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Preface

Nowadays, viral hepatitis remains a major threat to public health with high prevalence
and mortality worldwide, despite its significant decrease by the use of highly effective
antivirals and the implementation of universal vaccination programs. The WHO has
launched an important initiative to reduce the number of new hepatitis infections by
90% and the number of deaths by 65% between 2016 and 2030. The physicians and
scientists are striving to achieve this goal. Meanwhile, we have witnessed an increas-
ing number of innovative findings regarding hepatitis.

In this setting, the book project Hepatitis — Recent Advances in 2025, published by
IntechOpen, aims to collect chapters that summarize recent advances in the field

of viral hepatitis. Finally, a total of six chapters have been accepted and compiled

in the current book, which is divided into two major sections. In the first section
regarding epidemiology of hepatitis B virus infection, one chapter by the researchers
from Romania reviews the epidemiology of hepatitis B virus infection worldwide,
transmission, prevention, genotype, and co-infection, and another chapter by the
researchers from Russia systematically analyzed the HBsAg prevalence in the condi-
tionally healthy population of Russia in 1982-2023. In the second section regarding
management of hepatitis, one chapter by the researchers from Egypt illustrated the
relationship between the microbiome and the hepatitis C virus, one chapter by the
researchers from Bosnia and Herzegovina reported the experiences regarding diagno-
sis and treatment of a case with severe acute hepatitis B virus infection, one chapter
written by us from China reviews the status quo about the management of chronic
hepatitis B virus infection. Another chapter by the researchers from Jordan and Qatar
introduces the advantage of precision medicine in managing viral hepatitis.

Herein, we would like to thank the authors worldwide for their significant contribu-
tions to completing their chapters, as well as the assistance from Karmen Daleta, a
Publishing Process Manager at IntechOpen, in editing this book project. Dr. Xingshun
Qi is also very indebted to the support from his family and study group. Finally, we
hope that this book project is meaningful for clinicians, researchers, and patients in
understanding the current knowledge about anticoagulation.
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Chapter1

Epidemiology of Hepatitis B Virus
Infection

Mariana Mihdild, Catdlin Stefan Ghenea and
Livia Marieta Negoita

Abstract

Hepatitis B virus infection is one of the most common infectious pathologies
spread globally, the prevalence being differently distributed from a geographical
point of view. There are an estimated 350 million people infected with hepatitis B
virus (HBV), the prevalence being high (>8%), intermediate (2-7%) and low (<2%).
Approximately 1/3 of the world’s population has an HBV exposure marker, charac-
terized by the presence of HBc antibodies in the serum. In the last two decades, the
number of cases of acute or chronic HBV infection has decreased due to the anti-HBV
vaccination programs, the increase in the socioeconomic level and the access to anti-
viral treatment. In the absence of specific measures, the number of deaths due to the
evolution of chronic HBV infection (liver cirrhosis, hepatocarcinoma, liver failure)
is predicted to reach 1.14 million in 2035. In this chapter, we discuss the main ways of
transmission of the hepatitis B virus along with effective prevention strategies.

Keywords: hepatitis B virus, epidemiology, prevention, hepatocarcinoma, liver failure

1. Introduction

Hepatitis B virus (HBV) infection is one of the most common infectious patholo-
gies spread globally and is an important cause of acute and chronic liver disease,
particularly in developing countries [1]. According to the World Health Organization
(WHO), nearly 300 million people are chronically infected with HBV globally, with
1.5 million new infections each year. In 2019, hepatitis B resulted in an estimated
820,000 deaths, mostly from decompensated cirrhosis and hepatocellular carcinoma
(HCC); as aresult, HBV infection was ranked 15th among all causes of human
mortality [2]. There are regional variations in the prevalence of chronic HBV infec-
tion: 0.1-2.0% in Western Europe and the United States, 2.0-8.0% in Japan and the
Mediterranean region, and 8.0-20.0% in Southeast Asia and Sub-Saharan Africa [3].

A significant public health concern in the majority of nations is hepatitis B
virus (HBV) infection, with an estimated 2 billion persons globally expressing viral
exposure, and 360 million people have a chronic infection that is susceptible to liver
disorders caused by HBV [4]. The hepatitis B virus (HBV) is responsible for acute and
chronic hepatitis, cirrhosis, liver failure, and hepatocellular carcinoma (HCC) [5].
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Significant death rates from this malignancy (HCC) are found in regions with a high
endemicity of chronic HBV infection [6].

It represents the sixth most prevalent type of cancer worldwide and the third lead-
ing cause of cancer-related deaths [7]. Hepatitis B virus was initially named as serum
hepatitis to differentiate it from hepatitis A virus, which was responsible for fecal-oral
hepatitis [8]. HBV is the common form of viral hepatitis with parenteral transmission
that causes acute and chronic hepatitis, some with progression to liver failure [9].

The clinical manifestations of acute infection resemble those of other viral hepa-
titis, and the incubation period varies between 1 and 6 months [10]. HBV hepatitis
becomes chronic more frequently when the virus is contracted at a young age, 90%
of infected infants and up to 30% of children. The later the infection is contracted,
during adulthood, the risk of chronicity decreases to 5-10%, most having a complete
recovery but with a serological scar, meaning the presence of anti-HBc antibodies in
the blood [11]. Fulminant hepatitis occurs in rare cases, less than 1% of cases, and
especially in immunocompromised people [12].

2. Transmission

In terms of the way the virus is transmitted, there is vertical transmission (peri-
natal) and horizontal transmission (Table 1) [13]. The first category appears during
childbirth, from infected mothers who transmit it to their children [13]. The second
way is horizontal transmission, which is divided into sexual and parenteral transmis-
sion through skin continuity solutions, blood transfusions, nosocomial infections,
drug injections, and tattoos [14]. The development of chronic hepatitis B virus infec-
tion depends on how the virus spreads, as the risk decreases with age at infection for
susceptible individuals [9].

HBYV infection is transmitted through contact with infected body fluids, and it is
only natural host is humans [15]. Blood is the most important vehicle of transmission,
but other body fluids have also been implicated, including semen and saliva [16].

Perinatal Infected mothers to neonates around birth (the babies born to HBeAg-positive
transmission mothers are particularly at risk. Approximately 90% of these kids continue to be
chronically infected)

Sexual ¢ Men who had sex with men
transmission ¢ Promiscuous heterosexual (the length of sexual activity, the number of partners, the
history of sexually transmitted disease, and a positive syphilis serology are all linked
to an elevated risk of HBV infection in heterosexuals)
* Sexual partners of injectable drug users
* Prostitutes, and clients of prostitutes
Parenteral/ * Transfusion of blood products
percutaneous ¢ Contaminated equipment used for therapeutic injections
* Healthcare-related procedures (e.g., patients on a hemodialysis program)
* needle sharing by intravenous drug users
* piercing or tattooing
Table 1.

Ways of transmission of the hepatitis B virus [14].
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HBYV is not transmitted through contaminated food or water, insects or other vectors
[16]. Sexual transmission and injection drug use account for most transmissions of
the virus in low-prevalence regions [17].

Vertical or perinatal transmission of HBV is more common in Asian countries and
Oceania regions [14]. Mothers with a high viral load who are not on antiviral treat-
ment are more likely to transmit the virus to their newborn [18]. Infection during
childbirth occurs in up to 20% of children born to HBsAg-positive and HBeAg-
negative women [19]. While most perinatal infections occur in babies born to chroni-
cally infected mothers, those with acute HBV infection in the third trimester are also
highly likely to transmit the virus [19].

2.1 Perinatal transmission

In areas with high endemicity, especially Southeast Asia, transmission of HBV
from carrier mothers to their children during the perinatal period is the most
common cause [20]. HBV infections are more frequent when the mother has both
positive HBsAg and HBeAg than in the case of those with positive HBsAg and
negative HBeAg [20]. There are three modes of transmission of HBV from infected
mothers to infants [21]:

* transplacental transmission (in utero)
* congenital transmission during birth
* postnatal transmission during care or through breast milk [21].

Because transplacental transmission occurs antenatally, hepatitis B vaccine and
hepatitis B immune globulin (HBIG) cannot block this pathway [16]. Considerable
risk of hepatitis B infection in the perinatal period from mothers with acute HBV
infection is possible, especially in the third trimester or in the first 2 months after
birth [22]. In utero transmission is uncommon because HBV does not cross the intact
placenta, and the limited number of intrauterine infections is probably due to mater-
nal-fetal blood contact associated with placental abruption [23].

Studies on the transplacental transmission of HBV have suggested two possible
mechanisms via the hematogenous route: microrupture of the placenta so that mater-
nal blood infected with high titer HBV enters the fetal circulation and the second
mechanism by cell transfer via villous capillary endothelial cells [23]. HBeAgisa
serological marker for hepatitis B DNA viral load; thus, hepatitis B virus DNA greater
than 200,000 IU/ml in maternal blood determines 100% infection of the fetus [24].

2.2 Sexual transmission

Sexual transmission of hepatitis B is an important source of infection in all areas
of the world, but especially in areas of low endemicity (North America), but is
increasingly important in areas of high endemicity, as young people adopt a style of
“Western” life [25]. Hepatitis B is considered a sexually transmitted disease (STD),
and for a long time, gay men were considered to be at the highest risk of infection
through sexual contact [26].

However, heterosexual transmission accounts for an increasing proportion of
HBV infections [27]. Factors associated with increased risk of HBV infection include
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unprotected sex, number of sexual partners, and history of other sexually trans-
mitted diseases [26]. Sexual partners of injecting drug users and prostitutes are at
particularly high risk of HBV infection [16]. It has been documented in most industri-
alized countries that HBV infection is found mainly in adolescents and young adults,
and sexual transmission is the strongest risk factor for infection, accounting for at
least 30 to 50% of acute hepatitis B cases [28]. The risk of chronicity is <5% for sexual
transmission [33].

2.3 Parenteral/percutaneous transmission

Parenteral transmission includes injection drug use, blood transfusions and
hemodialysis, acupuncture, handling contaminated objects, tattoos, and household
contact [29]. In the United States and Western Europe, injection drug use remains a
very important mode of transmission of HBV infection (up to 25% of all patients)
[16]. The risk of infection increases with the duration of injection drug use [30].
Although the risk of transfusion-associated HBV infection has been greatly
reduced since screening blood for HBV, hepatitis C virus (HCV), and HBV vac-
cination (HIV) markers and excluding donors who engage in high-risk activities,
transmission is still possible when donors are in the “serologic window,” until the
appearance of HBsAg in the blood and only HBV-DNA dosing would make detec-
tion possible, but this is an expensive method even for economically developed
countries [31].

Obvious sources of infection include HBV-contaminated blood and products, with
contaminated surgical instruments being other possible hazards [30]. Parenteral/
percutaneous transmission can occur during surgery, after needle stick injuries,
intravenous drug use, and after procedures such as body piercing, tattooing, and
acupuncture [32].

2.4 Prevention of HBV infection

Reduction of HBV-related chronic liver damage and chronic HBV infection is the
primary goal of hepatitis B prevention initiatives [34]. Many effective hepatitis B
prevention measures have been partially or fully implemented (Table 2) [34]. Three
strategies are available to prevent HBV infection: prevention through behavioral
changes, passive immunoprophylaxis, and active immunization (vaccination) [35].

2.5 Behavior modification

Sex education, combating drug use, compliance with the rules of asepsis and
antisepsis in hospitals and medical units, as well as screening of transfused blood

* included blood donor screening,
* plasma-derived product preparation that inactivates the HBV virus,
« infection control measures,

* the administration of hepatitis Bimmune globulin after suspected exposure, particularly for infants born
to HBsAg-positive women [35].

Table 2.
Prevention of HBV infection [35].
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products are methods to combat HBV transmission [16]. Behavior modification is
more important in developed countries than in developing countries, where the main
route of transmission is vertical (perinatal), for this group, immunoprophylaxis, both
passive and active, being more effective [20].

2.6 Passive immunoprophylaxis with HBIG

Hepatitis B immune globulin (HBIG) is a sterile solution of antibodies against
hepatitis B [36]. HBIG is prepared from human blood from selected donors who
already have a high level of antibodies against hepatitis B and is used in passive immu-
noprophylaxis [37]. Passive immunoprophylaxis is used in the following situations:
newborns of mothers infected with hepatitis B, after accidental injection with objects
contaminated with HBV, after sexual exposure, and after liver transplantation [38].
HBIG is an essential component of prophylaxis in HBV-infected patients and liver
transplant recipients, which prevents recurrence in up to 80% of cases [39]. Long-
term prophylaxis, in high doses of HBIG, has an extremely high cost, so the combined
therapy between a nucleoside analog and HBIG is used [39].

2.7 Active immunization (vaccine)

The best way to reduce the prevalence of HBV infection is by vaccination and
routine infant vaccination, which has been the main approach in nations in eastern
Europe [15]. In 1982, the inactive plasma-derived vaccination, known as the first-
generation hepatitis B vaccine, was made accessible [40]. The second-generation HBV
recombinant DNA vaccine has been available for general use since 1986 [41]. Both
vaccines have been shown to be safe and effective in preventing HBV infection.

In 1991, the World Health Organization (WHO) recommended that vaccination
against hepatitis B be included in the national immunization system in countries with
hepatitis B carrier prevalence (HBsAg) of 8% or greater by 1995 and in all countries
by 1997 [42].

The hepatitis B vaccine has now been available for over 30 years, being a very effec-
tive tool for preventing infections among the population [43]. The US implemented
universal immunization in 1991 and decreased the incidence of acute infections by
89% in children and adolescents [44]. With the introduction of HBV vaccination on a
large scale, the incidence of liver cirrhosis and hepatocellular carcinoma is expected to
decrease over the next few decades [45]. Taiwan is one of the early adopters of universal
vaccination. Its prevalence of positive surface antigen, that was between 15 and 20%,
has reduced to 7% among adolescents and young children [46]. In 2002, 154 countries
had routine immunization of infants with the hepatitis B vaccine [47].

Given that anti-HB antibodies can disappear to a substantial extent in those
vaccinated, after the initial successful vaccination, a booster dose is required of
vaccine, following the administration of the primary course, which is recommended
by most national bodies [48]. Results of long-term follow-up studies, along with role
assessment of immunological memory among those vaccinated, show that the need
to provide booster doses after a successful course is now being questioned in primary
immunization [48]. The data collected from the literature show us that long-term
protection depends more on immune memory than on the decrease in the titer of
antiHBs antibodies [49]. Therefore, to ensure continued access to hepatitis B vaccines
worldwide, major efforts are needed to support countries securing sustained funding
for immunization programs [49].
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Figure 1.
Hepatitis B genotype and global distribution [29].

3. Hepatitis B genotype

There are eight HBV genotypes grouped from A-H based on the phylogenetic
analysis of the complete classification of the viral genome, each with a unique geo-
graphic distribution (Figure 1) [38]. At the global level, the most widespread types
are genotypes A and D. In East Asia, the area with high endemicity, Genotypes B and
C are found.

The 8th “H,” described last, is found in Central America. Genotype E is found in
sub-Saharan Africa, and genotype F is seen in Native Americans [50]. All genotype
classes have a common immunodominant region on the HBs antigen which is called
“a determinant” [14]. This determinant comprises amino acids 124-147 and is hydro-
philic [14]. It is taught to be a form of two major and one minor loop with cysteine
disulfide bonds. The “a” determinant primarily targets vaccine-induced neutralizing
antibodies, which achieves a common major immunization response to the “a” deter-
minant, with subsequent protection against all HBV subtypes [51].

The response to treatment depends on the genotype, subgroup, and recombina-
tion, which can influence the biological characteristics of the virus [38]. A correlation
between HBV genotypes and HBeAg clearance, liver damage, and response to IFN
treatment has been reported [52]. The prevalence of HBeAg seems higher in patients
with genotype C than with genotype B, also, patients with genotype B have lower histo-
logical activity scores and genotype C is more prevalence in patients with cirrhosis [52].

4., Coinfection

Due to similar mechanisms of transmission, overlapping patterns of endemicity
are seen between HBV and other blood-borne viruses like hepatitis C virus (HCV),
hepatitis D virus (HDV), and HIV [29]. Coinfection with these viruses alters the nat-
ural course of evolution, and the prognosis is poor compared to HBV monoinfection
[53]. Chronic HDV infection is often linked to an ongoing chronic hepatitis, which in
approximately 70% of cases develops into cirrhosis within 5-10 years [54]. HBV/HDV
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coinfection has an estimated three times greater incidence of cirrhosis than those with
chronic HBV monoinfection and they have higher risk of early decompensation and
the development of hepatocellular carcinoma [38].

Considering the increased risk of complications, prevention of infection in
patients with HBV or with HCV or HIV (by HBV vaccination) is of high priority. Of
the estimated 240-350 million people living with HBV worldwide, coinfection with
HIV is estimated at 0.5-1.5% [55].

In some regions, up to 25% of people are infected with HIV are also infected with
HBV. From the point of view of HBV/HCV coinfection, it is estimated that between 7
and 20 million are co-infected, with evidence that this coinfection increases the risk
of progression to cirrhosis and HCC [56]. HDV is a satellite RNA virus, which only
affects people carrying HBV (5% globally) [57]. Perinatal transmission is less com-
mon than for HBV. However, the prevalence of HDV has been shown to be decreasing
particularly in South-Eastern Europe, due to improvements in primary prevention of
HBV through vaccination, reduction of harm in people who inject drugs and general
improvement in socioeconomic conditions [29].

5. Epidemiology of HCC and HBV

Hepatocarcinoma (HCC) is one of the reducible complications of HBV infection,
being able to occur in patients with chronic HBV hepatitis, not only in those in the
stage of cirrhosis [58]. Compared to uninfected people, the risk of HCC is 100 times
higher in those with positive HBsAg and especially in those with high viral replication
(much increased HBV-DNA) [59]. The presence of HCC correlates with the geo-
graphical prevalence, being higher in Southeast Asia and sub-Saharan Africa (HCC
>50 per 100,000 inhabitants) [60]. Genotype also plays a role in the development of
HCC, with data from Asia showing that genotype C is associated with more severe
liver disease including cirrhosis and HCC, while genotype B is associated with the
development of HCC in young and noncirrhotic patients [61].

6. HBV in developing countries

In developing countries, HBV incidence is medium to high, even if the number of
chronic HBV carriers has decreased since the introduction of the vaccine in the 1990s
[27]. In the sub-Saharan region of Africa, the endemicity of HBV infection exceeds
8% of the general population [62]. There are also countries with <2% endemicity on
the African continent, these being Egypt, Algeria and Morocco [63]. In South Africa,
the highest rate of hepatitis B infection in children under 10 was 15% [64]. There is
evidence to suggest that vertical transmission is more common in Asia than in Africa,
related in part to predominant HBV genotypes influencing the likelihood of HBeAg
positivity and high levels of HBV-DNA during childbearing years [20]. In China,
HBsAg prevalence has decreased from 10 to 1.0% in children under 5 years of age,
preventing approximately 16 to 20 million cases of HBV infection through population
vaccination [65].

Southeast European nations with intermediate-to-high HBsAg carriage rates
include Bulgaria (4%) and Romania (5.6%), as well as Turkey (up to 7%) [66]. On
the other hand, the majority of Western and Central Europe, including nations like
Belgium, Italy, Germany, the Czech Republic, and Slovakia, have low levels of HBV
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endemicity (0.5-1%) [67]. The Netherlands, Northern European nations including
the UK and Ireland, and Scandinavian nations like Denmark and Finland have the
lowest HBV seroprevalence (<0.5) [67].

For Latin America, epidemiological data are insufficient, but according to
estimates, almost 12 million people are currently infected with HBV, and the most
affected age group is 20-40 years [68]. Nations that cannot yet adopt a universal
newborn immunization program must receive support from international organiza-
tions to implement this. The WHO Global Hepatitis Strategy, endorsed by all WHO
Member States, aims to reduce new hepatitis infections by 90% and deaths by 65%
between 2016 and 2030 [69].
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Chapter 2

HBsAg Prevalence among
Conditionally Healthy Population
of Russia in 1982-2023: An Attempt
at a Systematic Review and
Forecasting the Trend

Victor Manuylov and Sergey Netesov

Abstract

Data on the dynamics of HBsAg carriers as well as acute and chronic hepatitis B
cases in Russia over the past 30 years were collected. An analysis of the quality of these
data is presented, revealing methodology issues in recruiting and screening volun-
teers. Possible mistakes in analyzing these data are discussed. Analysis of published
data in 58 groups of conditionally healthy individuals in Russia showed a rapid
decrease in HBsAg prevalence, following the dynamics of hepatitis B incidence. In the
1990s, HBsAg prevalence ranged from 2 to 5% to 10-17% (in different regions), and
by 2020, this parameter had decreased to levels from 0.2-0.8% to 2-4%. The inci-
dence of acute hepatitis B during this period decreased from 42 to 0.3 new cases per
100 k/year, while chronic hepatitis B cases decreased from 100 to 20 per 100 k/year.
Further measures to propose hepatitis B virus (HBV) eradication are discussed, along
with current problems related to declining vaccination.

Keywords: viral hepatitis, hepatitis B virus, prevalence, chronic HBV carriers,
HBsAg, Russian federation

1. Introduction

The incidence of hepatitis B in Russia has decreased significantly over the past 20
years [1, 2]. Following a rapid rise in the 1990s, apparently caused by the widespread
use of intravenous drugs [3, 4], since the starting of a universal vaccination program
against hepatitis B in 2001 [5], the incidence is continuously decreasing (Figure 1A).
This suggests that the measures taken to prevent the spread of the hepatitis B virus
(HBV) have been effective in reducing the number of new cases. In addition to
immunization, these efforts included the increased control on intravenous drug
import and usage and the extensive implementation and improvement of PCR and
ELISA diagnostics for the analysis of donor blood as well as for identifying spontane-
ously infected individuals.
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Figure 1.

A: Incidence of hepatitis B in the Russian Federation (1987-2023). The acute hepatitis B (AHB) incidence is depicted
by the blue line, chronic hepatitis B (CHB) - by the ovange line, and “HBV carrying” by the gray line (until 2019, see the
commentaries in the Results section). Data are provided according to [1, 2]. B: The proportion (%) of individuals
sevopositive for HBsAg in the “conditionally healthy” population of various groups in the Russian Federation (gray
points) and other vepublics of the former USSR (yellow points) over different years. Separately highlighted are Yakutia
(ved line; the dotted red line connects points in the Arctic zone), Tyva (green line), Moscow and Moscow region (blue),
Sverdlovsk vegion (blue), Novosibirsk region (purple), and Khabarovsk region (ovange). The numbers next to the points
correspond to the row numbers in Table 1.

An important question is to what extent the incidence dynamics (i.e., officially
registered new cases of hepatitis B) reflect changes in the number of people who are
already chronically infected with HBV. From general considerations, the number of
chronic HBV carriers should increase quickly following the rise in newly infected
individuals (when the incidence is rising), but then decrease much more slowly after
the main peak of incidence has passed. This suggestion is based on the facts that the
chronic hepatitis B disease is lifelong and, in most cases, cannot be cured but can
only be temporarily suppressed with medication. It is often asymptomatic, so the
carriers may not know about their illness for some time but can transmit the
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infection to others. Therefore, the most probable cause of the decrease in the stratum
of chronically infected people seems to be their natural death. At the same time, this
group of chronic, non-manifest carriers is probably the main reservoir of HBV that
infects new individuals, as acute patients release infectious doses of the virus for only
a short time. Thus, the rate of decreasing the proportion of chronically HBV-infected
people (who are “hidden” in the conditionally healthy population) determines how
quickly we can expect the elimination of the pathogen.

The proportion of chronic HBV carriers (the prevalence) at a particular moment
cannot be determined solely by analyzing hepatitis B incidence. To assess the preva-
lence, targeted screenings in groups of a conditionally healthy population are neces-
sary, as asymptomatic chronic HBV carriers who do not know about their infection
behave like healthy persons from a clinical and social perspective (although he or she
is capable of transmitting the virus accidentally). Fortunately, such local screenings
have been performed in the Russian Federation since the early 1980s, when HBV
serological diagnosis methods began to be actively introduced into the clinical and
epidemiological practice of the Soviet Union. These screening studies experienced a
renaissance in the late 1990s with the evolution of molecular tools for detecting and
sequencing HBV DNA, and again in the late 2010s when the need for repeated
monitoring was realized by several groups of authors simultaneously (Table 1).
Mostly, such screenings were performed on a regional basis: the proportion of HBV
carriers was assessed in groups of a “conditionally healthy” population of particular
regions or cities (based on the prevalence of HBsAg, see below). As the data accumu-
lated, it became possible to evaluate the dynamics of the HBV prevalence, i.e., to
determine how the number of chronic HBV carriers changes and whether it follows up
the curve of hepatitis B incidence. This was the main goal of the present study.

Besides this, we consider it a distinct and important task to publish a comprehen-
sive set of findings on historical HBsAg prevalence in the Russian Federation through
an international open-access edition. Many of these findings were previously available
only in traditional Russian-language print journals or in even less accessible sources,
such as PhD theses or conference reports. This publication makes these data accessible
to a broader range of researchers worldwide.

