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Abstract Chronic hepatitis B (CHB) remains the leading cause of liver-related
morbidity and mortality across the world. If left untreated, approximately one-third
of these patients will progress to severe end-stage liver diseases including liver fail-
ure, cirrhosis, and hepatocellular carcinoma (HCC). High level of serum HBV DNA
is strongly associated with the development of liver failure, cirrhosis, and
HCC. Therefore, antiviral therapy is crucial for the clinical management of
CHB. Current antiviral drugs including nucleoside/nucleotide analogues (NAs) and
interferon-a (IFN-a)) can suppress HBV replication and reduce the progression of
liver disease, thus improving the long-term outcomes of CHB patients. This chapter
will discuss the standard and optimization antiviral therapies in treatment-naive and
treatment-experienced patients, as well as in the special populations. The up-to-date
advances in the development of new anti-HBV agents will be also discussed. With
the combination of the current antiviral drugs and the newly developed antiviral
agents targeting the different steps of the viral life cycle or the newly developed
agents modulating the host immune responses, the ultimate eradication of HBV will
be achieved in the future.

1 Introduction

Chronic HBV infection remains the leading cause of liver-related morbidity and
mortality across the world. CHB patients are at the risk of developing cirrhosis and
HCC. The 5-year cumulative incidence of cirrhosis in untreated CHB patients is
8-20%, the 5-year cumulative risk of hepatic decompensation in cirrhotic patients
is approximately 20%, and the annual rate of cirrhosis progressing to HCC is 2-5%
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[1,2]. High serum HBV DNA level is associated with the increased risk of cirrhosis
and HCC [3, 4]. Cirrhosis patients with low, but detectable, viral load are still at risk
of HCC [5]. Thus, antiviral treatment with sustained suppression of HBV DNA is
important to relieve underlying liver injury and prevent its progression toward cir-
rhosis and HCC.

2 Current Antiviral Therapy

2.1 Goals of Antiviral Treatment

The main goals of antiviral therapy are to improve the survival and the quality of life
for CHB patients [6, 7]. Through sufficient antiviral treatment, sustained suppres-
sion of HBV replication can be achieved, which is associated with ALT normaliza-
tion and liver histology improvement, thus leading to the reversal of fibrosis or even
cirrhosis, and the decrease of hepatic decompensation and HCC [8, 9].

The ultimate goal of antiviral therapy is to cure HBV infection with the elimina-
tion of all forms of potentially replicating HBV, which is hardly achievable with
current antiviral therapy due to the persistence of cccDNA (the HBV transcriptional
template) in the hepatocyte nucleus [2]. However, a “functional cure” defined as the
HBsAg loss or seroconversion and sustained HBV DNA suppression [10] is a real-
istic goal and can be achieved in a proportion of eligible CHB patients with optimi-
zation of antiviral strategies such as the different combinations of NAs and Peg-IFN.

2.2 Indications for Antiviral Treatment

The current indications to begin antiviral treatment are generally based on the serum
HBV DNA, ALT levels, and the severity of liver disease (assessed by liver biopsy
and/or noninvasive tests) (Table 1) [1]. Indications for antiviral treatment should
also consider the patients’ age, family history of cirrhosis or HCC, and concomitant
diseases.

2.2.1 Antiviral Treatment Indications for Non-cirrhotic Patients

Current professional society guidelines recommend the initiation of antiviral treat-
ment in non-cirrhotic CHB patients who are in the immune-active phase, which is
defined by an elevation of ALT > 2 ULN (upper limits of normal) or significant liver
histological disease plus HBV DNA > 20,000 IU/mL if HBeAg positive or HBV
DNA levels > 2000 IU/mL if HBeAg negative [1, 2, 11, 12] (Table 1). The 2018
AASLD guidelines recommended utilizing the ALT levels of 35 U/L for males and
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25 U/L for females as ULN rather than local laboratory ULN to guide the initiation
of antiviral treatment [11]. It needs to be noted that CHB is a dynamic disease and
individuals with CHB can transition through different phases with variable levels of
HBV DNA, ALT, and HBV antigens, and thus a single ALT, HBV DNA level, and
HBYV antigens are insufficient to assign phase of infection and/or need for treatment.
Serial testing of ALT, HBV DNA, and HBV antigen are required to guide the treat-
ment decisions [11].

For patients unfulfilling the above treatment indications, especially in patients
>30 years or with family history of cirrhosis or HCC, liver biopsy or noninvasive
test (such as elastography) is recommended to assess the grade of hepatic inflamma-
tion or the evidence of fibrosis, thereby helping to determine whether it is necessary
to start antiviral treatment. For instance, for patients with HBV DNA >2000 IU/mL
and at least moderate fibrosis (assessed by liver biopsy or elastography), antiviral
treatment may be initiated even if ALT levels are mildly elevated (ULN <ALT <2
XULN) or normal [13]. In addition, antiviral treatment is recommended for CHB
patients with extrahepatic manifestations, such as dermatomyositis [14] and vascu-
litis [15], regardless of ALT level and HBeAg status.

Antiviral treatment is currently not recommended for CHB patients in the
immune-tolerant phase, which is defined by persistently normal ALT, high levels of
HBYV DNA, biopsies showing the absence of significant inflammation or fibrosis, as
well as younger age (typically below 30 years old) [16]. However, the likelihood of
transitioning from immune-tolerant phase to HBe Ag-positive immune-active phase
increases with age; the EASL guidelines suggest that patients with normal ALT and
high HBV DNA level but older than 30 years may be treated regardless of the sever-
ity of liver histological lesions [13]. The recommendation against antiviral treat-
ment for immune-tolerant CHB patients is due to the following reasons: 1) the risk
of disease progression in the immune-tolerant phase is very slow; and 2) the current
antiviral treatment during this phase is associated with a minimal chance of sup-
pressing HBV replication completely and the potential harms of antiviral drug side
effects and development of drug resistance. However, if new and effective anti-HBV
drugs for immune-tolerant CHB patients could be developed in the future, these
patients may also be treated.

2.2.2 Antiviral Treatment Indications for Cirrhotic patients

For patients with compensated cirrhosis and detectable HBV DNA, indefinite anti-
viral therapy is recommended to reduce the risk of decompensation, regardless of
ALT level and HBeAg status [1, 12, 17]. For HBsAg-positive patients with decom-
pensated cirrhosis, the 2018 AASLD guidelines recommended indefinite antiviral
therapy regardless of HBV DNA level, HBeAg status, or ALT level to decrease risk
of worsening liver-related complications [11]. Indications for other special popula-
tions will be discussed in detail below.
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2.3 Current Anti-HBV Drugs

Current anti-HBV drugs can be categorized into two classes: nucleoside/nucleotide
analogues (NAs) and interferon-o (IFN-a) [2]. NAs are widely used due to its favor-
able safety profile, convenient route of administration, and no obvious contraindica-
tions as compared with IFN-a. However, the treatment duration for NAs is not
definite, and long-term NA therapy may increase the risk of drug resistance, while
for IFN-a, there is no drug resistance, and the treatment duration for CHB treatment
is relatively definite. IFN-a treatment induces higher rate of HBsAg loss and HBeAg
seroconversion compared to NAs. Nevertheless, the administration of IFN-a needs
injection and is contraindicated in patients with decompensated cirrhosis or autoim-
mune disease, pregnant women, and patients with uncontrolled severe depression or
psychosis. Thus, when designing an optimal therapy for individual patients, physi-
cians should take account of many factors including patients’ characteristics, the
estimated duration of treatment, the side effects of chosen drugs, the treatment
costs, and the drug resistance.

2.3.1 Nucleoside/Nucleotide Analogues

Antiviral therapy with NAs for CHB has become the primary standard treatment
strategy. Currently, there are six NAs approved for CHB antiviral treatment: lamivu-
dine (LAM), adefovir dipivoxil (ADV), entecavir (ETV), telbivudine (LdT), tenofo-
vir disoproxil fumarate (TDF), and tenofovir alafenamide (TAF). The development
of NAs is ascribed to the comprehensive understanding of HBV replication process.
NAs not only inhibit HBV reverse transcriptase activity but also compete with natu-
ral nucleotide substrates for incorporation into the elongating DNA chain, thus
interrupting HBV DNA synthesis [18, 19]. Long-term NA therapy can decrease the
cccDNA pool of infected hepatocytes by inhibiting the recycling of the nucleocap-
sids. However, NAs cannot prevent the initial cccDNA formation in newly infected
hepatocytes [19].

LAM, ADV, and LdT are the first generation of NAs developed for anti-HBV
treatment. These NAs have low barrier to resistance and therefore are liable to
develop resistance during long-term treatment. LAM is the first nucleoside ana-
logue approved by the US FDA in 1998 for the treatment of CHB. It competes for
cytosine in the synthesis of viral DNA. CHB patients receiving 104 weeks of 100 mg
LAM treatment showed 52% rate of virological response [20]. However, long-term
LAM therapy led to high rate of drug resistance: 65-70% after 5 years of LAM
therapy [21]. Following LAM, ADV was the second NA approved by the US FDA
in 2002 for the treatment of CHB. It is a phosphonate acyclic nucleotide analogue
of adenosine monophosphate. Following 1-year ADV therapy, the rates of virologi-
cal response and HBeAg seroconversion were 21% and 12% in HBeAg-positive
patients, respectively [22]. And in HBeAg-negative patients, the rates of virological
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response and histological improvement were 51% and 64%, respectively [23].
However, long-term ADV treatment also leads to high drug resistance rate (20-29%
after 5-year treatment) [24, 25]. LdT is another nucleoside analogue and is the
unmodified p-L enantiomer of the naturally occurring nucleoside thymidine. The
rates of virological response in HBeAg-positive and HBeAg-negative patients
treated with 104 weeks of LdT were 55.6% and 82%, respectively [26]. With a
proven safety profile, LdT is a pregnancy category B medication and has been
applied to prevent mother-to-child-transmission (MTCT) in mothers with HBV
infection [27-29]. However, similar with LAM and ADV, long-term LdT treatment
leads to high rate of drug resistance (34% after 3-year LdT therapy) [30]. When
drug-resistant mutations occur in CHB patients, the clinical benefit of treatment
decreases, and hepatitis flares and even liver failure may occur. Therefore, selecting
potent and low-resistant antiviral drugs is highly recommended for treatment-naive
CHB patients.

ETV, TDF, and TAF are potent antiviral NAs with high genetic barrier to HBV
resistance, and they are recommended as the first-line oral anti-HBV drugs. ETV is
a guanosine nucleoside analogue with selective activity against HBV and has been
commercially available since 2005 [31]. The effective concentration (ECs,) of ETV
is around 4 nM, which is at least 100-fold more potent than LAM or ADV on the
suppression of HBV [32]. TDF is an acyclic nucleotide analogue with activity
in vitro against retroviruses, including HIV and HBV. It is an orally bioavailable
ester prodrug of tenofovir. TDF was approved by the US FDA for the treatment of
CHB in 2008 and is categorized as a pregnancy category B drug. TAF is a newly
approved drug for the antiviral treatment of CHB in 2017 [1]. It is a new prodrug of
tenofovir and exerts more stable concentration in the serum than TDF. Compared
with TDF, TAF permits a lower dose in circulating and less systemic exposure,
thereby decreasing the renal and bone toxicity.

