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Abstract

Viral hepatitis remains a critical global health concern, encompassing five major types—Hepatitis A, B, C, D, and E—with
distinct modes of transmission, genomic structures, and disease outcomes. Despite extensive preventive and therapeutic
advancements, these infections contribute significantly to liver cirrhosis, hepatocellular carcinoma, and nearly 1.1 million
deaths annually. Recent years have witnessed transformative progress in the understanding and management of viral
hepatitis. Molecular diagnostics such as PCR, RT-PCR, and next-generation sequencing have improved early detection and
genotyping, while novel biomarkers are under evaluation for disease staging and prognosis. Therapeutically, direct-acting
antivirals (DAAs) have revolutionized the treatment landscape of HCV, offering cure rates exceeding 95%. However,
challenges persist, including the absence of effective vaccines for HCV and HDV, treatment resistance, and limited
surveillance in resource-poor settings. Emerging technologies such as mRNA-based vaccines, siRNA therapeutics, and gene-
editing tools like CRISPR/Cas9 are opening new frontiers in cure-oriented strategies. Special attention is required for
vulnerable groups such as children, pregnant women, immunocompromised individuals, and those co-infected with HIV or
TB. The WHO's elimination target for 2030 has catalyzed global initiatives to enhance vaccination, screening, and access to
treatment. Integration of artificial intelligence and big data into surveillance and personalized medicine offers a promising
path forward. This review highlights the classification, diagnostic innovations, therapeutic evolution, and global public health
strategies in hepatitis research, emphasizing the need for multidisciplinary approaches to overcome current limitations and
achieve long-term control and eventual elimination.
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INTRODUCTION

Viral hepatitis, encompassing five major types-Hepatitis A,
B, C, D, and E-remains a substantial global health
challenge. According to the World Health Organization
(WHO), more than 350 million people are chronically
infected with Hepatitis B (HBV) and Hepatitis C (HCV),
leading to nearly 1.1 million deaths annually, primarily
due to liver cirrhosis and hepatocellular carcinoma.
Hepatitis A (HAV) and Hepatitis E (HEV) are typically self-
limiting but can cause significant morbidity and mortality,
particularly in resource-limited settings with inadequate
sanitation. Hepatitis D (HDV), a satellite virus requiring
HBV for replication, further complicates HBV infections
and increases disease severity [1-3].

The public health impact of viral hepatitis is profound, not
only due to its high prevalence but also because of its
silent progression and lack of early symptoms in chronic
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cases. Unlike many other infectious diseases, hepatitis
often remains undiagnosed until the advanced stages of
liver damage, complicating timely treatment. To address
this, the WHO introduced the Global Health Sector
Strategy (GHSS) on Viral Hepatitis, aiming to eliminate
hepatitis as a public health threat by 2030. The targets
include a 90% reduction in new infections and a 65%
reduction in mortality through strategies such as universal
vaccination, safe injection practices, screening, and access
to antiviral therapies [4-6].

Despite considerable advances in diagnostics, vaccines,
and therapeutics-especially the advent of direct-acting
antivirals (DAAs) for HCV-significant challenges persist.
These include limited vaccine development for certain
strains (notably HCV and HDV), treatment resistance,
access inequity, and surveillance gaps, particularly in low-
income countries. Furthermore, emerging genotypes and
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evolving viral mutations demand continued research and
innovation in molecular virology, drug design, and public
health interventions. Addressing these challenges requires
a multi-disciplinary approach combining molecular
biology, epidemiology, clinical research, and health policy
reforms. Accelerating research in these areas is essential
to achieving the global goal of hepatitis elimination and
improving long-term outcomes for affected populations
[7,8].

CLASSIFICATION AND VIROLOGY OF HEPATITIS

VIRUSES

Viral hepatitis comprises five distinct viruses: Hepatitis A

virus (HAV), Hepatitis B virus (HBV), Hepatitis C virus

(HCV), Hepatitis D virus (HDV), and Hepatitis E virus

(HEV). Despite all causing inflammation of the liver, they

belong to different viral families and possess unique

genomic structures, replication mechanisms, and

transmission pathways [9-12].

e Hepatitis A (HAV) and Hepatitis E (HEV) are non-
enveloped, positive-sense single-stranded RNA
viruses, belonging to the Picornaviridae and
Hepeviridae  families respectively. Both are
transmitted via the fecal-oral route, predominantly
through contaminated food or water, and are
prevalent in regions with poor sanitation. These
infections are generally self-limiting, and chronic
progression is rare.

