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ABSTRACT

Chronic Hepatitis B presents a significant health and socioeconomic burden. The risk of hepatocellular carcinoma remains
elevated although treatments are available. Achieving an optimal treatment regimen necessitates a deep comprehension of the
dynamic relationship between the virus and its host across disease states. This tutorial elucidates essential considerations for
establishing a disease modeling platform to facilitate informed decision-making in hepatitis B treatment strategies. We review
several published models of varying complexity and describe the context that motivated each model's structure and assumptions.
Several of the models are made available in an interactive RShiny app to demonstrate the influence of model choice and sensi-

tivity to the choice of parameter values.

1 | Introduction

Chronic hepatitis B (CHB) represents a significant global health
challenge, leading to severe complications, such as cirrhosis and
hepatocellular carcinoma, caused by Hepatitis B virus (HBV),
a noncytopathic, hepatotropic, double-stranded DNA virus.
According to the World Health Organization's 2024 report, ap-
proximately 254 million individuals were living with CHB in
2022, resulting in an estimated 1.1 million deaths. Additionally,
1.2 million new HBV infections were estimated to have occurred
in the same year. The economic burden is significant, with pro-
jections from The Lancet Gastroenterology and Hepatology es-
timating that hepatitis B-related deaths could lead to over $780
billion in economic loss between 2022 and 2050 without in-
creased investment in prevention and treatment interventions.

There is currently no cure for CHB despite advances in hep-
atitis B treatment. This is, at least in part, due to the complex

pathobiology of the disease, which resembles a dynamic in-
terplay between the virus and the host’s immune system.
Understanding this interplay is non-trivial but can be aided
through the use of mechanistic models, which can be used to
simulate the impact of novel and existing treatments on viral rep-
lication, immune response, and disease progression. This may
facilitate the identification of drug targets, optimization of treat-
ment and dosing regimens, and design of more effective clinical
trials, ultimately improving patient outcomes. Establishing such
mechanistic models requires a deep understanding of the un-
derlying pathobiology and associated dynamic behavior of the
biological system.

This tutorial offers a step-by-step guide to developing a mecha-
nistic HBV model by first reviewing the key biological aspects
of HBV infections, including viral entry, replication, immuno-
pathology, and biomarkers relevant to both acute and chronic
phases of the disease before translating these aspects into
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mechanistic models of increasing complexity that encompass
the distinct HBV infection phases. Throughout this iterative
process, we will highlight key biological aspects driving model
complexity, strengths and limitations of the different models as
well as the critical role of data in model development, refine-
ment, and validation.

2 | Hepatitis Virus Infection Pathophysiology

It is first necessary to thoroughly understand the mechanisms
and pathways underlying the disease to develop a detailed,
mechanistic model of HBV infection. In the following sec-
tions, we provide a summary of the current understanding
of HBV infection, control by the host immune system, and
the various biomarkers that define each phase of the disease.
This detailed understanding will serve as the scientific basis
for later modeling and application to therapeutic research and
development.
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2.1 | HBV Viral Entry

HBYV infects hepatocytes and replicates in a complex, multistep
process involving several viral proteins as well as various forms
of DNA and RNAs, summarized in Figure 1. The virulent form of
HBY, also known as a Dane particle, comprises partially double-
stranded, relaxed circular deoxyribonucleic acid (rcDNA) bound
to a polymerase, enclosed within a nucleocapsid and a lipid
membrane envelope containing three variations of the HBV sur-
face antigen (HBsAg): small (S), middle (M), and large (L) pro-
teins. Once transmitted, the envelope proteins bind primarily to
hepatocytes [1-3], delivering the virion's genome into the cell.
Hepatocellular binding of HBV occurs predominantly on the
surface of hepatocytes spanning from the space of Disse to the
lumen of the sinusoids [1-3], mediated by selective, low-affinity
binding to heparin sulfate proteoglycans (HSPGs). HBV's liver
tropism is also largely attributed to its strong binding affinity
to the sodium taurocholate co-transporting polypeptide (NTCP)
receptor, which is abundantly expressed on the basolateral