For the safety profiles of the NAs, TDF has proven to be associated with dose-
dependent renal toxicity in animal studies [33]. The first case of TDF-associated
nephrotoxicity was reported in 2002 in a patient with HIV [34]. Later, numerous
case reports of TDF-induced nephrotoxicity have been published. In 2015, TDF-
induced Fanconi syndrome was observed in a CHB patient [35]. This patient devel-
oped a progressive chronic kidney disease with serious hypophosphatemia and
secondary osteomalacia. After TDF withdrawal and oral supplementation with
phosphate and calcitriol, the renal damage gradually resolved. As for TAF, data
from phase III registration trials demonstrated that it induced less reduction in the
estimated glomerular filtration rate (¢GFR) and bone mineral density than TDF
[36]. Thus, all patients treated with potent NAs, especially TDF, should periodically
monitor clinical indicators, including complete blood count, liver and kidney func-
tion tests, serum HBV DNA, and abdominal ultrasound. Liver function tests should
be performed every 3—4 months during the first year and every 6 months thereafter.
Serum HBV DNA should be determined every 3—4 months during the first year and
every 6—12 months thereafter.
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2.3.2 Peg-IFN-a

Interferons are central mediators of immune response to viral infections. IFN-a can
induce IFN-stimulated genes (ISGs), exerting antiviral functions against a variety of
viruses. IFN-a exhibits direct inhibition of HBV DNA replication and clears
infected hepatocytes through indirect regulation of the host immunity [37]. As the
covalent attachment of polyethylene glycol (Peg) molecules to conventional IFN-a
produces a biologically active molecule with a longer half-life, pegylated interferon
o (Peg-IFN-a) increasingly replaced conventional IFN-a with improved pharmaco-
kinetic properties [38]. Thus, Peg-IFN-a has been selected as one of the first-line
therapies to treat CHB patients. Of note, Peg-IFN-a is prohibited in patients with
decompensated cirrhosis.

2.4 Treatment Strategies for Patients Chronically Infected
with HBV

The choice of an optimal therapy for individual patient depends on several factors,
including age, sex, stage of liver disease, coinfections, treatment duration, side
effects, and drug resistance.

2.4.1 NAs for CHB Patients

Potent NAs with high barrier to resistance (ETV, TDF, and TAF) are recommended
as the first-line antiviral drugs. Long-term ETV treatment showed good tolerance, a
favorable safety profile. The rates of virological responses in HBeAg-positive and
HBeAg-negative patients after 1-year ETV therapy were 67% and 90%, respec-
tively [39, 40], and the HBeAg seroconversion was 21% in HBeAg-positive patients
[39]. Five years of ETV therapy resulted in 99% cumulative rate of virological
response and 53% rate of HBeAg loss in HBeAg-positive patients [41]. The viro-
logical response at year 5 reached 100% in HBe Ag-negative patients [42]. Similarly,
a study evaluating the efficacy of ETV in NA-naive Egyptian patients reported that
the rate of HBV DNA undetectability reached 100% after 5 years of ETV ther-
apy [43].

Among treatment-naive CHB patients with HBeAg positive and negative, the
rates of virological response were 76% and 93% after receiving 48-week TDF,
respectively [44], and the virological response increased to 97% in HBeAg-positive
patients after 5 years. After 3 years, about 96% of HBeAg-negative patients treated
with TDF achieved virological response [45]. Phase III studies comparing TAF to
TDF in CHB patients demonstrated that with the anti-HBV efficacy of TAF was
non-inferior to that of TDF, but TAF had a better safety profile than TDF in CHB
patients [46, 47].
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The NAs with low barrier to drug resistance, such as LAM, LdT, and ADV,
should be avoided, as this may lead to inappropriate viral suppression and the emer-
gence of multidrug-resistant strains. For treatment-experienced CHB patients with
NAs of low barrier to resistance (LAM, ADV, LdT), it is recommended to change to
a more potent drug without cross-resistance [1]. The risk of resistance is associated
with high baseline HBV DNA levels, a slow decline in HBV DNA, and a previous
suboptimal NA treatment [1]. Patients previously treated with LAM, LdT, or ADV
often develop high rate of resistance during prolonged treatment. For ADV-
experienced patients, high rates of CVR could be achieved after switching to ETV
[48]. Although ETV is an excellent inhibitor of HBV reverse transcriptase, it often
fails to treat LAM-resistant individuals. Patients carrying LAM-resistant virus
strain showed a highly increased ETV-resistance rate (51% vs. 1.2% in treatment-
naive patients receiving 5-year ETV therapy) [49, 50], as LAM-resistant mutations
contribute to the development of ETV resistance [51]. The LAM mutations,
tM2041/V with or without rtL.180M, along with other mutations are frequently
detected in patients with ETV resistance [32], and the presence of LAM-resistant
mutations leads to several 100-fold increases in ETV resistance.

For NA-experienced patient, TDF also have antiviral efficacy to act as an idea
agent for CHB patients with LAM or LdT resistance [52]. Both treatment-naive and
treatment-experienced patients showed a rapid decline in HBV DNA within
3 months of TDF initiation [53]. HBV DNA < 69 IU/mL was achieved in 91% of
treatment-naive patients and 96% of treatment-experienced patients, respectively,
demonstrating that TDF showed a rapid and sustained suppression of HBV DNA in
CHB patients, irrespective of treatment history. In ADV treatment-experienced
CHB patients, TDF had inferior efficacy compared to NA-naive patients. A total of
92.3% of NA-naive patients and 84.5% of NA-exposed patients achieved CVR,
respectively [54], suggesting that the response of patients with previous ADV
switching to TDF monotherapy should be monitored closely.

For patients harboring multiple drug-resistant HBV strains, combination of TDF
and ETV seems to be an effective and safe rescue approach [55, 56]. To reduce the
emergence of multidrug-resistant strains, combination therapies, especially combi-
nation of NAs with low barrier to resistance, such as LAM or LdT with ADV, and
sequential monotherapies with agents with a low barrier to resistance are not gener-
ally recommended, which may ultimately increase the difficulty and cost of
treatment.

2.4.2 Peg-IFN-a for CHB Patients

Peg-IFN-a, an immunomodulatory agent, could enhance host immunity to mount a
defense against HBV and modest antiviral action [12]. Peg-IFN-a therapy offers
several benefits over NAs for treatment of CHB including a finite duration of ther-
apy and higher rates of anti-HBe and anti-HBs seroconversion with 12 months of
therapy [57].
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Rate of HBsAg loss was 3—7% following 12 months of Peg-IFN-a treatment,
higher than 12-month treatment with current NAs (1% for LAM, 0% for ADV, 2%
for ETV, 0.5% for LdT, and 3% for TDF) [58]. With 12-month therapy of Peg-
IFN-a for HBeAg-positive CHB patients, the rate of HBY DNA<60-80 IU/ml, anti-
HBe seroconversion, ALT normalization, and HBsAg loss were 14%, 32%, 41%,
and 3%, respectively [59]. The response rates of 48-week Peg-IFN-« treatment for
HBeAg-negative CHB were also evaluated in another multicenter, randomized
study; the rate of HBV DNA <60-80 IU/ml, ALT normalization, and HBsAg loss
were 19%, 59%, and 4%, respectively [60]. HBsAg loss rarely occurred during Peg-
IFN-a therapy in HBeAg-negative CHB patients, but the rate of HBsAg loss pro-
gressively increased from 3% at month 6 to 9% at year 3 to 12% at year 5 after
Peg-IFN-a discontinuation [58]. IFN-« treatment improved long-term outcomes,
including decreased risk of hepatic complication survival and HCC and in CHB
patients with sustained response [12, 61]. A 5-year observation cohort study revealed
Peg-IFN-a-treated patients showed a lower cumulative incidence of cirrhosis and
HCC [62].

The evaluation of predictors for response before and during treatment is very
important for CHB patient with Peg-IFN-a therapy. For patients with HBeAg posi-
tive, having low HBV DNA (below 2 x 10® IU/mL), genotype A, as well as high
serum ALT levels (above 2-5 times ULN) and high activity scores on liver biopsy,
Peg-IFN-a could be considered as first-line antiviral agent [1, 58]. For patients with
HBeAg negative, genotype D, a combination of no decrease in HBsAg levels and 2
log,o IU/ml reduction of HBV DNA at 12 weeks of Peg-IFN-a therapy predicts no
response and should be used as Peg-IFN-a stopping rules [1, 58]. These treatment
predictors for the existing antiviral therapies at various time points may be useful to
guide initiation and continuation of Peg-IFN-« therapy.

Screening suitable patients prior to treatment is quite important for Peg-IFN-o
therapy. Relative or absolute contraindications to IFN-a treatment include Child
B/C cirrhosis, cirrhotic hypersplenism, autoimmune hepatitis, hyperthyroidism,
coronary artery disease, renal transplant, pregnancy, seizures, severe depression,
etc. The side effects of IFN-a are relatively common but are acceptable in most
patients. The adverse effects of IFN-a mainly include flu-like symptoms, fatigue,
bone marrow suppression, and exacerbation of autoimmune illnesses [19].
Therefore, patients should be closely monitored throughout the therapy. Complete
blood counts and serum ALT levels should be monitored monthly, and TSH should
be monitored every 3 months. Serum HBV DNA and HBsAg in all CHB patients
and HBeAg and anti-HBe in HBeAg-positive patients should be examined at 3, 6,
and 12 months of Peg-IFN-a treatment and at 6 and 12 months posttreatment.
Patients with the definite therapy course of Peg-IFN-a, despite HBV DNA negative
and serological conversion at the end of treatment, require long-term follow-up in
case of HBV reactivation. In summary, IFN-a is associated with a broad spectrum
of potential adverse effects, and the recommendations to use Peg-IFN-a should bal-
ance benefits versus risks, and decisions should be made according to individual
patient characteristics and preference.
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2.4.3 Combination of NA Plus Peg-IFN-a Therapy for CHB Patients

The current anti-HBV therapy with potent and high genetic barrier NAs can sup-
press the viral replication to undetectable level in the blood circulation in the major-
ity of CHB patients, preventing the progression of CHB to cirrhosis and markedly
decreasing the rates of HBV-related HCC. However, current long-term anti-HBV
NAs can rarely achieve the “functional cure” of HBV (HBsAg loss or seroconver-
sion), the best current stopping rule. This goal is hardly achievable by the finite-
duration treatment with Peg-IFN, either. Hence, to accomplish the goal of “functional
cure” of HBV infection in more CHB patients, the combination of a potent NA with
Peg-IFN-a has been investigated. The rationale behind is that the two classes of
anti-HBV agents have different mechanism of actions, the advantages of the potent
antiviral effect of the NAs and the immunomodulating effect of the Peg-IFN-«, and
thus their combination would conceptually result in a synergistic anti-HBV effect.