2. Limitations of the study

The works covered by this study were quite diverse (Table 1) but often contained
typical methodological simplifications that should be discussed prior to the analysis:

1. Most studies only determined HBsAg seroprevalence without confirming
positive cases by PCR. While HBsAg is the main diagnostic marker of HBV
infection according to both international [34] and Russian [35]
recommendations, it is known that the high sensitivity of commercial ELISA kits
(which is necessary in their traditional field of use for screening blood donor
samples), as well as other factors such as cross-contamination of samples, can
sometimes lead to false-positive results. This ultimately results in an
overestimation of the proportion of seropositive individuals compared to those in
whom HBV DNA is detected [20, 31, 36].

2.In most cases, volunteers were invited as study participants instead of
individuals randomly selected from the population who could represent various
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social, economic, and behavioral cohorts. This could lead to an underestimation
of the determined HBV prevalence in the studied group (e.g., regional). First,
inviting volunteers usually does not attract participants from marginal strata of
society, who are not numerous but are much more often infected [4]. Second,
researchers are often specifically interested in studying HBV carriers who are
“hidden” among a “healthy” population. Consequently, they sometimes restrict
the participation of individuals who have already been aware of their positive
status regarding viral hepatitis and/or other parenteral infections. The presence
of such infections in the anamnesis might be set as an exclusion criterion for
potential participants, and thus, these individuals are not included in the group
statistics. However, we assume that the systematic factors mentioned in this
paragraph and the paragraph above affected the data of all studies in the same
way and, thus, may not be taken into account in assessing the overall trend.

3.Epidemiological heterogeneity of the study groups and, sometimes, a lack of data
complicate joint analysis. Researchers tend to explore groups of volunteers that
are easier accessible to them, which cannot always be directly compared to each
other (e.g., by age of participants; some authors include children, while others do
not). A few sources do not indicate the exact year the samples were collected (an
extended period is indicated, see Table 1); some of them do not report the size of
the study group (only the proportion of HBsAg carriers is indicated, which does
not allow to calculate a confidence interval). In extreme cases, there are data
available only regarding the HBsAg prevalence in significantly biased cohorts of
the “conditionally healthy” population, such as newly recruited or even long-
term blood donors or pregnant women (as reflected in Table 1). The
heterogeneity of the groups studied by different authors is one of the main
factors complicating their comparative analysis. Readers should be aware that
the data discussed may have been obtained from vastly different populations
(with the common feature that they do not include known HBV carriers).
Nonetheless, we hope that the inclusion of a significant number of studies and
groups in the analysis can help mitigate the influence of random,
multidirectional factors on the overall estimate of the dynamics of HBsAg carrier
proportions.

3. Methodology

Information for our analysis was collected both by querying the PubMed database
(e.g., “HBV Russia,” “HBsAg USSR,” and derivatives) and by searching in classical
libraries for print versions of sources referred to by the authors of articles indexed by
PubMed. In total, we obtained information on HBsAg prevalence in 58 regional groups
across the Russian Federation over different years, published in 30 sources (Table 1).
As we also collected additional data that may be of interest to other researchers, such
as the prevalence of antibodies to HBV antigens, we included these findings in Table 1
but do not discuss them in the main text of the article. In addition, several studies
published before 1992 included data not only from regions within the modern Russian
Federation but also from 10 groups in other republics of the former USSR. We have
included this information in Table 1, but did not aim to study HBsAg prevalence in
these countries in subsequent years.
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The data from Table 1 were used to construct Figure 1B, which is a scatter plot
showing the HBsAg prevalence in regional groups of the “conditionally healthy”
population over different years. For the graph construction (Figure 1A, B), Microsoft
Excel 2021 was used. If the size of the surveyed group was known, a confidence
interval (CI) for the proportion of the qualitative trait was added to the point in
Figure 1B (95% CI; recalculated using the binomial distribution in all cases). If the
exact year of sample collection was unknown, the corresponding point in Figure 1B
was placed at the border of the interval for one-sided intervals (e.g., “before 1992”);
for two-sided intervals, it was placed in the middle (e.g., for the interval “1990s,” the
point was placed in 1995); for even intervals, the nearest even year to the mean was
used as a point. In some cases, the datapoints for time intervals were shifted for a year
to the right or left to avoid overlap on the diagram. If repeated data were available for
a particular region over several years, the corresponding points in Figure 1B were
connected with colored lines.

We deliberately did not calculate a resulting curve of “average” values from dif-
ferent regions for the same year. The reasons were as follows: First, as mentioned, not
all the groups’sizes were originally known, so we could not account for their contri-
bution to the “average” value. Second, the populations of distinct regions differ
significantly in HBV prevalence (and, therefore, in epidemiological characteristics),
making it impractical to combine them (for more details, see [6, 37]). Instead, we
believe it is more expedient to evaluate the scatter and character of the entire cloud of
the points over time.

4. Results
4.1 Hepatitis B incidence dynamics in Russia over the past 35 years

Figure 1A represents the officially registered incidence of hepatitis B in the entire
Russian population from 1987 to 2023 [1, 2]. The incidence of acute hepatitis B (AHB)
at the beginning of this period remained at the level of 20-25 cases per 100,000
population, then quickly increased to approximately 40 cases per 100,000 by the mid-
1990s. By the end of the 1990s, it had reached a historical maximum of 42-43 cases
per 100,000. During these same years, statistics began to register cases of chronic
hepatitis B (CHB) and, separately, “HBV carrying,” which also showed peaks in the
late 1990s. (According to the Russian classification, “HBV carrying” means the per-
sistence of HBsAg in the patient’s blood for at least 6 months in the absence of
symptoms of liver pathology [35]). In particular, the cumulative incidence of CHB
and “HBV carrying” reached its highest known value in 2000 at 109.9 cases per
100,000 population. Since 2001, after the universal vaccination program began [5],
along with intensified efforts to combat illegal drug use and general economic
improvements in the Russian Federation, the incidence naturally began to fall. The
most significant decrease was observed until the early 2010s, when the incidence of
AHB dropped below the threshold of 2 cases per 100,000. After that, the decreasing in
AHB incidence asymptotically slowed, reaching 0.3 cases per 100,000 by 2023
(Figure 1A). The decrease in the incidence of CHB and “HBV carrying” was more
gradual, and by 2019, their cumulative value was around 20 cases per 100,000 popu-
lation (in Figure 1A, the curves of CHB and “HBV carrying” must be added to each
other to obtain the total yearly value). From 2019 onward, data on “HBV carriage”
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were no longer published, while the incidence of CHB alone was 8.45 cases per
100,000 in 2023 (Figure 1B) [38].

At first glance, the decrease in detected cases of “HBV carrying” seems to reflect a
proportional reduction in the infectious-active stratum of asymptomatic HBV car-
riers, which we aimed to study. However, such an assumption does not seem entirely
justified to us. Indeed, the new cases of acute hepatitis B are registered every year, so
their dynamics truly reflect the activity of the infectious process in the population. In
contrast, an HBV carrier is registered once in his or her lifetime and is not included in
subsequent years’ statistics, and we do not know exactly how long the carrier remains
infectious until death. Therefore, data on the registration of new cases alone are
insufficient to estimate the total number of infected people or to determine the rate of
its decrease. Answers to these questions can only be obtained through population
monitoring studies, which involve direct measurements of the proportion of people
infected with HBV (or, simplified, the proportion of the HBsAg-positive carriers) in
the general population.

4.2 Dynamics of the HBsAg prevalence in Russia

The published results of HBsAg prevalence monitoring in the Russian Federation
(as well as in several other former USSR republics in the 1980s; see below) are
summarized in Table 1 and Figure 1B. It is even visually evident that the envelope
curve representing the proportions of HBsAg-seropositive carriers (outlining the
upper values determined in different groups for the same years) surprisingly accu-
rately follows the hepatitis B incidence curve (Figure 1A). Indeed, until the early
1990s, the HBsAg prevalence was recorded at a level of 2-3% across the Russian
Federation (the gray and blue points in Figure 1B before 1992). In several urban
communities—such as Novgorod, Cherepovets, Vladimir, Nalchik, Perm, Surgut, and
Kemerovo—a low prevalence rate (1-2%) apparently persisted throughout the first
half of the 1990s, despite the sharp rise in hepatitis B incidence in the rest of the
country (Table 1, Figure 1B). However, when discussing these low-endemic city
groups in the early 1990s, it is important to note that, first, the year of sample
collection is not always known, and second, many of the corresponding groups
included reserve blood donors (Table 1) [3], who are screened repeatedly and there-
fore generally have a lower prevalence of parenteral infections.

Starting from 1991 or 1992, significantly larger proportions of HBsAg-seropositive
individuals began to be identified in many groups—up to 10% or more (Figure 1B).
This trend reached a maximum around the year 2000, which is the period when the
highest incidence rates of all forms of hepatitis B were recorded (Figure 1A). To be
fair, we cannot state confidently that there were no highly endemic groups in the
USSR before the beginning of the 1990s, when the rapid growth in the number of
HBV-infected people occurred. The highest known values of HBsAg prevalence were
reported in the mid- and late 1990s in relatively isolated national and/or regional
groups of Siberia and the Far East, which apparently have their own epidemiological
specifics regarding HBV spreading. For example, in the Republic of Sakha (Yakutia)
during those years, HBsAg prevalence was recorded at 10.4-23.8% depending on the
region; in the Tyva Republic, up to 9.8%; in the Altai Republic and Taimyr Peninsula,
more than 13%; in the Chukotka Peninsula, 9.6%, etc. (see Table 1). It is likely that
during Soviet times, these groups had not yet been studied as thoroughly as they were
later, and for this reason, we do not see a “cloud” of high HBsAg prevalence points for
them in the 1980s. This assumption is indirectly confirmed by the high rates of HBsAg
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prevalence determined in the 1980s in other republics of the former USSR, at levels of
5-6% (Ukraine, Georgia, Turkmenistan, Uzbekistan, Kazakhstan) and even 10%
(Moldova, Kyrgyzstan; see the lower part of Table 1 and yellow points in Figure 1B).
However, we can definitely state that in almost all regional groups where repeated
monitoring was conducted over different years, the prevalence of HBsAg in 2018-2021
has become significantly lower (statistically speaking) than at previous points around
2008 or earlier (in Figure 1B, values obtained from different studies for the same region
are connected by lines of the same color). This trend was observed not only in national
groups, such as the population of the Tuva Republic, where HBsAg prevalence was
8.2 + 1.6% in 2008 and dropped to 1.2 &= 0.6% in 2020 (p < 0.001, Table 1), but also in
large urban communities with diverse geographical, climatic, and socio-economic con-
ditions. For instance, in Moscow, HBsAg prevalence decreased from 1.6 & 0.8% in 2008
to 0.4 4= 0.1% in 2020; in Novosibirsk, it fell from 3.6 & 1.6% in 2001 to 0.8 &= 0.2% in
2020; and in Khabarovsk, it declined from 3.2 4- 1.1% in 2001 to 0.7 &= 0.2% in 2020 (in
all these cases, the differences were significant, p < 0.001). The exception was the
Sverdlovsk region, where the incidence of HBsAg in 2020 (0.6 & 0.5%) was not statis-
tically different from that in 2008 (1.2 + 0.7%) but was still significantly lower than the
lowest value reported in the 1990s (1.9 & 0.6%, p < 0.01, Table 1).

4.3 The republic of Yakutia: From highest to low HBsAg prevalence

The dynamics of HBsAg prevalence in the large Republic of Yakutia (Figure 1B,
red line) deserves special discussion. In this region, the proportion of HBsAg carriers
among the conditionally healthy population in 2018 (2.2 & 0.6%) did not differ
significantly from the previous known value (2008, 2.9 & 1.1%) but was significantly
lower than the reported values for 2005-2006 for both the indigenous population
(12.1 + 3.8%) and the urban (newly arrived) population (5.8 & 2.5%, Table 1). How-
ever, the most recent publication [31] reported the HBsAg prevalence in Yakutia in
2022 at 4.6 & 2.1%, which appears to violate the common trend of decreasing HBsAg
carrier proportions in all surveyed groups (Figure 1A). At the time, it should be noted
that the population of Yakutia is very diverse in terms of HBV prevalence [29, 30]. The
mentioned value of 4.6% [31] was obtained in the Momsky region of the Arctic zone in
2022, while lower values—2.2% in 2018 [9] and 2.9% in 2008 [14]—were reported in
the more southern regions of the so-called “agriculture zone,” including the city of
Yakutsk. For previous values of HBsAg prevalence specifically in the Arctic zone, we
have data from the neighboring Abyisky district, where in the period of 1999-2002,
the HBsAg prevalence was reported at 10.8 & 3.2% [29]. This was significantly higher
than the discussed point of 4.6 + 2.1% in the same Arctic zone in 2022 [31]. Thus, even
in the highly endemic Arctic zone of Yakutia, a significant decrease in the proportion
of HBsAg carriers has occurred (see points connected by a red dotted line in
Figure 1B), in accordance with the general trend throughout the country.

In general, after 2008, no further reports have been published on the rise of the
HBsAg prevalence anywhere in Russia (remember, we are discussing the “conditionally
healthy” population, not risk groups). By 2018-2021, the average seroprevalence of
HBsAg in the country was already estimated at 0.2-0.8% [6], as shown in Figure 1B.
There are still a few national republics where the HBsAg prevalence has been reported at
moderately high levels recently (for example, Dagestan with a rate of 2.4% in 2019-
2020, or the previously discussed Yakutia with rates of 2.2-4.6% in 2018-2022,

Table 1), but even these values are markedly lower than those in the 1990s.
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5. Discussion

Thus, the decline in HBsAg prevalence appears to have almost paralleled the
decrease in hepatitis B incidence (Figure 1A, B). One potential reason for the reduc-
tion in the large and seemingly time-stable population of infectious HBV carriers
could be their relatively rapid mortality from various causes. Many individuals
infected with HBV during the 1990s were drug addicts and had correspondingly
elevated risks of mortality from all causes. According to [4], at least 22% of chroni-
cally HBV-infected individuals in Siberian cities before 2002 openly admitted
injecting drug use (with risk ratios from 2.7 to 27 depending on the subgroup). Since
the 2000s, sexual transmission of HBV has become the dominant risk factor (after
“unknown causes”), being responsible for 13-30% of all new hepatitis B cases, while
drug use remains a likely cause in only about 10% of newly infected patients [39, 40].
Therefore, if the infectious stratum were to increase again, then, due to changes in the
behavior of modern HBV carriers, we should not expect a subsequent decrease as
rapid as we could observe in the recent past (Figure 1B).

Finally, we might face the probable effect described in the “Background” section of
this article: the exclusion from late 2010s’ studies of people who have already known
about their infectious status (or their self-decision not to participate). It is also likely
that healthcare in the Russian Federation has reached a level where most HBV carriers
are identified quickly after infection. However, this, in our opinion, does not affect
the general conclusions. The primary risk of the new HBV invasions comes not from
the entire stratum of infected individuals, but specifically from those who are not
under specialist supervision, are unaware of their infectious status, and thus take no
special measures to prevent virus transmission. The clearly observed reduction in the
proportion of these “unconscious” carriers (Figure 1B) is an extremely positive trend.
If it is possible to reduce the size of this stratum to zero (so every infected person has
been aware of his or her status), then we can start to talk about the approaching
victory over HBV in Russia—even if the remaining cohort of patients with CHB will
persist for many years under the care and control of medical specialists. Of course, it is
crucially important to educate all chronically infected individuals with HBV about the
necessary restrictions in behavior and habits to prevent further virus transmission.

However, further reduction in HBV prevalence is only possible with increased
control over vaccination. By the end of 2021, official data indicated that 109.6 million
people in Russia (approximately 75% of the total population of around 146 million)
had received a complete course of the hepatitis B vaccine [38]. Despite this, the
proportion of people carrying a protective anti-HBsAg IgG's titer (>10 mIU/ml) in the
general population of Russia was, according to various estimates, no more than 66.4—
70% depending on the region (study 2017-2019, which included more than 40,000
participants annually [41]) or even as low as 53.6% (2018-2021 study of 36,000
volunteers from 9 regions [6]). This suggests, at least, that not all individuals who
receive the vaccine acquire protective immunity (or their immunity is not lifelong),
and undervaccinated groups should be identified and boosted.

Additionally, we must not underestimate the impact of anti-vaccination move-
ments, which have led to a noticeable increase in the proportion of unvaccinated
newborns in Russia. According to Ref. [42], in 2016-2017, vaccination schedules were
violated in 15.7% of children during their first year of life, with 4.9% remaining
completely unvaccinated and 10.8% not receiving vaccinations for all the infections
listed in the Russian National Vaccination Calendar. Parental prejudice against
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vaccination accounted for 24.4% of refusals specifically against hepatitis B vaccination
[42]. Indirect evidence suggests that the COVID-19 pandemic further fueled anti-
vaccination sentiments in Russian society, a situation that urgently requires study and
intervention. At a minimum, it is necessary to enhance the postgraduate education of
pediatricians and family doctors and to renew efforts in educating parents of new-
borns about the importance of vaccination.

6. Conclusion

Until now, we have lacked objective information on how quickly or slowly the size
of the infectious stratum of chronic hepatitis B virus carriers is changing in Russia.
Our understanding has been based on general assumptions, primarily that chronic
hepatitis B is typically a lifelong condition, often asymptomatic and unnoticed by the
infected individual. Therefore, the number of HBV carriers may decrease very slowly,
mainly through their natural mortality. Considering that many of those infected with
hepatitis B during the 1990s—when incidence rates were at their peak—were young
people (due to their higher propensity for risky behavior [3, 4]), we could expect this
large infectious stratum to persist in society, potentially spreading the virus for many
decades. This could have significantly delayed the planned elimination of HBV in
Russia.

However, our analysis of long-term publications on HBsAg screening in various
regions of Russia revealed that the proportion of HBsAg-positive carriers among the
conditionally healthy population, which indeed peaked in the early 2000s, began to
rapidly decline almost immediately after the primary wave of morbidity subsided
(Figure 1). The trends observed in subsequent years clearly demonstrate the infec-
tious stratum’s capacity to decrease in response to anti-epidemic measures. This gives
us hope that eliminating hepatitis B in the foreseeable future is a realistic goal. Never-
theless, achieving this goal will require the targeted identification and boosting of
under immunized groups within the population, which still persist despite mass vac-
cination efforts.
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Abstract

The fact that >257 million people suffer from chronic hepatitis B in the world
aroused interest in presenting the case of an icteric patient with the symptoms of
acute viral hepatitis and with the markers of hepatitis that initially left us in doubt.

A 47-year-old woman suffering from malaise and fatigue, severe abdominal pain,
icterus and vomiting was referred to a gastroenterologist, and due to suspicion of
choledocholithiasis and verified cholelithiasis by a surgeon, the patient was admit-
ted to the Clinic for Surgery. After ruling out the obstruction of the bile ducts, an
infectious disease specialist was consulted, and the patient with HBsAg negative and
anti HBcIgM antibody positive was transferred to the Clinic for Infectious Diseases.
A molecular PCR DNA HBV was performed and viremia was confirmed; parenteral
antibiotic therapy was continued. Considering the deterioration of biochemical liver
tests and changes in the patient’s mental status, antiviral therapy was introduced.
Liver tests were gradually restored, the patient’s clinical condition significantly
improved, and after 48 days of hospital treatment, the patient was discharged. In this
case, we remembered that HBsAg is an important marker in the detection of hepatitis
B virus in patients, but it is not a decisive marker in acute hepatitis B, especially in the
case of a more severe form of the disease.

Keywords: acute hepatitis B, severe form of disease, negative HBsAg, cholelithiasis,
antiviral treatment

1. Introduction

Since the discovery of hepatitis B virus back in 1960, researchers have become
familiar with eight different genotypes of the virus, which differ from each other in
terms of nucleotide arrangements and have different geographical distribution. It
is a virus that primary infects human hepatocytes; the immune system of an adult
controls viral replication and expression, destroys DNA HBV and HBsAg from the
circulation and responds by developing anti-HBc and anti-HBs antibodies. However,
ccc DNA HBV remains in a small part of hepatocytes as a sign of past infection,
and in some cases, it is reactivated, leading to hepatitis B reactivation (‘flare up’).
The HBsAg protein in the outer lipid bilayer represents the most important and the
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largest part of the virus and circled nucleocapsid protein HBcAg that we find only in
the liver; the shorter form HBeAg is found in the serum [1]. The HB virus has a high
frequency of mutation due to the absence of error correction control for the incorpo-
ration of wrong nucleotides in the replication process.

1.1 Clinical characteristics of acute and chronic hepatitis B virus infection

Hepatitis B virus infection (HBV) leads to a wide spectrum of liver disease: acute
(including fulminant hepatic failure), chronic hepatitis, cirrhosis and hepatocel-
lular carcinoma. The average incubation period is 75 days (range 30-180 days), most
often 60-90 days. HBsAg and HBeAg are the first viral markers detected in serum.
Within a few weeks of appearance of viral markers, serum alanine and aspartate
aminotransferase (ALT, AST) levels begin to rise and jaundice may appear. HBeAg
is usually cleared early, at the peak of clinical illness, whereas HBsAg and HBV DNA
usually persist in the serum for the duration of clinical symptoms and are cleared
with recovery.

The diagnosis of acute hepatitis B is made by the finding of the anti-HBcIgM
antibody in serum, particularly in a patient with HBsAg and signs, symptoms or
biochemical features of acute hepatitis [2]. Virological diagnosis is based by the
detection of anti-HBcIgM antibody, HBsAg and DNA HBV in serum [3]. In some
instances, HBsAg is cleared rapidly from the serum and anti-HBcIgM antibody is
the only marker when the patient presents with hepatitis B. In the natural course of
the disease, acute HBV infection will recover clinically and virologically including
seroconversion to anti-HBs antibody without antiviral therapy in more than 95% of
adults [4]. If the immunoclearance does not succeed in the complete control of HBV
infection, leading to HBsAg clearance and anti-HBs seroconversion, HBV infection
evolves into the low replicative phase or HBeAg negative chronic HBV [5].

HBV is a significant cause of fulminant hepatitis (FH); in Europe, there are between
5% and 18% cases; in Bangladesh and India, between 13 and 15% cases; and in Sudan,
22% cases [3]. FH linked with HBV mainly occurs in patients who have acute HBV
infection, as well as in patients with reactivation (flare-up) of chronic HBV infection,
either spontaneously or after the initiation or discontinuation of immunosuppressive
therapy. Fulminant hepatitis appears more frequently as a hyperacute liver injury (LI):
icterus and encephalopathy until the first 7 days of disease but also as an acute liver
injury (ALI): icterus and encephalopathy until first 2 months of disease, then as sub-
acute liver injury: icterus and encephalopathy >2 months of the beginning of the dis-
ease. Acute HBV infection and acute exacerbation of chronic HBV infection can cause
acute liver failure (ALF) or FH with lower than 25% survival rate [6]. More serious ALI
is defined with INR >1.5 without liver encephalopathy, while FH is defined with INR
>1.5 and with the presence of liver encephalopathy without chronic or previous liver
disease. Acute exacerbation (reactivation) of chronic HBV hepatitis can manifest in the
form of FH due to its characteristics: rapid course of reactivation, multiorgan failure,
cerebral oedema etc. Because of these progressive events, chronic HBV reactivation can
be similar to FH, although the definition of FH is somewhat different.

Chronic hepatitis B infection has affected >257 million people in the world and
caused an estimated 800,000 deaths from cirrhosis and HCC. In >80% of the cases
of acute HBV the infection ends with healing and loss of HBsAg, but due to persistent
viremia, there is a possibility for chronic infection. Chronic HBV is defined by the
presence of detectable HBsAg in the blood or serum for longer than 6 months and
encompasses a spectrum of disease [7].
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Chronic HBV reactivation is defined by the increase of DNA HBV > 1 logarithm
in patients who have already had positive DNA HBV or by the reappearance of DNA
HBV in patients with previously negative DNA HBV.

In the early stage of HBV infection, the virus does not stimulate the immune
system. In the later stage of infection, the cellular immunity reacts, so do effector cells
and humoral immunity with the appearance of antibodies. HBV elimination starts
a few weeks before the beginning of the disease by non-cytolytic mechanisms of
TOcell immunity. Later, the cytolytic immune response causes symptoms of hepatitis.
Numerous CD8 cytolytic cells are present in the liver in this phase; they react with
multiple Ag epitopes and eliminate the virus by destroying infected cells. The rise in
arginase levels suppresses the activated function of CD8 T cells and has the aim to limit
the amount of liver cells that will be damaged in acute hepatitis B [8]. Furthermore,
soluble Fas antigens are present in high levels in patients with this form of the disease,
which suggests that apoptosis is a principal mechanism in FH [9]. Therefore, the
absence or presence of the virus at very low levels at the time when the disease mani-
fests itself is an argument against antiviral therapy for acute HBV hepatitis [4].