cell-to-cell
infection
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HBV life cycle: Depiction of the lifecycle of HBV from its entry into a host hepatocyte to the production of infectious and non-

infectious particles. Upon transmission, HBV enters hepatocytes primarily through binding hepatocyte surface receptors such as (1) HSPG and then
(2) NTCP with subsequent endocytosis. The viral genome is then released (3) into the cytoplasm and (4) transported to the nucleus, where it forms
cccDNA. Replication of HBV involves (5) transcription of pgRNA from cccDNA, encapsidation of pgRNA with viral polymerase and core protein,
and reverse transcription to generate new (6) rcDNA or (7) dsIDNA. These newly synthesized genomes can either (8) replenish the cccDNA pool or (9)
dsIDNA can integrate into the host genome. (10) Translation of viral mRNAs leads to the production of HBsAg and HBeAg. (11) Mature virions bud
into the bloodstream from infected hepatocytes. (12) HBV transmission may also occur paracellularly through the bile canaliculus channel between
adjacent hepatocytes. The purple and blue arrows represent the rcDNA-related processes and the dsIDNA-related processes, respectively. The black
arrow represents both rcDNA- and dsIDNA-related processes (production of SVP particles).
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membrane of human hepatocytes [1-3]. Following binding, the
virus is thought to penetrate the cell through clathrin-mediated
endocytosis. After endocytosis, HBV traffics through the early
and late endosomal compartments and undergoes cytosolic
release, resulting in the removal of the viral envelope [1]. The
free nucleocapsid then translocated to the nucleus through the
microtubule network. Upon reaching the nuclear pore complex,
the nucleocapsid disassembles and discharges the rcDNA ge-
nome along with its covalently attached polymerase into the nu-
cleoplasm, initiating the replication phase of the virus [2].

2.2 | HBV Replication

Several host factors are crucial in modifying and repairing the
nuclear rcDNA during replication [2, 4, 5], ultimately forming
the covalently closed circular DNA (cccDNA) that encodes viral
proteins [4, 5]. Pre-genomic RNA (pgRNA) transcribed from the
cccDNA encodes both HBV Pol and HBV core protein (HBcAg)
[3]. HBcAg protein self-assembles to form the inner nucleocap-
sid enclosing the viral DNA, typically comprising 240 HBcAg
copies [6]. Subsequently, pgRNA is encapsidated with Pol and
reverse transcribed, producing a nucleocapsid containing either
rcDNA (90%) or double-stranded linear DNA (dsIDNA, 10%) [7].
The newly formed rcDNA and dsIDNA can either traffic back to
the nucleus, amplifying the pool of cccDNA, or integrate into the
host genome in case of recirculated dsIDNAs [3, 7]. Subsequent
transcription of both the integrated viral genome and cccDNA
yield viral mRNAs. These mRNAs code for HBV surface anti-
gen proteins (HBsAgs), which in complex with nucleocapsids,
bud into the lumen of multivesicular bodies (MVBs) [3, 7] and
release into the bloodstream as mature virions containing HBV
DNA [2, 3, 8]. Therefore, circulating HBV DNA is found only in
mature virions produced exclusively by hepatocytes containing
cccDNA. Similarly, cccDNA-produced mRNAs also produce the
pre-core protein p22cr which is processed into hepatitis B e an-
tigen (HBeAg), which is secreted and circulates in serum [3].
HBsAg also contributes to abundant formation of noninfectious
subviral particles (SVPs) in the bloodstream, outnumbering vi-
rions by a factor of up to 100,000 [2, 3, 9]. Notably, dsIDNA in-
tegration cannot support viral replication. Instead, it typically
leads to the expression of the three forms of HBsAg [3, 7] and
potentially fragments of the HBV-encoded oncogene X protein
(HBx). HBX, a key multifunctional regulatory protein, not only
drives viral replication but also interferes with several cellular
signaling pathways, contributing to virus-associated hepatocar-
cinogenesis [10]. Following the initial viral replication, the host
immune system may initiate a response.