There are two different ways to combine NA and Peg-IFN: 1) the de novo com-
bination, which means the simultaneous administration of the two agents in
treatment-naive CHB patients, and 2) the sequential combination, which means the
“add-on” or “switch-to” strategy to CHB patients who are already on treatment with
either drug (Table 2).

de novo Combination Therapy

The initial treatments of LAM plus Peg-IFN and ADV plus Peg-IFN showed less-
than-desirable results in treatment-naive patients [59, 60, 63]. The combination
therapy with LdT plus Peg-IFN is prohibited due to a high risk of severe polyneu-
ropathy [58, 64]. The de novo combination of TDF and administration of Peg-IFN
have been recently investigated in a global multicenter randomized controlled study
(Marcellin) [65]. In this study, 740 treatment-naive patients with HBe-positive and
HBe-negative CHB were randomly assigned to receive TDF plus Peg-IFN-a2a for
48 weeks (group A), TDF plus Peg-IFN-a2a for 16 weeks followed by TDF for
32 weeks (group B), TDF for 120 weeks (group C), or Peg-IFN-a2a for 48 weeks
(group D). The rates of HBsAg loss at week 72 (24 weeks posttreatment) in the four
groups were 9.1%, 2.8%, 0%, and 2.8%, respectively. In the follow-up study at
week 120 (72 weeks posttreatment), the rates of HBsAg loss in the combination
group increased from 9.1% to 10.4% [66]. Thus, patients receiving combination of
TDF plus Peg-IFN had a higher rate of HBsAg loss than those receiving Peg-IFN or
TDF alone. Although the increased rate of HBsAg loss in patients receiving TDF
plus Peg-IFN therapy was encouraging, the overall rate of HBsAg at week 120
(10.4%) in the combination group was still relatively low, meaning that approxi-
mately 90% of patients did not achieve a sustained immune control. Besides, the
benefit of the increased HBsAg loss was mainly associated with HBV genotype A
and treatment with TDF plus Peg-IFN in the study [67].
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However, a recent randomized controlled, open-label study did not support the
use of combination treatment with Peg-IFN and NA in patients with CHB [68]. At
week 72, only two patients (4%) in the Peg-IFN plus TDF group and two patients in
the Peg-IFN plus ADV group achieved HBsAg loss, compared with none of the
patients in the no-treatment group (p=0.377). All four patients with HBsAg loss
were included in the group of patients with HBV DNA less than 2000 IU/mL, so the
baseline HBV DNA should be taken into account before initial de novo combination
therapy.

Sequential Combination Therapy

Sequential combination therapy (including “add-on” and “switch-to” strategy) may
be alternative options for CHB patients pursuing a functional cure. Starting with an
NA first and then followed by Peg-IFN add-on seems to be a very logic approach to
the sequential combination strategy. The concept is that the administration of a
potent NA first would quickly halt the viral replication and therefore partially restore
the host adaptive immune response, whereas the Peg-IFN add-on later may enhance
serological response rates, resulting in more patients achieving a functional cure of
CHB [69-71].

The study by Brouwer et al. (ARES study) investigated the “early add-on” strat-
egy by comparing 24 weeks of ETV followed by 24 weeks of Peg-IFN add-on ver-
sus 48 weeks of ETV monotherapy for treatment-naive HBeAg-positive CHB
patients [72]. It showed that Peg-IFN add-on therapy led to a higher proportion of
HBeAg serological response compared to ETV monotherapy. At week 48, the
response defined as HBeAg loss with HBV DNA <200 IU/mL was achieved in 16
of 85 (19%) patients receiving the combination therapy versus 9 of 90 (10%)
patients receiving ETV monotherapy. At week 72 (24 weeks posttreatment), the
response rate in the combination group increased to 32% (27/85). However, in the
ARES long-term follow-up study (the median follow-up duration was 226 weeks),
the rates of serological response became comparable between the combination
group and the ETV monotherapy group, suggesting that Peg-IFN add-on may lead
to accelerated HBeAg loss rather than increased long-term HBeAg loss [73].

The “late add-on” Peg-IFN combination therapy was recently investigated in a
multicenter and randomized trial enrolling only HBeAg-negative CHB patients
with undetected HBV DNA by at least 1 year of NA treatment (PEGAN study) [69].
In this study, 183 patients were randomized to either continue NA or add on Peg-
IFN treatment for 48 weeks. Due to the adverse effects of Peg-IFN, only 65 out of
90 patients in the Peg-IFN-a add-on group completed a full 48-week course of Peg-
IFN-a. As the primary endpoint for this study was HBsAg loss at week 96 by
intention-to-treat analysis (8% in the Peg-IFN add-on group versus 3% in the NA
group, P = 0.15), the interpretation of the study results was that Peg-IFN-o add-on
was poorly tolerated [69]. However, HBsAg loss rates were significantly higher in
the full-dose Peg-IFN-a add-on group than in the NA group, being 11% vs. 0%,
11% vs. 3%, and 14% vs. 4% at week 48, week 96, and week 144, respectively [69].
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Secondary post hoc analysis showed that patients who had lower baseline HBsAg
titers might benefit more from this add-on strategy to achieve HBsAg loss and anti-
HBs seroconversion [69].

The rates of HBsAg loss in the “switch-to” Peg-IFN-a strategy have also been
investigated in CHB patients pre-treated with NA. In the “early switch-to” study
(OSST trial), 192 HBeAg-positive patients receiving 9 to 36 months of ETV ther-
apy with HBeAg <100 PEIU/ml and HBV DNA<1000 copies/ml were randomized
1:1 to receive ETV or switch to Peg-IFN-a2a for 48 weeks. At week 48, serological
response rates were significantly higher in the Peg-IFN-a group than the ETV group
(HBeAg seroconversion 14.9% vs. 6.1%; HBsAg loss 8.5% vs. 0%) [70]. The study
further found that a baseline HBsAg level <1500 IU/ml as the optimal cutoff to
predict HBsAg loss and week 12 HBsAg <200 IU/ml were associated with the high-
est rates of HBsAg loss 77.8% (7/9).

In the “late switch-to” study (New Switch trial), 305 HBeAg-positive patients
who achieved HBeAg loss and HBV DNA <200 IU/mL with previous NA treatment
(ADV, LAM, or ETV) were randomized 1:1 to receive Peg-IFN for 48 or 96 weeks
[71]. The rates of HBsAg loss were achieved in 14.4% (22/153) of patients receiv-
ing “switch-to” Peg-IFN for 48 weeks and in 20.7% (31/150) of patients receiving
“switch-to” Peg-IFN for 96 weeks. Similar to the OSST study, the New Switch
study also found that baseline HBsAg <1500 IU/mL and week 24 HBsAg <200 IU/
mL were associated with the highest rates of HBsAg loss 51.4% (18/35) and 58.7%
(27/46) at the end of both 48- and 96-week treatment, respectively [71].

In summary, recent studies have demonstrated that the combination of NA with
Peg-IFN either simultaneously or sequentially can enhance the rates of HBsAg loss,
but the benefits are mainly limited to a relatively small proportion of patients, espe-
cially in those with low baseline HBsAg level and on-treatment HBsAg response.
Therefore, CHB patients who can benefit from NA and Peg-IFN combination ther-
apy should be carefully evaluated including age, viral load, genotype, baseline ALT,
and HBsAg levels. In addition, Peg-IFN stopping rules based on on-treatment
HBsAg kinetics should be followed during the treatment to make decisions whether
to continue or discontinue Peg-IFN and shift to NA monotherapy. Further investiga-
tions are needed to identify the optimal Peg-IFN combination strategy and the sub-
group of CHB patients with the highest potential to benefit from the combination
treatment.

2.4.4 Treatment Strategies for Special Populations
Patients with HBV-Related Cirrhosis

Patients with evidence of HBV-related cirrhosis and detectable HBV DNA are
strong indicators for antiviral treatment, regardless of ALT levels and HBeAg status.
The aim of antiviral therapy for patients with compensated cirrhosis is to reduce the
risk of disease progression to hepatic decompensation and HCC. It has been dem-
onstrated that the occurrences of death, hepatic decompensation, and HCC were
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less frequent in the treated cohort than in the untreated controls, with the 5-year
cumulative incidences being 19.4% vs. 43.9%, 15.4% vs. 45.4%, and 13.8% vs.
23.4%, respectively [74]. Taking both efficacy and drug resistance profiles into
account, antiviral drugs for HB V-related cirrhosis should be safe and affordable for
long-term use to achieve a high rate of sustained HBV suppression with a low risk
of drug resistance. Therefore, potent and low drug-resistant NAs (ETV, TDF, and
TAF) are preferred for these patients. It has been reported that more than 2 years of
ETV treatment for cirrhotic patients led to the improvement of liver function and
fibrosis markers [75]. Moreover, up to 5 years of treatment with TDF achieved high
rates of hepatic fibrosis regression and even the reversion of cirrhosis [76]. It needs
to be noted that although Peg-IFN-a is not contraindicated in patients with compen-
sated cirrhosis, it should be used with caution due to its side effects, and therefore
the safer NAs are preferred and recommended [2].

Antiviral therapy in patients with decompensated cirrhosis has been shown to
slow disease progression and may delay the burden of liver transplantation. Patients
with decompensated cirrhosis and detectable HBV-DNA should be treated urgently,
while HBsAg-positive decompensated patients with undetectable HBV-DNA may
also receive lifelong antiviral therapy to reduce the risk of aggravation of liver-
related complications [11]. ETV and TDF are recommended as the first-line NAs in
these patients. Treatment with either ETV or TDF in patients with decompensated
cirrhosis improved both hepatic function and Child-Turcotte-Pugh (CTP) and
Model for End-Stage Liver Disease (MELD) scores [77, 78]. Although data con-
cerning the use of TAF in these patients are currently insufficient, TAF may also be
used in patients with decompensated cirrhosis due to its favorable safety profile. It
needs to be noted that long-term antiviral therapy decreases but does not eliminate
the risk of HCC in patients with liver cirrhosis [79—-81], thus long-term surveillance
of HCC still required even with successful antiviral treatment in these patients.

Patients with HBV-Related HCC

High serum HBV DNA is associated with early HCC recurrence after curative
resection in patients with HBV-related HCC [82]. In addition, reactivation of HBV
may be induced by HCC treatment strategies including curative resection, radiofre-
quency ablation (RFA), trans-arterial chemoembolization (TACE), and radioembo-
lization [83]. Therefore, antiviral therapy is an important part of the comprehensive
treatment for HB V-related HCC. NA treatment following HCC curative resection
reduces HCC recurrence and improves the overall survival of patients with advanced
HBV-related HCC [84]. Both ETV and TDF are recommended as the first-line anti-
viral agents for HBV-related HCC patients [17]. As TAF is the latest NA approved
for anti-HBV treatment, the experience in its use for HBV-related HCC patients is
currently limited. However, with its potent antiviral efficacy and favorable safety
profile, it may also be considered for these HBV-related HCC patients.
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Patients with Liver Failure Related with HBV Infection

Liver failure is a life-threatening disease with high short-term mortality [85]. It may
develop following acute HBV infection or reactivation of chronic HBV infection.
HBsAg-positive or HBV DNA-positive patients with liver failure (including acute,
subacute, or acute on chronic) should consider NA therapy as soon as possible [86].
ETV, TDF, or TAF are the preferred NAs to improve the survival of CHB patients
with liver failure [87, 88]. The beneficial effects were mostly observed in patients
with MELD score within 20-30, while the mortality rate in patients with MELD
score over 30 is >90% even with prompt antiviral treatment, and thus urgent liver
transplantation should be considered in these patients [89].