The severity of acute HBV infection is also in relation to the characteristics of the
virus itself, such as D genotype, viral D coinfection or viral mutations (precore muta-
tion) in HBV virus [9, 10]. The principal cause of acute reactivation of chronic HBV
infection is rapid increase of HBV replication from low levels that reflects on positive or
high values of DNA HBYV, anti HBcIgM antibody and HBeAg. During this phase, ami-
notransferase levels rise, jaundice appears and HBV viremia starts to fall. An increase
of T cell response against HBeAg and HBcAg occurs in the early stage of exacerbation
(acute flare-up) and declines after recovery from acute exacerbation and HBeAg
seroconversion [11]. Spontaneous flare-up mainly appears in HBeAg-negative patients.

Anti-HBcIgM antibody is strongly positive in acute HBV infection, and it dem-
onstrates a higher level, while the lower levels more often reflect reactivation [12].
HBsAg is an unreliable diagnostic marker of severe acute HBV with liver failure,
the reason it becomes undetectable. In a study by Dao et al., HBsAg was positive in
20% of cases because of massive destroyed infected hepatocytes in severe acute HBV
[13, 14]. However, DNA HBV has a lower level in serious liver injuries in acute HBV
in relation to chronic HBV reactivation, such as HBeAg. So, low-level or undetect-
able anti-HBcIgM antibody and high-level HBV viremia could primary point to the
reactivation of chronic HBV then to acute HBV in severe HBV hepatitis [14, 15].

2. Casereport

The indication for antiviral treatment in HBV reactivation is clear, although in
severe ALI/FH linked to HBV infection, there is no clear consensus. In severe forms
of HBV hepatitis, such as ALF/FH, the decision for or against the treatment could be
rapid for the chance of spontaneous healing. For this reason, it is necessary to distin-
guish these two entities: acute HBV infection and HBV reactivation. Although their
progressive course is similar, treatment strategies are different. The implementation
of antiviral therapy in the case of severe acute HBV hepatitis could shorten the disease
duration, reduce the risk progression to FH and reduce the graft infection risk in the
case of the need for liver transplantation. However, due to rapid reduction of HBV
replication when HBV viremia is low, there is no clear consensus of antiviral therapy.
On the contrary, in chronic HBV reactivation and high HBV replication antiviral
therapy with nucleoside/nucleotide analogues is justified.

41



Hepatitis — Recent Advances in 2025

The aim of this article was to present a severe form of HBV infection and specific
treatment for the disease in the case of a 47-year-old patient with clear icterus,
abdominal pain accompanied with vomitus and malaise who was transferred from
the Clinic for Surgery to the Infectious Diseases Clinic in Tuzla on 20 December 2023.
We retrogradely analysed clinical characteristics of the patient on admission and
outcomes: symptoms, biochemistry, microbiological and radiological results obtained
from the electronic medical records and follow-up documents. The authors used the
Microsoft Excel programme, while the calculation value change over time was done
by the chain index. The diagnosis of acute HBV is based on the detection of DNA HBV
and anti-HBcIgM antibody in serum, but severe acute HBV with the fulminant form
of disease we define as coagulopathy (INR >1,5), jaundice (total bilirubin in serum
>171 pmol/1) and with encephalopathy (any kind of consciousness disorder) within 4
weeks without data of prior liver disease.

3 to 4 days before the onset of symptoms, the patient had lost her appetite and felt
malaise. The stool was regular, and urine was dark yellow coloured. Due to the suspicion
of choledocholithiasis, the patient was examined by an internist gastroenterologist;
abdominal CT was performed, which revealed two calculus in the infundibulum of gall
bladder and the suspicion of gall blader mucosal dissection, so the patient was hospi-
talised in the Clinic for Surgery. Viral hepatitis markers were done, and anti-HBc IgM
antibody was positive (3.57), HBsAg and HBeAg were negative, anti-HBe antibody was
positive and anti-HBs antibody was also positive (45.8 IU/ml). Anti-HAV IgM antibody
and anti-HCV antibody were negative. Aminotransferase was >20 times elevated
compared to ULN, and total bilirubin nine times with higher values of direct bilirubin;
leucocyte and CRP were normal. After the abdominal ultrasound, the rupture of gall
bladder and choledocholithiasis were eliminated; an infectiologist was consulted and the
patient was transferred to the Clinic for Infectious Diseases. The previously requested
PCR DNA HBV was positive (1.15 x 10* IU/ml) though PCR RNA HCV was negative.

In the Clinic for Infectious Diseases, abdominal ultrasound described hepatomeg-
aly (MCL 163.8 mm), hypoechoic liver parenchyma and spleen with rounded edges.

A small amount of ascites was present. On the second day in the Clinic for Infectious
Diseases, urea was low (1.8) with PIt 73, with increased bilirubin and ammonium

in serum, coagulopathy. Due to persistent nausea, vomiting and confusion noticed
the next day, Pantoprasol ampoules and Hepamerz pulvis, 2 x 3 g were prescribed.
On the sixth day, the patient was occasionally somnolent and carbohydrate diet was
introduced. On the 15th day of hospitalisation in the Clinic for Infectious Diseases,
the value of total bilirubin in serum was 333.5, direct 170.9; indirect 162.6; sero-
logical tests for leptospirosis, Q fever, brucellae, haemorrhagic fever, markers for
autoimmune hepatitis, antibodies IgM for herpes simplex virus, Toxoplasma gondii,
Cytomegalovirus and Rubella virus were negative; antibodies IgM and IgG for herpes
simplex virus type 2 were positive. The patient became agitated, refused the treatment
as well as adequate oral intake of fluid and food. Voluntarily, without the knowledge
of the hospital staff, she left the hospital, but with the involvement of the health care
workers and her family, she came back after 24 hours and the treatment continued.

In the following days, an abdominal CT contrast scan was performed and hepato-
megaly (240 mm in MCL) was described with periportal oedema, thickened gall bladder
wall and several stones in the lumen; portal vein measured 14 mm; slight splenomegaly
and microcalculi in the right rein were present. The abdominal pain was worsened and
was associated with vomitus and higher aminotransferase levels. Lamivudine tablets
100 mg, 1x 1 per day was available in the hospital pharmacy and was introduced on the
17th day of hospitalisation. Bilirubin had increased (378.4), AST: 2416; ALT 1390; NH3:
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50; A-FP: 90.5; ferritin: 1048. The patient was subfebrile; in urine Enterococcus faecalis 10°
was cultivated, so Ampicillin ampoules were introduced during 8 days. Aminotransferase
and NH3 were gradually decreased, while the total bilirubin was increased to 430.5.

After 7 days of lamivudine treatment, total bilirubin was 437.0, direct 298.6 but
indirect 138.4; aminotransferase decreased; AST: 1206; ALT 748; glucose: 4,7; albu-
min:34; PV:16,2; INR:1,5; a-PTT:40,5; IL6: 3,15. Due to high resistance, lamivudine
was replaced by tenofovir, 245 mg, 1 tbl/day; the symptomatic and supportive therapy
were continued. After a total of 7 days of antiviral treatment, the control PCR DNA
HBV was decreased: 3.92 x 10* IU, anti-HBs antibody was 61.60. The value of biliru-
bin was variable, but still high value: 414.0. In the repeated urine Candida species
were cultivated; soor has been detected so for the prevention of Candida infection
progression Fluconazol pills 2 x 100 mg were introduced. On the control on 31th
day of hospitalisation ALT: 307; AST: 633; total bilirubin: 388.0; NH3: 33. On the
41th hospitalisation day, anti-HBc IgM antibody: positive (3.25); anti-HBs antibody:
284.0 IU; HBsAg negative; immunoglobulin M, A and G were slightly elevated; A-FP:
247.8; thyroid hormones were normal. PCR DNA HBV was positive but <10 IU. On the
50th day of hospitalisation, total bilirubin was 153.4; AST: 91; ALT: 49; coagulation
was normal and the patient was discharged home.

The biochemical and microbiological results are shown in Table 1.

In Table 2 we present the evolution of some analysed parameter s over time during
the hospitalisation.

ALT and AST progressively decreased related to the initial value before antiviral
treatment; 2 weeks later, ALT decreased to 77.91%; AST to 55.56%; NH3 to 34%. Bilirubin
total increased during the first week of antiviral treatment to 15.49%, but during 2 weeks
(therapy with tenofovir), it decreased to 11.21%; from the initial value, it increased by
2.54%. PV (quick) and INR unexpectedly increased, which could be due to insufficient
duration of antiviral treatment. Urea increased to 23.08% after 2 weeks of treatment with
variable course during short hospital management of antiviral treatment.

On the first control realised 7 days after the discharge from the hospital, the
patient regularly took therapy: tenofovir, silymarin, ursodeoxycholic acid and vitamin

Before 7 days of 7 days of Percentage Percentage Percentage
lamivudine lamivudine tenofovir change change change
during during during

1week (%) 2.week (%) 2weeks (%)

Bilirubin 3784 437.0 388.0 1549 —11.21 2.54
total

ALT 1390 748 307 '—46.19 '—58.96 '—-7791
AST 2416 1206 633 ‘—50.08 ‘—4751 '—73.80
Glucose 4.5 4.7 7.0 444 48.94 55.56
Urea 5.2 6.1 6.4 17.31 492 23.08
NH3 50.0 42 33 '—16.0 '—2143 '—34.0
PV (Quick) 14.2 16.2 16.4 14.08 1.23 15.49
INR 13 1.5 16 15.38 6.67 23.08

Table 2.

The evolution of biochemical analyses over time during hospitalisation.
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B; occasionally she had mild pain in the right hipochondrium. In biochemistry: total
bilirubin: 136; direct: 57.5; indirect: 78.5; ALT: 61 (36); AST 126 (30); amylase: 106;
GGT: 54; cholesterol: 6.6; triglyceride: 4.4; Plt, glucose, urea were normal.

On the second control, 16 days after being discharged from the hospital, she
declared that abdominal pain and vomitus were somewhat less frequent (after
consummation of sweet food). She had no hepatomegaly and total bilirubin: 64 (21);
AST: 54 (30); ALP: 146 (104).

After 7 weeks on the third control, the patient felt good. Total bilirubin, amino-
transferase, GGT, platelets and glucose were normal; ALP: 146 (104); cholesterol: 6.2;
triglyceride: 3.0.

4 months after the discharge anti-HBs antibody were 1000.0 IU with HBsAg nega-
tive (0.14) and PCR DNA HBV was positive (<10 IU). Liver enzymes were normal,
cholesterol: 7,9; triglyceride: 3,1. The patient itself discontinued tenofovir due to hip
pain after total 14 weeks of tenofovir treatment.

The biochemical and microbiological results after discharge are shown in Table 3.

1 control 2 control 3 control 4 control
5days of 16 days of 7 weeks of 4 months of
discharge discharge discharge discharge
Le (x10%/L) 593 59 6.0 6.60
Hb (g/L) 138 129 136 135
Plt (x10°/L) 186 168 173 161
CRP (mg/L) 7.26 1.07
Glucose (mmol/L) 5.8 5.6 6.1 51
Urea (mmol/L) 4.0 4.2 7.0
Bilirubin tot (pmol/L) 136 64 15 7.0
Bilirubin dir (pmol/L) 57.5 49
AST (U/L) 126 54 27 23
ALT (U/L) 61 29 14 15
GGT (U/L) 54 33 21 23
ALP (U/L) 133 146 146
Tot protein (g/L) 84 69
Albumin (g/L) 36
Cholesterol (mmol/L) 6.6 6.2 79
Triglyceride (mmol/L) 44 3.0 31
PCR DNAHBV (1U/ml) pos(<10)
HBsAg neg(0.14)
Anti-HBsAt pos(1000)

Table 3.
Biochemical and microbiological tests after discharge.
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3. Discussion

During acute exposition to virus HBV in adults, the immune system generally con-
trols viral replication and expression and creates anti-HBc and anti-HBs antibodies.
HBV elimination starts some weeks before the disease by T-cell-mediated reactions
following cytolisa and symptoms of acute hepatitis. In acute hepatitis a great number
of cytolitic CD8 T-cells are present in the liver [16]. However, less cccDNA rests in
hepatocytes as a marker of past infection and in some cases is reactivated, causing
HBV reactivation [17].

One of the decisive criteria for transferring the patient in the Clinic for Infectious
Diseases was positive test of anti-HBcIgM antibody in the serum although HBsAg was
negative; we were waiting for the result of DNA HBV by the PCR method. Anti-HBc
antibody appears early in acute hepatitis B (4-10 weeks after the HBsAg appearance)
as aresult of HBcAg in hepatocyte’s nuclei. In 5-6% of the cases of acute HBV, espe-
cially in fulminant hepatitis, anti-HBcIgM antibodies are detected without HBsAg
detection [18], as described in our paper.

HBsAg was detected in serum 4-6 weeks after infection and disappeared from
serum during 3-6 months. In 5-6% of patients with developed clinical symptoms, it
disappeared earlier. That especially relates to the cases with fulminant HBV or HDV
coinfection. Due to that reason, our patient was tested on PCR RNA HDV and the
result was negative. Anti-HBe antibodies in circulation are detected some days or
weeks after the HBeAg become negative, and they point to the reduction of infection.
In this situation we could expect the resolution of biochemical analyses that had not
happened in our case.

Considering that about 50% of patients with chr HBV have anti-HBcIgM positive
[1], clinicians thought that low viremia and low titre of anti-HBcIgM antibody in
the serum in the first days of hospitalisation were possible due to reactivation of the
disease. Generally, the presence of IgM antibody in chronic HBV follows the replica-
tion of the virus, which in our case could not be proved due to the absence of HBeAg
and the presence of anti-HBe antibody.

HBYV infection can occur as occult infection (OBI) defined by the presence of
replication competent DNA HBV (cccDNA in the liver) and/or DNA HBV in the blood
of people who are negative on HBsAg [19]. Considering the presence of HBV-specific
antibodies, occult HBV is divided into:

1. Seropositive OBI (anti-HBc and/or anti-HBs antibody positive)
2.Seronegative OBI (anti-HBc and anti-HBs negative)

Most of the authors confirm that DNA HBV appears only intermittently in the
serum and then concentration is low. In seropositive OBI. HBsAg could become nega-
tive as a result of acute HBV resolution (couple of months from the HBsAg presence)
or after the HBsAg positivity that lasts for decades (so = called “overt chronic HBV
infection”) with or without disease. Our patient had positive anti-HBcIgM, anti-HBe
antibodies and biochemical features of acute hepatitis that did not correspond to
occult HBV infection.

Dominant TH1 immunological response in acute HBV stimulates cell-mediated
viral clearance, though TH2 immunological response in chronic HBV stimulates
antibody production. Tests for anti-HBcIgM antibody must be quantitative though the
value of >1:1000 indicates acute HBV with high inflammatory activities. In all other
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situations, concentrations are lower or nondetectable [16, 20]. In a study in Greece,
anti-HBc IgM antibody of low molecular weight (7-8 S) is the most frequently found
at HDV superinfection; the mortality was low. In contrast 19 S IgM anti HBc antibody
were frequently recorded in spontaneous reactivation of chronic HBV, and death

in that case was high [21]. In our laboratory, we could not determine the molecular
weight of anti-HBcIgM antibody; our patient had increased values of immunoglobu-
lin class A, M and G in the serum.

Also, in atypical course of acute HBV, in fulminant disease, DNA HBV and HBeAg
become undetectable as fulminant hepatitis develops. Considering the occurrence of
somnolence on the sixth day of hospitalisation in the Clinic for Infectious Diseases (it
corresponded to the second degree of liver encephalopathy) there was the suspicion
for the development of fulminant acute viral hepatitis including the lower value of Plt
(71); increased PT (18.3; INR: 1.7), increased NH3 (44); decreased urea (1.8); glucose
4.5; WBC: 4.87 and decreased albumin (22). Total bilirubin was 252 with the tendency
to increase. The patient was agitated, refused the therapy and suddenly unannounced
left the hospital. Clinicians concluded that fulminant form of the disease was possible.

Anti-HBs antibody is generally detected in the reconvalescence phase of acute
HBV. It appears when DNA HBV decreases or disappears, that is, several months after
the onset of the disease, and persists for a long time.

In about 25% of cured acute hepatitis B, HBsAg disappears much faster, so the
serum tested in the last phasis of acute disease can be HBsAg negative. That did not
correspond to this case, where liver enzymes and general clinical conditions continu-
ously worsened.

The mutant forms of the virus also influence the course of HBV hepatitis such as
HBV-core mutant virus, so the clinicians were thinking about infection by mutant
virus. In support of this, there were high values of aminotransferase and HBeAg
negative but anti-HBe antibody positive marker and negative data of previous HBV
infection. The viral mutation with or without the appearance of anti-HBe antibody
happens because of incorrect incorporation of nucleotides during viral replication
and inefficiency of reparation mechanisms that correct errors in the genome. Precore
viral mutants escape immunological response in the host. On the other side, pre-S and
S mutations in HBV genome with the exchange of amino acid sequences of HBsAg
cause problems in the detection of mutant HBsAg, and false negative test result is
found (commercial tests ignore modified HBsAg), but viral replication possibility
exists in the presence of anti-HBs antibody, also. Also, circulated DNA HBV in these
persons is comparable to that in HBsAg positive persons. Our patient also had HBsAg
negative marker, viremia positive and anti-HBs antibody present in the serum. These
facts with biochemical analyses that indicate clear liver injury that is seen in severe
acute viral hepatitis could correspond to acute infection by mutant HB virus.

Studies of some authors have shown that in so-called nonreplicative phases
of chronic HBV infection, spontaneous reactivation happens in 17-32% of cases
(defined in most cases as reversion from HBeAg negative to HBeAg positive infection,
and characterised by increase ALT and reappearance of HBV replication markers)
[22]. It is significant that many adult HBeAg positive patients have mixed infection,
which includes the presence of both type of virus: wild type and virus with so-called
Core-promoter (CP) and/or, rarely, pre-core mutations (PC) that later change in
dominance but not pure HBeAg negative disease [23]. Some authors also thought
that acute HBV is pretty rare and that HBV reactivation most often presents as acute
hepatitis B; it is clinically very hard to distinguish those two entities, so it is necessary
to have a high degree of suspicion about this [24].
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Typical condition of severe reactivation is icterus and very high values of ALT in
patients with chronic HBV. In the cases where we know about previous HBV infection
(chronic), diagnosis of acute exacerbation is easy. Moreover, in a country with middle
and high endemicity, the possibility of HBV reactivation is high (27-70% from the
possible acute HBV infection and can represent the first episode of HBV infection
because it was previously asymptomatic) [16]. Patients with acute reactivation of
chronic HBV can have positive anti-HBcIgM antibody such as in acute HBV, in which
the values are pretty higher (>1:1000) [20]. Moreover, by follow-up of our patient
after discharge, we verified the resolution of biochemical liver analyses to normal
values 7 weeks later. Anti-HBs antibody was 284.0 10 days before discharge, which
increased to 1000.0 mIU later, while the PCR DNA HBV was positive, <10 IU.

4. Conclusion

Normalisation of biochemical analyses with high values of anti-HBs antibody, the
almost undetectable viremia in our patient treated by tenofovir disoproxil fumarat for
only 14 weeks, corresponds much more to severe acute HBV with the fulminant form
of the disease than the possibility of other forms of viral hepatitis B.
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Chapter 4

The Management of Patients
with Hepatitis B after Liver
Transplantation

Harputluoglu Muvat and Dokmeci Abdulkadir

Abstract

The standard treatment to prevent hepatitis B virus (HBV) recurrence after liver
transplantation in patients with chronic HBV infection is lifelong use of a potent
antiviral agent with or without hepatitis B immunoglobulin (HBIG). Antiviral pro-
phylaxis with a drug with a high barrier to resistance should be continued indefinitely
after transplantation. Although HBIG doses and durations vary from center to center,
they are generally adjusted according to the recipient’ risk of HBV recurrence and
concomitant diseases such as hepatocellular carcinoma (HCC) and hepatitis D virus
(HDV). While HBIG-free or short-term HBIG plus antiviral treatment is possible in
low-risk patients, the use of a combination of HBIG and antiviral for at least 1 year is
common in high-risk patients. Long-term HBIG plus antiviral combinations should
be used in patients with hepatocellular carcinoma and hepatitis D virus, and the
decision to discontinue HBIG should be taken with great care only within the context
of clinical studies.

Keywords: liver transplantation, hepatitis B, antiviral, hepatitis B, immunoglobulin

1. Introduction

Hepatitis B is a serious global health problem that can cause acute and chronic
liver diseases. Based on hepatitis B surface antigen (HBsAg) positivity, an estimated
257.5 million people worldwide had a hepatitis B virus (HBV) infection in 2022 [1].
According to a study conducted in 2019, an estimated 555,000 deaths worldwide are
due to HBV-related diseases [2]. The frequency of HBV in cirrhosis-related deaths
worldwide in 2017 was 31.5% in men and 24% in women [3]. In 2019, HBV was the
most common cause, accounting for 42% of all hepatocellular carcinoma (HCC) cases
worldwide [4]. HBV causes 749,000 new cases of HCC and 692,000 HCC-related
deaths each year [5]. Hepatitis B is one of the leading causes of acute liver failure
(ALF) due to its high prevalence in the Asia-Pacific region, accounting for 20% of
patients with ALF [6, 7]. The most common cause of acute-on-chronic liver failure
(ACLF) in Asia is HBV [8].

In the West, 5-10% of liver transplantation cases are performed due to
HBV-related liver diseases. However, in Asia, HBV is the main indication for
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transplantation [9]. Liver transplantation is performed in cases of ALF, ACLF,
cirrhosis, and HCC caused by hepatitis B. At first, liver transplantation outcomes
due to HBV were worse, and hepatitis B was one of the relative contraindications for
liver transplantation [10, 11]. Post-transplant survival rates have been quite satisfac-
tory after the use of antivirals and hepatitis Bimmunoglobulin. Survival rates have
exceeded 85% at 1 year and 75% at 5 years [12, 13]. The purpose of this review is to
provide healthcare providers with up-to-date information on the management of
patients undergoing liver transplantation for hepatitis B.

2. Hepatitis B recurrence after liver transplantation
2.1 Definition

HBYV recurrence after liver transplantation is defined as persistence or the reap-
pearance of circulating HBsAg, with or without detectable HBV-DNA [14].

2.2 Consequences of hepatitis B recurrence

In the pre-prophylaxis era, HBV recurrence had a very negative impact on
patient and graft survival. In one publication, average patient survival was reported
as 12 months. Graft loss could occur in a short period of 6 weeks [11]. Although
there are publications reporting that HBV recurrence after liver transplantation
has negative effects, there are also publications reporting that it does not have a
negative effect. Clinically evident HBV recurrence is only seen in patients with
persistent HBV-DNA positivity. Additionally, in cases of HBV-DNA negativity
in serum, persistence or reappearance of HBsAg positivity is not associated with
graft hepatitis [9]. Lenci et al. reported that HBsAg positivity alone while under
antiviral treatment may not have any negative effects on patient and graft survival
[15]. Fung et al. reported that elastography results were not significantly different
between patients with and without HBsAg seroclearance, and with HBsAg reap-
pearance, associated with an overall 85% 9-year survival, without any graft loss or
death due to HBV recurrence [16]. In another study, liver biopsy was performed
in 36 patients while HBsAg was positive and HBV-DNA was negative, with no
histological evidence of HBV infection found in any patient [17]. Contrary to these
studies, Lerut et al. reported that 3 of 16 recurrent HBV patients developed fibros-
ing cholestatic hepatitis, and all patients died within the first year postoperatively
[18]. All this data suggests that antiviral treatment is of vital importance, especially
in the post-transplant period, and prevents adverse outcomes even if HBV recur-
rence occurs.

2.3 HBV recurrence risk

In the 2018 HBV guideline, the American association for study of liver disease
(AASLD) divided patients into two groups based on factors to consider when choos-
ing prophylaxis. In this guideline, high-risk recurrence patients included those with
questionable adherence, drug resistance, high HBV-DNA at the time of LT, human
immunodeficiency virus (HIV) coinfection, and hepatitis D virus (HDV) coinfection.
Patients who were compliant, had no drug-resistant variants, and had undetectable
or very low HBV-DNA values (<100 IU/mL) at the transplantation were considered
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low-risk according to this guideline [19]. In 2020, the European Liver and Intestine
Transplantation Association (ELITA) divided patients into three groups regarding
HBV recurrence risk [20]. These are as follows:

a. Patients with low virological risk: Patients with negative HBV-DNA before LT,
regardless of the indication for LT.

b.Patients with high virological risk: Patients with positive HBV-DNA at LT and
HBV-induced acute-on-chronic liver failure.

c. Special group: Patients with HDV coinfection: Although they have low virological
risk, they deserve full prophylaxis. HCC: They have a higher virological risk in
case of HCC recurrence. However, they do not need specific prophylaxis. Patients
who are noncompliant with antiviral therapy after LT.

3. Prevention of hepatitis B recurrence

To prevent hepatitis B recurrence, the management of patients can be divided into
two periods: pre-transplant and post-transplant.