2.3 | HBV Immunopathology

Most healthy adults newly infected with HBV typically ex-
perience short-lived, asymptomatic infections lasting under
6 months, known as acute hepatitis B (AHB) [11, 12], which
reflects effective viral control by the host immune system.
However, some infections progress to CHB, most commonly in
infants and young children [11, 12]: 90%-95% of CHB cases arise
from perinatal HBV infection compared to <5% in immuno-
competent adults [3, 11, 13].

2.3.1 | Acute Hepatitis B

Host immune responses usually clear the virus from the body
during AHB [3]. Following an initial innate immune response,
cellular immune responses including both CD4 and CD8+ T
cells are then activated and play a crucial role in clearing the
virus through both cytolytic (i.e., eliminating infected hepato-
cytes) [3], and potentially non-cytolytic mechanisms involving
IFN-y and TNF-« [14]. The humoral immune response also fre-
quently aids in clearing circulating viral and subviral particles,
thereby hindering viral dissemination, though its precise con-
trol in viral control remains uncertain [3, 15].

2.3.2 | Chronic Hepatitis B

Adaptive immune responses to HBV are weak to undetectable
in CHB patients in contrast to cases of acute clearance |3, 16].
This results in sustained viral persistence and many CHB
patients remain asymptomatic for decades before diagnosis.
CHB progresses through distinct phases (see Figure 2C),
each marked by unique clinical presentations that arise
from specific underlying biological processes [11, 13, 16-18].
Importantly, these phases are dynamic and not strictly se-
quential; patients may transition between phases in any di-
rection [17].

2.3.2.1 | HBeAg-Positive Infection Phase. The initial
phase of CHB, known as the HBeAg-positive infection phase,
is characterized by a limited host immune response toward
infected hepatocytes, resulting in an asymptomatic presenta-
tion [13, 17, 18]. While the precise mechanisms underlying this
immunotolerance remain incompletely understood and still
subject of ongoing investigation and controversy, multiple fac-
tors are thought to contribute to it. HBV antigen presentation
by hepatocytes in the absence of effective co-stimulation may
produce a tolerance-like phenotype in T cells distinct from
classical exhaustion [19]. HBeAg is hypothesized to act as
an immune tolerogen, desensitizing the T-cell response [20].
SVPs are believed to contribute as well by producing high lev-
els of HBsAg, which may overwhelm anti-HBsAg antibody
responses. Additionally, an imbalance of regulatory T cells
(Tregs) [21, 22] and Th17 cells may impair CD8+ T-cell prolifer-
ation, further dampening the immune response [23].

2.3.2.2 | HBeAg-Positive Hepatitis Phase. As the host's
immune system becomes more effective in clearing HBY,
a second phase, known as the HBeAg-positive hepatitis
phase, may emerge. This phase is characterized by the partial
immune-mediated elimination of infected hepatocytes, result-
ing in chronic liver inflammation and a degree of immune con-
trol over viral replication [13, 17, 18]. The loss of HBeAg in this
phase often signifies a favorable prognosis, especially when it
occurs at a young age [24].

2.3.2.3 | HBeAg-NegativeInfectionand HBeAg-Negative
Hepatitis Phases. Following the loss of circulating HBeAg,
patients may progress to either HBeAg-negative infection
phase, in which alanine transaminase (ALT), a biomarker
for liver injury, is not elevated, or the HBeAg-negative hepatitis
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FIGURE 2 | (A) Time course of acute hepatitis B infection with recovery: Short-lived HBV infection since the patient successfully controls the
virus. After exposure, there is an eclipse phase lasting approximately 8 days, followed by a window period where HBV DNA (solid green line) can be
detected, but HBsAg (solid blue line) is still absent. Around 35days post-exposure, HBsAg becomes detectable, followed by the appearance of anti-
HBc antibodies (pink dashed line). As the infection resolves, HBsAg levels decrease, and anti-HBc levels rise. A second window phase may occur
after HBsAg disappears but before anti-HBs (blue dashed line) are detectable, depending on the assay used. During this period, anti-HBc is the only
marker of infection. Over time, anti-HBs levels may drop and become undetectable, leaving anti-HBc as the sole indicator of past HBV exposure.
The disappearance of HBsAg and concomitant increase in anti-HBsAg signifies the resolution of AHB. (B) Time course of acute hepatitis B infection
without recovery: The infection is starting to transition from an acute state to a chronic condition despite the involvement of the adaptive immune
response to contain and clear the viral infection. HBV DNA (solid green line) and HBsAg (solid blue line) are not cleared and there is no anti-HBs. (C)
Time course of chronic hepatitis B infection: Chronic infections categorized into distinct phases, each characterized by a unique clinical phenotype
as the result of distinct underlying biological processes. The dashed lines for HBV DNA (green dashed line) and ALT (brown dashed line) represent
intermittent flares indicating increased liver inflammation or damage. These flares can be triggered by immune responses or changes in viral rep-
lication. The frequency of these episodes can vary among individuals. HBV, Hepatitis B virus; DNA, deoxyribonucleic acid; gHBsAg, quantitative
hepatitis B surface antigen; HBeAg, hepatitis B e antigen; anti-HBs, antibodies to surface antigen; anti-HBe, antibodies to e antigen; ALT, alanine
transaminase; LLOD, lower limit of detection. Adapted from [17].