Patients Undergoing Liver Transplantation Related with HBV Infection

In western countries, only 5—-10% of liver transplantation is conducted for patients
with HBV-related liver diseases, while in China, approximately 90% of the liver
transplantation is due to HBV-related liver diseases [90]. HBV recurrence was a
major problem for liver transplantation in the past, and patients with a high HBV
viral load preoperatively had a higher risk of HBV reinfection after liver transplan-
tation [91]. Previously, prophylactic therapy with HBIG only showed unfavorable
results [92, 93]. With the advent of NA and its combination with HBIG, the risk of
the HBV reinfection rate has been reduced to less than 5% [1]. However, the use of
HBIG is costly and inconvenient (requires regular parenteral/intramuscular injec-
tions). In the current era of potent NAs with high barrier to drug resistance (ETV,
TDF, and TAF), the prophylactic therapy with short course and low dose of HBIG
or even HBIG-free regimen has been evaluated [93].

In 42 CHB patients with HBV DNA levels <100 IU/mL at the time of liver trans-
plantation, prophylaxis using HBIG (5000 IU daily) intravenously in the anhepatic
phase of liver transplantation and then daily for 5 days postoperatively (6 doses
total) in combination with long-term NA therapy was highly effective in preventing
HBYV recurrence, with only 1 patient having detectable HBV DNA at 5 years after
liver transplantation [94]. In another Greek study, 28 HBV-related cirrhotic patients
with undetectable HBV DNA at the time of liver transplantation, prophylaxis using
HBIG (1000 IU IM/day) for 7 days and then monthly for 6 months (13 doses total)
plus ETV (n=11) or TDF (n = 7) was also highly effective with all patients remain-
ing HBsAg/HBV DNA negative during the follow-up period (9—43 months) [95]. A
recent study from the University of Hong Kong has shown that HBIG-free prophy-
laxis using ETV monotherapy for CHB patients after liver transplantation is highly
effective at preventing HBV reactivation [96]. In 265 consecutive CHB liver trans-
plant recipients treated with ETV monoprophylaxis without HBIG, 85%, 88%,
87.0%, and 92% remained HBsAg negative at 1, 3, 5, and 8 years of follow-up,
respectively, and 100% had undetectable HBV DNA at 8 years after transplantation.
Of note, more than 60% of the 265 CHB liver transplant recipients had detectable
HBYV DNA at the time of liver transplantation. The overall 9-year survival was 85%



154 Y. Tao et al.

without any graft loss or death due to HBV reactivation [96]. Thus, short-course and
low-dose HBIG in combination with potent NA or even HBIG-free NA monother-
apy can be effective prophylaxis in the prevention of HBV reinfection after liver
transplantation.

Of note, both the 2017 EASL guidelines and the 2018 AASLD guidelines stated
that CHB patients with HDV and HIV coinfections were at high risk of HBV recur-
rence, and therefore the lifelong combination of HBIG and NA therapy was recom-
mended as prophylaxis for these patients undergoing liver transplantation [1, 11].
Because of high potency and low rate of resistance with long-term use, ETV, TDF,
and TAF are the preferred antiviral drugs for the prophylactic therapy, which should
be administered in all CHB patients on the transplant waiting list. After liver trans-
plantation, the duration of the antiviral therapy should be indefinite. After liver
transplantation, the duration of the antiviral therapy should be indefinite, regardless
of HBsAg, HBeAg, or HBV DNA status [1, 2, 97].

Patients Undergoing Immunosuppressive Therapy or Chemotherapy

After HBV exposure, the virus persists in the liver and other extrahepatic sites for
long periods and may reactivate in individuals who receive immunosuppression or
chemotherapy [98]. HBV reactivation is characterized by increased serum HBV
DNA compared with the baseline level in HBsAg-positive patients or reverse sero-
conversion from HBsAg negative to HBsAg positive in HBsAg-negative and anti-
HBc-positive patients. HBV reactivation causes elevation of ALT and hepatitis flare,
which may result in liver failure and even death [99]. Thus, all patients should be
screened with HBV markers including HBsAg, anti-HBs, and anti-HBc, prior to
immunosuppressive therapy or chemotherapy, particularly in countries or regions
with intermediate or high prevalence of HBV. HBsAg-positive patients are at high
risk of HBV reactivation and should receive antiviral prophylaxis before immuno-
suppressive therapy or chemotherapy regardless of the baseline HBV
DNA. Prophylactic antiviral therapy should be better initiated 1 week before or at
the latest, concurrently at the initiation of immunosuppressive therapy [100]. Potent
NAs (ETV, TDF, and TAF) should be preferred for the antiviral prophylaxis for
CHB patients undergoing immunosuppressive therapy or chemotherapy [11].

Patients with HBsAg negative and anti-HBc positive are still at risk of HBV
reactivation when they receive high-risk treatments, such as immunosuppressive
agent rituximab and bone marrow/stem cell transplantation. Prophylactic anti-HBV
drugs are recommended for these patients [12, 101]. HBsAg-negative and anti-
HBc-positive patients who receive moderate- or low-risk immunosuppressive
agents need to be regularly monitored with HBsAg and/or HBV DNA every
1-3 months during and after immunosuppression. Anti-HBV prophylaxis can be
initiated at the first sign of HBV reactivation.

Regarding the duration of antiviral prophylaxis, the 2018 AASLD guidelines
suggested that antiviral therapy should be at least 6 months (or at least 12 months
for patients receiving rituximab) after completion of immunosuppressive therapy
[2], whereas EASL recommends the antiviral therapy to be at least 12 months
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(18 months for patients receiving rituximab) after cessation of the immunosuppres-
sive treatment [1]. It is suggested that liver function and HBV DNA level should be
routinely monitored every 3 to 6 months during prophylaxis and for at least
12 months after NA withdrawal.

Children with HBV Infection

Annually, about 2 million new HBV infections occur in children younger than
5 years old [102]. Exposed infants should be tested for HBsAg at 6—12 months after
birth [103]. Most children with chronic HBV infection are in the immune-tolerant
phase characterized by high viral load and normal ALT levels and respond poorly to
currently available antiviral therapies. Thus, the 2018 AASLD guidelines recom-
mend against the use of antiviral therapy in HBeAg-positive children with persis-
tently normal ALT, regardless of HBV DNA level [2]. Although a rather benign
course of CHB during childhood, about 3-5% and 0.01-0.03% of chronic carriers
still have a risk of developing cirrhosis or HCC before adulthood, respectively
[104]. Therefore, lifelong follow-up is recommended even for inactive carriers,
because of the risk of cirrhosis and HCC and reactivation of HBV infection [104].
For children with normal ALT, monitoring should be done every 6 months, and the
surveillance of HCC with liver ultrasound is recommended to be performed every
6—12 months, depending on the stage of fibrosis.

In children, the course of the HBV-related liver disease is generally mild, and
most of the children do not meet the standard treatment indication. Thus the initia-
tion of the antiviral treatment should be considered with caution [1]. CHB children
fulfilling the indication for antiviral treatment should be treated [1, 11]. The antivi-
ral therapy should be immediately initiated for CHB children with advanced liver
diseases and cirrhosis [12].

There are several antiviral drugs approved for children with CHB, including con-
ventional IFN-a (>1 year old), LAM (>2 years old), ETV (>2 years old), and TDF
(=12 years old) [11]. The dose and treatment duration for each drug are shown in
Table 3. Conventional IFN-a treatment accelerates ALT normalization, HBeAg

Table 3 Antiviral drugs approved for children with chronic HBV infection

Ages approved for
Drugs drug use Dose Duration
IFN-a > 1 year 6 MU/m? three times per week 6 months
LAM > 2 years 3 mg/kg/day > 1 year
ADV > 12 years 10 mg daily > 1 year
ETV > 2 years 10-30 kg, 0.015 mg/kg/day (maximum 0.5 mg); > 1| year
>30 kg, 0.5 mg daily
TDF > 2 years® 300 mg daily > 1 year
TAF > 12 years 25 mg daily > 1 year

“The European Medicines Agency approves TDF for children >2 years, and the US FDA approves
for children > 12 year
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seroconversion, and viral load reduction in children [105, 106]. Although LAM is
permitted for the treatment of CHB children, long-term use of LAM induces drug
resistance and subsequent viral breakthrough [107], while ETV or TDF monother-
apy has the advantage of high potency and low drug resistance [108, 109]. Thus,
ETV and TDF should be preferred [11]. According to the 2017 EASL guidelines,
TAF can be used in children >12 years old [1]. However, the 2018 AASLD guide-
lines stated that “TAF has not been studied in children. Thus, there are insufficient
data to recommend the use of TAF in children 12 years and older” [11]. For children
receiving antiviral treatment, the frequency of monitoring for safety, adherence, and
efficacy of drugs should be determined on an individual basis.

Pregnancy with Chronic HBV Infection

When formulating treatment plan for women with CHB at childbearing age, the
physician should take account of the effects and safety profile of different antiviral
drugs [110]. Among current oral antiviral drugs, LdT and TDF are pregnancy cate-
gory B medicines and are recommended for use in pregnant women with CHB,
while ADV and ETV are pregnancy category C drugs and therefore are limited for
use during pregnancy [1]. Although LAM is classified as pregnancy category C
medicine, it can also be used in pregnant women with the safety data obtained from
its use in pregnant women with HIV. Previous studies proved either LAM [111],
LdT [27, 112], or TDF [113] effectively reduced perinatal HBV transmission.
However, TDF is preferred with a better resistance profile and more safety data in
pregnant women with chronic HBV infection. The 2018 AASLD guidelines stated
that “TAF has not been studied in pregnant women. Thus, there are insufficient data
to recommend the use of TAF in pregnancy” [11]. Peg-IFN-a is contraindicated for
use during pregnancy.

The criteria to initiate antiviral therapy for women at childbearing age are the
same as any other individuals with CHB. For women who fulfill the treatment indi-
cation and plan a pregnancy in the near future, NAs of category B (especially TDF)
are recommended. For CHB patients on NA therapy who become pregnant, cate-
gory B NAs can be continued (TDF is preferred), while category C NAs should be
switched to TDF [2, 17].

Without intervention, 80-90% of infants exposed to HBV during the perinatal
period may develop CHB infection [114]. Passive-active immunoprophylaxis,
including HBIG and HBV vaccination at birth followed by two additional HBV
vaccines within 6 months, is very effective against neonatal HBV exposure, reduc-
ing the MTCT rate from 90% to 10% [58]. It should be noted that about 10% immu-
noprophylaxis failures occur, which are almost exclusively in HBeAg-positive
women with high HBV DNA levels.