3.1 Pre-transplant management

It is vital that all HBV patients on the pre-transplant waiting list have negative
HBV-DNA levels to prevent relapse after transplantation. For this purpose, all HBV-
DNA positive transplant candidates should be treated with high genetic barrier and
potent antivirals such as entecavir (ETV), tenofovir disoproxil fumarate (TDF), or
tenofovir alafenamide (TAF) [19, 21, 22].

When choosing an antiviral treatment, some points should be taken into consid-
eration. These are the antivirals used before and the history of resistance to them,
if any, and the presence of kidney and bone disease risk. Lamivudine and adefovir
dipivoxil were previously very commonly used antiviral drugs. However, due to their
high resistance rates, these drugs have been replaced by more powerful antivirals with
lower resistance rates, such as ETV and TDF. Although TDF is an advantageous drug
in terms of drug resistance, it is an antiviral that has the potential to negatively affect
the kidneys and bones. ETV and TAF should be preferred in patients at risk of kidney
and bone disease [23, 24]. TAF or TDF should be used in patients with a history of
lamivudine resistance [19, 21]. Pre-transplant antiviral therapy is beneficial both in
preventing post-transplant relapse and in improving liver function [25]. Since lactic
acidosis has been reported in patients with a MELD score above 20 treated with ETV,
close monitoring is recommended in such patients [25, 26].

3.2 Post-transplant management

The standard treatment to prevent HBV reinfection in patients with chronic HBV
infection is lifelong use of a potent third-generation antiviral agent with or without
hepatitis B immune globulin (HBIG) [27-30]. The combination of HBIG with a high
genetic barrier antiviral has been reported to be better than the combination of HBIG
plus lamivudine in terms of HBV recurrence rate (1 versus 6.1%, p < 0.001) [9, 27].
All major hepatology societies recommend this in their guidelines [19, 21, 22].
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3.2.1 Antivivals

For the last 15 years, antivirals such as ETV and TDF, which have lower resistance
rates and are more potent, have been used instead of lamivudine and adefovir, which
have high resistance rates [31]. A systematic review reported that the combination of
HBIG with ETV or TDF had better outcomes than the combination of HBIG and LAM
in terms of the risk of HBV recurrence [32].

Since it is important to protect the bones and kidneys in transplant patients,
TAF, which has similar efficacy to TDF but fewer effects on these organs, has found
a place in treatment in recent years as an attractive drug [33]. ELITA reported
that TAF can be used in treatment to protect kidney function in countries where
the drug is available. However, since the evidence on TAF is still insufficient,
the results of prospective long-term studies in LT patients with kidney failure
and osteoporosis are awaited [20]. One study reported that TAF treatment had a
more favorable renal safety profile compared to other antivirals [34]. Fung et al.
reported that long-term entecavir monotherapy was highly effective in prevent-
ing HBV recurrence after liver transplantation. They also reported that ETV
monotherapy was associated with a 92% sustained HBsAg seroclearance rate,
100% HBV-DNA negativity at 8 years, and an excellent survival rate of 85% at
9 years [16].

To prevent HBV reinfection, antiviral prophylaxis with a drug with a high barrier
to resistance should be continued indefinitely after transplantation, even if the risk
of reinfection is low. Antiviral doses are standard doses, but dose reduction should be
considered in case of renal failure. AASLD recommends indefinite post-transplant
antiviral therapy regardless of HBsAg and HBV-DNA levels [19]. The European
Association for the Study of the Liver (EASL) HDV guideline published in 2024
recommends preferring ETV and TAF and avoiding TDF because giving TDF together
with a calcineurin inhibitor increases the risk of nephrotoxicity [35]. Indeed, consid-
ering the available data and information, it seems more rational to prefer TAF rather
than TDF in the post-transplant period.

3.2.2 HBIG

The mechanism of action of HBIG in preventing recurrence is not well known.
HBIG is thought to act through multiple mechanisms. These mechanisms bind to cir-
culating virions, blocking the HBV receptor on hepatocytes and promoting the lysis of
infected cells via antibody-dependent cell-mediated cytotoxicity. HBIG monotherapy
is not recommended because it causes high rates of HBV recurrence post-transplant
[25]. Hepatitis Bimmunoglobulin is prepared by cold ethanol separation of human
plasma containing high levels of hepatitis B surface antibodies. HBIG has a polyclonal
IgG antibody structure against HBV, and its IgG subclass distribution is quite propor-
tional to human plasma [36, 37]. Antiviral plus HBIG combination therapy reduces the
risk of graft infection to less than 5% [25]. The major challenges in the HBIG treatment
are high cost, parenteral administration, and the possibility of mutation in the “a”
determinant region of the HBV surface gene. HBIG doses, routes of administration,
post-LT administration frequencies, and durations vary greatly among transplant
centers. There is currently no optimal prophylaxis protocol for HBIG therapy [31].
HBIG treatment can be divided into perioperative (first month) and postoperative
(after first month).
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3.2.2.1 HBIG treatment according to periods
3.2.2.1.1 Perioperative HBIG treatment

In the Turkish guideline published in 2021, intravenous (IV) 5000 and 10,000 IU
HBIG treatment in the anhepatic phase is recommended for low-risk patients and
high-risk patients, respectively, to prevent HBV recurrence [36]. In its recommenda-
tions published in 2020, ELITA recommended 10,000 IU IV HBIG to all (low and
high risk) patients in the anhepatic phase [20]. The Spanish 2020 guideline recom-
mends 1000-5000 IU HBIG IV in the anhepatic phase [38]. The EASL HDV guideline
reported that most centers give 10,000 IU IV HBIG to patients with HDV in the
anhepatic phase [35].

3.2.2.1.2 First 7 days

The recommendation of the Turkish HBIG guideline published in 2021 for the first
7 days is as follows. For the first 7 days after LT, HBIG should be given at a maximum
daily dose of 2000 IU intravenously until HBsAg seroconversion. After the 7th day,
HBsAg and anti-HBs titers are tested. If HBsAg is still positive, 2000 IU daily is adminis-
tered for an additional 7 days [36]. ELITA recommends using 5000 IU/day IV HBIG for
low-risk patients and 10,000 IU/day IV HBIG for high-risk patients for the first 7 days.
ELITA reported that ideal anti-HBs titers (between 50 and 100 IU/L) can be achieved
for more than 4 weeks with HBIG treatment given for 5-7 days postoperatively in low-
risk patients. ELITA also recommends the use of HBIG to provide anti-HBs levels above
500 IU/L for up to the first 3 months in high-risk patients [20]. The AASLD 2018 HBV
guideline recommends using nucleoside analog (NA) for 5-7 days or no HBIG in low-
risk patients [19]. The 2020 Spanish guideline recommends 1000-2000 IU/day HBIG IV
or IM in the first week [38]. The EASL HDV guideline recommends that patients with
HDV receive 600-1000 IU IM/IV HBIG for 7 days postoperatively, followed by weekly
HBIG for 3 weeks [35]. Since almost all guidelines recommend daily HBIG application
for the first 7 days, this application is routinely applied in most centers.

3.2.2.1.3 First 1 month

ELITA recommends the use of on-demand HBIG after the first 7 days to provide
ideal anti-HBS levels (50-100 IU/L for low risk, over 500 IU/L for high risk) accord-
ing to the patient’s risk group [20]. The recommendation of the Turkish HBIG
guideline published in 2021 for the first month is as follows. If HBsAg seroconversion
does not occur after 14 days after LT, HBIG can be given for a longer period. However,
if HBsAg seroconversion does not occur despite long-term administration of HBIG,
HBIG administration should be discontinued [36]. The Spanish guideline recom-
mends giving 1000-2000 IU/week HBIG or an on-demand dose to maintain the
anti-HBs titer >200 IU [38]. After the first 7 days, on-demand HBIG administration is
frequent to provide ideal anti-HBs levels.

3.2.2.1.4 After 1 month

Most centers aim to maintain an anti-HBs titer of 100-500 IU/mL, depending on
the recipient’s risk level [39]. The Spanish guideline recommends giving 1000 IU/
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month HBIG or an on-demand dose to maintain the anti-HBs titer >100 IU [38]. The
maintenance HBIG recommendation in the Turkish HBIG guide is as follows. During
follow-up, HBIG should be administered at monthly doses of 2000 IU, and anti-HBs
titers should be above 50 IU/L [36]. ELITA recommends that after 1 month, HBIG
may be withheld in patients at low risk of HBV recurrence, but antiviral monotherapy
should be preferentially considered in the setting of prospective clinical trials or
observational cohorts. ELITA recommends HBIG treatment for at least 1 year for
high-risk patients, with anti-HBs levels >500 IU/L in the first 3 months, 100-250 IU/L
between 3 and 6 months, and 50-100 IU/L after 6 months [20]. The EASL 2017 HBV
guideline recommends short-term or HBIG-free antiviral combination therapy in
low-risk patients but does not make a clear statement about the short term. In high-risk
patients (HBeAg positive, with HCC, HDV/HIV coinfection, and HBV-DNA positive
at the time of transplantation), lifelong HBIG + antiviral combination is recommended
[21]. The AASLD 2018 HBV guideline also recommends HBIG and antiviral combi-
nation therapy in high-risk patients, such as HDV/HIV coinfection and in patients
with treatment noncompliance, but does not specify a definitive statement regarding
duration and dose [19]. For patients with HDV, the EASL HDV guideline recommends
the following. After 6 months post-transplant, HBIG should be given in a dose that
maintains anti-HBs serum levels >100 mIU/ml. Today, indefinite treatment with a
combination of HBIG and a nucleoside analog (NA) is considered the gold standard.
However, the number of publications reporting that HBIG treatment can be discontin-
ued after 1-2 years is increasing. Further studies are needed to assess the safety of this
approach [35].

3.2.2.2 Route of administration of HBIG

Hepatitis Bimmunoglobulin can be administered intravenously, intramuscularly,
or subcutaneously. The route of administration should be decided after discussion
with the patient, based on the availability and cost of the product [36]. A review found
no association between the HBIG administration route and HBV recurrence after LT
[27]. Hepatitis B immunoglobulin IM and SC administrations are safe and effective in
maintaining adequate anti-HBs levels. Some side effects, such as pain at the injection
site and bleeding in patients with coagulopathy, may be observed with SC administra-
tion. Switching from IV HBIG to SC HBIG significantly increases patient comfort
[36]. The AASLD reported that SC or IM administration may be more convenient
for patients undergoing maintenance therapy [19]. The Spanish guideline reported
that SC HBIG treatment can be applied from the first week after LT (500 or 1000 IU
per body weight) [38]. One study reported a recurrence rate of only 4% after 5 years
when intramuscular HBIG injections were given in combination with lamivudine.
Additionally, costs were reduced by up to 90% with this approach compared to
intravenous HBIG regimens [40]. In a multicenter study of SC HBIG conducted in
2013, patient compliance was high, there was no HBV recurrence, no discontinuation
of treatment due to side effects, and mean anti-HBs levels were above the 100 [U/L
threshold [41]. Vatansever and colleagues reported that low-dose IM HBIG combined
with an antiviral results in 4.5% and 5.8% of HBV recurrence in the first and third
years after LT, respectively [42]. Since SC application allows patients to go to the
hospital less frequently compared to the IV method during the maintenance period, it
seems to be a more comfortable application method that can be discussed and applied
with the patient.
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4. Special considerations
4.1 HCC patients

The presence of HCC prior to LT has been associated with HBV recurrence after
LT [43, 44]. It has been reported that HBV reinfection significantly reduces overall
and HCC recurrence-free survival, and reducing viral reinfection with combination
prophylaxis significantly increases survival in these patients [45]. Recipients with
HBV recurrence had worse outcomes and higher tumor recurrence rates than those
without. One study reported a significantly lower 5-year overall survival rate after
liver transplantation in recipients with HBV recurrence than in those without (32.0%
vs. 62.3%; p < 0.01) [46]. It has been reported that positive HBV-DNA at LT affects
the mortality rate due to HBV recurrence in HBV/HCC patients [25, 47]. ELITA
suggested that combined long-term HBV prophylaxis in HCC patients is excessive
prophylaxis in 90% of patients and that this patient group should receive prophylactic
treatment, considering their virological risk, as in non-HCC patients [20]. The ELITA
recommendation does not seem appropriate for countries that perform living donor
liver transplantation in patients beyond the Milan criteria (solitary tumor <5 cm
or two or three nodules <3 cm), because in these countries, HCC recurrence rates
are higher after living donor liver transplantation exceeding the Milan criteria, and
preventing HBV recurrence in these patients is of vital importance. The Asian Pacific
Association for the Study of Liver (APASL) 2015 HBV guideline recommended 1 year
of HBIG+NA combination therapy for HCC patients [22]. The EASL 2017 HBV guide-
line recommends lifelong combination therapy with HBIG and antivirals in patients
with HCC [21]. The APASL transplantation guideline published in 2024 recommends
that the decision to discontinue HBIG in patients transplanted for HCC should be
taken with great caution [48].

Rates of HCC recurrence post-LT in HBV patients have been reported to be around
10-15%. HCC recurrences are associated with poorer survival [49]. Patients with
hepatitis B infection have a higher risk of local recurrence and distant metastasis
[50]. Tumor progression is more rapid and aggressive in immunosuppressed patients
post-LT. Corticosteroids are commonly used in post-transplant immunosuppression
protocols. They stimulate viral replication by mechanisms such as binding to the glu-
cocorticoid response enhancer region of the HBV genome. To reduce the likelihood of
HCC recurrence in patients with HBV, it is recommended that these drugs be removed
from immunosuppressive regimens as soon as possible [51, 52].

High HBV viral load (>10° copies/mL) before transplantation was reported to
be associated with frequent HCC recurrence after transplantation. Many meta-
analyses have reported that NAs can reduce the incidence of early recurrence and
improve overall survival [53-58]. Chou reported that the HCC recurrence rate was
significantly higher in patients with HBV recurrence than in patients without HBV
recurrence (40% vs. 5.7%, p < 0.001) [59]. One of the indicators that tumor cells
act as a viral reservoir for HBV is the detection of cccDNA in HCC cells [49, 60-62].
Combination therapy with immunoglobulin and NAs may reduce the rate of HCC
recurrence. In a study, in patients who used long-term HBIG, annual HCC incidence
was reported very low at 1.7% [63]. The HBV and HCC recurrences are closely related
in patients who underwent transplantation due to HBV-associated HCC. Therefore,
the HBV recurrence may be used as a predictor in forecasting the HCC recurrence in
HBV-related HCC patients who underwent transplantation.
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4.2 HDV/HIV patients

In patients with HDV, more than 70% of patients have evidence of intrahepatic HDV
recurrence after transplantation. HDAg in the graft is usually associated with mild
histological change unless there is active HBV recurrence [35, 64-66]. There is no specific
prophylaxis for HDV reinfection. Therefore, the most logical way to prevent HDV
reinfection is standard HBV prophylaxis with HBIG and antiviral therapy [35]. HDV isa
virus that requires the presence of HBV. In patients with HIV and HDV coinfection, the
combination of HBIG and NA therapy is necessary for prophylaxis because of the limited
availability of salvage therapies when HBV recurs [19]. The APASL transplant guideline
recommends that patients with HDV coinfection should receive a lifelong combination
of HBIG and a potent NA [48]. ELITA and EASL HDV guidelines reported that indefi-
nite antiviral and HBIG combination therapy remains the gold standard prophylaxis to
prevent recurrence of HDV and that discontinuation of HBIG during treatment can only
be considered in clinical trials [20, 35]. In light of this information, we can say that we
need to closely follow the results of HBIG discontinuation studies in HDV patients.

To prevent HBV recurrence in patients with HBV-HIV coinfection, long-term
HBIG administration combined with an antiviral is also recommended [36].

4.3 HBV + hepatitis C virus (HCV) coinfected patients

Coinfection is not uncommon due to shared routes of infection [67]. The interac-
tion between HBV and HCV in coinfected individuals is still poorly understood
[68]. Patients who are coinfected with HCV/HBV have faster progression to cirrhosis
compared with monoinfected patients [69]. There are studies reporting better
outcomes in coinfected transplant recipients [70, 71]. According to the European
Liver transplant Registry (ELTR) database results published in 2013, 10-year patient
survival rates in patients with HBV/HCV coinfection were lower than in patients with
HBV mono-infection but higher than in patients with HCV mono-infection (61%,
68%, and 52%, respectively) [72]. There is almost no data on the post-transplant
management of patients with HBV/HCV infection. However, the British Society for
Transplantation reported in its HBV transplantation guideline published in 2018 that
the presence of HCV infection did not affect the HBV antiviral protocol [47].

5. Treatment of HBV recurrence

According to the EASL 2015 transplantation guidelines, treatment of HBV recur-
rence is immediate initiation of entecavir or tenofovir [25]. In case of recurrence, HBIG
is discontinued. In choosing antiviral therapy, risk factors such as previous antiviral
resistance and kidney and bone disease should be taken into consideration. In patients
resistant to LAM, TDF or TAF should be preferred depending on the risk of bone or
kidney disease. If there is a risk of bone or kidney disease, ETV or TAF is used. The
combination of ETV and TDF may be required in case of multidrug resistance [38].

6. Anti-HBc positive donor grafts

Using anti-HBc positive grafts in HBsAg-negative recipients has a potential for
transmitting HBV infection. Recipients who are both anti-HBc and anti-HBs positive
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can safely receive anti-HBc positive liver transplantation without any post-transplant
HBV prophylaxis because the probability of de novo HBV infection is very low (<2%)
[25]. The AASLD HBV guideline recommends prophylactic treatment for all HBsAg-
negative liver transplant recipients who receive an anti-HBc-positive donor graft [19].
But the ELITA 2020 guideline does not recommend prophylaxis if the recipient is
both anti-HBc and anti-HBs positive. This guideline recommends prophylaxis with
oral antivirals if either or both anti-HBc and anti-HBs are negative in the recipient
[20]. Whether or not antiviral prophylaxis is indicated, all recipients of grafts from
anti-HBc-positive donors should be followed with HBsAg and HBV-DNA tests every
3 months for the first year and every 6 months thereafter for life [38].

7. Vaccine

Although vaccination against HBV has been an attractive prophylactic approach,
its efficacy has been controversial [37]. Success rates vary widely, ranging from 7 to
80% [73]. Further relevant studies in transplant recipients are needed.
8. Conclusion

After transplantation, one of the powerful antivirals, such as ETV or TAF, should
be given for life. In patients at low risk of HBV recurrence, short-term HBIG therapy
should be given together with antivirals. Long-term HBIG treatment should be given
to patients with HCC, especially those with a high risk of recurrence who underwent
transplantation outside of Milan criteria. Long-term HBIG combination therapy

should be given to patients with HDV, but the results of HBIG withdrawal studies in
this patient group should also be closely monitored.
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Chapter 5

Microbiome and Hepatitis C Virus

Naieva M. Helmy

Abstract

The progress of infectious diseases and the relationship between microbial com-
munities is one of the main targets of multiple research studies over the last decade.
This review illustrated the relationship between the microbiome and the hepatitis C
virus during the disease stage until treatment. This review highlighted the alteration
in the gut microbiome and its influence on disease progression. The design involved
the studies screening the microbial communities in infected patients, especially in
viral infection. As the drug efficacy and safety may also be involved during and after
treatment, the review included studies on changes in the gut microbiome of patients
after treatment. The future perspective of studying probiotics reflected the beneficial
effects of probiotic bacteria and their potential use in reducing the side effects of
HCV during infection and treatment.

Keywords: HCV, microbiome, gut microbiome, probiotics, prebiotics

1. Introduction

The specific ecosystem’s microbial composition in addition to its functionality has
been considered by many international associations. In October 2007, the National
Institutes of Health released the Human Microbiome Project (HMP, www.Hmpdacc.
org) which is a global project shared with scientists to achieve a number of aims
(Figure1) [1].

The microbiome includes bacteria, archaea, viruses, phages and fungi. The most
prominent microbiota, mainly in terms of species is bacteria. Since bacteria preferred
to live in communities called biofilm, this made them an advantage as a community
living in a microbiome. The maximum number of studies between all microbiota is
intestinal tract (gut). There are two reasons, that added to the priority of studying
the gut microbiome. The first is an integral part of screening gut microbiota to host
digestion and nutrition in addition to the generation of nutrients from non-accessible
substrates such as xyloglucans found in onions and lettuce. The second is that the bac-
terial species of the gut microbiome comprises a greater diversity than microbiomes
found in other body sites. The Human Microbiome Project and the metagenomic
analysis database MetaHIT reported that the number of isolated bacterial species
from human faeces is about 3000 isolates. The classification of species has been
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Figure 1.
Microbiome study aims throughout the human microbiome project.

categorised into 11 different phyla. Those classified with Proteobacteria, Firmicutes,
Actinobacteria and Bacteroidetes cover over 90% of the gut microbiome [2-4].

Gut microbiota containing nonbacterial members were not getting great atten-
tion for a number of reasons; mostly their minimal abundance in the human gut
microbiota and the shortage in the diagnostic tools required for assessment of the
nonbacterial genome. Among the ignored members of human gut microbiota, there
was an attraction to the composition and function of the so-called gut virome. The
composition of human gut virome is bacteriophages as viruses belonging to bacteria,
in addition to eukaryotic viruses with both DNA and RNA viral genomes. The minor-
ity of the human gut virome represented in eukaryotic viruses especially belonging to
Picornavirus and Anellovirus genus detected in the faeces of healthy children. Studies
also indicated that both bacterial microbiome and human gut virome go through
substantial changes during the first 2 years of human life [5].

Hepatitis C virus (HCV) is a hepatotropic RNA virus. The virus progress can
include acute and chronic hepatitis, through progressive liver damage. The cirrhosis,
decompensated liver disease, and hepatocellular carcinoma are all signs of end-stage
of HCV infection. HCV carriers were distinguished in about 2.5% of deceptively
healthy individuals, and in about 24.9% of patients with liver diseases. About 35%
of HCC cases were also HCV carriers [6]. As a public health threat, the World Health
Organisation (WHO) to be started in 2016 and end called HCV for eradication by
2030. Even with some progress, there are about 57 million people infected with HCV
in 2020, also 300,000 deaths occur each year reported with HCV infection [7]. For
example, Egypt is one of the world countries showing the highest incidence of HCV
infection, a lot of efforts have been directed to the targeted goal of WHO [8]. The
overall plan in upcoming years includes the treatment with direct-acting antiviral
(DAA) agents in addition to the prevention of new infections through a country-wide
long-standing strategy [9].

The particles of HCV comprise a positive polarity RNA genome with 5’ and 3’
untranslated regions (UTR), also a long open reading frame encodes a polyprotein
precursor of approximately 3000 amino acids. The translation process of the polypro-
tein starts with the ribosomal binding to the internal ribosome entry site (IRES) that
spans most of the 5’-UTR in addition to the first 24-40 nucleotides from the region,
which codes the core. The result is the production of a single precursor polyprotein
being processed by cellular and viral proteases into 10 structural and non-structural
proteins: core, E1, E2, p7, NS2, NS3, NS4A, NS4B, NS5A and NS5B. The core protein,
forms the nucleocapsid. The envelope glycoproteins E1 and E2 constitute the virion’s
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structural components. The assembly of non-structural proteins from NS3 to NS5B
results in a membranous-web-associated HCV RNA replicase complex required in
catalysing the amplification of the RNA genome of the virus. However, the inde-
pendence of viral RNA replication on the structural proteins, all viral proteins are
essential in the assembly and entrance of infectious virus particles [10].

Direct-acting antivirals cause inhibition of non-structural (NS) proteins neces-
sary for the replication of HCV. There are three relevant drug classes: the first one is
NS3/4A protease inhibitors (“-previr”; e.g., glecaprevir, grazoprevir) the second is
the nucleotide analogue NS5B RNA-dependent RNA-polymerase (RdRp) inhibitors
(“-buvir”; e.g., sofosbuvir) and the third is NS5A inhibitors (“-asvir”; e.g., pibrentas-
vir, velpatasvir) [11]. However, the complete eradication of HCV infection after DAA
treatment is still indistinct through the persistence of some quantities of the virus
after accomplishing a sustained virologic response (SVR) [12].

2. The development of gut microbiome discovery

The development of the discovery of gut microbiome and its relation to human
health has been processed over a few decades ago. The analysis moved from technical
challenges to analysing and discovery ability. The microbiome studies before were
limited to culturing methods in which isolation of bacterial species was followed by
sequencing of the bacterial 16S ribosomal RNA gene. In recent times, whole genome
shotgun sequencing, and in another term metagenomic sequencing (MGS), has
developed into a powerful method for studying microbial variations (Figure 2).
There are approaches of (omics) such as metatranscriptomics, metametabolomics,
metaproteomics and culturomics which added a deep link in the characterisation of
distinct associated species and strains in addition to the relation between specific taxa
and diseases [13].