phase, in which chronically elevated ALT persists. Individuals infection [13, 17, 26], if HBsAg levels are tested without simulta-
may enter these phases in either order and may revert between neous measurement of HBV DNA.
them [25].

2.3.2.4 | Resolved/Occult Phases. In some individuals, 2.4 | Biomarkers

robust CD8 T-cell responses successfully clear nearly all HBV+

cells, achieving a “functional cure” defined as persistently unde- Biomarkers provide critical insights into the origins, biological
tectable HBsAg and HBV DNA in plasma. Others in rare cases responses, and clinical presentation of a disease. One critical pa-
may enter the occult phase, defined as detectable HBV DNA rameter is HBV transcriptional activity in HBV+ hepatocytes.
despite HBsAg negativity indicating a persistent low-level infec- Since direct measurement of cccDNA or integrated HBV is chal-
tion driven by the immune system’s inability to eliminate latent lenging due to the invasive nature of liver biopsies [17, 18, 26],
reservoirs. Occult infection can be misdiagnosed as resolved secondary biomarkers of HBV infection are frequently employed
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to characterize infection dynamics. Critically, biomarker data
generated through clinical trials facilitates the development of
mathematical models describing these dynamics.

2.41 | Biomarkers for Acute Hepatitis B

AHB infection results in a set of biomarker trajectories (Figure 2A).
HBV DNA and HBsAg levels sharply increase as the virus rapidly
replicates in the liver post-infection. Subsequently, elevated liver
enzymes (ALT) appear in serum as immune-mediated cytolysis of
HBV+ cells begins, and clinical hepatitis signs may appear. Serum
HBeAg is often detected immediately after HBsAg s first detected.
As the immune response starts to control the infection, HBV
DNA levels gradually decline, followed by HBsAg levels. HBeAg
becomes undetectable as anti-HBe antibodies arise. The disap-
pearance of HBsAg and the simultaneous emergence of anti-HB
antibodies often signifies AHB resolution [17, 18, 26]. In contrast,
if viremia fails to be suppressed, HBsAg and HBV DNA continue
to remain elevated (Figure 2B).