Although CHB patients in immune-tolerant phase are generally not the indica-
tions for current antiviral therapy, accumulating evidences have suggested pregnant
women with high HBV DNA level in immune-tolerant phase need antiviral therapy
to reduce the risk of MTCT [28, 115-117]. The 2017 EASL and the 2018 AASLD
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Table 4 Antiviral therapy to prevent mother-to-child transmission during pregnancy among
different guidelines

EASL 2017 AASLD 2018 China 2015 APASL 2015 update
Screening Screening for All pregnant - Antenatal screening
HBsAg in the first | women should be HBYV in pregnant
trimester of screened for females is an
pregnancy is HBsAg, evidence-based
strongly especially those standard of practice
recommended with high risk of
HBYV infection
Standard HBV DNA>200 |HBV DNA>200 'HBV DNA> HBVDNA > 6-7 log;
indication 000 IU/mL or 000 IU/mL 2000 000 IU/ | IU/mL
HBsAg levels >4 mL
log;o IU/mL
Licensed TDF and LdT LAM, LdT, and |LAM, LdT, and  TDF and LdT
antiviral drugs TDF TDF
TDFis a TDFis a
preferred choice | preferred choice
The time to Starting at weeks | From 28 to 32 Starting at From 28 to 32 weeks
start therapy | 24-28 of weeks of weeks 24-28 of | of gestation
gestation gestation gestation
The time to Continue therapy | Antiviral therapy | Antiviral The NAs could be
stop therapy | for up to 12 is discontinued at | therapy is stopped at birth and
weeks after birth to 3 months | discontinued at | when breast-feeding
delivery postpartum birth to months | starts. For those with
postpartum ALT flares detected
during the treatment
period, continuation of
antiviral treatment
according to maternal
liver disease status
may be indicated
Breast- Breast-feeding is | Breast-feeding is | Breast-feeding | Breast-feeding is
feeding after | not not prohibited is recommended | discouraged during
delivery contraindicated during maternal | after drug maternal NA treatment
during maternal | NA treatment withdrawal

NA treatment

guidelines recommended that pregnant women with serum HBV DNA > 20,0000 IU/
ML should receive antiviral therapy to prevent MTCT [1, 2]. The time to start anti-
viral treatment to decrease the risk of MTCT varies among different guidelines [1,
11, 17]. Most guidelines recommended to initiate anti-HBV therapy at 24-28 weeks
of gestation [1, 17], whereas the 2018 AASLD guidelines recommended at
28-32 weeks [11] (Table 4). Antiviral therapy may stop at delivery or continue for
12 weeks after delivery but should be closely monitored for ALT flares every
3 months for 6 months. As the concentration of TDF in breast milk is minimal with
very limited bioavailability, breast-feeding is not contraindicated in HBsAg-positive
mothers treated with TDF [1, 2, 12, 17].
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Patients Coinfected with HBV and HCV

In CHB patients coinfected with HCV, the risks of the development of cirrhosis and
HCC are higher than those with either HBV or HCV mono-infection [118, 119].
The treatment of HBV/HCV coinfection should be individualized based on the
HBYV and HCYV viral loads, ALT levels, and liver fibrosis or cirrhosis assessment.

Anti-HCV therapy is indicated in coinfected patients with positive HCV-RNA. In
the IFN-a era, the application of IFN-a plus ribavirin could achieve HCV eradica-
tion and HBV suppression in coinfected patients. With the advent of direct-acting
antiviral (DAA), IFN-a-free and ribavirin-free DAA treatment has become the
mainstream therapy for HCV infection. However, there is a potential risk of HBV
reactivation during DAA therapy of patients with HCV/HBV coinfection, and life-
threatening consequences have been reported in some individuals [120]. Therefore,
during anti-HCV therapy with DAA, coinfected patients should be closely moni-
tored by checking the HBV viral load and ALT levels [121].

In those HBV-/HCV-coinfected patients meeting the standard criteria for HBV
treatment, HBV antiviral therapy should be started concurrently with DAA therapy
of HCV [1]. The 2018 AASLD guidelines recommended monitoring HBV DNA
levels every 4-8 weeks during DAA therapy and for 3 months post DAA treatment
in HBsAg-positive patients who do not meet treatment criteria of anti-HBV treat-
ment [11]. The risk of HBV reactivation in patients with HBsAg negative and anti-
HBc positive is very low during HCV DAA therapy, but HBsAg and HBV DNA
should be tested if ALT levels increase during or after anti-HCV therapy [11, 122].
For those HBV-/HCV-coinfected patients with cirrhosis, HBV antiviral therapy
with NAs should be initiated concurrently with DAA therapy [121].

Another important issue that requires special attention is drug-drug interactions
(DDI) in the context of combination therapy with NAs and DAAs. Based on the
www.hep-druginteractions.org website, ETV can be safely co-administered with
currently approved DAAs as no potential clinically significant DDI are indicated,
but careful monitoring is still necessary during the therapy. Co-administration of
TDF with DAA is either contraindicated or needs dose adjustment and additional
monitoring [122].

Patients Coinfected with HBV and HIV

HBV/HIV coinfection induced increased risk of all-cause mortality and liver-related
mortality [123]. HIV infection leads to higher HBV DNA levels, lower rates of
HBeAg loss, and faster progression to cirrhosis [124].

The current guidelines recommend immediate initiation of antiretroviral therapy
(ART) for all people living with HIV, regardless of CD4 cell count [125]. LAM,
emtricitabine (FTC), TDF, and TAF are NAs with effective activities against both
HIV and HBV. Thus, for patients with HBV/HIV coinfection, the ART regimen
should include TDF or TAF plus LAM or FTC as the ART backbone [11]. Of note,
these drugs should not be used as a single agent for HBV treatment in HBV-/HIV-
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coinfected patients because of the risk of HIV resistance. Patients who are already
on effective ART regimen that does not include drugs with antiviral activity against
HBYV should have the ART regimen altered to include TDF or TAF plus LAM or
FTC. It needs to be noted that HBV-/HIV-coinfected patients with liver cirrhosis
and low CD4 cell count require careful surveillance of immune reconstitution syn-
drome and subsequent liver decompensation in the first months after starting
ART [1].

2.5 Endpoint of Antiviral Treatment

Deciding the antiviral treatment duration or therapy endpoint for CHB patients is
challenging and needs to take account of many factors including the choice of anti-
viral agents (IFN-a-based or NA-based), sustained suppression of HBV DNA repli-
cation, HBeAg status, HBsAg status, and the presence of cirrhosis (compensated or
decompensated).

For non-cirrhotic CHB patients, the duration of Peg-IFN-a treatment is generally
48 weeks, whereas the duration of NA-based antiviral therapy is variable and diffi-
cult to decide. For non-cirrhotic HBeAg-positive patients receiving NA therapy
who have achieved persistent virological response, biochemical response, and sero-
logical response (HBeAg loss or seroconversion), discontinuation of NA therapy
may be considered if the therapeutic responses persist during the consolidation
treatment. However, the time of consolidation treatment varies, for at least 12 months
in the 2018 AASLD [2] guidelines and for at least 3 years in Chinese CHB treatment
guidelines [17]. However, due to the potential risk of virus relapse after NA with-
drawal, close post-NA monitoring is still needed. For non-cirrhotic HBeAg-negative
patients, the duration of anti-HBV treatment is unclear as the rate of HBV relapse is
high in these patients, and therefore the long-term antiviral treatment is required.
For both HBeAg-positive and HBeAg-negative patients with cirrhosis, NAs should
be treated indefinitely.

HBsAg loss, with or without seroconversion to anti-HBs, termed as “functional
cure,” is considered as the optimal treatment endpoint for both HBe Ag-positive and
HBeAg-negative CHB patients. As serum HBsAg levels parallel the expression of
cccDNA (the viral persistence reservoir), HBsAg loss represents a complete sup-
pression HBV, low risk of HBV recurrence, and an improved long-term outcome.
However, cirrhosis and HCC may still occur in patients with HBsAg loss [126,
127]. This is because HBV is still not completely eradicated due to the persistence
of cccDNA in the liver and the integration of HBV DNA into host genome even in
patients with HBsAg loss or seroconversion. Thus, for patients who stop antiviral
therapy based on the endpoint of the HBsAg loss, close monitoring of HBV DNA,
ALT levels, and disease progression is extremely necessary.

In addition to HBsAg quantification, other noninvasive serological markers are
being developed to guide the antiviral efficacy and the duration or endpoint of ther-
apy: hepatitis B core-related antigen (HBcrAg) and circulating HBV RNA [1].



160 Y. Tao et al.

Both HBcrAg and circulating HBV RNA levels correlate well with the intrahepatic
cccDNA levels and may be potential predictive biomarkers to monitor the safe dis-
continuation of NA therapy [128-130].

3 Developing New Drugs for HBV Treatment

Current antiviral drugs can sufficiently suppress the serum HBV DNA, achieving
complete virological response in the majority of CHB patients and thus reducing the
morbidity and mortality of HBV-related liver diseases. The combination of Peg-
IFN-a with NA either simultaneously or sequentially can enhance the rate of func-
tional cure of CHB (HBsAg loss or seroconversion), but the benefits are mainly
limited to a relatively small proportion of patients (=10%), especially in those with
low baseline HBsAg level and on-treatment HBsAg response. The ultimate treat-
ment goal for CHB is to cure HBV infection with the elimination of all forms of
potentially replicating HBV, which is hardly achievable with current antiviral ther-
apy due to the persistence of cccDNA (the HBV transcriptional template) in the
hepatocyte nucleus [2]. Therefore, novel therapeutic drugs are needed either target-
ing different steps of HBV life cycle or modulating the host immune system (Fig. 1).

3.1 New Drugs Targeting HBV Life Cycle
3.1.1 HBY Entry Inhibitors

Entry is the first step for HBV infecting hepatocytes. NTCP has been identified as a
special functional receptor for HBV entry into hepatocytes [131]. Therefore, entry
inhibitors have been proposed as promising agents for protecting uninfected hepa-
tocytes. New drugs targeting viral entry receptor NTCP including Myrcludex B
(phase II) and cyclosporin A (in vitro) are being developed and investigated.