e  Hepatitis B (HBV) is a partially double-stranded DNA
virus of the Hepadnaviridae family. Its replication
involves reverse transcription, making it unique
among DNA viruses. HBV is blood-borne, transmitted
through sexual contact, perinatal exposure, and
parenteral routes. It can cause both acute and chronic
infections, leading to liver cirrhosis and
hepatocellular carcinoma (HCC).

e Hepatitis C (HCV), a member of the Flaviviridae
family, is a positive-sense single-stranded RNA virus.
It replicates rapidly and mutates frequently, resulting
in various genotypes and subtypes. Like HBV, HCV is
transmitted through blood and body fluids and is a
major cause of chronic hepatitis and liver cancer.

e Hepatitis D (HDV) is a defective RNA virus that
requires the presence of HBV for its replication,
utilizing the HBsAg (Hepatitis B surface antigen) for
assembly and infectivity. HDV infection, particularly
in HBV co-infected individuals, is associated with a
more severe clinical course and rapid progression to
liver disease.

The tropism of these viruses is largely hepatotropic,

meaning they specifically infect liver cells (hepatocytes),

where they elicit immune-mediated injury. While HAV and

HEV primarily cause acute inflammation, HBV, HCV, and

HDV may persist in the liver, triggering chronic liver

injury, immune dysregulation, and fibrosis.
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Classification and Virology of Hepatitis Viruses

Virus Genetic Famil | Bwsiope Transmission Chronic
Material y | P Route Infection
Picornaviridae | No Fecal-oral No
HAV SSRNA (+)
@ Hepadnaviridae, Yes Blood, sexual, Blood
| perinatal sexucal

HBV dsDNA (partial)

|
|

Unclassified ‘ Yes Blood Blood
[

HDV sSRNA( circular

|
Fecal-oral | No Fecal-oral Rare

HEV ssRNA () ‘

Fig.1: Classification and Virology of Hepatitis Viruses

ADVANCEMENTS IN DIAGNOSTIC TOOLS

Accurate and timely diagnosis is a cornerstone in the

management of viral hepatitis. The development of

advanced molecular techniques has significantly improved
the sensitivity, specificity, and speed of hepatitis virus

detection [13-18].

e Molecular Diagnostics: Techniques such as PCR and
RT-PCR are widely used to detect viral RNA/DNA,
especially in Hepatitis B (HBV) and C (HCV). These
methods enable quantification of viral load, early
detection during the window period, and monitoring
of treatment response. Genotyping helps tailor
therapy, especially in HCV, where different genotypes
respond variably to direct-acting antivirals (DAAs).

e Point-of-Care (POC) and Rapid Tests: These assays,
including lateral flow tests, are gaining traction in
low-resource settings. They allow on-the-spot
detection of HBsAg, anti-HCV, and anti-HAV
antibodies without the need for sophisticated
equipment, enabling mass screening and outreach
programs.

e  Serological Assays: ELISA-based tests are standard
for detecting IgM and IgG antibodies, surface antigens
(e.g., HBsAg), and core antigens (e.g., HBcAg). These
are cost-effective and useful for initial screening and
diagnosis.

e  Emerging Biomarkers: Novel markers like HBcrAg,
HBV RNA, and fibrosis biomarkers such as APRI and
FIB-4 scores are under investigation for staging,
prognosis, and predicting treatment outcomes.

PROGRESS IN THERAPEUTIC STRATEGIES

Therapeutic advancements have transformed the

prognosis of viral hepatitis, particularly for HBV and HCV.

The shift from interferon-based regimens to targeted

antivirals has improved patient compliance and sustained

virologic response (SVR) [19, 20].

e Antiviral Therapies: Direct-acting antivirals (DAAs)
have revolutionized HCV treatment with >95% cure
rates. Drugs like Sofosbuvir, Ledipasvir, and
Velpatasvir target viral proteins essential for
replication. For HBV, nucleos(t)ide analogues such as
Tenofovir and Entecavir effectively suppress viral
replication and reduce the risk of cirrhosis and
hepatocellular carcinoma.
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e Immunomodulators: Interferon-alpha, once the
mainstay, is still used in specific HBV and HDV cases.
Its immunostimulatory action offers a finite
treatment duration, though with higher adverse
effects.

e Investigational Agents: Ongoing trials are evaluating
core protein inhibitors, siRNA-based therapies, and
entry inhibitors for HBV and HDV. Agents like
Bulevirtide and JNJ-6379 are promising candidates.

e Resistance and Failures: Viral mutations contribute
to resistance against antivirals. Monitoring resistance
patterns is crucial to guiding second-line therapy and
maintaining viral suppression.