2.4.2 | Biomarkers for Chronic Hepatitis B

CHB may progress through a number of phases with distinct bio-
marker profiles as shown in Figure 2C. Each phase is marked by
distinct profiles for HBV DNA, HBsAg, HBeAg, and ALT. The
HBeAg-positive infection phase is marked by high levels of HBV
DNA and HBsAg, the presence of HBeAg with a low rate of spon-
taneous clearance [27], and normal or slightly elevated serum ALT
levels. In contrast, the HBeAg-positive hepatitis phase is char-
acterized by gradual decreases in HBV DNA and HBsAg levels,
coupled with increased ALT, decreased HBeAg, and a potential
seroconversion to HBeAg-negative and anti-HBeAg antibody pos-
itive [13, 17, 18, 26-28]. In the HBeAg-negative infection phase,
HBeAg is not detected, HBV DNA levels are reduced, and ALT lev-
els are in the normal range. However, HBsAg expression persists
due to integrated DNA and residual cccDNA [13, 17, 18, 26-28|.
If ALT becomes elevated, the infection stage is characterized as
HBeAg-negative hepatitis. HBV DNA and HBsAg may show
transient or persistent elevation during this phase. HBeAg se-
roreversion may also occur, emphasizing the need for continued
monitoring [13, 17, 18, 26-28]. Lastly, both the resolved and oc-
cult phases are characterized by the loss of HBsAg, with anti-HBs
potentially present or absent in either phase [13, 17, 18, 26-28].
Notably, many individuals spontaneously clear HBsAg without de-
veloping detectable anti-HB antibodies [29]. In the resolved phase,
HBV DNA becomes undetectable, whereas in occult HBV, viral
DNA remains detectable, typically in the liver and occasionally in
serum. Additional biomarkers, including serum HBV RNAs and
hepatitis B core-related antigen (HBcrAg), may also be clinically
meaningful [17].

3 | Disease Progression Modeling

Disease progression models aim to comprehend the natural
evolution of the disease, mimicking its clinical features and bio-
markers in either treated or untreated conditions. Significant
effort is required to ensure that the model structure aligns ap-
propriately with the specific research objectives/context of use,

with the intricacy of the question at hand determining the ap-
propriate level of model complexity. In particular, more complex
semi-mechanistic and quantitative systems pharmacology mod-
els may be more suitable for predicting drug effects, identify-
ing therapeutic targets, optimizing dose selection, refining trial
designs, making go/no-go decisions in drug development, and
assessing risks based on available biomarker data [30].

Semi-mechanistic models of varying levels of complexity have
been developed over the years in HBV. Many models have been
previously developed for a variety of viruses with different
tissue tropisms, including HIV or hepatitis C virus. However,
HBYV exhibits unique clinical features such as lack of cell lysis
following infection, which ultimately led to the development of
models considering its unique biology with increasing levels of
complexity. These models exist in the context of a large space
of viral and/or immune cell dynamics that continue to evolve,
driven by ongoing biological discoveries. In the following sec-
tions, we illustrate the intricate process involved in construct-
ing such models, with each model driven by specific research
goals and available data. These models contain various elements
of HBV infectious biology as described in the previous sections.
For an overview of the key biological processes captured by each
model, refer to Table S1. Parameter values and initial conditions
for Models 1-7b are provided (Tables S2 and S3 respectively),
enabling readers to utilize this tutorial as a practical resource
for constructing their own models of HBV infection and disease
progression. Additionally, a set of models of acute HBV infec-
tion were implemented in Shiny within Rstudio and are made
available in the Supporting Information (Github link or Code S1
and S2). Two apps are available that implement Models 5, 6, 7a,
and 7b and provide the capability to adjust parameter values and
initial conditions in the mean profiles within the app to observe
their influence on viral dynamics, and the capability to observe
the models’ fit to the individual profiles.

3.1 | Chronic HBV Models
3.1.1 | Basic Virus Infection Model (BVIM)

Nowak et al. [31] developed one of the first semi-mechanistic
modeling frameworks for HBV infection building upon ap-
proaches used to investigate the dynamics of viral infections like
human immunodeficiency virus (HIV) and hepatitis C virus
(HCV). Subsequent studies, such as those conducted by Tsiang
et al. [32] and Lau et al. [33], adopted similar model structures
as Nowak et al. to describe HBV viral dynamics with a focus
on three distinct entities: target uninfected hepatocytes (T), in-
fected hepatocytes (I), and free virus (V). We refer to this system
as Model 1, shown in Figure 3.