Myrcludex B is a synthetic lipopeptide derived from HBV preS1 domain.
Binding to NTCP, Myrcludex B not only effectively prevents HBV spread among
intrahepatic cells but may also hinder the amplification of intrahepatic cccDNA
pool in infected hepatocytes [132]. In a phase I clinical trial, Myrcludex B showed
excellent tolerability up to high doses (up to 20 mg intravenously and 10 mg subcu-
taneously), and the pharmacologic properties followed a two-compartment target-
mediated drug disposition model [133]. The results of a phase II clinical trial showed
that 10 mg Myrcludex B had more potency of antiviral activity than lower doses,
while no noteworthy change of HBsAg concentrations was observed [134]. As
Myrcludex B can block the infection of new hepatocytes [132], it may be quite
attractive for use in the liver transplantation setting to prevent reinfection of trans-
planted liver.
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Fig. 1 Development of new anti-HBV drugs either targeting HBV life cycle or modulating host
immune response

Left panel: the HBV life cycle including viral entry, trafficking, cccDNA formation, transcription,
encapsidation, replication, capsid assembly, and viral secretion is shown. The development of new
drugs targeting different steps of HBV life cycle is shown in red box: entry inhibitors such as
Myrcludex B, inhibition of cccDNA formation by genome-editing technologies such as TALENs
and CRISPR/Cas9, mRNA degradation or translational suppression by RNA interference, assem-
bly inhibitors, ribonuclease H inhibitors, and HBsAg release inhibitors

Right panel: immunomodulators such as TLR agonists, RIG-1/NOD-2 agonists, and therapeutic
vaccines can be used to enhance the innate and adaptive immune responses to control HBV infec-
tion. Abbreviations: NTCP, sodium taurocholate cotransporting polypeptide; cccDNA, covalently
closed circular DNA; rcDNA, relaxed circular DNA; ER, endoplasmic reticulum; TLR, Toll-like
receptor; RIG-1, retinoic acid-inducible gene 1; NOD-2, nucleotide-binding oligomerization
domain protein 2

Cyclosporin A (CsA), a cyclic non-ribosomal peptide, is usually used as an
immunosuppressant in organ transplantation. It has been reported that CsA and its
analogues can potentially inhibit the transporter activity of NTCP, thereby blocking
HBYV entry into hepatocytes [135, 136]. However, it has been found that CsA and its
analogues impair sodium-dependent bile acid uptake, thus inducing various adverse
events [137]. To identify new compounds that inhibit HBV entry without affecting
the NTCP-dependent bile acid uptake, Shimura and his colleagues recently charac-
terized some CsA derivatives and found that SCY450 and SCY995 did not impair
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the bile acid uptake and were effective in inhibiting different HBV genotypes and
relevant ET V-resistant HBV isolate [138]. Nevertheless, current studies about CsA
and its derivatives mostly focus on in vitro experiments; future in vivo studies using
animal models and clinical trials are needed.

3.1.2 Therapeutic Approaches Targeting HBV cccDNA

HBYV cccDNA is the viral transcription and replication template, and thus its elimi-
nation within the hepatocytes is essential for the cure of CHB. Although current
anti-HBV therapies such as the use of ETV, TDF, or TAF can potently suppress the
HBV DNA to undetectable level, they have little effect on the level and activity of
cccDNA within the infected hepatocytes. Therefore, novel therapeutic approaches
directly targeting HBV cccDNA are necessary to completely eradicate persistent
HBYV infections.

APOBEC3 cytidine deaminases are important innate host antiviral factors. It has
been reported that the APOBEC3B upregulation triggered by the activation of
LTBR can inhibit HBV replication during reverse transcription and degrade cccDNA
in the nucleus [139—141]. The inhibition of HBV replication through the activation
of the LTBR/APOBEC3 pathway in HB V-infected hepatocytes was recently dem-
onstrated in cell and murine models by using engineered non-lytic T cells express-
ing HBV-specific T-cell receptors [142]. However, by comparing the intrahepatic
cccDNA levels with the expression levels of LTBR and APOBEC3 in the chroni-
cally HBV-infected liver biopsy tissues, the activation of the LTBR/APOBEC3
pathway was found to have no major impact on HBV cccDNA metabolism [143].
Future studies are needed to test whether LTBR agonists can degrade cccDNA
through the activation of APOBEC3.

Genome-editing technologies including transcription activator-like effector
nucleases (TALENSs), and the clustered regularly interspaced short palindromic
repeats/Cas9 (CRISPR/Cas9) system, which are designed to target specific DNA
sequences, represent highly promising therapeutic tools to achieve the ultimate goal
of curing CHB [144-146]. TALENs comprise a nonspecific Fok1 nuclease domain
fused to a customizable sequence-specific DNA-binding domain: transcription
activator-like effectors (TALEs) derived from the plant pathogen Xanthomonas
[147]. The DNA-binding domain can be easily engineered to target and disrupt
essentially any specific DNA sequence. It has been reported that TALENS targeting
HB V-specific sites within the viral genome led to targeted disruption of approxi-
mately 31% of cccDNA in HepG2.2.15 cells and the reduced viral replication in
HBYV replication murine model without evident toxicity [148]. Despite encouraging
results showing the utilization of TALENSs against cccDNA, the safe and efficient
delivery of the therapeutic transgenes to the infected hepatocytes and the potential
off-target effects must be addressed before reaching the clinic. For example, as
HBYV DNA sequences are frequently integrated into the host genome, what deleteri-
ous effects would happen if the designed TALENSs cleaved HBV DNA at these sites
of HBV integration [149, 150].
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CRISPR/Cas system is derived from the acquired immune system of bacteria and
archaea against invading foreign DNA via RNA-guided DNA cleavage. This system
can be used flexibly by designing sgRNA to any DNA sequences and thus is more
easily customizable than TALENs [145]. Recently, several studies have demon-
strated that CRISPR/Cas system is able to disrupt or inactivate HBV cccDNA and
integrated HBV genomes [151-153]. Li et al. showed that HBV-specific CRISPR/
Cas system mediated removal of the full-length integrated HBV DNA and the dis-
ruption of HBV cccDNA in a stable HBV cell line [154]. Moreover, recent charac-
terization of smaller Staphylococcus aureus Cas9 (SaCas9) has led to the successful
package of the derived CRISPR-SaCas9 system into the adeno-associated virus
(AAV) type 8 vector [155]. It was shown that the AAV-delivered CRISPR-SaCas9
could efficiently reduce serum HBsAg and HBeAg in HBV transgenic mice during
58-day continuous observation after vein injection [155]. Very recently, Kostyushev
et al. showed that CRISPR/Cas9 system from Streptococcus pyogenes (Sp) and
Streptococcus thermophilus (St) targeting conserved regions of the HBV genome
resulted in degradation of over 90% of HBV cccDNA by 6 days post-transfection.
Although deep sequencing revealed that St-CRISPR/Cas9 had no effect on the host
genome, the Sp-CRISPR/Cas9 induced off-target mutagenesis [156].

There are challenging issues need to be solved before utilizing CRISPR/cas9
technology to eliminate HBV cccDNA [157]. Firstly, the risk of the intrinsic off-
target effects of CRISPR/Cas9 needs to be eliminated. Ideally, the targeted sequences
need to be well-conserved among virus isolates and contain nonhomologous
sequences in the human genomes, thus avoiding the off-target effects [158, 159].
Secondly, the efficacy of in vivo delivery of the CRISPR/Cas system into hepato-
cytes needs to be improved. More efficient viral vectors including AAV or nonviral
vectors including lipid-like nanoparticles to deliver CRISPR/Cas9 into the hepato-
cytes need to be explored [160]. Thirdly, reliable and convenient assays for high-
throughput quantification of HBV cccDNA are needed. HBV cccDNA levels in
HBV-infected hepatocytes are extremely low; although reverse transcription-
polymerase chain reaction (RT-PCR) or Southern blot procedures are currently used
in basic research studies, these methods are not completely reliable and are also
time-consuming and labor-intensive [161-163]. Therefore, a reliable and efficient
assay for cccDNA quantification is necessary for the examination of the CRISPR/
Cas9 effect on cccDNA.

3.1.3 RNA Interference

RNA interference (RNAI) is a process by which small interfering RNA molecules
of 21-25 nucleotides induce gene silencing at the posttranscriptional level to down-
regulate the expression of targeted genes. RNAi-mediated inhibition of gene expres-
sion and protein production using synthetic small interfering RNAs (siRNAs) has
become a tool in antiviral gene therapy [164—166]. In the past, a major barrier for
the clinical application of RNAi was the lack of safe and effective delivery vehicle.
Recent developments in RNAi technology have overcome the delivery challenge
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[166, 167]. The 2018 FDA approval of the first siRNA therapeutic ONPATTRO™
(patisiran) for the treatment of transthyretin-mediated amyloidosis represents an
important milestone in the field of RNAi-based therapies.

The potential of RNAI application in CHB treatment has been demonstrated in
murine models [168] and infected chimpanzees [169]. Currently, a phase II clinical
trial with the RNAi-based agent ARC-520 (developed by Arrowhead Research
Corporation) has been conducted in CHB patients [169]. The RNAi ARC-520 was
shown to be safe and well-tolerated and significantly decreased HBsAg levels in
treatment-naive HBeAg-positive CHB patients. However, the HBsAg levels were
reduced less significantly in HBeAg-negative or long-term NA treatment-
experienced CHB patients. This phenomenon is explained by the finding that
HBsAg is expressed not only from the episomal cccDNA mini-chromosome but
also from transcripts arising from HBV DNA integrated into the host genome,
which is the dominant source in HBeAg-negative patients [169], suggesting that
ARC-520 only targets the cccDNA-derived pgRNA rather than the integrated HBV
DNA. To overcome the limited efficacy of ARC-520 in HBeAg-negative patients,
ARO-HBV (JNJ-3839, targeting two sources of HBsAg) has been developed and
assessed by Arrowhead [170]. The results obtained from a phase II trial were
announced at the 2019 annual AASLD meeting that monthly usage of ARO-HBV
could effectively reduce all viral products, including HBV DNA, HBV RNA,
HBeAg, HBcrAg, and HBsAg [171].

AB-729 developed by Arbutus is another RNAIi therapeutic targeted to hepato-
cyte using a novel conjugated N-acetylgalactosamine (GalNAc) delivery technol-
ogy. It acts on all HBV RNA transcripts, enabling the suppression of all viral
antigens, including HBsAg. Preclinical study has demonstrated the anti-HBV activ-
ity of AB-729 in vitro [172]. AB-729 phase la/Ib clinical trial (AB-729-001) is a
single- and multiple-dose clinical trial to investigate the safety, tolerance, pharma-
cokinetics, and pharmacodynamics of AB-729 subcutaneously administered to
healthy subjects and CHB patients.

In addition to the abovementioned RNAi molecules, other RNAi-based agents
currently under development are summarized in Table 5.

3.1.4 Capsid Assembly Inhibitors/Modulators

HBYV capsid has multiple functions in HBV life cycle, including genome packaging,
reverse transcription, and intracellular trafficking, making it an excellent target for
development of new antiviral therapy [173]. Small-molecule compounds targeting
core protein or capsid, also termed as core assembly modulators (CAMs), can inter-
fere with pgRNA encapsidation, HBV DNA replication by misdirecting or acceler-
ating the formation of capsid-like structures [174]. Based on their different effects
on the capsid assembly, CAMs can be categorized into two classes: the type I
CAMs, represented by heteroaryldihydropyrimidine (HAP), function to misdirect
the formation of aberrant or non-capsid structures; the type II CAMs, represented
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Table 5 Developing new drugs for HBV treatment
Developing
new drugs
for HBV Mechanism of Development
treatment Category action Compound status
New drugs Entry Targeting viral | Myrcludex B II
targeting inhibitors entry receptor | Cyclosporin A Preclinical
HBYV life NTCP
cycle Therapeutic Knockout of ZFNs and TALENs Preclinical
approaches HBYV cccDNA
targeting HBV
cccDNA
RNA Targeting viral | ARC-520 1I
interference sequences and | ARO-HBV V1L
inducing RG6004 VI
mRNA AB-729 I
degradation or
translational Vir-2218 (ALN-HBV) Preclinical
suppression BB-103 Preclinical
Lunar-HBV Preclinical
Capsid Inhibiting HBV | GLS4 11
assembly replication by | JNJ-6379 I
inhibitor/ causing NVR 3-778 Ila
modulator dest.a\blhzatlon ABLHOT31 I
of viral
nucleocapsid | Bay 41-4109 [
AB-506 1
ABI-H2158 1
RG7907 1
QL-007 1
GLP-26 Preclinical
CB-HBV-001 Preclinical
ABI-H3773 Preclinical
New New Besifovir 1
nucleoside/ nucleoside/ CMX157 1la
nucleotide nucleotide
analogues analogues
Ribonuclease | Blocking the a-Hydroxytropolones Preclinical
H inhibitors production of | N -Hydroxyisoquinolinediones | Preclinical
the pl.us— N-Hydroxypyridinediones Preclinical
polarity DNA
strand and
leading to the
section of
biologically
inert viral
genomes
HBsAg release | Inhibiting the | REP 2139 1I
inhibitors release of REP 2165 I
HBsAg

