrosis, indicating a pop-
ulation-specific genetic pattern.27 
5.2 Cytokine and Immune-Regulatory Gene Vari-
ants
Gene modulation is another key factor in hepatic 
inflammation and fibrogenesis. IFNL3/4, previously 
described as IL28B expression, is the strongest ge-
netic determinant of spontaneous and treatment-in-
duced HCV clearance.23 The allele rs12979860 CC, 
common in Arabs, is associated with a stronger 
antiviral response, which improves outcomes with 
pegylated interferon therapy. Additionally, pro-in-
flammatory cytokine genes, such as TNF-α, IL-10, 
and TGF-β1, and their signaling pathways harbor 
polymorphic variants that either predispose to or 
protect against disease progression.24 IL-17A genetic 
variants and CXCL13 have each been implicated in 
the CHB disease course and immune responses, 
but further studies are required to determine whether 
their alleles, when combined, independently predict 
inflammation severity. 
5.3 Lipid-Metabolic and Oncogenic Susceptibility 
Genes
In addition to immune-regulatory loci, several met-
abolic and oncogenic genes contribute to cancer 
progression. The PNPLA3 I148M polymorphism is a 
key predictor of hepatic steatosis, fibrosis, and the 
risk of hepatocellular carcinoma across various liver 
conditions, including chronic viral hepatitis.12 The 
MBOAT7 and TM6SF2 polymorphisms affect lipid 
balance and inflammation and are more common 
in Middle Eastern populations. Additionally, genetic 
variations in oxidative-stress-related loci, such as 
SOD2 and NQO1, increase hepatocyte susceptibility 
to injury and tumor development.12 
5.4 Epigenetic Regulation and Host-Virus Interaction
The host’s epigenetic machinery regulates variation 
in immune responses and viral clearance among in-
dividuals. The core protein can influence the DNMT1 
DNA methylation system, as well as the EZH2 and 
HDAC1 histone-modifying enzymes, thereby im-
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pacting oncogenic transcriptional programs and 
tumor suppressor loci.28 HBx uses similar pathways 
in the CDKN2A and SOCS1 genes. 29 Methylation 
profiling of Middle Eastern patients showed distinct 
methylation patterns associated with fibrosis and 
viability, indicating that regional environmental and 
genetic differences significantly affect the epigenetic 
interaction between the host and the virus.

6. INTEGRATION OF MULTI-OMICS AND 6. INTEGRATION OF MULTI-OMICS AND 
PRECISION APPROACHESPRECISION APPROACHES
High-throughput technologies have transformed 
hepatology from a descriptive virology into a mul-
tidimensional systems biology field. Integrating 
multi-omics data, including genomic, transcriptomic, 
proteomic, metabolomic, and immunomic informa-
tion, provides a comprehensive view of host–virus 
interactions and helps identify biomarkers and treat-
ment targets that drive precision medicine. 30 In cases 
of chronic HBV and HCV, these technologies trace 
molecular continuums that link viral persistence, 
immune dysregulation, and progression to cirrhosis 
or HCC. 
6.1 Genomics and transcriptomics
Viral and host genome sequencing enable detailed 
maps of mutational landscapes and transcriptional 
programs. Whole-genome sequencing of HBV and 
HCV reveals integration sites, drug-resistance muta-
tions, and intra-host sequence diversity, all of which 
can predict treatment outcomes; host transcriptomic 
analysis uncovers ISG signatures, mitochondrial 
dysfunction biomarkers, and pro-fibrotic gene net-
works associated with histologic stages. Single-cell 
RNA sequencing identifies distinct hepatocyte and 
immune cell clusters linked to chronic inflammation 
and DAA-resolved regression issues. Viral genomic 
variability, influenced by host transcriptional repro-
gramming, produces robust models for predicting 
viral evolution.11 Proteomic analysis reveals func-
tional gene expression, including post-translational 
modifications and signaling cascades involved in 