As information from metagenomic DNA sequencing gives the perspective
about the community’s functional potential. This would provide the organism,
the abundance and the biological processes but not necessarily, the specified gene
transcribed under current conditions. The metatranscriptomic RNA sequencing as
a culture-independent technology is overcoming this limitation. The collection of
microbiome samples for metatranscriptomics should be preservative to RNA for
sequencing regarding sensitivity, circumstances and timing of collection. In the
process of data interpretation, the resulting metatranscriptomes must paired with
metagenomes to avoid the changes in copy number of DNA (i.e., microbial growth)
differentiation from changes in the transcriptional activity. The distinction in shotgun

Whole
kit Screening
shotgun )
DNA sequencing bzllctena,
viruses,
ik or protozoa and
Metagenomic fungi
sequencing

Figure 2.
Metagenomics application in screening DNA/RNA sample.
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metatranscriptome is that the assimilated biological information is complementary to
metagenome studies. Thus, comprising the detection of viral RNA and the quantifica-
tion of the rare but function-based undetected genes in DNA-based metagenomic
analysis. There are several steps for a single-microbe RNA-seq study, a representative
metatranscriptomic study (Figure 3) [14].

3. Microbiome study and HCV

Several studies focused on the correlation between microbiome and infectious
diseases. As the human body is continuously exposed to both resident and transient
types of microbial cells and their by-products comprising toxic metabolites [15].

Shotgun metagenomic sequences led to strain identification through algorisms
depending on either one of two techniques, the first is called single nucleotide
variants (SNVs) in a community or among community members and reference
genomes, and the second is the identification of variable regions such as gained
or lost genomic elements [14]. The pathogenesis of hepatocellular carcinoma
(HCC) affected by exposure of the liver to pathogen-associated molecular patterns
(PAMPs) involves bacterial lipopolysaccharides (LPS), DNA, peptidoglycans and
flagellin [16].

In screening study of gut microbiome between chronic hepatitis C virus and
healthy individuals, the low bacterial diversity in persons with HCV infection was
detected. The data showed a reduction in the order of Clostridiales and an increase
in Streptococcus and Lactobacillus. The microbiota dysbiosis coordinated with the
transient increase in Bacteroides and Enterobacteriaceae. Metagenomics’ prediction
of the microbial communities exhibited an increase in the gene of urease principally
encoded by viridans streptococci throughout chronic hepatitis C progression. The
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mapping with fu(;'l/ctional 3) (4) Differential
and/or .
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e —
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Figure 3.
General steps for a single-microbe RNA-seq study [14].
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overgrowth of viridans streptococci could be the reason for hyperammonemia in
chronic hepatitis and liver cirrhosis [17].

There are a number of factors causing the pathological effect on the liver through
gut microbiota (Figure 4). The production and translocation of molecules such as
peptidoglycans, lipopolysaccharides, DNA, lipoteichoic acid, indole-derivatives, bile
acids and trimethylamine by microbiota to the liver and their interaction with liver
immune cells has a great effect on liver function and alteration of the pathology of
viral hepatitis [18].

The analysis of gut microbiome by 16S rRNA gene sequencing to the extracted
DNA from stool samples of healthy individuals showed higher diversity than
patients infected with HCV stage four. HCV patients were characterised with
more abundance in phylum Bacteroidetes. Healthy individual samples showed
higher abundance of Firmicutes, Proteobacteria and Actinobacteria. The analysis
by genus-level indicated a higher abundance of Prevotella and Faecalibacterium
in HCV patients while Ruminococcus and Clostridium were the most abundant in
the healthy group. The Bacteroidetes’s high abundance in HCV patients might be
due to the overabundance of Prevotella. Bifidobacterium which is a probiotic genus
was only detected in healthy individuals [19]. Prevotells might cause a reduction
in short-chain acids that play a vital role in suspending the progression of HBV-
related HCC [20, 21].

Studies on gut microbial dysbiosis throughout the progress of the hepatitis C virus
and liver-related diseases are concerned widespread in the last few years. HCV and
liver cirrhosis are the minor causes of gut bacterial alteration resulting in dysbiosis. A
study aimed at the correlation between the gut bacterial community from individuals
including healthy, liver cirrhotic and HCV patients. The collected stool samples were
subjected to the 16 S rRNA using Illumina gene sequencing. Results indicated that
HCV-infected patients showed higher Enterobacteriaceae and Enterobacterial, in addi-
tion to Lactobacillus and Bacilli when compared to liver-cirrhotic patient’s sequencing
data [22].

" Peptidoglycans '

Lipopolysaccharides
DNA
Lipoteichoic acid —
Indol derivatives
Bile acids

L  Trimethylamine

Created in BioRender.com bio

Figure 4.

Created with BioRender.com illustration of factors causing pathological liver conditions through gut microbiome.
A: Gut microbiome causes release to peptidoglycans, lipopolysaccharides, DNA, lipoteichoic acid, indole-
derivatives, bile acids and trimethylamine then translocated to B: Liver immune cells after interaction C:
pathological effect on liver resulted.
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HCV infection affects the metabolism of bile acid (BA) in the gut-liver axis
through gut microbiota analysis from chronic hepatitis C patients (Figure 5). Gut
microbiota significantly gets involved in the enterohepatic circulation through the
co-metabolisation of BAs along with the liver. The study included a transcriptional
analysis of the liver, mild CHC (fibrosis stages [F] 0-2), advanced CHC (F3-4) cases,
and healthy individuals. The earlier disease stages of chronic hepatitis C patients
exhibited BA profiles distinctive from healthy individuals, in which a significant
reduction in faecal deoxycholic acid (DCA) and domination in lithocholic acid or
ursodeoxycholic acid was detected. The correlation of the decrease in faecal DCA was
found with the decrease in commensal Clostridiales in addition to an increase in oral
lactobacillales. Impaired biosynthesis of cholic acid (CA) was detected by means of a
decrease in the transcriptional level of the cytochrome P450 8B1 (CYP8B1) which is
a key enzyme in the process of cholic acid biosynthesis. The decreases in faecal DCA
and liver CYP8B1 were also detected in chimeric mice infected with HCV. The imbal-
ance of bile acid biosynthesis performs the progression of the disease through the
gut-microbiome-liver axis [23].

A study was directed to the identification of gut microbiota in distinguishing
viral-related HCC (Viral-HCC) and non-hepatitis B-, non-hepatitis C-related HCC
(NBNC-HCC). Stool samples from healthy controls and patients with Viral-HCC
in addition to patients with NBNC-HCC. Faecal microbiota analysis was evaluated
using 16S rRNA sequencing. The data established a decreased diversity and change
in microbial composition of the HCC group compared to healthy controls. A sig-
nificant abundance of Faecalibacterium, Agathobacter and Coprococcus was found
in Viral-HCC patients, however, the five genera such as Bacteroides, Streptococcus,
Ruminococcus gnavus group, Parabacteroides and Erysipelatoclostridium were higher in
NBNC-HCC patients. Likened to Viral-HCC, the NBNC-HCC subgroup significantly
showed a reduction in various short-chain fatty acid-producing bacteria, in addition
to dropped faecal butyrate, however, higher plasma surrogate markers of microbial
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Figure 5.

Created with BioRender.com illustrates the effect of co-metabolism of gut microbiome and liver on bile acids. The
reduction of faecal deoxycholic acid (DCA) and increase in lithocholic acid, in consequence to the decrease in
Clostridiales and rise of oral lactobacillales.
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translocation. The results showed that the distinction of gut dysbiosis depended

on the etiological factors of HCC, which could be involved in hepatocarcinogenesis
progress. The connection between gut dysbiosis and hepatocarcinogenesis could be
used as a biomarker and a high-accuracy diagnostic tool to classify HCC subgroups.
Microbiota-based signatures can exactly differentiate between infected Viral-HCC
and NBNC-HCC [24].

Collected data from different studies performed on HCV using 16S rRNA gene
sequence and metadata information from PubMed (https://pubmed.ncbi.nlm.
nih.gov/) BioProject (https://www.ncbi.nlm.nih.gov/bioproject) was analysed
to demonstrate the occurrence and progression of viral hepatitis and gut micro-
bial diversity. The results demonstrated the decrease in gut microbial diversity
and increased abundance of the genera Butyricimonas, Escherichia-Shigella,
Lactobacillus and Veillonella which could be used as potential biomarkers for the
risk of viral hepatitis. On the other hand, Clostridia_UCG-014, Dorea, Monoglobus
and Ruminococcus genera are suspected as probiotics for HCV prevention and
treatment. Vital bacterial upregulation might cause an increase in the production
of metabolites from the gut microbiome such as tryptophan, lipopolysaccharides,
fatty acids and lipids resulting in diverse roles in the activation of immune cells
and inflammatory responses (Figure 6) [25]. The importance of tryptophan
catabolism is in immune responses by protecting individuals from over-reactive
immune reactions by inducting systemic immune tolerance and it is involved in
HCV infection [26]. A necroinflammatory liver syndrome continues over inflam-
mation by catabolism of tryptophan after 6 months of SVR in treated HIV/HCV-
coinfected patients. Liver fibrosis in HIV/HCV coinfection would be in associated
with dysfunction in immunity and tryptophan metabolism alterations [27]. The
high level of lipopolysaccharides can stimulate the secretion of TNF and interleu-
kin-6 (IL-6) as inflammatory cytokines cause the motivation of immune cells and
lead to viral hepatitis progression [28]. Fatty acids play a diverse role in immune
cells through inflammatory cell signalling pathways by cell surface or intracellular
receptors [29]. The connection between lipid metabolism and the HCV life cycle is
reflected through the enhancement of replication by modulation of lipid metabo-
lism in infected host cells [30].
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Figure 6.
Created with BioRender.com illustrates the effect of gut microbiome in the induction of immune cells through
metabolic pathways of tryptophan, lipopolysaccharides, fatty acids, and lipids.
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4. Gut microbiome and drug interactions

There are many researchers directed to the direct influence of the gut microbiome
on the individuals response to a specific drug because of enzymatic transformation
of drug’s structure and alteration to its biological activity, biological availability, or
toxicity. The whole phenomenon is called pharmacomicrobiomics [13].

5. Gut microbiome, antivirals and anti-HCV drugs

In the study for screening gut microbiome in patients with HCV cirrhotic with/
without SVR treated using pegylated interferon and ribavirin after a median of
15 months and healthy control group. The serum and stool samples collected were
analysed for IL-6, TNF-a and endotoxin in serum and stool microbiota was analysed
using multi-tagged pyrosequencing. There was no significant difference in overall
microbiota composition or within specific microbial families between the groups
with/without SVR. This also includes the levels of IL-6, TNF-a and endotoxin. The
two cirrhosis groups had significant dysbiosis when compared to healthy controls in
addition to higher levels of endotoxin, IL-6 and TNF-a. In cirrhotics with/without
SVR, microbial abundance of potentially pathogenic (Enterobacteriaceae) or lower
beneficial families from Clostridiales XIV, Lachnospiraceae and Ruminococcaceae were
detected when compared to healthy controls. Overall, Metastats and comparison of
the cirrhosis dysbiosis ratios, there were not any significant differences between the
cirrhotic patients with and without SVR. The results concluded that the eradication of
HCV does not affect gut dysbiosis or systemic inflammation in cirrhotic patients [31].

The investigation of the contribution of curing hepatitis C virus (HCV) infec-
tion with DAA in reducing the progression of liver fibrosis and its influence on the
gut-liver axis was studied through the gut microbiota composition, intestinal perme-
ability, and inflammation before and after 1 year from treatment. The results indi-
cated that the diversity of gut microbiota in cirrhotic patients was lower than that in
healthy individuals. Thus, the overall composition of gut microbiota was significantly
improved by the cure of HCV infection. After treatment, the abundance of patho-
genic bacteria: Entevobacteriaceae, Enterococcus and Staphylococcus was decreased.
There was an association between the composition of gut microbiota and the inflam-
matory profile and liver fibrosis markers. Even after a significant decrease in serum
levels of cytokines and chemokines after treatment with DAA, there was no change in
measures of intestinal permeability and inflammation [32].

Researchers demonstrated that gut microbes could influence drug efficacy
and safety through the enzymatic transformation of drug structure and change in
drug bioavailability, bioactivity or toxicity [13]. Both host and gut microbiota can
metabolise the oral antiviral drug Brivudine (BRV) to bromovinyluracil (BVU). It
was reported that the incubation of human and murine S9 liver fractions in addition
to unfractionated faecal microbial communities with BRV resulted in stoichiometric
conversion to BVU. This enzymatic transformation reaction was confirmed by both
liver and microbiota with hepatic toxicity [33].

In order to study the short-term effects of DAA treatment on gut microbiota HCV
patients. The HCV-infected and healthy individuals gut microbiome were evaluated
before and after 3 months of the treatment. The results showed no dramatic changes
in a-diversity in HCV infection, and there was not any recovery after HCV was nega-
tively tested even if there was a complete restoration in lower fibrosis degrees. DAAs
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used for 3 months or in sustained viral response caused the changes in gut microbiota
induced by HCV [34].

In another study on treatment-naive HCV microbiota. Increased diver-
sity and abundance in samples were detected with Prevotella, Succinivibrio,
Catenibacterium, Megasphaera and Ruminococcaceae. The low abundance of
Bacteroides, Dialister, Bilophila, Streptococcus, parabacteroides, Enterobacteriaceae,
Erysipelotrichaceae, Rikenellaceae and Alistipes was detected. The predicted functions
of the metagenomic community displayed a reduction in carbohydrate and lipid
metabolism in the microbiota of HCV accompanied by perturbations of amino acid
metabolism [35].

In a pilot sub-study, variations in the composition of gut microbiota between
patients after the successful treatment of hepatitis C virus (HCV) with glecaprevir/
pibrentasvir (GLE/PIB) were observed before treatment and after 12 weeks. The
patients infected with HCV genotypes 1, 2, 3, 4 and 5. There was not statistically
significant differences in the gut microbiota diversity, however, there was a tendency
to less richness over time [36].

A study investigated gut microbiome through 16 s rRNA analysed DNA extracted
from stool samples of patients infected with HCV and HCV/HIV who received
elbasvir-grazoprevir from a clinical trial. The analysis revealed less bacterial diversity
in the patient group than in healthy controls. Microbial dysbiosis improvement was
detected in responders completing sustained virological response through fibrosis
stages which was absent in the case of non-responders. The alteration through the
increase in beneficial bacteria and reduction in pathogenic bacteria was observed
in responders. In the case of responders, the analysis showed the enrichment of
Parabacteroides and Subdoligranulum. The reduction in Eubacterium was detected in
both fibrosis and responders groups [37].

The examination of gut microbiota of targeted V3-4 region of 16S rRNA gene to
clarify the changes in the microbiota before, and after (DAA) treatment of hepatitis
C virus and 24 weeks after treatment ended. The data reflected that the gut microbial
diversity did not show a significant difference between Pre-, End-of-treatment (EOT),
and Post24. The comparison of gut microbiota in Pre-treatment and Post24 weeks after
treatment showed a significant increase of Ruminococcaceae on family-based level and
Faecalibacterium at the genus-based level. Furthermore, analysis at Post24 weeks of treat-
ment, there is a significant increase in Bacillales at order-based level, Bacillaceae at family-
based level and Bacillus at genus-based level. Moreover, there is an increased rate in the
relative abundances of Faecalibacterium and Bacillus which further increased at Post24
when compared to Pre at EOT. There was a progressive decrease in genera Bacteroides,
Phascolarctobacterium and Fusobacterium from the Pre to EOT to Post24. Whereas, the
genera Lachnospiva, Faecalibacterium, Oscillospiva and Akkermansia increased [38].

The analysis of intestinal microbial community in patients who received DAA and
achieved SVR and others without DAA. The V1-V2 region in the 16S ribosomal RNA
gene from stool samples of patients was subjected to amplicon sequencing. The resulting
data showed the changes in significantly increased relative abundances of two genera
Collinsella spp. and Bifidobacter spp. in patients without liver cirrhosis. In addition, a
non-significant decrease in the relative abundance of Bifidobacter spp. in patients with
liver cirrhosis. At the baseline, only the relative abundance of Senegalimassilia spp.
Among the genera that had higher relative abundances in patients with liver cirrhosis
at SVR24/48: Acidaminococcus spp., Eubacterium spp. and Lachnospiraceae spp. Others
exhibited lower relative abundances in patients with liver cirrhosis: Citrobacter spp.,
Enterobacter spp., Enterococcus spp., Megasphaera spp. and Pseudomonas spp. [39].
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A cohort study on samples from adult patients confirmed HCV viremia prior to
receiving DAA and after 12 weeks from complete treatment. The extracted bacterial
DNA from stool samples was subjected to 16 s rRNA gene amplification and sequenc-
ing. Gut microbiome analysis showed a significant difference between HCV-infected
patients with or without cirrhosis and uninfected controls. Analysis of the gut
microbiome revealed that there are no significant changes in all patients attained
viral eradication. However, the overall microbiome did not show significant variation
shortly after HCV eradication. The analysis of the pre-treatment status and after
12 weeks of treatment showed enrichment in Coriobacteriaceae, Staphylococcaceae,
Peptostreptococcaceae and Succinivibrionaceae. Also, the relative abundance of
Morganellaceae, Pasteurellaceae and Movaxellaceae decreased after HCV clearance [40].

A study explored the role of the gut-liver axis in patients with chronic HCV-
associated compensated liver disease (HCVi) through fibrosis severity by discovering
the portal vein. In this study, blood samples from both peripheral and portal veins,
liver biopsies and faeces were collected at two-time points and the re-evaluation
was done approximately after 6 months of HCV elimination by means before and
after SVR. Exactly, the achievement of SVR was reached after combination therapy
with sofosbuvir and velpatasvir, oral inhibitors of viral replication. Analysis was
performed through metabolomics on serum samples, RNA transcriptomics on both
liver and faeces in addition to microbial 16S ribosomal RNA analysis on faeces. The
results showed that Bacteroides vulgatus is the major active species on a transcription
basis through the enhancement of hepatic transcription of the inflammatory path-
ways. This contributed to the functional predominant adverse effects of B. vulgatus on
energy and immune homeostasis in patients of HCVi. On the other hand, inhibiting
the effect of B. vulgatus in mediation of glycan degradation by manipulating diet or
intestinal immunity suggests the early interventional therapy required to preserve the
intestinal homeostasis occurrence in chronic liver disease [41].

In a study on gut microbiome on faecal samples from patients with HCV-related
chronic liver disease. All patients were treated with DAAs (Paritaprevir-Ombitasvir-
Ritonavir-Dasabuvir, Sofosbuvir-Ledipasvir, Sofosbuvir-Ribavirin, Sofosbuvir-
Daclatasvir, Sofosbuvir-Velpatasvir) for 12 weeks achieved SVR. In all patients, there
was a tendency to decrease pathogenic microbial species (i.e., Enterobacteriaceae).
The analysis displayed that eradication of the virus through direct antiviral agents
was related to the tendency to restore the heterogeneity of a-diversity besides the
reduction in the percentage of pathogenic microorganisms, even if the patients with
cirrhosis were less evident in this advantage [42].

A study illustrated the description of transcriptional alterations of the gut micro-
biome and liver after sustained virologic response on liver biopsy, portal blood (direct
portal vein cannulation), peripheral blood and stool samples. HCV patients before
and after 9 months from the 12 weeks of treatment with sofosbuvir/velpatasvir. The
stool samples were used for RNA-seq and 16S rRNA metagenomics. The resulting
data showed increased microbial products in the portal blood and liver after SVR.
Investigation of gut microbiome after SVR indicated a differential increase in the
genes encodes for the production of lipopolysaccharide from bacteria. As the decline
in expression of the antiviral interferon pathway after SVR was predictable, there
was an unpredicted decrease in the transcription of genes responsible for bacterial
recognition and response. Thus, this was related to the increased level of microbial
products [43].

In a study for the evaluation of the faecal microbiota before and after HCV treat-
ment with DAA, faecal samples were collected before DAA treatment and 24 weeks
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after the treatment and healthy controls were concluded. The sequencing 16 S ribo-
somal RNA gene of stool samples was used to determine the taxonomic composition
of the gut microbiota. The resulting data showed that the abundances of several
bacterial taxa were different between the control and CHC patients. There is a sig-
nificant more abundant of phyla Actinobacteria and Firmicutes in the CHC patients.
The genera Ruminococcaceae, Eubacterium, Agathobacter, Alistipes, Bifidobacterium and
Klebsiella were also enhanced in the patients of CHC. On the other hand, the phylum
Bacteroidetes was more enriched in the control group also the only significantly more
abundant is Lachnoclostridium genus. Lactobacillus was the only significantly raised in
the CHC group when compared to the group of SVR24. Patients after treatment from
HCV by DAA showed no significant alteration of the gut microbiota [44].

6. Other drug interactions with microbiome and HCV

The class of proton pump inhibitors, is associated with variations in the intestinal
microbiota. A study aimed to clarify differences in the intestinal microbiota associ-
ated with proton pump inhibitors in patients with chronic hepatitis C. Analysis of
the 16S rDNA gene in stool samples of patients with and without the treatment with
proton pump inhibitors was established. The data investigation showed that the use of
proton pump inhibitors was associated with significant alterations in the microbiota
in patients infected with chronic hepatitis C. There is a significant increase in the rela-
tive abundance of Streptococcus spp., Enterobacter spp. and Haemophilus spp. reached
in patients with the use of proton pump inhibitors [45].

7. Oral microbiome and HCV

There are more than 700 species or phylotypes of bacteria in the oral cavity, which
contribute to health and disease [46]. The disturbance of microbial composition in
oral microbiota could encourage the progress of many liver diseases [47].

A study indicated the role of the oral microbiome in hepatocellular carcinoma
patients using 16S rRNA in extracted DNA from oral samples of HCC cases and other
healthy controls. The positive abundance of Cyanobacteria associated with HCC. The
Cyanobacterial genes positive association with HCC were particular to taxa-produc-
ing microcystin which is a hepatotoxic tumour promotor in addition to other genes
identified to be upregulated with the exposure to microcystin [48].

A case-control preliminary study on HCV patients, patients reached viral clear-
ance after DAA treatment and healthy individuals. The 16S rRNA was sequenced
from a buccal swab. The results referred to the significant distinct bacterial com-
munity in the oral microbiome of patients with chronic HCV compared to healthy
controls. The oral microbiome of HCV patients was characterised by a high diversity
and abundance of pathogenic species, which is similar to that of the oral lichen
planus patients. However, the shift in oral microbiome after the treatment with DAA
to a community was indicative to be partially similar to both diseased and healthy
ones [49].

The transmission of HCV via the oral cavity reflected the importance of determin-
ing the virulence factor homologues of the oral viromes in using the concept of viral
reserving pathogenic gene functions [50]. The effect of antiviral therapy comprising
interferon-alpha (IFN-alpha) with or without ribavirin on oral lichen planus (OLP)
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has been distinguished. After HCV treatment, some patients face an enhancement

in OLP lesions [51]. Studies have strengthened the concept that the improvement of
OLP clinical outcomes was investigated with modern DAA treatment in HCV-infected
patients. This confirmation sustained the suggestion that HCV successful antiviral
therapy directed improvements in the symptoms of OLP [52].

8. Probiotics, prebiotics, synbiotics and HCV

Probiotics are defined as viable microorganisms might be bacteria or yeasts, which
display a beneficial effect on the health of the host consumed. Members of the genera
Lactococcus and Lactobacillus are stated as the most common and generally safe [53].
The definition of probiotics by the United Nations and WHO is: live microorganisms
which when directed in adequate amounts converse a health benefit for the host [54].

Probiotics, which contain the genus Bacillus, are supposed to reduce Staphylococcus
aureus species in the intestines and proliferate their colonisation in the nares. The
suggestion that eradication of HCV increases the numbers of Bacillus spp. and thus
causes a reduction in infection occurrence from bacteria such as S. aureus. The devel-
opment of such a suggestion might be due to the reverse immunosuppression caused
by HCV eradication [38].

HCV-positive patients were subjected to a clinical trial to determination of the
safety and long-term effect of intake to the probiotic FK-23 which is a heat-treated
Enterococcus faecalis strain (FK-23). The adjusted amount was 2700 mg of FK-23 each
day through oral administration. The alanine aminotransferase (ALT) and aspartate
transaminase were determined from blood samples every 3 months. In addition,
viral load, urea, total protein, haemoglobin and platelet count were evaluated every
6 months. The results showed a significant decrease in mean ALT levels at 3 months
when compared to the initial level and continued up to 36 months. A decrease in AST
was identified after 9 months from probiotic therapy when compared to the initial
level. The safety of FK-23 was based on the stable levels of measured parameters on
biochemical and haematological bases and the lack of side effects. As the Nichinichi
Pharmaceutical Co. Ltd. in Japan manufactured functional foods enclosing FK-23,
this may contribute to the probiotic industry as an important line in pharmaceutical
industries [6].