(continued)
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Table 5 (continued)
Developing
new drugs
for HBV Mechanism of Development
treatment Category action Compound status
Molecules TLR-7 and Leading to the | RO7020531 11
targeting TLR-8 agonists | production of | GS-9688 1
tmimune endogenous GS-9620 Preclinical
response cytokines such
as IFN to
control the
virus
RIG-1/NOD-2 | Eliminate SB 9200 1T
agonists infected
hepatocytes,
help
noninfected
hepatocytes
establish an
antiviral state
Programmed | Blockade PD-1 | PD-1 inhibitors I
death-1 pathway,
inhibitors promote the
proliferation of
HBV-specific T
cells
Therapeutic | Therapeutic Stimulating HBsAg-HBIG complexes 111
vaccine vaccine CD,and CDg | INO-1800 1
T-cell response | p_110 I
GS-4774 1T
TG-1050 1
AIC 649 1
HeP T cell 1

by phenylpropenamides (PPAs) and sulfamoylbenzamides (SBAs), function to
accelerate the formation of morphologically intact empty capsids [175, 176].
Antiviral profiling study with BAY41-4109 (HAP) and JNJ-632 (SBA) in pri-
mary human hepatocytes has revealed that CAMs not only inhibit HBV replication
but also HBV RNA transcription and antigen production, suggesting that CAMs
have a dual mechanism of action, inhibiting early and late steps of the viral life
cycle [177, 178]. A very recent antiviral profiling study with another CAM mole-
cule NVR 3-778 (SBA) also showed potent anti-HBV activity with a mean ECs, of
0.40 pM in HepG2.2.15 cells, and the combination of NVR 3-778 with NAs in vitro
resulted in synergistic antiviral activity [174]. Similarly, the potent anti-HBV activ-
ity of NVR 3-778 was also shown in a mouse model with HB V-infected humanized
liver [179]. NVR 3-778 and Peg-IFN-a in combination showed higher antiviral
activity than each compound alone or ETV in the mouse model [179]. In a phase I
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clinical study, the combination of NVR 3-778 with Peg-IFN-a led to more reduction
of HBV DNA and RNA than monotherapy in HBeAg-positive CHB patients [180].
NVR 3-778 is now in phase II clinical trial.

Other potent CAMs that have also proceeded to clinical trials include JNJ-6379
(SBA) in phase III [181], GLS4 (HAP) in phase II [182], and ABI-H0731 (the first-
generation core protein allosteric modifier, CpAM) in phase II (Table 5) [183, 184].
Very recently, through high-throughput screening of an Asinex small-molecule
library containing approximately 20,000 compounds, 8 novel structurally distinct
CAMs including BA-53038B have been identified [185].

3.1.5 New Nucleoside/Nucleotide Analogues

Current highly potent and low-resistant NAs (ETV, TDF, and TAF) can effectively
suppress the serum HBV DNA to undetectable level in the majority of CHB patients.
However, if a new NA with even greater inhibition of intrahepatic DNA replication
can be developed, it may provide rescue therapy to CHB patients with poor response
or drug resistance to current first-line NAs. Several new NAs are currently under
different clinical phases of development.

Besifovir (LB80380/BSV), a novel acyclic nucleotide phosphonate with a similar
chemical structure to tenofovir, was approved by the Korean Ministry of Food and
Drug Safety in 2017 for CHB treatment. The antiviral efficacy of BSV was demon-
strated to be similar with that of ETV in a phase IIb multicenter randomized trial
[186]. However, the side effect of L-carnitine depletion occurred in 94.1% (64/75)
patients receiving BSV treatment [186]. Recently, a phase III clinical trial was con-
ducted in Korea to compare the antiviral efficacy and safety of BSV and TDF in 197
CHB patients [187]. Patients were randomly assigned to groups receiving BSV
(150 mg, n =99) or TDF (300 mg, n = 98) for 48 weeks. After 48 weeks, BSV group
continued BSV treatment, whereas the TDF group switched to BSV treatment for an
additional 48 weeks. The results showed that at week 48, the rates of virologic
responses (HBV DNA <69 IU/mL or 400 copies/ml) were 80.9% and 84.9% in the
BSV group and TDF group, respectively. At week 96, 87.2% of patients in the BSV-
BSV and 85.7% of patients in the TDF-BSV group achieved virologic response.
Thus, the 1- and 2-year treatment outcome of CHB patients with BSV was compa-
rable to that of TDF. There were no BSV-related drug resistance mutations, osteopo-
rosis, or renal toxicity. However, to secure a niche in the field of anti-HBV medicine,
the safety and efficacy of BSV from long-term follow-up study is needed [187].

Another new NA CMX157 is currently under phase II clinical trial [184, 188]
(Table 5).

3.1.6 Ribonuclease H Inhibitors

In HBV life cycle, the viral pgRNA is encapsidated by the core antigen and is
reverse-transcribed by the viral polymerase to minus-strand DNA. During the
minus-strand DNA elongation, the viral pgRNA is degraded by ribonuclease H
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(RNaseH) to permit the synthesis of plus-strand DNA [189]. Mature capsid parti-
cles are either secreted from the cell as virions or cycled back to the nucleus to
amplify and/or replenish the cccDNA pool. Inhibitors targeting the RNaseH activ-
ity would truncate the minus-strand DNA and block the synthesis of plus-strand
DNA, thus blocking the release of infectious virions and the amplification and/or
replenishment of the cccDNA pool [190]. Recent low-throughput anti-HBV
RNaseH screening pipeline has led to the identification of several chemical classes
of potential HBV RNaseH inhibitors including o-hydroxytropolones (a-HT),
N-hydroxyisoquinolinediones (HID), and N-hydroxypyridinediones (HPD) [191,
192]. These RNaseH inhibitors are promising candidates for developing new anti-
HBYV drugs and could be used in combination with existing anti-HBV drugs or
other novel antivirals under development to improve the functional cure of CHB
in the future.

3.1.7 HBsAg Release Inhibitors

HBsAg, the most abundant circulating viral antigen, has been reported to contrib-
ute to T-cell tolerance and exhaustion, leading to the attenuation of host immune
response [167]. Thus, inhibition of HBsAg release may help to restore the HBV-
specific T-cell-mediated immune response. Nucleic acid polymers (NAPs), the
phosphorothioated oligonucleotides, have been shown to block the assembly of
subviral particles (the primary source of circulating HBsAg), thus inhibiting the
release of HBsAg from infected hepatocytes [173, 193]. Recent clinical studies
have demonstrated that treatment with the NAPs REP 2139 or its analogue REP
2165 leads to the loss of HBsAg in the majority of CHB patients, regardless of
HBeAg status or the presence of HDV coinfection [194-197]. In the open-label,
nonrandomized, phase 2 clinical study (REP 301 study), 12 HBeAg-negative,
HBV-/HDV-coinfected patients treated with REP 2139-Ca in combination with
Peg-IFN-a resulted in 5 patients achieving HBsAg loss and 7 patients achieving
HDV RNA negative 1 year after the termination of treatment [194]. Very recently,
the final follow-up data from the REP 401 study aiming to assess the safety and
efficacy of REP 2139-Mg or REP 2165-Mg (250 mg iv qW) in combination with
TDF (300 mg PO gD) and Peg-IFN-a (180 pg SC qW) in 40 HBeAg-negative
CHB patients were reported by Replicor Inc. (http://replicor.com/, as of August
2019). The data showed that 40% of participants achieved functional cure of
HBYV. Meta-analysis of all HBeAg-negative patients in the REP 301 and the REP
401 studies revealed that the extent of transaminase flare activity correlated with
significant HBsAg reductions from baseline and greater chance of achieving func-
tional cure. Transitioning REP 2139-Mg from IV to SC administration is expected
to improve tolerability, thus enabling higher frequency of administration and fur-
ther improvement of HBsAg loss. The safety and efficacy of 48 weeks of subcu-
taneously administered REP 2139-Mg in combination with TDF and Peg-IFN-a
against HBV and HDV infections is planned to be assessed in upcoming REP 501
trial (http://replicor.com/, as of August 2019).
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3.2 New Agents Modulating Host Inmune Response

Host immune responses including innate and adaptive immune response play
important roles in the control of chronic HBV infection. Based on the immuno-
pathogenesis of HBV infection, modulating innate or adaptive immunity or both in
combination with other direct antiviral drugs to control HBV infection may provide
new strategies for CHB treatment. The immunomodulating therapeutic agents under
development include TLR-7 and TLR-8 agonists, retinoic acid-inducible gene 1
(RIG-I)/nucleotide-binding oligomerization domain protein 2 (NOD-2) agonists,
and programmed death-1 (PD-1) inhibitors, therapeutic vaccines, and others.

3.2.1 TLR-7 and TLR-8 Agonists

Toll-like receptors serve as the first-line defense against invading pathogens [198].
Activation of TLR may help to fight against HBV. TLR agonists (TLR-7 and TLR-8)
can induce endogenous interferon production and innate responses, leading to
induction of ISGs and other signaling cascades to inhibit HBV replication [199—
201]. Currently, the TLR-7 agonists (GS9620, RO7020531) and TLR-8 agonist
(GS-9688) are under different phases of clinical trials.

The TLR-7 agonist GS-9620 was shown to induce sustained reduction of HBV
viral load and serum HBsAg levels mainly via a type I IFN-a-dependent mechanism
in the human hepatocytes [202] and woodchuck [203] and chimpanzee models of
CHB [204]. However, in a recent Italian study enrolling 28 CHB patients with HBV
suppression (tested negative for HBeAg) by NA therapy, 12-week administration of
different doses of GS-9620 (oral, once weekly) appeared to increase T-cell and
NK-cell responses, but had no significant effect on HBsAg levels in the enrolled
CHB patients [205]. Similarly, in a phase II, double-blind, randomized, placebo-
controlled study enrolling 162 CHB patients who are virally suppressed by NA
treatment, the administration of GS-9620 resulted in dose-dependent pharmacody-
namic induction of ISG15, but had no significant effect on the systemic induction of
IFN-a expression and no significant effect on the levels of HBsAg [206]. RO7020531,
another TLR-7 agonist, when used in combination with a capsid assembly modula-
tor RO7049389, was reported to significantly reduce the levels of HBV DNA and
HBsAg in HBV replication mouse model [207]. At the 2019 APASL annual meet-
ing, RO7020531 was reported to be safe and well-tolerated in healthy volunteers
and could induce the increase of IFN-a-related cytokine and ISGs [208]. Further
evaluation of the TLR-7 agonist in combination with anti-HBV drugs on the
reduction of HBV replication, HBsAg, and cccDNA levels in treating CHB patients
is needed.