Table 1: Diagnostic Tools for Hepatitis Viruses

D;;E:‘;:;ic Application Area T“?i:‘iest
RT-PCR / PCR Viral load detection HBV, HCV
T B vy
Diagnlj)é'ls}sii;j Tests Field screening HAX'CI;I/BV'
bizirzz(;iiesrs Disease staging HBV, HCV

Table 2: Current and Emerging Therapeutic Strategies for
Viral Hepatitis

Vi Standard
1rus andar New/Emerging Therapies
Type Therapy
Tenofovir, siRNA, capsid inhibitors,
HBV Entecavir Bulevirtide
Sofosbuvir,
H Pan- ic DAA
v Velpatasvir an-genotypic S
Interferon- i o
HDV Bulevirtide (entry inhibitor)
alpha
HAV & Supportive care HEV vaccine (Hecolin in
HEV HUPPOTEY China), trials ongoing

INNOVATIONS IN VACCINE DEVELOPMENT
Vaccination has proven to be one of the most effective
strategies in preventing viral hepatitis. Currently,
efficacious vaccines are available for Hepatitis A (HAV),
Hepatitis B (HBV), and, in select regions such as China, for
Hepatitis E (HEV). The HBV vaccine, a recombinant
vaccine, is included in routine immunization schedules
globally and has significantly reduced new infections and
related complications like hepatocellular carcinoma [21].
Despite this progress, vaccine development for Hepatitis C
(HCV) and Hepatitis D (HDV) remains a formidable
challenge. HCV's high genetic variability and the lack of a
robust animal model hinder vaccine research. Likewise,
HDV, which requires HBV for propagation, complicates
immunization strategies. However, emerging vaccine
technologies such as mRNA platforms, viral vector-based
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vaccines (e.g., adenoviral vectors), and peptide vaccines
are showing promise. Therapeutic vaccines, aimed at
stimulating immune clearance of chronic HBV and HCV
infections, are also under investigation. These innovations
could bridge the gap between infection control and
functional cure [22].

MOLECULAR AND IMMUNOLOGICAL INSIGHTS
Recent advances in molecular biology have greatly
expanded our understanding of the complex interactions
between hepatitis viruses and the host immune system.
Hepatitis viruses deploy numerous immune evasion
strategies, including inhibition of interferon signaling
pathways and manipulation of host gene expression. The
innate immune response, involving dendritic cells,
macrophages, and natural Killer cells, initiates antiviral
defense but is often subverted by the virus.Adaptive
immunity, particularly CD8+ cytotoxic T lymphocytes and
B-cell-mediated neutralizing antibodies, plays a vital role
in viral clearance. Chronic infections, however, often result
in T-cell exhaustion and immune tolerance.
Mechanistically, chronic inflammation and fibrosis in the
liver are driven by cytokine dysregulation and persistent
immune activation[23,24].

Technological advances such as single-cell transcriptomics
and proteomics are revolutionizing the field by enabling
high-resolution mapping of host-virus interactions and
immune cell heterogeneity in liver tissue. These tools offer
new avenues for biomarker discovery and personalized
therapeutic targets.

HEPATITIS AND CO-INFECTIONS

Viral hepatitis frequently coexists with other infections,
complicating  diagnosis, treatment, and disease
progression. Co-infections of HIV with HBV or HCV are
particularly common due to shared transmission routes
such as unprotected sex and injection drug use. HIV-HBV
co-infection accelerates liver fibrosis and increases the
risk of liver-related morbidity and mortality. Similarly,
HIV-HCV co-infection results in faster progression to
cirrhosis and poorer response to therapy [25].
Tuberculosis (TB) and hepatitis co-infections pose a
clinical challenge due to hepatotoxicity risks associated
with antitubercular and antiviral medications. Managing
such co-infections requires careful monitoring and
individualized therapeutic strategies. Understanding the
pharmacokinetic and pharmacodynamic interactions
among drugs, and tailoring treatment regimens to avoid
additive toxicity, is essential for improving outcomes in
co-infected individuals [26].