Probiotic bacteria can diminish hepatocellular carcinoma risk by modifying
host gut microbiota [33] to stimulate the growth of beneficial microbes and inhibit
HCC-associated dysbiosis, consequently blocking PAMPs, which mediate hepatic
inflammation. The antiviral activities from probiotics against HBV and HCV infec-
tions ameliorate obesity and the risk of non-alcoholic fatty liver disease NAFLD or
non-alcoholic steatohepatitis NASH affect the prevention of HCC pathogenesis. In
addition, the antioxidant, anti-proliferative, anti-angiogenic and anti-metastatic
effects can inhibit the pathogenesis of HCC. Also, Probiotics have an effect on the
upregulation of the expression of tumour suppressor genes and the downregulation
of oncogene expression. Additionally, the degradation of dietary phytochemicals
by metabolites produced by probiotics may lessen the risk of HCC progress. These
several anticancer approaches demonstrate the potential of probiotics as an applied
strategy for the risk management and treatment of HCC [55]. Probiotics are known
as commensal bacteria including strains of Lactobacillus and Bifidobacterium species
abundant in fermented dairy food. Developing indications directs probiotics use as a
therapeutic target for HCC [56, 57].
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The reduction of HCC risk was achieved through the probiotic bacteria. There are
emerging mechanisms that enrich the host gut microbiome and inhibit dysbiosis-
associated endotoxemia. Other preventive activities such as conservation of gut
epithelial barrier function and inhibition of gut bacterial translocation and pathogen-
associated molecular patterns in the circulation. The ability of probiotic bacteria in
the biotransformation of non-nutritional components such as flavonoids and oligo-
saccharides into effective beneficial metabolites support HCC prevention [55].

Probiotics composed of Lactobacillus rhamnosus GG (LGG), viable Escherichia
coli Nissle 1917 (EcN) and the heat-inactivated VSL#3 with 1:1:1 conformation.
VSL#3 comprising Streptococcus thermophilus, Bifidobacterium breve, Bifidobacterium
longum, Bifidobacterium infantis, Lactobacillus acidophilus, Lactobacillus plantarum,
Lactobacillus paracasei and Lactobacillus delbrueckii subsp. Lactobacillus rhamnosus
strain GG (LGG) was extracted from Valio Gefilus capsule and Mutaflor capsules
comprising nonpathogenic Escherichia coli Nissle 1917 (EcN) bacteria strains. All were
used to study the effect of oral feeding of these three individual probiotic prepara-
tions on the progression of tumours in the mice HCC model. The results showed that
probiotic intake can influence the growth of the gut microbiome, which comprises
certain beneficial bacteria such as Prevotella and Oscillibacter responsible for the pro-
duction of anti-inflammatory metabolites with the activity of HCC suppression [58].

Prebiotics are known as food ingredients, that have a selective effect on stimulat-
ing the growth or activity of beneficial microorganisms such as bacteria and fungi.
The synergetic combination between probiotics and prebiotics is called synbiotics. A
form of synbiotics, Lactobacillus paracasei B21060 and arabinogalactan and fructooli-
gosaccharides (FOSs) (FOSs is a mixture of fermentable dietary fibres) can reduce the
hepatic inflammation in diet-induced in non-alcoholic fatty liver disease (NAFLD).
The supplementation of seven probiotics consisting of L. casei, L. rhamnosus, S. ther-
mophilus. Bifidobacterium breve, L. acidophilus, B. longum and L bulgaricus and FOSs
induced the improvement of fasting blood glucose, serum triglycerides in addition to
inflammatory cytokines levels in lean and obese patients of NAFLD [59].

On the other side, the use of probiotics should be monitored and in adjusted doses
to avoid the side effects on the human body. The usage of some probiotic strains car-
rying antibiotic resistance genes could lead to the passage of the antibiotic resistance
genes to the pathogenic bacteria over the horizontal gene transfer [60]. Probiotic
usage should be monitored in consideration of the benefit-to-risk rule and taking in
concern the extreme characterisations to both the promise of therapy and the hazard
of probiotics [61].

9. Discussion

The human gut microbiome is rich with a diverse microbial community. The
identification of species composition through molecular bases allowed the zooming
option for precise microbiome balance screening which known to be occur in cases
of HCV infection. In screening studies of gut microbiome between chronic hepatitis C
virus and healthy individuals, most of the studies detected low bacterial diversity
in persons with HCV infection. The reduction in the order of Clostridiales and the
increase in the Streptococcus and Lactobacillus. Other factors such as the transloca-
tion of molecules from the gut microbiome also affect in variation of liver function
and alteration of the pathology of viral hepatitis. The effect of the metabolism of
bile acid (BA) in the gut-liver axis through gut microbiota is another mechanism
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altering patient’s overall physiological parameters during disease progress. The overall
route of produced secondary microbial metabolites influenced HCV patients’ health
problems. In addition, screening the microbiome balance during HCV treatment is
one of the main factors contributing to the progress of other health problems that
emerge from microbial imbalance during a patient’s treatment. Based on a number
of studies that screened the microbial diversity in HCV patients during treatment, it
was noticed that over the long period of treatment, the gut microbiome tends to gain
the gut microbial balance. On the other side, the protective immunological function
of normal microbiota present in oral and gut microbiome contributes to the overall
progress of treatment and thus recurrent infection. The mutual relation between
probiotics, prebiotics and synbiotics in contributing to HCV patient’s health under
treatment and while on medication.

10. Conclusion and future prospective

Despite the effect of the high incidence of HCV infection clearance in last years,
there are many studies directed to the long-term effect after treatment. According
to the above data, the importance of screening HCV and monitoring the disease
progress and consequences on overall health is one of the main targets in reducing the
indices in a lower number of cases and thus disease development.

As HCV development causes alterations in the gut microbiome of infected patients
even after treatment, the balance of the microbial community could be reached back
with the use of probiotics. They are found in food, particularly in fermented dairy
products, and could be used up through pharmaceutical preparations. The progress of
new probiotic strains targets the most active beneficial microorganisms.

Finally, probiotic bacteria could be used as non-nutritional dietary components.
The production of metabolites by beneficial bacteria could enhance the patient’s
digestive system health, and gain gut microbiome balance thus develop immunity
during infection. Also, could contribute to recovery after antiviral treatment. The
design of new probiotics based on different therapeutic modes of action could
enhance the development of preventive and complementary therapy.
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Surpassing Viral Suppression:
A Breakthrough from Interferon for
the Treatment of Hepatitis B
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Abstract

Hepatitis B virus (HBV) remains a major global public health issue, posing
significant threats to human health and quality of life. Its treatment has always been
the focus of contemporary medicine. Compared with traditional antiviral drugs,
pegylated interferon (Peg-IFN), as an important drug for treating chronic hepatitis
B (CHB), is expected to achieve functional cure. In addition, IFN has shown definite
efficacy and advantages in inhibiting viral replication, improving liver inflammation,
and reducing the risk of liver cirrhosis and hepatocellular carcinoma. However, due to
significant side effects and poor compliance, IFN faces many challenges. This chapter
systematically analyzes the mechanisms underlying IFN therapy as well as current
advances in clinical research regarding IFN for the treatment of CHB.

Keywords: hepatitis B virus, interferon, peg-interferon, treatment, antiviral agents,
advances

1. Introduction

Hepatitis B virus (HBV) infection is a major global public health concern. The
World Health Organization (WHO) launched a goal of comprehensive HBV elimina-
tion in 2016, aiming to reduce new infection rate by 90% and decrease its related
mortality rates by 65% by 2030 [1]. Although the global rate of HBV infection has
decreased with the use of preventive vaccines, the global burden of HBV remains
significant [2]. According to the recent statistics, the global prevalence of HBV
infection in 2022 was estimated to be 3.2%, corresponding to 257.5 million individu-
als living with chronic HBV infection [2]. However, only 36 million individuals had
been diagnosed (<14%), and just 6.8 million were receiving treatment. These gaps in
diagnosis and treatment remain major barriers to HBV elimination. In addition, HBV
prevalence shows significant geographical differences, with higher burden observed
in low-income countries or regions, while lower burden was reported in high-income
countries or regions [2-4]. Notably, HBV treatment coverage does not appear to
correlate with regional economic development, and the management of HBV remains
unsatisfactory in high-income countries or regions [5].
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HBYV can cause either acute or chronic infections. Acute infections may be asymp-
tomatic or have non-specific symptoms, including nausea, fatigue, or jaundice, which
are easily overlooked or misattributed to other causes [6]. In addition, individuals
with chronic hepatitis B (CHB) are typically asymptomatic for years or even decades
and are often identified incidentally through routine health screening, which poses a
greater long-term health risk [7]. This asymptomatic nature, coupled with low public
awareness and insufficient screening, contributes to the low diagnostic rate of HBV
globally. This underdiagnosis not only delays timely antiviral intervention but also
increases the risk of disease progression to cirrhosis and hepatocellular carcinoma
(HCQ).

HBV is a hepatotropic virus characterized by the persistent presence of covalently
closed circular DNA (cccDNA) within infected hepatocytes [8]. Therefore, the elimi-
nation of cccDNA is crucial for managing CHB [9]. Antiviral therapies for CHB, such
as nucleos(t)ide analogs (NAs), which include entecavir (ETV), tenofovir disoproxil
fumarate (TDF), and tenofovir alafenamide (TAF), have been shown to significantly
delay the progression of liver fibrosis and lower the risk of HCC in CHB patients [10,
11] [12]. Although NAs can suppress HBV replication, they do not directly inhibit the
transcriptional activity of cccDNA to achieve the disappearance of HBsAg. Compared
to NAs, pegylated interferon (Peg-IFN), as an immunomodulator, can suppress HBV
transcription and decrease the expression of HBsAg through epigenetic modification
of cccDNA. Multiple guidelines have recommended it as a promising therapy for
achieving a functional cure of HBV [13-15]. However, IFN treatment also has some
limitations, such as numerous side effects and poor responses in some patients [16].

Therefore, a thorough understanding of the role of IFN for the treatment of HBV
is of clinical importance. This chapter aims to summarize the classification of IFN, the
mechanism of its treatment for HBV, and the advances in clinical research.

2. Pathogenesis and diagnosis of HBV
2.1Life cycle of HBV

HBYV is an enveloped DNA virus with a genome of about 3.2 kbp, belonging to the
Hepadnaviridae family [17-20]. HBV exhibits a tropism for hepatocytes and initiates
its replication cycle via reverse transcription [21]. Infection begins when the HBsAg
within the viral envelope binds in a low-affinity interaction with hepatocyte heparan
sulphate proteoglycans (HSPGs) [22], followed by a highly specific binding between
the N-terminal preS1 domain of the large surface protein (L-HBsAg) and the sodium
taurocholate cotransporting polypeptide (NTCP), which triggers endocytosis of the
virion into hepatocytes [23-25]. Upon entering the hepatocytes, the nucleocapsid is
released relaxed circular DNA (rcDNA) into the cytoplasm, which is transported to
the nucleus and repaired into cccDNA minichromosomes [26-29]. cccDNA serves
as the stable transcriptional template for viral RNAs, including pregenomic RNA
(pgRNA) and subgenomic mRNAs, through host RNA polymerase II, and persists
in hepatocyte nucleus for long [26, 27, 30]. Viral replication occurs within the capsid
and the nucleocapsid, where pgRNA is reversely transcribed by the viral polymerase.
Approximately, 10% of the pgRNA is reversely transcribed into double-stranded
linear DNA (dsIDNA), which can integrate into the host genome, thereby contribut-
ing to viral persistence and increasing the risk of cirrhosis and HCC. The remaining
90% of pgRNA is reversely transcribed into rcDNA [7, 31, 32]. The rcDNA-containing
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capsids either recycle to the nucleus to sustain the cccDNA pool or undergo envelop-
ment to form infectious virions for secretion [17, 27, 33].

2.2 Immunological mechanism of HBV

HBYV infection is non-cytopathic, indicating that it does not directly kill hepato-
cytes. Instead, it destroys the infected hepatocytes through host immune response,
leading to hepatic inflammation and necrosis [34, 35]. Intermittent and repetitive
nature of this process, as well as its related liver injury, may further increase the risk
of HCC [7].

The immunological characteristics of CHB infection is the absence of an effective
and coordinated adaptive immune response, leading to incomplete viral clearance
and persistent infection [21, 34]. A major contributor to this immune dysfunction
is the presence of large quantities of subviral particles, which are predominantly
composed of HBsAg. These particles inhibit innate immune responses by downregu-
lating the transcription of pro-inflammatory cytokines and interferon-stimulated
genes (ISGs) [36-38]. In addition, they also weaken T cell responses, causing T cell
“exhaustion” and dysfunction of virus-specific T cells (CD4* and CD8" T cells) [39,
40]. In CHB infection, the frequency and function of intrahepatic and peripheral
HBV-specific T cells correlate negatively with circulating HBV DNA levels, indicating
ongoing immune suppression in the presence of high viral load [41]. Furthermore,
the immune dysfunction extends from T cells to multiple other components of the
immune system, such as HBsAg-specific B cells, dendritic cells, and NK cells [42].
Apart from the immune mechanisms mentioned above, the inherently immunosup-
pressive properties of the hepatic microenvironment—while protecting against severe
inflammation—also impair HBV-specific T cell function [43]. These processes can
lead to chronic inflammation of the liver and subsequently to fibrosis [44].

2.3 Serologic markers and diagnosis of HBV
2.3.1 Serologic markers

The detection of serological markers plays an important role in the diagnosis
of HBV. The HBV genome contains four overlapping open reading frames (ORFs), which
define the coding capacity of the HBV genome [19, 34]. They can encode seven distinct
proteins, including HBsAg (large, medium and small), HBV core antigen (HBcAg), HBV
e antigen (HBeAg), HBV polymerase (pol), and the trans-activating transcription factor
hepatitis B X protein (HBx) [17]. Currently, the markers that are detectable by com-
mercial serologic tests are HBsAg, HBeAg, anti-HBs, anti-HBc, anti-HBe, and HBV DNA,
which are mainly detected through immunoassay methods [45, 46].

HBsAg and anti-HBs: HBsAg is a key structural component of the viral envelope
and serves as a major marker of HBV infection [46, 47]. It typically can be detected
several weeks after exposure to the HBV [48, 49]. The titer of HBsAg reaches its peak
at the height of clinical illness and decreases during the recovery period [50]. The
quantitative measurement of HBsAg has been incorporated into the risk scores for
predicting HCC as well as evaluating the risk of viral rebound after the discontinu-
ation of NAs [51]. Following the clearance of HBsAg, the emergence of anti-HBs,
referred to as HBsAg seroconversion, marks recovery and is associated with viral
suppression and favorable prognosis [48]. Anti-HBs seropositivity can also result
from effective vaccination or natural resolution of acute HBV [34].
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HBeAg and anti-HBe: HBeAg is a soluble dimeric protein secreted by hepatocytes
infected with HBV, derived from the processing of the pre-C protein [27, 52]. It can
be detected during the acute infection period 6 to 12 weeks after exposure to HBV
and is associated with the replication activity and high infectivity of the virus [48,
53]. Seroconversion from HBeAg to anti-HBe positivity is indicative of reduced viral
replication and improved hepatic inflammation [53].

Anti-HBc: Total anti-HBc serves as a serological marker for identifying individuals
with current or prior HBV infection, typically appearing at early stage of infection
[54, 55]. It includes two subtypes: IgM levels rise significantly in acute hepatitis B
infection, while IgG levels increase in chronic infections [54]. Total anti-HBc may
persist for life, but it may not be detectable in immunocompromised individuals [56,
57]. Serum anti-HBc levels have also been recognized as markers for evaluating the
therapeutic efficacy of NAs and Peg-IFN in patients with CHB [58, 59]. Accordingly,
the measurement of anti-HBc is typically employed in patients suspected with acute
exacerbation of CHB or for determining the need for prophylactic antiviral therapy in
patients scheduled to receive immunosuppressive treatment [34, 60].

HBV-DNA: HBV DNA level directly reflects viral replication activity, serves as
a diagnostic marker for HBV infection, and can be detected within 2 weeks after
primary infection [49, 61]. Quantitative real-time polymerase chain reaction is the
most widely used method for HBV DNA detection, owing to its high sensitivity and
specificity [62]. Achieving and maintaining undetectable serum HBV DNA levels is
a key goal of antiviral therapy [34, 62] Notably, patients who are negative for HBsAg
but positive for HBV DNA are referred to as having “occult” HBV infection [63].
Therefore, all CHB patients should have regular monitoring of HBV DNA for the
detection of the emergence of viral drug resistance and drug compliance [64].

2.3.2 Diagnosis of HBV

The diagnosis of CHB is primarily based on serological markers, with the persis-
tence of HBsAg for more than 6 months serving as the defining criterion [7, 27].

3. Nature history of HBV

The natural history of HBV can be divided based on virological, serological,
clinical manifestations, and histological characteristics and defined by serum trans-
aminases and related biomarkers, providing a critical foundation for defining clinical
phenotypes and informing treatment strategies [15]. According to the EASL clinical
practice guidelines of HBV, the main stages of CHB have been defined as: (I) HBeAg-
positive chronic infection, (II) HBeAg-positive CHB, (III) HBeAg-negative chronic
infection, and (IV) HBeAg-negative CHB [12, 14].

The first stage mainly occurs in perinatal period or early childhood period
[27], characterized by high HBV DNA levels, positive HBsAg and HBeAg, mini-
mally elevated ALT, and absent or minimal hepatic inflammation or fibrosis
[65-67]. However, disease progression is possible, warranting regular monitor-
ing [65]. The second stage is characterized by active HBV infection [68], where
patients exhibit hepatic inflammation and elevated ALT levels, and may experi-
ence either spontaneous or treatment-induced HBeAg seroconversion [69, 70].
As the immune response intensifies, the risk of cirrhosis and HCC increases [16,
66, 71]. Antiviral treatment at this stage is strongly recommended to reduce liver
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injury and promote HBeAg seroconversion [16]. Upon seroconversion, patients
typically transition into the third stage, which is characterized by normal ALT,
low or undetectable HBV DNA, and the presence of anti-HBe antibodies [27, 67].
Patients at this stage constitute the largest group of patients with CHB infec-

tion [66], with approximately 0.5-2% of patients achieving spontaneous HBsAg
clearance annually [27]. The appearance of anti-HBe antibodies may be a signal of
disease remission and may indicate good prognosis. However, some CHB patients
may progress to the fourth stage (HBeAg-negative, anti-HBe-positive), typically
being older, persistent inflammation, fluctuating HBV DNA and ALT levels, and
elevated risk of fibrosis progression [66]. Notably, HBV reactivation occurs in
approximately 30-40% of patients within 10 years of HBeAg seroconversion,
regardless spontaneous or treatment-induced [16]. Therefore, sustained HBsAg
clearance is considered the optimal treatment endpoint for HBeAg-negative
patients.

4. Conventional interferon for hepatitis B

As previously discussed, cccDNA is the cornerstone of persistent HBV infection.
The virus’s ability to sustain itself is also closely linked to its immune evasion mecha-
nisms. Current clinical treatment strategies primarily include NAs and IFNs [13, 34,
72]. NAs can effectively inhibit HBV reverse transcription, thereby suppressing viral
replication. However, they have limited ability to directly eliminate cccDNA, result-
ing in inadequate long-term control over immune evasion [73]. Compared to NAs,
IFN can directly inhibit the viral life cycle and restore the host’s antiviral immunity.
Studies indicated that IFN significantly enhances the clearance rate of HBsAg, which
is regarded as a critical marker of reversing HBV immune escape [74, 75]. It demon-
strates unique therapeutic advantages of IFN in achieving functional cure.

4.1 Type of conventional interferons

IFNs are a group of cytokines first identified in 1957 [76]. They are produced in
response to viral infections or double-stranded RNA and function as an immuno-
modulator against various viruses [13, 77]. Based on structural differences, receptor
types, and biological functions, INFs are mainly classified into three types: Type I
(including IFN-a, IFN-B, etc.), Type II (IFN-y), and Type III (IFN-}A) [6, 72, 78].
IFN-a is the primary drug approved for treating HBV”, which consists of several
subtypes, including IFN-a2a and IFN-a2b, and each potentially exhibiting its distinct
activity characteristic [79]. Currently, approximately 23 natural IFN-« subtypes have
been identified, and recombinant IFN-a molecules, which are generated by recom-
bining different sequence fragments through DNA recombination technology, have
demonstrated enhanced antiviral efficacy [80]. Notably, studies suggest that combin-
ing IFN-a or IFN-f with IFN-y may be more effective than using type I IFN alone [81].
Thus, the efficacy of IFN-y has not been clearly confirmed [6].

4.2 Structure

Most human IFN-a proteins consist of 189 amino acids (188 in the IFN-a2 sub-
type), with 23 removed as signal peptides during posttranslational modification [80].
It comprises five a-helical bundles linked by loops, with two disulfide bonds formed
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by four conserved cysteine residues, and Cys29 - Cys139 bond being critical for bio-
logical activity [82-85]. These structural characteristics are critical for the antiviral
and immunomodulatory functions.

4.3 Antiviral mechanisms

IFNs exert antiviral effects indirectly by binding to specific cell membrane
receptors, rather than targeting viruses directly (Figure 1) [86-88]. In HBV treat-
ment, IFN-a stimulates the expression of ISGs to directly inhibit viral replication
and simultaneously activates immune responses to enhance host antiviral defense
[6]. Specifically, upon binding to the IFN-a/p receptor (IFNAR), IFN-a triggers
the JAK-STAT signaling pathway, thereby promoting ISGs expression [89]. These
ISGs encode antiviral effectors that interfere with various stages of the HBV
life cycle and modulate host immune responses [6, 78]. For example, SAMD4A
mediates viral RNA degradation by binding to the SRE site in viral RNA [90],
while MX2 reduces cccDNA transcription into RNA [91]. In terms of immune
regulation, IFN-a can activate various immune cells, such as macrophages, NK
cells, dendritic cells, and T cells, which in turn secrete cytokines to regulate the
differentiation and activation of B cells and T cells [92]. Additionally, IFN-a can
suppresses cccDNA minichromosome activity via inhibiting histone deacetylases,
resulting in decreased expression of HBsAg and HBeAg, thereby limiting cccDNA

[ IFN binds to IFNAR ]

!

[ Activates the JAK-STAT pathway J

|

[ Direct antiviral effects ] [ Immunomodulatory cffects ]

l |

NK cells: kill infected

* Inhibition of HBV RNA hepatocytes
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* Reduction of cccDNA cytokines
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[ |

|
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and expression
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* Functional cure

translation and replication

Figure 1.

Mechanism of IFN in the treatment of HBV. IFN, interferon; IFNAR, interferon-o/p receptor; JAK-STAT, Janus
kinase-signal transducer and activator of transcription; HBV, hepatitis B virus; RNA, ribonucleic acid; DNA,
deoxyribonucleic acid; NK, natural killer; HBsAg, hepatitis B surface antigen.
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replenishment [93, 94]. Therefore, IFN therapy is the most effective during the
host’s immune clearance phase [95].

4.4 Clinical research
Efficacy and limitations of IFN-a have been systematically evaluated since it was

approved for CHB in the 1980s. Miiller et al. demonstrated a significantly higher response
rate in the treatment group with IFN-a-2b than nontreatment group [96]. Meta-analyses

also showed superior virological and histological outcomes with IFN [97, 98]. Extending
treatment to 32 weeks can effectively improve HBeAg seroconversion [99]. Long-term
studies have confirmed that IFN therapy improves outcomes and reduces the risk of
cirrhosis and HCC over 15 years [100]. Notably, the effect of conventional IFN not only
varies with dose and treatment duration but also is affected by patient characteristics,
such as gender, ALT level, and HBV DNA level [98, 101]. However, IFN therapy has some
limitations, including significant side effects, such as flu-like symptoms and hematologi-
cal abnormalities, frequent injections, and high costs [99, 101], which limit its use.

5. Pegylated interferon

The clinical application of conventional IFNs is limited by their short half-life and
toxicity. To address these issues, structural modifications have been implemented through
pegylation, resulting in improved pharmacokinetics and therapeutic effect (Table1).

5.1 Structure and classification

Peg-IFNs are engineered by covalently conjugating polyethylene glycol (PEG) to
IFN molecules. The antiviral efficacy and pharmacokinetics of Peg-IFNs are primarily

Comparison Conventional IFN Peg-IFN

dimension

Molecular structure Identical to natural human interferon Conjugated with PEG molecules
Half-life Short (approx. 4-6 hours) Long (approx. 40-80 hours, varies by

PEG molecular weight)

Administration

Subcutaneous injection three times per

Subcutaneous injection once weekly

frequency week

Plasma High fluctuations, prone to “peak-valley Steady concentration, maintains

concentration effect” therapeutic levels over extended periods

stability

Bioavailability Lower efficiency, partial clearance before Higher efficiency, PEG modification
activation reduces renal excretion and immune

clearance

Therapeutic Slightly inferior antiviral and Enhanced antiviral and

efficacy immunomodulatory effects due to immunomodulatory effects under
concentration fluctuations sustained therapeutic levels

Side effects Fever, fatigue, flu-like symptoms Fever, fatigue, flu-like symptoms

IFN, interferon; Peg-IFN, pegylated-interferon; PEG, polyethylene glycol.

Table 1.