The TLR-8 agonist GS-9688 was shown to induce sustained efficacy and HBsAg
serological conversion in the CHB woodchuck model [209]. A randomized, blind,
placebo-controlled study showed that GS-9688 was well-tolerated in CHB patients
[210]. Currently, GS-9688 is undergoing phase II clinical trials.
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3.2.2 RIG-I/NOD-2 Agonists

RIG-I and NOD-2 are the pattern-recognition receptors recognizing signature pat-
terns of foreign RNA, resulting in the activation of the IFN-a signaling pathway and
the subsequent induction of ISGs and pro-inflammatory cytokines [211, 212].
Recently, it was reported that the 5’'-¢ region of HBV-derived pgRNA is recognized
by RIG-I, resulting in the predominant production of type III, but not type I, IFNs
in human primary hepatocytes. In addition, the RIG-I was also found to counteract
the interaction of HBV polymerase with the 5'-e region of pgRNA in an RNA-
binding dependent manner, resulting in the suppression of HBV replication [212].

The RIG-I agonist SB 9200 (inarigivir) is a novel oral modulator of innate immu-
nity [213]. Inarigivir has been investigated in a phase II multicenter clinical trial (the
ACHIEVE study) enrolling 80 treatment-naive non-cirrhotic CHB patients. The
enrolled patients were randomized 4:1 to receive ascending doses of inarigivir
(25 mg, 50 mg, 100 mg, and 200 mg) or placebo for 12 weeks, followed by a switch
to 300 mg TDF daily for a further 12 weeks. At the 2018 APASL annual meeting,
the first cohort inarigivir 25 mg was reported to have good safety and significant
antiviral effects on HBV replication [214]. At the 2019 EASL annual meeting, the
final results of the ACHIEVE study were reported [215]. It was demonstrated that
the reductions of HBV DNA and HBV RNA were observed in both HBeAg-positive
and HBeAg-negative patients in a dose-dependent manner, while the extent of HBV
RNA reduction was greater in HBeAg-negative patients. The HBsAg response
(defined as >0.5 log;, reduction at either 12 or 24 weeks) was seen in 22% of
patients, but the HBsAg decline was not dose-dependent. Further investigations of
inarigivir at doses of up to 400mg daily in combination with TDF or added to
NA-suppressed CHB patients are underway [215].

3.2.3 Programmed Death-1 (PD-1) Inhibitors

Adaptive immune responses are essential in obtaining successful control of viral
infection, and T-cell responses are the important contributors [216]. However, virus-
specific T cells are exhausted in chronic HBV infection, which is one of the major
barriers to eliminating the virus. In the course of chronic HBV infection, overex-
pressed inhibitory receptors on T cells are associated with dysfunctional T-cell
responses. Programmed death receptor 1 (PD-1), the most highly expressed inhibi-
tory receptor on HBV-specific T cells, together with the increased expression of
PD-L1 (PD-1’s ligand) in HBV-infected hepatocytes likely contributes to the exhaus-
tion of T cells and the high HBV replication levels in CHB patients [217-220]. Thus,
blockade of PD-1/PD-L1 pathway would promote the proliferation of HBV-specific
T cells, thus restoring the function of T cells to control HBV [217, 221].

Reversing “T-cell exhaustion” through the blockade of the PD-1/PD-L1 pathway
to improve specific anti-HBV T-cell responses has been proven in in vitro, HBV
mouse and woodchuck models [222, 223]. Very recently, the safety and immuno-
logic efficacy of the PD-1 inhibitor nivolumab were investigated in a phase Ib study
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enrolling 24 NA-suppressed HBeAg-negative CHB patients [224]. The enrolled
patients were treated with either single dose of nivolumab at 0.1 mg/kg (n = 2) or
0.3 mg/kg (n = 12) or two doses of nivolumab 0.3 mg/kg (at baseline and at week 4)
in combination with 40 yeast units of the HBV therapeutic vaccine GS-4774
(n = 10). Twelve weeks after the administration of nivolumab, no significant reduc-
tion of HBsAg level was observed in the two patients receiving nivolumab at 0.1 mg/
kg. Of the 22 patients who received 0.3 mg/kg nivolumab with or without GS-4774,
20 (91%) had significant HBsAg decline from baseline. One out of the ten patients
receiving the combination of nivolumab plus GS-4774 achieved sustained HBsAg
loss. Thus, this pilot study supports the inclusion of PD-1/PD-L1 blockade in future
combination strategies toward functional cure of chronic HBV infection [224].

In addition to above mentioned immunomodulators, other kinds of immunomod-
ulators including IFN-A [225], 1L-12 [226-228], IL-21 [229, 230], and IL-8 [231]
have also been reported to play a role in anti-HBV immunity.

3.2.4 Therapeutic Vaccines

Since the naturally cured HBV infection is accompanied by immune reconstitution
[232], stimulation of HB V-specific B- and T-cell immunity by therapeutic vaccina-
tion represents a potential approach to overcome the immune tolerance in CHB
patients [232]. Different categories of therapeutic vaccines (including protein-
based, DNA-based, and vector-based vaccines) have been developed and investi-
gated in both animal models and humans [233, 234]. Of note, most of the therapeutic
vaccines in clinical trials are being investigated in combination with current antivi-
ral drugs.

Protein-Based Vaccines

Protein vaccines include subunit vaccines and antigen-antibody complex vaccines. In
an open-label and controlled clinical study, 195 HBeAg-positive CHB patients were
randomized to receive 12 doses of AS02B-adjuvanted HBsAg vaccine plus LAM
daily or LAM daily alone for 52 weeks [235]. However, disappointingly, the com-
bined administration of vaccine and LAM did not demonstrate superior clinical effi-
cacy in HBeAg-positive CHB patients as compared to LAM therapy alone. To
increase the antigen-based immune therapy for CHB, a vaccine formulation contain-
ing both HBsAg and HBcAg (designated as HeberNasvac) was developed [236]. In
arecent open-label phase III study, 160 CHB patients were randomized 1:1 to receive
10 doses of HeberNasvac (100 pg HBsAg and 100 pg HBcAg per dose) via nasal
spray or 48 subcutaneous injections of Peg-IFN-a (180 pg per dose) [237]. The
HBeAg loss was found to be more frequent in the HeberNasvac group as compared
to the Peg-IFN-a group, but the antiviral effect was comparable in the two groups.
The antigen-antibody (HBsAg-HBIG) complex therapeutic vaccine with alum as
adjuvant showed promising results in a double-blind, placebo-controlled, phase IIb
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clinical trial [238], but results from a phase III clinical trial enrolling 450 CHB
patients treated with alum-adjuvanted HBsAg-HBIG or alum alone were disap-
pointing as no significant difference in reduction of HBV DNA level and normaliza-
tion of liver function was observed in the two groups [239]. The unfavorable results
from the therapeutic protein vaccines are most likely due to the fact that those vac-
cines preferentially induce antibody but not cytotoxic T-cell responses [233].

DNA-Based Vaccines

DNA-based vaccines encoding HBV envelope proteins were designed to induce
HB V-specific T cells. INO-1800, a multi-antigen DNA vaccine encoding HBsAg and
a consensus sequence of HBcAg, is now in phase I clinical trial administered with or
without INO-9112 encoding human IL-12 in 90 CHB patients either on ETV or TDF
treatment [240]. HB-110, another multi-antigen DNA vaccine encoding HBsAg,
PreS1Ag, HBcAg, HBV polymerase, and human IL-12, was recently investigated in
a phase I clinical trial [241]. The enrolled 27 ADV-treated CHB patients were ran-
domized to receive a combination of HB-110 plus ADV or ADV alone. The results
showed that the HB-110 add-on to ADV did not show greater T-cell responses and
HBeAg loss than ADV alone [241]. Both INO-1800 and HB-110 vaccines need to be
administered via in vivo electroporation to enhance vaccine antigen expression and
immunogenicity, and the purpose of adding IL-12 as an adjuvant was aimed to rescue
the antiviral function of exhausted HBV-specific T cells.

Vector-Based Vaccines

The currently studied vector-based therapeutic vaccines mainly include the yeast-
based vaccine GS-4774 [242, 243] and the adenovirus-based vaccine TG1050
[244, 245].

GS-4774 is a recombinant, heat-killed, Saccharomyces cerevisiae yeast-based
vaccine expressing HB V-specific antigens including HBsAg, HBcAg, and HBx. In a
randomized, open-label, phase II study of GS-4774, 178 non-cirrhotic CHB patients
who were virally suppressed by NAs were randomized 1:2:2:2 to receive NA alone
or NA plus GS-4774 at the doses of 2, 10, or 40 yeast units subcutaneously every
4 weeks until week 20 [243]. It was shown that GS-4774 was safe and well-tolerated
but did not provide significant reductions in serum HBsAg in those treatment-expe-
rienced CHB patients. In another phase II study, the safety and efficacy of GS-4774
alone or in combination with TDF were investigated in 195 treatment-naive CHB
patients [242]. Although GS-4774 in combination with TDF was able to induce a
strong immunomodulatory effect (the increased production of IFN-y, TNF-a, and
IL-2 by CD8+ T cell), it did not reduce the HBsAg levels in those treatment-naive
CHB patients, either, suggesting that GS-4774 might be used in combination with
other antiviral agents to boost the anti-HBV immune response [242].
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TG1050 consists of a non-replicative adenovirus 5 vector encoding a unique
large fusion protein composed of a modified HBV core, a modified HBV poly-
merase, and selected domains of the envelope proteins [193]. Injection of TG1050
was able to induce a robust T-cell response and to exert an antiviral effect in HB V-
naive and HB V-persistent mouse models [244]. The safety and efficacy of TG1050 in
CHB patients under NAs were assessed in a phase Ib clinical trial [245]. TG1050
was found to have a good safety profile and capable of inducing HBV-specific cel-
lular immune response. Further clinical evaluation of TG1050 in combination with
other anti-HBV agents is needed [245].

4 Conclusions

In conclusion, over the past 20 years, tremendous progress has been made in the
understanding of HBV pathogenesis and the treatment of CHB. The advent of NAs
has made CHB an easily treatable disease. The current anti-HBV therapy with
potent and high genetic barrier NAs (ETV, TDF, and TAF) can suppress the viral
replication to undetectable level in the majority of CHB patients, preventing the
progression of CHB to cirrhosis and markedly decreasing the rates of HB V-related
HCC. The combination of NAs and Peg-IFN-a even makes the functional cure of
CHB possible in selected patients with low baseline HBsAg level and on-treatment
HBsAg response to Peg-IFN-a. To increase the rate of functional cure of CHB, a
combination of the existing anti-HBV drugs and one or more of the abovemen-
tioned new antiviral agents, either the direct antiviral drugs targeting the different
steps of HBV life cycle or the indirect antiviral drugs modulating the host immune
responses, will be necessary. With the concerted efforts of basic research scientists
and clinical experts from both professional societies and pharmaceutical compa-
nies, the ultimate eradication of HBV infection is likely to be achieved in the fore-
seeable future.
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