hepatocyte injury.31 Metabolomics enhances these 
findings by analyzing bile acid metabolism, lipid 
oxidation, and amino acid fluxes associated with 
viral activity and fibrogenesis. A metabolic signature, 
marked by increased lysophosphatidylcholines and 
acylcarnitines, distinguishes cirrhotics from early 
fibrotic patients.
6.2 Immunomics and Systems Integration
By comparison, immunomics, or the high-resolution 
mapping of immune repertoires and cytokine inter-
action networks, has expanded our understanding 
of host variation in antiviral responses. High-dimen-
sional flow cytometry and single-cell proteomic 
approaches have enabled deep phenotyping of 
T- and B-cell exhaustion and, when integrated with 
circulating biomarkers, can be linked to transam-
inase (ALT/AST) dynamics during immune recon-
stitution after antiviral therapy.32 Systems biology 
pipelines integrate multi-omic data using trained 
machine-learning frameworks to identify hub genes 
that regulate the balance between self-limited and 
persistent infections. 
6.3 Toward Precision Hepatology
These simulated findings mark the start of precision 
hepatology, an era driven by multi-omic discoveries 
combined with clinical phenotyping. Prognostic 
models that utilize multi-omic data can classify 
patients by fibrosis risk, treatment options, and sus-
ceptibility to hepatocellular carcinoma. For example, 
combining HBV integration records with host-unaf-
fected transcriptomics can accurately predict HCC 
development 5 years in advance. 16 However, clinical 
interpretation faces challenges due to data harmo-
nization issues, limited bioinformatics capacity, and 
a lack of country-specific data. Therefore, a national 
multi-omics consortium can address these obstacles 
and identify clinically relevant biomarkers tailored to 
regional genomics and environmental factors. Table 
2 summarizes the complementary omics methods 
and their clinical associations.

Table 2. Overview of Multi-Omics Modalities and Their Applications in Precision Hepatology

Omics Layer Primary Data Type Representative Insights Clinical Utility / Biomarker 
Potential References

Transcriptomics mRNA and non-coding 
RNA expression

ISG activation, fibrotic 
gene signatures, microR-
NA dysregulation

Staging fibrosis, predicting 
DAA outcomes 12

Proteomics Protein abundance and 
post-translational mod-
ifications

Cytokeratin-18, comple-
ment, PD-L1 levels

Non-invasive biomarkers of 
necroinflammation 33

Metabolomics Serum and hepatic me-
tabolite profiles

Bile-acid, lipid, and ami-
no-acid perturbations

Early detection of fibrosis 
and metabolism-linked HCC

34

Immunomics Immune-cell pheno-
types and cytokine net-
works

Exhaustion markers 
(PD-1, LAG-3), CXCL13–
CXCR5 signaling

Immune profiling, treatment 
personalization 22

ISG – Interferon-stimulated gene; DAA – Direct-acting antiviral; PD-L1 – Programmed death-ligand 1; PD-1 – Programmed cell-
death protein 1; LAG-3 – Lymphocyte activation gene-3; CXCL13 – C-X-C motif chemokine ligand 13; CXCR5 – C-X-C chemokine 
receptor 5; HCC – Hepatocellular carcinoma
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7. TRANSLATIONAL INSIGHTS AND 7. TRANSLATIONAL INSIGHTS AND 
CLINICAL IMPLICATIONSCLINICAL IMPLICATIONS
The convergence of genomic, immunogenic, and 
multi-omic discoveries in clinical hepatology indi-
cates a revolution that challenges traditional models 
of precision medicine. Applying these findings in clini-
cal practice is expected to improve patient prognosis, 
enhance antiviral and immunomodulatory therapies, 
and advance methods for monitoring cirrhosis and 
HCC. In Middle Eastern minority populations, where 
specific HBV genotype D and HCV genotype 4, along 
with unique host patterns, have led to region-specific 
variations, integrating preclinical molecular insights 
is essential to achieving high-quality outcomes. 
Clinical scores like the APRI and FIB-4 have limited 
diagnostic and prognostic value due to their narrow 
molecular scope. Genomic markers such as IFNL3 
single-nucleotide polymorphisms, PNPLA3 variants, 
and HBV integration patterns serve as independent 
predictors of hepatitis progression and HCC de-
velopment in patients with fibrosis. 35 Multicenter, 
integrated molecular signatures that combine viral 
and tumorigenic markers with metabolomic profiles 
have been shown to outperform traditional sin-
gle-marker models, with several metabolomic and 
multi-omic panels demonstrating diagnostic accura-
cies (AUCs) well above 80 for early HCC and strong 
discrimination across fibrosis stages in multicenter 
validations.4 These innovative approaches enable 
dynamic patient evaluation and monitoring, allowing 
more targeted treatment strategies. Immune support 
therapies, complementing vaccines that target PD-
1, CTLA-4, and other immune checkpoints, have 
demonstrated effectiveness in overcoming immune 
resistance. Regarding HCV, metabolic and immuno-
logical profiling after sterilizing therapy may identify 
a small group of patients at risk for fibrosis, guiding 
additional antifibrotic or metabolic treatments. 22