Conventional interfevon vs. Pegylated interferon.
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determined by the molecular weight, conjugation sites, and molecular configuration
of the PEG, which prolongs serum half-life without significantly altering the second-
ary or tertiary structure of the native IFNs [102, 103]. There are two main subtypes:
(1) Peg-IFN a-2a: 40 kDa branched PEG conjugated to IFN a-2a via lysine residues
(dosed by 180 pg/week), suitable for CHB with prolonged half-life (80 hours). (2)
Peg-IFN a-2b: 12 kDa linear PEG conjugated to IFN «-2b via His [34] residue or lysine,
dosed by weight (1.5 pg/kg/week), with a 40-hour half-life and retained bioactivity,
which is suitable for situations where quick results are needed [102-104].

5.2 Clinical research of monotherapy

In HBeAg-positive patients with chronic hepatitis B, Peg-IFNa-2a was more effec-
tive than conventional IFNa-2a [104]. Li et al. reported that HBeAg-negative patients
switching from NAs to 48 weeks of Peg-IFNa-2a had significantly reduced virological
relapse rates and increased HBsAg loss, compared to those discontinuing NAs [105].
An RCT also showed that 68 weeks of Peg-IFNa-2b monotherapy resulted in a high
HBsAg loss rate among HBsAg carriers [106] Although their differences in molecu-
lar structure and pharmacokinetics, Peg-IFN a-2a and a-2b exhibited comparable
efficacy [107]. Notably, HBV genotype influences clinical effect: genotype A shows
the best response in HBeAg-positive patients, genotypes B and C have similar perfor-
mance in Asian patients, and genotype D yields the worst response [107].

5.3 Clinical research of combination with NAs therapy

Peg-IFN is often combined with first-line NAs, such as ETV and TDF, for the man-
agement of CHB. This combination therapy capitalizes Peg-IFN’s immunomodulatory
effects and NAs’ antiviral effects to suppress viral replication and reduce the cccDNA
pool in hepatocytes more effectively [12]. But this approach is not recommended
for all patients. It should be selected based on disease activity, HBV DNA, HBsAg,
and HBeAg status. Notably, de novo combination therapy is not recommended [12].
Multiple studies have found that the available effective combination treatment
methods were mainly based on long-term NAs treatment accompanied by additional
Peg-IFN-a therapy [108, 109]. Lim et al. found that HBeAg-negative patients achieved
greater HBsAg decline and clearance with combination therapy as compared to
HBeAg-positive patients [110]. Switching directly from NAs to Peg-IFN monotherapy
may increase the risk of virologic relapse. Therefore, add-on Peg-IFN therapy is
preferred. Additionally, in HBeAg-negative CHB patients who had been on long-term
NAs treatment and had complete viral suppression for at least 2-3 years, the HBsAg
levels significantly decreased in patients treated with Peg-IFN o add-on therapy [111].
Another study showed that regardless of HBeAg status, patients treated with a limited
course of Peg-IFN plus TDF had a higher HBsAg loss rate compared to those receiving
monotherapy [112]. Beyond NAs-based combinations, emerging combination strate-
gies are under active clinical investigation. For example, the combination of Peg-IFN
with novel direct-acting antiviral drugs (DAAs) or novel immunomodulators, includ-
ing T-cell receptor agonists, checkpoint inhibitors, therapeutic vaccines, and mono-
clonal antibodies, is also considered a promising treatment approach [109]. Overall,
the combination treatment has gradually become an important treatment option for
CHB in clinical practice. With the continuous development of immunotherapy and
new antiviral drugs, there may be more combined treatment options available in the
future to provide better treatment choices for hepatitis B patients.
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5.4 Clinical studies of combination with emerging antiviral agents

Combination of Peg-IFN with emerging antiviral agents, such as cccDNA
inhibitors and immune checkpoint inhibitors, has become a major focus in the
pursuit of functional cure for HBV. A preclinical study demonstrated that cucur-
bitacin I combined with PEG-IFNa effectively reduced intrahepatic cccDNA levels
[113]. The combination of PEG-IFN and small interfering RNA (siRNA) shows
even more promise. Both HBsAg seroclearance and anti-HBs seroconversion rates
were significantly higher in patients receiving VIR-2218 combined with PEG-
IFN for 44 weeks than monotherapy [114, 115]. The synergistic effects between
PEG-IFN and capsid assembly modulators (CAMs) have also been validated.

For instance, a triple therapy regimen consisting of RO7049389, PEG-IFN, and
NAs significantly reduced HBsAg, HBeAg, and HBcrAg levels in patients, out-
performing mono- or dual-agent regimens [114]. Notably, PEG-IFN combined
with immune checkpoint inhibitors enhances T cell activation, promotes HBsAg
decline, and improves immune-mediated viral clearance, offering a promising
direction for future combination strategies [114, 115].

5.5 Limitations

Although the combination of Peg-IFN with other antiviral agents improve sero-
conversion rates, it is associated with a higher incidence of adverse events (AEs)
compared to monotherapy [116, 117]. Common AEs of Peg-IFN treatment include
influenza-like syndrome and leukopeni, which are mostly mild to moderate and can
recover after drug withdrawal [118]. Additionally, due to the injection administration
method, patient compliance is relatively poor.

6. Conclusion

IFN is important in CHB treatment with dual effects of immune modulation
and antiviral activity. The shift from conventional IFN to Peg-IFN has advanced
HBV treatment toward functional cure. Emerging combination strategies, such
as Peg-IFN with cccDNA inhibitors or immune checkpoint inhibitors, show
significant potential in overcoming immune tolerance and targeting persistent
viral reservoirs. However, several real-world barriers must be addressed, includ-
ing variable patient responses and treatment-related adverse effects. Key strate-
gies to overcome these challenges include improved adherence through patient
education, proactive management of side effects, and incorporation of IFN-based
regimens into national programs in resource-limited settings to ensure equitable
implementation. In addition, we should conduct head-to-head randomized
controlled trials stratified by HBV genotype and strengthen long-term follow-up
outcomes on functional cure.
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Chapter7

Advanced Hepatitis Management:
Precision Medicine Integration

Nagham Nafiz Hendi, Asma Mahdi and Randa AlYafie

Abstract

Hepatitis poses a major global health challenge due to viral infections that lead
to significant liver inflammation and associated morbidity and mortality. Although
traditional therapies, such as antiviral medications and immunomodulatory agents,
have improved patient outcomes, they are often hindered by limitations like drug
resistance and varying efficacy among different populations. This chapter explores
the emerging role of precision medicine in hepatitis management, focusing on
tailoring treatments based on individual genetic and environmental factors. The
integration of advanced technologies, including machine learning and artificial
intelligence, enhances the prediction of patient responses and identifies novel bio-
markers. Innovations in next-generation sequencing and mass spectrometry have
also advanced our understanding of viral genetics and host responses, facilitating the
development of personalized vaccines and targeted therapies. This chapter provides
an overview of current and future therapeutic approaches in hepatitis management,
emphasizing the transformative potential of precision medicine and technological
advancements to improve patient outcomes.

Keywords: hepatitis, precision medicine, advanced treatment, antiviral drugs,
functional cure

1. Introduction

Hepatitis, a significant global health issue, is marked by inflammation of the liver
primarily due to viral infections, particularly hepatitis A, B, C, D, and E. Despite
advances in medical science, hepatitis virus infection remains a leading cause of
morbidity and mortality worldwide, affecting millions of individuals annually [1].
Current therapeutic strategies for hepatitis infection, including antiviral medications,
immunomodulatory agents, and supportive care, have undoubtedly improved patient
outcomes [2]. However, these treatments often have limitations such as drug resis-
tance, adverse side effects, and varying efficacy among different populations [3].

In recent years, precision medicine has emerged as a promising approach to
address these challenges. Precision medicine tailors medical treatment to the
individual characteristics of each patient, considering genetic and molecular profil-
ing, as well as environmental and lifestyle factors. This approach can potentially
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revolutionize hepatitis management by providing more effective and personalized
therapeutic interventions [4]. Additionally, the integration of machine learning and
artificial intelligence (AI) represents a new frontier in this field. Al algorithms are
now being employed to predict patient responses to treatment, identify novel bio-
markers, and tailor therapeutic approaches more precisely [5, 6].

Interestingly, the advent of next-generation sequencing (NGS) and mass spectro-
metric studies technologies has enhanced our understanding of the genetic diversity
of hepatitis viruses and host responses [7, 8]. Research indicates that specific genetic
variants and novel biomarkers significantly influence responses to antiviral therapies,
leading to the development of personalized vaccines and more targeted treatments
[9]. For example, advancements in immunotherapy are showing promise in manag-
ing chronic hepatitis B virus (HBV) [10], while new classes of direct-acting antiviral
agents (DAA) are being developed to overcome resistance in hepatitis C virus (HCV),
achieving sustained virologic response (SVR) rates exceeding 97% [11]. The effec-
tiveness and ease of using DAA have made the World Health Organization’s goal of
eradicating HCV by 2030 a real possibility [12]. Additionally, recent advancements
in clustered regularly interspaced short palindromic repeats and CRISPR-associated
protein (CRISPR/Cas9) gene-editing technology offer potential for curative therapies
by directly targeting viral genomes or host factors involved in viral persistence [13].

This chapter provides a comprehensive overview of current hepatitis therapies,
their limitations, and how precision medicine—boosted by Al and machine learn-
ing—is reshaping treatment paradigms through advancements in genomics and
bioinformatics. The discussion extends to emerging therapies, including gene editing,
targeted drug delivery systems, and next-generation immunotherapies, leveraging
the advancements of personalized hepatitis management and improved patient
outcomes.

2. Current therapy in hepatitis infections

The management of hepatitis has evolved significantly over the past few decades,
with the development of various antiviral therapies recommended for most HBV
and HCV patients, except in cases of decompensated cirrhosis, pregnancy, or limited
life expectancy. The primary goal is to control viral replication, reduce liver inflam-
mation, and prevent disease progression to cirrhosis, liver failure or hepatocellular
carcinoma (HCC), or liver-related mortality. Current treatment strategies can be
broadly categorized into three major classes: interferons (IFNs), nucleoside/nucleo-
tide analogues (NAs), and DAA [14, 15]. These therapies have collectively trans-
formed hepatitis care, offering more effective and targeted approaches to managing
the disease across different viral genotypes and patient populations (Table 1) [16].

2.1 Interferons

IFNs were among the first antiviral therapies introduced for hepatitis treatment,
particularly for chronic HBV and HCV [14, 17]. These naturally occurring cytokines
exhibit strong antiviral, antiproliferative, and immunomodulatory properties.
Specifically, IFN-a stimulates antiviral pathways through IFN-stimulated genes and
directly inhibits hepatitis viruses by suppressing viral DNA synthesis, disrupting
RNA-containing core particles, accelerating their decay, and degrading pre-genomic
RNA and the epigenetic of covalently closed circular DNA (cccDNA) [18, 19].
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This antiviral action is vital for infection control, enhancing innate immunity and
potentially activating natural killer (NK) cells, which may help restore adaptive
immune function [20]. As a result, IFN-« treatment can lower viral load and HBV
surface antigen (HBsAg) levels and improve CD8 T-cell responses in sustained
responders’ post-treatment [21].

Standard IFN therapy had a short half-life and a modest response rate of approxi-
mately 16%, often necessitating prolonged treatment durations and frequent dosing
regimens [22]. These limitations are influenced by baseline factors, such as viral geno-
type, viral load, sex, age, geographic location, HBsAg, and alanine aminotransferase
(ALT) levels [23, 24], but their predictive value for individual patients is limited.
Interestingly, research on genetic polymorphisms has yielded promising insights into
individual susceptibility to IFN-« treatment. Unlike HCV, interleukin 28B (IL-28B)
gene polymorphism has not been shown to impact IFN-« response in chronic HBV or
hepatitis D [25-27]. While certain human leukocyte antigens (HLA) polymorphisms
have been linked to HBV pathogenesis in specific populations [28], their correlation
with IFN-a response remains inconsistent [29]. Other genetic biomarkers, such as the
rs3746662 polymorphism in adenosine deaminase acting on double-stranded RNA1
(ADARI1) and the rs7574865 polymorphism in signal transducer and activator of tran-
scription 4 (STAT4), have shown potential as predictors of IFN-a treatment response
[30, 31]. Further study is needed to clarify the link between genetic polymorphisms
and IFN response, as conclusive evidence for clinical application remains limited.

Pegylated IFN-a (Peg-IFNa) formulations have emerged as a preferred treatment
for chronic hepatitis due to their extended half-life, allowing for less frequent dosing
and improved patient adherence [15]. Pegylation has demonstrated effectiveness
in both HBV e-antigen (HBeAg)-positive and HBeAg-negative patients, achieving
significant rates of viral suppression, HBeAg seroconversion, and sustained response
[32, 33]. For instance, a 48-week course of Peg-IFNa treatment in HBeAg-positive
liver cirrhosis patients results in an ALT normalization, a 27% reduction in HBeAg
levels, and a 25% decrease in HBV DNA [34-36]. For HBeAg-negative patients, Peg-
IFNa can sustain long-term suppression of HBsAg levels for up to 3 years post-treat-
ment, reflecting a significant SVR [37]. Despite these advances, IFN-based therapies
are limited by poor patient tolerance, with notable adverse effects, such as flu-like
symptoms, depression, hematological abnormalities, and thyroid dysfunction. These
issues can lead to a high rate of treatment discontinuation and contraindicate Peg-
IFNa use in patients with decompensated or severe compensated cirrhosis and during
pregnancy [3, 24].

Ribavirin, an oral guanosine analog, was introduced to enhance interferon (IFN)
therapy, leading to reduced relapse rates and modest improvements in cure rates,
reaching 41% for genotype 1 and nearly 75% for other genotypes [38]. It remained the
standard therapy until 2011, though its effectiveness varied, showing greater success
in HBeAg-positive patients, hindered by significant toxicity, especially in advanced
liver disease [39]. For severe cases or acute-on-chronic liver failure caused by the
hepatitis E virus, ribavirin is recommended [40], with a 12-week monotherapy course
prescribed for persistent replication beyond 3 months [41]. Although generally well
tolerated, ribavirin can cause hemolytic anemia, particularly in patients with renal
impairment due to its renal excretion [42]. It is contraindicated in individuals with a
creatinine clearance below 50 mL/min and should be avoided in pregnant women due
to its teratogenic effects [43].

Given the limited proportion of sustained responders, tailoring treatment to
individual patients is essential for optimizing IFN-based therapy. For instance,
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in HBeAg-negative patients, the lack of HBsAg decline after 12 weeks of therapy
predicts non-response, especially in genotype D patients [44]. Integrating baseline
factors, like viral genotype, age, and ALT levels, with on-treatment predictors, such
as HBV-RNA and HBsAg kinetics, could enhance personalized treatment and long-
term outcomes.

2.2 Nucleoside/nucleotide analogues

NAs have become a cornerstone in the treatment of chronic HBV [15], and to
a lesser extent, HCV [14]. Currently available NAs, include lamivudine, adefovir
dipivoxil, entecavir, telbivudine, tenofovir disoproxil fumarate (TDF), and tenofo-
vir alafenamide, target viral polymerase to inhibit replication. They integrate into
hepatitis viral DNA during replication, which causes premature chain termination
and blocks the reverse transcription of RNA to DNA [45].

Lamivudine was the first nucleoside analogue to significantly inhibit viral replica-
tion, but its clinical utility was constrained by variable effectiveness and high resis-
tance rates [46]. While about 40% of patients experienced HBeAg suppression after 3
years of treatment, resistance rates could reach 20% within the first year and escalate
to 70% after 5 years, leading to viral breakthroughs and potential liver failure [45, 47].
Similarly, resistance with telbivudine can reach up to 22% in HBeAg-positive and 9%
in HBeAg-negative patients [45, 48]. Moreover, lamivudine and telbivudine can cause
mitochondrial toxicity, including myopathies and neuropathies [49], although lactic
acidosis from lamivudine is rare [50].

Second-generation NAs, like entecavir, TDF, and tenofovir alafenamide, are highly
potent antiviral agents with a strong resistance barrier, making them the preferred
first-line treatments for chronic HBV [15]. These analogues inhibit HBV-DNA synthe-
sis by competing with essential nucleotides, which reduces new hepatocyte infections,
dilutes the intrahepatic cccDNA pool, and decreases its transcription. This cumulative
effect gradually declines viral markers and modulates immune responses, potentially
enabling some patients to control hepatitis infection without ongoing therapy. After
around 5 years of treatment, 94-96% of HBeAg-positive and 95-99% of HBeAg-
negative patients achieve undetectable HBV DNA levels [51]. TDF also demonstrates
notable HBeAg loss in 49-53% of patients and a cumulative HBsAg loss of 11% [52].

Long-term NA treatment, well-tolerated oral medications, effectively suppresses
viral replication over extended periods. Despite advancements, sustained therapy is
often necessary due to the persistence of cccDNA, which can lead to viral reactivation
after treatment discontinuation [53]. This extended use can result in resistance in up
to 30% of patients, as incomplete viral suppression allows continued virion produc-
tion and new hepatocyte infection [54]. Additionally, these treatments may cause
nephrotoxicity and reduced bone mineral density [55]. Tenofovir alafenamide has
emerged as a promising alternative, offering lower risks of renal and bone complica-
tions with improved potency and efficacy in normalizing ALT levels [56].

Recent strategies to overcome the limitations of monotherapies involve combining
NAs with other agents, such as the virus entry inhibitor Myrcludex-B, which enhances
antiviral activity by preventing intrahepatic viral spread and new infections [57]. This
combination suggests that residual infective virions contribute to cccDNA persistence
and transcription, as NAs do not impact cccDNA stability or transcription, leading
to the ongoing production of viral proteins and pre-genomes [58]. Additionally,
combining PEG-IFN« with entecavir has shown more promising outcomes than with
lamivudine or telbivudine, with significant reductions in HBeAg and HBsAg levels.
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The combination of PEG-IFN« with entecavir or TDF may also offer more sustained
suppression of viral markers, although efficacy may vary with hepatitis B virus
genotypes, particularly for genotypes C and D [59].

NAs may be discontinued in HBeAg-positive chronic HBV patients without cir-
rhosis after achieving undetectable HBV-DNA and HBeAg seroconversion, followed
by 6-12 months consolidation period [60]. Anti-hepatitis B e-antigen (Anti-Hb)
seroconversion typically persists in over 85% of patients for at least 2 years post-dis-
continuation. However, HBsAg clearance is the preferred endpoint for discontinua-
tion in HBeAg-negative patients, though clearance rates remain low. Serum viral DNA
often reappears within 6 months after discontinuation, with relapse rates of 35% at 6
months and 55% at 2 years [61]. Notably, lower HBsAg levels at discontinuation cor-
relate with higher rates of sustained virological response [60]. The current European
Association for the Study of the Liver (EASL) guidelines recommend discontinuing
NAs only in non-cirrhotic patients with at least 3 years of virological suppression,
with close monitoring for potential relapse [15].

2.3 Direct-acting antiviral agents

The advent of DAA has revolutionized the treatment landscape for HCV, achieving
SVR rates exceeding 97% with shorter treatment durations, around 8 to 12 weeks,
and fewer side effects compared to previous regimens [62]. Contemporary oral
DAA target essential viral non-structural proteins (NS) necessary for replication,
specifically NS3/4A protease, NS5A, and NS5B polymerases. These antiviral agents
are categorized based on their molecular targets, such as protease inhibitors (ending
in “-previr”), NS5A inhibitors (ending in “-asvir”), and NS5B polymerase inhibitors
(ending in “-buvir”). Despite these advances, about 4-5% of patients may not achieve
viral eradication due to factors like poor adherence, relapse, advanced liver disease,
or resistance mutations [63]. HCV’s rapid evolution can create resistance-associated
variants, mainly in the NS5A region, but also in NS3 and NS5B [64].

Pangenotypic DAA combinations—such as sofosbuvir/velpatasvir (Epclusa),
glecaprevir/pibrentasvir (Mavyret), sofosbuvir/ledipasvir (Harvoni), and sofosbuvir/
velpatasvir/voxilaprevir (Vosevi)—are now the standard of care for treating HCV
across all genotypes [14]. These regimens are effective even in patients with advanced
liver disease and other comorbidities, with treatment choice guided by genotype,
renal function, and concurrent medications [62]. However, protease inhibitors,
primarily excreted through the liver, are contraindicated in patients with decompen-
sated cirrhosis, those co-infected with human immunodeficiency viruses (HIV), or
individuals who have undergone liver transplantation [65]. Additionally, sofosbuvir, a
nucleoside NS5B inhibitor, is avoided in those with significant renal impairment [66].

Traditionally, treating acute HCV—defined as the first 6 months post-infection—
was challenging and often required Peg-IFNa if viral replication persisted beyond
12 weeks. However, DAA now demonstrate effectiveness in the early stages of infec-
tion, particularly in high-risk populations, such as injection drug users, men who have
sex with men, and individuals with HIV. In these groups, DAA can reduce morbidity,
mortality, and transmission risk before the disease progresses to chronicity [67]. The
EASL recommends an 8-week course of sofosbuvir/velpatasvir or glecaprevir/pibren-
tasvir for recently acquired HCV, although post-exposure prophylaxis with DAA is
not advised without confirmed HCV transmission [14].

Liver transplantation remains a vital intervention for patients with HCV-related
decompensated cirrhosis or HCC, despite a notable reduction in transplant demand
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due to the effectiveness of DAA [68]. Before the introduction of DAA, nearly all
HCV-positive liver transplant recipients experienced recurrent infection post-
transplantation, leading to severe complications such as fibrosis, recurrent cirrhosis,
and fibrosing cholestatic hepatitis, with significantly reduced survival rates compared
to HCV-negative recipients [69]. DAA have since dramatically enhanced the manage-
ment of HCV in liver transplant candidates, improving overall survival and reducing
graft rejection by preventing recurrence or achieving SVR when administered pre- or
post-transplant [70]. This advancement extends to other solid organ transplants,
making organ donation from HCV-positive donors more feasible and reducing
waitlist mortality and healthcare costs [71]. HCV-negative recipients of HCV-positive
organs are typically treated with DAA, either prophylactically or reactively upon
detection of HCV RNA [72], with early studies showing high rates of SVR and graft
survival outcomes [71].

While the simplicity of pangenotypic regimens marks a significant advance-
ment, the high cost of DAA limits accessibility, particularly in low- and middle-
income countries [73]. Ongoing concerns include resistance-associated variants,
persistence of HCV RNA post-SVR, fibrosing cholestatic hepatitis, drug interac-
tions, and challenges in treating co-infected or advanced liver disease patients.
Some studies also report reduced efficacy of regimens like Vosevi in certain geno-
types with cirrhosis [74]. Patients with advanced fibrosis remain at risk for liver
complications and HCC, necessitating continued surveillance even after achieving
SVR [75]. Although early fears suggested DAA could increase HCC recurrence by
disrupting immune surveillance of pre-existing tumors, recent evidence refutes
this risk, confirming SVR’s importance for improving liver function and long-term
survival [76]. The timing of DAA initiation in HCV-positive HCC patients remains
controversial, requiring adherence to updated guidelines to optimize outcomes and
minimize risks [77].

3. Advanced therapy in hepatitis infections

The management landscape for hepatitis continues to evolve as medical science
advances toward eradicating this global health threat. Notable advancement has been
made with the new therapeutic technologies and translational research, offering new
hope for patients, particularly those unresponsive to traditional treatments. One such
breakthrough is the approval of bulevirtide in Europe for hepatitis D virus (HDV),
which provides a targeted approach for patients who do not respond to interferon-
based therapies [78]. Since HDV relies on HBV for replication, patients with HDV are
often treated with antiviral therapies aimed at reducing HBV levels, such as tenofovir
or entecavir, which indirectly help in controlling HDV [79].

The development of advanced treatments for HBV and HCV is increasingly
recognized as a necessity, drawing significant attention from both researchers and
clinicians. Chronic HBV and HCV pose significant challenges that can progress to
severe liver diseases, such as cirrhosis and HCC [80]. Despite the availability of
antiviral treatments, the management of chronic hepatitis infections remains difficult
due to the limitations of current therapies. These treatments may cause significant
side effects and safety issues, and require lifelong use due to the risk of viral rebound
upon discontinuation [81]. Additionally, the high global burden of chronic HBV and
HCV infections, affecting millions of people worldwide, underscores the need for
more effective, long-term therapeutic strategies.
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One of the key challenges in treating HCV lies in the diversity of viral genotypes,
which complicates therapeutic development. Recent advancements in DAA have
significantly improved treatment efficacy and tolerability with broad-spectrum
efficacy across genotypes. However, DAA remain expensive and even after a success-
ful treatment, patients are vulnerable to reinfection if exposed to the virus again [82].
Given these ongoing challenges, the research focus has shifted toward innovative
therapeutic strategies, including gene therapy, immunomodulatory approaches, and
novel vaccine development. These advancements hold the promise of providing more
durable, tailored treatment for patients with chronic infections, particularly those
inadequately served by current modalities. Several novel agents are under develop-
ment for chronic hepatitis infections as detailed in Table 2 highlighting the latest
advancements, drawn from ongoing clinical trials.