HEPATITIS IN SPECIAL POPULATIONS

Certain demographic groups exhibit unique vulnerability
to hepatitis infections. Pediatric hepatitis can be
congenital or acquired, with HBV being the most prevalent
form of chronic hepatitis in children due to vertical
transmission. Early diagnosis and prompt vaccination are
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crucial for prevention. Pregnant women infected with HBV
or HEV face increased risks of maternal complications and
neonatal transmission. In particular, HEV infection during
pregnancy has been associated with high maternal
mortality in certain regions [27].

Immunocompromised individuals, including organ
transplant  recipients and patients undergoing
chemotherapy, may experience reactivation of latent HBV
or rapid progression of chronic infections. Elderly patients
and those with comorbidities (e.g, diabetes,
cardiovascular disease) are also at heightened risk for
adverse outcomes, necessitating tailored surveillance and
treatment strategies [28].

PUBLIC HEALTH STRATEGIES AND GLOBAL
INITIATIVES

The World Health Organization (WHO) has set ambitious
goals to eliminate viral hepatitis as a public health threat
by 2030. This includes reducing new infections by 90%
and mortality by 65%. Global initiatives focus on
enhancing vaccination coverage, especially for HBV, and
expanding access to diagnostics and antiviral therapies.
Mass vaccination campaigns, especially in endemic areas,
have led to significant reductions in HAV and HBV
incidence. Ensuring safe blood transfusions, harm
reduction strategies for people who inject drugs (e.g.,
needle exchange programs), and promoting birth-dose
vaccination are key interventions [29]. Non-governmental
organizations (NGOs) and international partnerships are
playing a pivotal role in awareness campaigns,
community-based screening, and linkage to care.
Integrating hepatitis services with existing HIV and TB
programs enhances reach and cost-effectiveness [30].

CHALLENGES AND KNOWLEDGE GAPS

Despite significant progress, numerous challenges persist.
Underreporting and the asymptomatic nature of many
hepatitis infections hinder timely diagnosis and
intervention. Surveillance systems, especially in low- and
middle-income countries, remain inadequate due to
resource constraints. Stigma, misinformation, and limited
awareness continue to act as barriers to screening and
treatment uptake. Moreover, there remains a critical gap
in curative therapies for chronic HBV and HDV infections.
Antiviral resistance and the lack of reliable long-term
biomarkers for treatment response add to clinical
uncertainties. Investment in research, infrastructure, and
community engagement is vital to overcome these
challenges and move toward global hepatitis elimination
[31,32].

FUTURE PERSPECTIVES

Looking forward, transformative technologies hold
promise for changing the landscape of hepatitis research
and management. Gene-editing tools such as CRISPR/Cas9
are being explored for functional cures by targeting
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covalently closed circular DNA (cccDNA) in HBV-infected
hepatocytes.

Artificial intelligence (AI) and machine learning
algorithms are being developed for early detection,
treatment prediction, and drug discovery based on real-
world data and electronic health records. Personalized
medicine approaches, integrating patient-specific genetic,
proteomic, and clinical data, can improve treatment
outcomes and reduce side effects.

Moreover, the integration of big data analytics with global
health surveillance systems can help predict outbreaks,
optimize resource allocation, and improve intervention
strategies. These innovations represent a paradigm shift
toward precision hepatology and global disease control.

CONCLUSION

Viral hepatitis continues to pose a formidable challenge to
global health, despite significant breakthroughs in
diagnostics, therapeutics, and vaccination programs. The
evolving landscape, driven by technologies such as DAAs,
molecular biomarkers, and gene editing, has dramatically
improved clinical outcomes—especially for HCV.
Nevertheless, gaps remain in vaccine development, long-
term cure of HBV and HDV, and comprehensive global
surveillance. Special populations, such as those with co-
infections or immune suppression, require targeted
strategies. The WHO's 2030 elimination roadmap provides
a unified framework to advance hepatitis control through
vaccination, early diagnosis, and equitable access to
treatment. Future research must focus on precision
medicine, integration of Al for predictive modeling, and
the development of curative therapies. Strengthening
global collaboration, investing in infrastructure, and
addressing stigma and social determinants will be crucial.
A holistic and innovative approach is essential to meet
global elimination goals and to reduce the public health
burden of viral hepatitis.
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