8. EXPERT OPINION AND FUTURE 8. EXPERT OPINION AND FUTURE 
DIRECTIONSDIRECTIONS
The rapidly evolving landscape of viral hepatology 
offers a remarkable opportunity to shift the field 
from reactive treatment to proactive, personalized 
care. As an expert in molecular and clinical microbi-
ology, I believe that the future of hepatitis research 
in the Middle East will be shaped by the ability to 
integrate multi-omic data with a nuanced, tailored 
healthcare approach. The main challenge is not just 
generating more genetic or immunologic data but 
analyzing these data within the context of patient 
complexity, comorbidities, and local healthcare 
system realities. Although the past decade has 
seen significant breakthroughs in understanding 
how host-virus interactions lead to progression from 
chronic infection to cirrhosis and hepatocellular 
carcinoma, the overall picture remains unclear—es-
pecially for genotype D HBV and genotype 4 HCV 

infections, which are common in Saudi Arabia and 
neighboring countries. These types have unique 
molecular and immunological features that cannot 
be directly extrapolated from East Asian or Western 
populations. Moving forward, research will need to 
focus on intensive regional molecular epidemiology, 
whole-genome sequencing, and immunoprofiling, 
combined with translational studies focused on Arab 
and African-Arab populations. Simultaneously, there 
must be a fundamental shift from descriptive “asso-
ciation” studies toward mechanistic and predictive 
research. Instead of merely exploring, integration of 
multi-omic data should become the primary focus for 
unraveling host-pathogen interactions. Systems bi-
ology approaches supported by artificial intelligence 
could soon enable real-time threat assessment and 
personalized treatment guidance at the bedside. 
Effectively utilizing these tools will require strong 
interdisciplinary collaboration among clinicians, 
bioinformaticians, immunologists, and policymakers. 
Saudi Vision 2030’s health-innovation goals and Gulf 
biobank initiatives provide a promising start for this 
development, contingent on sustained investment 
in data and personnel.
Additionally, translating laboratory discoveries into 
equitable clinical benefits is equally vital. Precision 
hepatology will only be achieved if lab-based ge-
nomics insights help improve survival rates and 
quality of life in Arar, Riyadh, and Cairo, rather than 
simply feeding global databases. To bridge this gap, 
effective consent models tailored to local culture, 
an affordable sequencing pipeline, and ongoing 
physician training in molecular interpretation are 
necessary. Incorporating omics-based risk assess-
ment into national hepatitis elimination programs 
is a proper way to close the gap and enable earlier 
diagnosis of fibrosis and malignancy in high-risk 
groups. The future of this field lies in integrating 
genomics, immunotherapy, and digital medicine. 
T-cell rejuvenation programs, neoantigen-targeted 
vaccines, and personalized checkpoint modulators 
show promise for achieving functional HBV cures 
and stable HCV immunoreversion. At the same time, 
wearables and biosensors, coupled with AI-driven 
clinical decision support, will enable continuous 
monitoring of hepatic biomarkers, shifting post-treat-
ment follow-up from reactive to proactive. Finally, 
regional scientific leadership is crucial. The Middle 
East should transition from a data-consuming to a 
data-producing region in global health. Establishing 
the “Gulf Precision Hepatology Consortium” with co-
ordinated sequencing, governance, and translation 
pipelines can transform the region’s contribution to 
the virus-liver dataset. If successful, these approach-
es will not only fill the existing gap but also embody 
the concept of genuine precision care: delivering the 
proper treatment to the right patient at the right time 
and on the proper grounds.
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9. CONCLUSION9. CONCLUSION
Chronic hepatitis B and C are increasingly converg-
ing toward a shared precision-medicine framework 
driven by viral genomics, host immunogenetics, 
and multi-omic profiling. Interactions between viral 
genotypes and host molecular pathways critically 
influence disease progression and treatment re-
sponse, while emerging omics technologies offer 
opportunities for improved risk stratification, bio-
marker discovery, and targeted interventions. For 
Middle Eastern populations, the underrepresentation 
of HBV genotype D and HCV genotype 4 highlights 
the need for region-specific genomic reference 
datasets and longitudinal biobank-based research. 
Integrating omics-guided diagnostics, digital clinical 
tools, and emerging immunotherapies into routine 
hepatology practice will be essential to advancing 
durable viral control and achieving long-term disease 
elimination goals.
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