3.1Innovations in gene therapy

Gene therapy is emerging as a promising strategy, particularly for HBV. Central
to this effort is the episomal cccDNA, an HBV replication intermediate that forms
a minichromosome in the hepatocyte nucleus. A few copies of cccDNA can cause
infection to rebound after treatment cessation through producing HBsAg in the
bloodstream [83]. Current research focuses on gene therapies that silence cccDNA to
achieve a functional or complete cure for HBV.

RNA interference (RNAi) offers a promising approach for treating chronic
HBV by using small interfering RNA (siRNA) to target and suppress HBV mRNA
selectively. A key advantage of siRNA therapies is their ability to target overlapping
regions of the HBV genome, such as the X region, allowing a single siRNA to knock
down all HBV transcripts [84]. However, efficient delivery to hepatocytes remains a
challenge. This has been addressed by conjugating siRNA with ligands such as a tri-
antennary N-acetyl galactosamine (GalNAc), which binds to the asialoglycoprotein
receptor on hepatocytes and facilitates rapid endocytosis [85]. Early siRNA therapies
encountered issues like off-target effects and hepatotoxicity. However, the modified
siRNA VIR-2218, with improved stabilization, has shown a favorable safety profile
and significant reductions in HBsAg levels, indicating its potential in future chronic
HBYV treatments [86].

Recent advancements emphasize the importance of co-delivery and optimized
encapsulation systems. Researchers have developed a broad-spectrum siRNA encap-
sulated in a targeted lipid nanoparticle (tLNP) with 98.55% genotypic coverage. This
system led to significant reductions in viral antigens and DNA levels in mouse models.
Moreover, the co-delivery of siRNA with IL-2 mRNA further improved viral suppres-
sion, presenting a promising dual-modality therapeutic strategy [84]. Although RNAi
therapies aim for a functional cure by reducing viral replication and many RNAi can-
didates have progressed to clinical trials, they often require repeated dosing and are
used in combination with other treatments. This is where gene-editing technologies
offer the potential to provide precise and permanent alterations to the viral genome
that could eliminate its replication.

In addition to siRNA, other RNAi modalities, such as short hairpin RNA (shRNA)
and gene-editing technologies like zinc-finger nucleases (ZFNs) and transcription
activator-like effector nucleases (TALENs), have demonstrated potential in disrupt-
ing viral hepatitis DNA. For instance, lentiviral vectors have been used to express
single, double, or triple shRNA cassettes targeting conserved viral sequences and host
factors critical for HCV replication, without causing significant cytotoxicity [87].
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ZFNs are engineered proteins combining DNA-binding abilities with nuclease activity
for genome editing. By linking multiple Zinc-finger domains with a FokI nuclease,
ZFNs can create site-specific double-strand breaks in DNA, enabling precise genome
modifications [88]. Studies have shown ZFNs’ ability to disrupt HBV DNA and reduce
viral replication, but most research has been limited to iz vitro models, and concerns
about off-target effects and cytotoxicity require further iz vivo investigation [89].

Newer gene-editing technologies, like TALENS, have offered improved accuracy
and safety profiles. Derived from Xanthomonas bacteria, TALENSs function as dimers,
utilizing the FokI nuclease for DNA cleavage. Compared to ZFNs, TALENs exhibit
higher specificity, lower off-target effects, and reduced cytotoxicity, making them
versatile tools against chronic viral infections like HBV [90]. In cell cultures and ani-
mal models, TALENS have effectively suppressed HBV replication by reducing HBsAg
levels. By targeting both core and surface open reading frames, TALENSs have shown
robust antiviral effects, significantly reducing viral particles iz vivo [91]. However,
their efficacy is time-dependent, and results vary across different HBV genotypes
and target sites. While TALENSs have had some success in disrupting cccDNA, more
research is needed to optimize their targeting of this critical viral reservoir.

The emergence of more precise gene-editing tools like CRISPR has overshadowed
ZFN and TALEN technologies, although these earlier tools still offer a foundation for
future antiviral strategies. The CRISPR/Cas system is a revolutionary third-genera-
tion gene-editing technology that uses guide RNA (gRNA) to direct the Cas protein
to specific genomic sites, enhancing accuracy and efficiency [92]. In HBV research,
CRISPR technology has shown promise by targeting regions of the viral genome
with single guide RNAs (sgRNAs). Targeting the HBV X gene, for instance, has led to
reductions in cccDNA, replication intermediates, HBsAg, and HBcAg [93]. In trans-
genic mouse models, CRISPR/Cas9, delivered via adeno-associated virus serotype 8
(AAVS), significantly reduced HBV core protein expression in the liver and lowered
serum HBsAg levels, highlighting its antiviral potential [94].

Despite significant advancements in gene and RNA-based therapies, effective
delivery of these synthetic nucleic acid effectors remains a significant challenge,
and they face difficulty penetrating lipid membranes. The success of these thera-
pies depends on developing advanced, functional delivery systems for iz vivo use.
Ongoing research is focused on next-generation delivery technologies and optimizing
siRNA design to improve intracellular efficiency and extend therapeutic duration
[95]. Continued innovation in delivery systems, combined with the refinement of
therapeutic nucleic acids, offers great potential for overcoming delivery challenges,
minimizing off-target effects, and advancing safer, more effective treatments—bring-
ing us closer to functional cures for chronic diseases like hepatitis infection [12].

3.2 Targeted immunomodulatory therapies

In addition to gene therapies, immunomodulatory treatments are emerging as
powerful tools for combating hepatitis infections. These therapies enhance the innate
and adaptive immune responses, enabling the body to better fight the virus. By
boosting immune activity or restoring exhausted immune cells, immunomodulatory
therapies can complement gene therapies, offering a multifaceted approach to manag-
ing or potentially curing chronic hepatitis infections. Toll-like receptors (TLRs) are
pivotal in the innate immune defense, recognizing pathogen-associated molecular
patterns (PAMPs) and initiating cytokine production through various signaling path-
ways. Specifically, TLR-7 and TLR-8 agonists help induce IFN production, activate
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IFN-stimulated genes (ISGs), and trigger signaling cascades like JAK/STAT. The
TLR-7 agonist GS-9620 has demonstrated the ability to suppress HBV through type I
IFN induction in human hepatocyte cell lines, though it does not reduce cccDNA [96].
However, when combined with the TLR-7 agonist RO7020531 with a capsid assem-
bly modulator, HBV DNA and HBsAg levels were significantly reduced in a mouse
model [97]. In healthy human volunteers, TLR-7 agonists induced IFN-alpha and ISG
expression, though further studies are needed to evaluate their efficacy in combina-
tion with other antiviral agents [98].

Recent advancements in chronic HBV therapies have focused on enhancing innate
immunity. Retinoic acid-inducible gene-I (RIG-I) agonists, such as Inarigivir (SB
9200), activate immune pathways, leading to reduced HBV DNA and RNA levels.
Clinical trials have shown that 22% of patients experienced HBsAg reduction, and
higher doses of Inarigivir combined with tenofovir are currently under investigation
[99]. Additionally, checkpoint inhibitors, such as the PD-1 inhibitor nivolumab, aim
to restore T-cell function. Trials have demonstrated significant HBsAg reduction in
some patients, and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) blockade
has also shown potential in improving immune responses against HBV [100]. These
therapies represent promising steps toward more effective treatment strategies for
chronic HBV.

Among the most innovative strategies for treating chronic HBV are T-cell-based
therapies. In chronic HBV patients, T-cell exhaustion often impairs immune function,
hindering effective viral control [101]. One promising approach involves generat-
ing functional HBV-specific T cells from patients and re-infusing them to overcome
immune energy. Evidence from bone marrow and organ transplant cases suggests
that adoptive transfer of engineered antigen-specific T cells can control HBV. These T
cells, engineered via viral vectors to recognize HBV antigens, have shown encourag-
ing results in HBV transgenic mice [102]. However, challenges such as the large-scale
production of engineered T cells and complex regulatory and technological hurdles
remain barriers to their widespread clinical application.

3.3 Advances in therapeutic vaccination

Therapeutic vaccines for chronic HBV have been explored to modulate the adap-
tive immune system and overcome immune exhaustion. In early attempts, an antigen-
antibody complex vaccine (HBsAg-HBIG) with alum as an adjuvant (YIC) was tested
to overcome immune tolerance. While the YIC vaccine initially showed promise,
overstimulation led to immune fatigue, reducing its efficacy and underscoring the
need to optimize immunization strategies [103]. Recent approaches, like ABX-203
(HeberNasvac), a vaccine containing HBsAg and HBcAg, have shown promise in
clinical trials, achieving better viral load reduction and HBeAg seroconversion
compared to Peg-IFN« [104]. Vector-based vaccines, like GS-4774 and TG-1050,
which use viral vectors to encode HBV antigens and enhance T-cell activation, have
demonstrated strong immune responses. However, these vaccines have yet to signifi-
cantly reduce HBsAg levels in treated patients [105, 106]. Breaking immune tolerance
remains a critical challenge in chronic HBV infection. For example, TG-1050 has
demonstrated safety and immunogenicity, but pre-existing adenoviral immunity can
limit its effectiveness, even though it has stimulated anti-HBV immune responses
and activated cytotoxic functions in animal models [106]. Despite their limitations,
combining these vaccines with antiviral agents or improving delivery methods may
boost their therapeutic potential for HBV treatment.
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Recent advancements in HCV vaccine development are focused on overcoming
past challenges, such as the virus’s high genetic variability, lack of suitable animal
models, and limited understanding of protective immune responses. Approaches
like mRNA vaccines offer rapid testing of potential candidates and aim to stimulate
strong, multi-specific cellular immune responses, including helper and cytotoxic
T cells, along with high-titer, long-lasting, cross-reactive anti-envelope antibodies.
HCV envelope glycoproteins, particularly E1 and E2, have become promising vac-
cine targets [107]. New approaches to vaccine design emphasize the identification of
neutralizing antibodies associated with viral clearance by creating epitopes, like E2,
to stimulate potent antiviral antibodies, such as HC33.1 and AP33, which have shown
broad and robust HCV neutralization in experimental models [108].

Another promising strategy uses dendritic cells (DC) expressing HCV-derived
core or NS3 antigens to activate autologous T cells, leading to cytokine production
and strong immune responses [109]. Additionally, GS-9620, a small molecule agonist
targeting DC receptor toll-like receptor 7 (TLR7), was developed to activate DCs,
functioning as innate immune-like vaccines [96]. Although GS-9620 did not signifi-
cantly reduce HBsAg levels in clinical trials, it enhanced HBV-specific T cells and NK
cell responses in patients receiving NUC treatment [110]. Another example, GI-13020
(GS-4774), a heat-killed recombinant yeast expressing an HBx-HBs-HBc chimeric
protein, elicited both CD4+ and CD8+ T-cell responses with acceptable initial toler-
ability. However, in Phase 2 trials, it did not lead to significant reductions in HBsAg
levels [111].

A recent study highlights the vital role of adjuvants in boosting vaccine efficacy
by enhancing innate immunity. Researchers examined gene expression in naive
individuals vaccinated with hepatitis B surface antigen alongside various adjuvants,
identifying a core innate immune signature that emerged after the second dose. This
signature included the positive regulation of INF-related responses and activation of
innate immune cells, which correlated with stronger antibody production. Notably,
the adjuvant ASO1B was especially effective in generating this inflammatory signature
after the first dose, indicating that its success may depend more on its ability to elicit
consistent immune responses across individuals rather than the specific receptors or
pathways it targets [112].

While therapeutic vaccines hold great promise in strengthening immune response
against chronic hepatitis infections, several challenges remain. One significant
limitation is the variability in individual immune responses, which can affect the
overall efficacy of the vaccine [113]. Genetic background, pre-existing immunity, and
co-infections can influence patient responses to vaccination [114]. Additionally, the
risk of adverse effects, including autoimmune reactions, poses a concern that requires
careful consideration in vaccine design and implementation [115]. Addressing these
challenges is essential for successfully integrating therapeutic vaccines into treatment
protocols for chronic hepatitis infections.

4. Precision medicine integration in hepatitis infections

Precision medicine, an approach that tailors medical treatment to the individual
characteristics of each patient, has revolutionized the management of infectious
diseases [5]. Laboratory diagnostics for viral hepatitis focus on detecting viral pro-
teins, nucleic acids, antibodies, and biochemical markers produced in response to
infection [116]. Molecular techniques, such as nucleic acid testing (NAT) through
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polymerase chain reaction (PCR) and microbial protein analysis via mass spectrom-
etry, are increasingly favored for their superior sensitivity and specificity in detecting
pathogens.

While serologic tests remain the standard for diagnosing viral hepatitis, NAT
methods may complement them in certain cases [117]. Rapid diagnostic tests (RDTs),
which offer quick, cost-effective detection of HBsAg in non-laboratory settings,
are becoming a valuable quantitative immunochromatographic tool for widespread
screening [118, 119]. However, selecting the most appropriate diagnostic approach
requires a thorough understanding of viral transmission, disease progression, viral
kinetics, and testing limitations [117].

In the context of hepatitis infections, precision medicine leverages advanced
technologies, such as next-generation sequencing, pharmacogenomics, and mass
spectrometry, to enhance diagnostic precision, optimize therapeutic strategies, and
improve patient outcomes. By integrating genetic, environmental, and lifestyle factors,
this approach deepens the understanding of host-pathogen interactions in hepatitis,
ultimately advancing the goals of individualized care and disease elimination [12].

4.1 Advancements in next-generation gene sequencing

Next-generation sequencing (NGS) has emerged as a transformative tool in clini-
cal virology by providing significantly enhanced sensitivity compared to traditional
Sanger sequencing, particularly in detecting drug resistance mutations, mixed geno-
types, and viral quasi-species, including minor circulating variants [120]. Second-
generation sequencing techniques have proven particularly adept at identifying and
quantifying viral mutations and recombination events [121], while third-generation
sequencing enables full-genome analysis [122]. NGS has also been pivotal in discover-
ing novel viruses, including arenaviruses, Zika, and Ebola [123-125]. Additionally, it
has facilitated the characterization of viral populations in animal and human hosts
within natural environments [126, 127].

In hepatitis, NGS has significantly advanced the identification of HBV genotype
mixtures, particularly in regions such as the preS and the 5" end of the HBV X gene
[128]. Despite its numerous advantages, a major limitation of NGS is the overwhelm-
ing amount of data produced, requiring advanced bioinformatic tools for proper
interpretation [129]. While third-generation sequencing holds promise for compre-
hensive genome exploration, its clinical applicability remains hindered by higher
sequencing error rates [122]. Additionally, there are challenges in variant interpreta-
tion across diverse clinical settings, which can complicate hepatitis diagnosis and
prognosis [130].

4.2 Precision pharmacogenomics

Pharmacogenomics has revolutionized the personalization of drug prescriptions by
exploring how individual genetic variations influence drug response, focusing primar-
ily on pharmacokinetics and pharmacodynamics [131]. The main goal is to optimize
therapeutic efficacy and minimize adverse drug reactions by tailoring treatments and
risk assessments to an individual’s genetic profile [132, 133]. This field incorporates data
from the Human Genome Project and other genetic databases to advance genomic-based
therapies and drug discovery [134]. Genome-wide association studies (GWAS) remain
the gold standard for identifying pharmacogenomic associations, despite the high cost
and labor intensity associated with these studies [135-137].
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GWAS primarily focus on identifying single nucleotide polymorphisms (SNPs)
that influence the development and progression of liver diseases, including hepatitis
and hereditary liver disorders. These SNPs contribute to differences in immune
responses among HBV-infected patients, which can range from asymptomatic
infections to severe conditions such as cirrhosis and end-stage HCC [138]. Several
studies have identified polymorphisms in the HLA complex, which regulates innate
and adaptive immunity during infections, as being associated with varying clinical
outcomes in chronic HBV and HCV infections, influencing both viral clearance and
progression to chronic stages [139]. Additionally, various HLA polymorphisms linked
to the response to the HBV vaccine and infection persistence have been highlighted
by several studies [140, 141]. Notably, SNPs within the HLA-DPA1 (rs3077), HLA-
DPBI1 (rs9277535), and HLA-DQ (rs2856718 and rs7453920) have been linked to
chronic HBV outcomes, especially in Asian and American populations [135, 142, 143].
Protective HLA alleles, such as DQB106:03:01 and DRB113:01:01, have also been iden-
tified in Romanian populations, underscoring the geographical and ethnic variability
in genetic susceptibility to HBV [144]. Beyond HLA polymorphisms, other genetic
variants, such as those in ZNF208, have been implicated in HBV pathogenesis [145].

Host genetic factors, including IL28B, interferon- 13, interferon-14, IL-12, IL-10,
and TLRs, are strongly associated with treatment outcomes and disease progres-
sion [146-161]. The IL28B genotype has been a significant predictor of SVR in
HCV patients undergoing treatment with Peg-IFNa and ribavirin. Variants, such as
rs12979860, have shown a strong association with treatment success, particularly
in Caucasian individuals, where those with the CC genotype achieve SVR at a rate
six times higher than those with the CT or TT genotypes [162-165]. Furthermore,
genetic variants in TLRs, such as rs3775290 “CC” genotype, have been linked to the
severity of liver fibrosis, cirrhosis risk, and HCV treatment outcomes by modulating
immune responses through inflammatory cytokine production [166, 167]. The role of
genetic polymorphisms in interferon lambda (IFNL) genes in viral clearance and liver
disease progression further supports the importance of genetic profiling in manag-
ing HBV and HCV infections [168]. Interferon regulatory factors (IRFs), essential
transcription factors in immune cell development, have also been associated with
protection against HCV infection and cirrhosis by reducing the frequency of the IRF3
“AG” genotype [169, 170]. Additionally, emerging evidence directly links microRNAs
(miRNAs) with HCV infection and HCC development, emphasizing the importance
of investigating their regulatory roles in disease progression [171, 172].

Despite the promise of pharmacogenomics, the field encounters several challenges,
primarily the high costs of large-scale GWAS and the substantial expenses related to
data storage and analysis. These financial burdens also raise ethical concerns, especially
around patient privacy and potential impacts on insurance coverage [173]. Additionally,
genetic findings often vary across ethnic populations, and the absence of standardized
workflows for variant interpretation further limits the universal applicability of phar-
macogenomic insights in clinical practice [174]. Although debates persist on the impact
of genetic polymorphisms in HBV outcomes, the genetic findings are anticipated to
improve individualized risk assessments and vaccination approaches, aiding in the
effort to eliminate hepatitis infections as a global health threat by 2030 [12].

4.3 Integration of mass spectrometry

Mass spectrometry (MS) has become an indispensable tool in virology,
enabling detailed analysis of viral capsid proteins, viral mutants, post-translational
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modifications, and intact viruses [175, 176], advancing antiviral drug development
and evaluation [177]. Compared to NGS, MS offers a cost-effective, user-friendly
alternative and has been successfully applied to genetic typing, the detection of viral
biomarkers, and advancing antiviral drug development and evaluation [178]. MS
applications in virology have evolved two main paths: the development of specialized
techniques for measuring viral physicochemical properties and the adaptation of
proteomics and interactomics approaches to address virology-specific challenges.

MS techniques such as charge-detection MS (CDMS), ion mobility spectrometry
(IMS), and gas-phase electrophoretic mobility molecular analysis (GEMMA) have
proven valuable in analyzing high molecular weight molecules, including viruses
[179]. Adaptations of electrospray ionization-MS (ESI-MS) and matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS) have demonstrated effective-
ness in detecting HBV and HCV; identifying all eight HBV genotypes [179]. When
combined with multiplex PCR, MALDI-MS has been used to analyze multiple human
enteric viruses, including hepatitis E virus [180]. The MALDI-MS coupled with time-
of-flight (TOF) analysis offers high sensitivity and throughput, facilitating the mass
screening of HBV patients undergoing lamivudine treatment [181].

MS-based proteomics has also shown that alterations in the cellular proteome,
such as fatty acid chain modifications, play a role in preventing the progression of
chronic HBV infection to HCC [182, 183]. Additionally, LC-MS-based metabolomic
profiling has enabled the identification of metabolic biomarkers that differenti-
ate chronic HBV from liver cirrhosis and HCC, improving early diagnosis and
personalized treatment approaches [184, 185]. For HCV, gas chromatography-MS
(GC-MS) analysis has linked altered glucose metabolism and branched-chain amino
acids to hepatocellular damage and hyperglycemia in HCV-infected patients [186].
Furthermore, GC-MS-based metabolomic studies have identified biomarkers predic-
tive of HCC recurrence, combining glutamate with aspartate as well as glycerol with
proline, offering new avenues for monitoring disease progression before and after
treatment [187].

Despite its broad applications, MS faces limitations in sensitivity and specificity
when applied to complex viral populations. The integration of MS into clinical prac-
tice requires further validation to establish standardized workflows for viral detection
and analysis [173].

5. Future perspectives on viral hepatitis therapy

Innovations in precision medicine, particularly through the integration of gene
editing technologies, machine learning, and Al, hold immense promise for advanc-
ing hepatitis treatment (Figure 1). These advancements potentially eradicate viral
hepatitis by directly modifying viral DNA, improving upon current therapies that
only suppress viral replication [188-190]. Multi-omics analyses and GWAS also offer
deeper insights into viral-host interactions, paving the way for personalized antiviral
strategies, new drug targets and early detection biomarkers [190, 191].

As pharmacogenomic approaches evolve, the development of polygenic risk
scores may further tailor treatments [131], especially for patients with comorbidities
like liver cirrhosis or HCC. Immunotherapies, including engineered T-cell therapies
and therapeutic vaccines, could boost the immune system’s ability to clear persistent
infections and support global eradication efforts for chronic hepatitis in the near
future [12]. However, challenges in clinical implementation persist due to genetic
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Figure 1.

Advanced data integration in hepatitis subtyping and precision medicine. This workflow demonstrates the use of
advanced technologies—multi-omics, machine learning, and artificial intelligence —to refine hepatitis subtyping
and personalize treatment strategies. It emphasizes identifying high-risk patients and ensuring high-quality

data for analysis. Machine learning integrates these data sets to enable precise diagnostics, novel thevapeutic
tavget discovery, and customized treatments, improving patient outcomes. Abbreviations: GWAS, genome-wide
association studies; eQTL, expression quantitative trait loci; mQTL, methylation quantitative trait loci; Al
artificial intelligence. Generated using BioRender.
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diversity, limited sample sizes, and complex gene-drug interactions. Addressing
these barriers requires interdisciplinary collaboration and the application of machine
learning and Al to analyze patient-specific data, such as viral genotypes and immune
responses, to improve therapeutic precision [131, 188]. Advancements in point-
of-care genetic testing and early intervention strategies promise more timely and
personalized treatments, making precision medicine increasingly effective in hepati-
tis management [192].

In this chapter, we present an advanced strategy for diagnosing and treating
hepatitis patients following the latest clinical recommendations (Figure 2) [14, 15].
Genomic screening to detect patient-specific genetic mutations is highly recom-
mended before starting treatment, especially for those with key pathogenic muta-
tions. It is also important to provide counseling to patients and their families about
the benefits of identifying disease-related gene mutations and exploring innovative
therapies, such as gene editing, mRNA-based treatments, and tailored immuno-
therapies in cases that are severe or resistant to standard treatments. Ongoing clinical
monitoring is crucial in this approach to evaluate differences in treatment outcomes

g pr
Early-Stage Hepatitis Advanced Hepatitis
Non-cirrhotic Cirrhotic, HCC, or pre-transplant

&

Personalized Management
Precision medicine based on patient biomarkers,
genetics, and disease stage

Achieved SVR Not Achieved SVR
Viral eradication Persistent viral load
E3 P
Cascade monitoring and genetic Screen for viral genotypes, host
counseling for patients and at-risk genetics, and resistance mutations
relatives (e.g., IL-28B, HLA)

-
/4
Future Innovation .
Recommend long-term supportive care, monitor

comorbidities, and personalized immunoctherapy,
gene therapies, novel and targeted antivirals

Figure 2.

Aa%)am’ed clinical pathways for hepatitis patients based on personalized management Schematic outlines the
advanced clinical pathways for hepatitis patients, categorized by disease stage. Personalized thevapy, utilizing
precision medicine and patient-specific biomarkers, is applied across groups. Abbreviations: hepatocellular
carcinoma (HCC) and sustained virologic response (SVR). Generated with BioRender.com.
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based on individual genetic profiles and virologic responses. By implementing this
precision medicine approach, we aim to improve treatment effectiveness, safety, and
long-term quality of life for hepatitis patients.
6. Conclusion

Significant advances in hepatitis management are supported by research into
genetic factors enhancing treatment efficacy and minimizing resistance and toxicity.
Innovations like gene editing, Al, and high-throughput sequencing have shown prom-
ising advancements in improving patient outcomes and potential cures. However,
further research is essential to refine personalized treatment strategies and validate
the impact of genetic variations on therapeutic responses. Future antiviral agents
are anticipated to be more selective, targeting both viral replication and host factors,
demonstrating the advantage of precision medicine in managing and eradicating viral
hepatitis.
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