In this model, healthy hepatocytes are produced at a constant
rate, such as from a source of progenitor cells outside the liver.
Uninfected hepatocytes can then be infected in the presence of
HBYV. Because HBV is considered a non-cytopathic virus, the
elimination of infected cells encompasses the innate response
and the cytolytic processes induced by the host's immune sys-
tem. The mechanism of virion clearance is not specified but
may occur through the reticuloendothelial function of the liver,
by the formation of antibody-virus complexes and subsequent
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FIGURE 3 | [Model 1]. Basic virus infection model (BVIM), chronic HBV. Three compartments: T, target uninfected hepatocytes; I, infected he-
patocytes; V; hepatitis B virus. s, production constant rate of target cells; d, uninfected cells death rate; g, infection rate; d, infected cells death rate;

p, virions production rate from infected cells; ¢, virions clearance rate.

phagocytosis, or other mechanisms. The aforementioned au-
thors used Model 1 to fit the kinetics of viral decay, using plasma
HBV viral load data from chronic HBeAg-positive patients
under different treatments, and estimated the kinetic constants
governing viral infection, cell death, and the efficacy of antiviral
therapy.

The models used in each of these publications differ somewhat
in their assumptions although structurally the same. Initially,
Tsiang et al. [32] aligned their assumptions with those of Nowak
et al. [31] in their data analysis. However, the viral load func-
tion failed to adequately fit the observed data throughout the
study duration. This led to them rejecting the assumption that
the number of infected cells remains constant during therapy.
While this approximation is valid for a brief period after ther-
apy initiation, it loses accuracy when applied to an extended
therapy period. This updated assumption is biologically plau-
sible and, based on their results, provides a more accurate fit
to the data. Delving deeper into the mathematical representa-
tion, Model 1 reveals certain limitations. The viral infection
process is assumed to follow mass action kinetics proportional
to free virions and healthy cells, with rate constant . While
this approach captures the overall infection rate, it fails to ex-
plicitly account for the underlying infection mechanism. This
assumption suggests that the rate of contact between healthy
target cells and free virions is the primary factor influencing
infection, overlooking potential saturation effects or variations
in infectiousness. Consequently, # lacks a clear biological in-
terpretation [34, 35]. Another issue arises when considering
the basic infection reproductive number, R, defined by %:i.
This metric estimates the number of secondary infections per
infected cell at the onset of infection if susceptible cells are not
depleted. If R, exceeds 1, the infection spreads; if it is below 1,
the infection subsides.

If the quantity T represents the absolute number of cells rather
than a concentration, then the steady-state number of cells be-
fore infection is given by di However, this would imply that in-
dividuals with smaller livers (and thus fewer liver cells), such
as children, might exhibit greater resistance to viral infections
than adults with larger livers, which is biologically implausible
[34, 35]. This relationship between R, and diT appears to be also
an artifact of the mass action formulation, often unsuitable for
infection dynamics involving numerous hosts, such as cells,
especially when the total cell count varies [35]. However, this

phenomenon does not occur when treating T and I as concentra-
tions, as is more frequently the case for this model.

For these early models, variations in the treatments and quanti-
fication methods for serum HBV DNA, as well as different model
assumptions led to different estimates of parameter values be-
tween Lau et al.'s study [33] and the other two [31, 32], rendering
it difficult to draw definitive model-based conclusions regarding
CHB infection [36, 37]. The reader can refer to Table S2 which
includes the parameter estimates for the different studies cited
for model version 1.

3.1.2 | Non-Cytolytic Process

A later study by Lewin et al. [38] analyzed serum HBV DNA
data from HBeAg-positive chronic hepatitis B patients undergo-
ing antiviral treatment. The authors observed that some patients
exhibited a complex pattern characterized by phases of viral de-
cline interspersed with periods of minimal change in viral load,
a pattern not captured by earlier models. These intricate decay
profiles pointed to an additional mechanism of infected cell loss
beyond the cytolytic pathway, highlighting the complex inter-
play between the virus, cells, and the host immune response in
CHB. Lewin et al. proposed an updated model (Model 2, shown
in Figure 4) that incorporates a non-cytolytic pathway for in-
fected cell clearance to address this. This mechanism, involving
the clearance of cccDNA from infected cells and their reversion
to an uninfected state, was backed by observations made by
Guidotti et al. showing that CD8+ T cells clear HBV cccDNA
from the nucleus and HBYV replicative intermediates from he-
patocyte cytoplasm without inducing cytotoxicity via the action
of inflammatory cytokines such as IFN-y and TNF-a [39].

New experimental data generated through molecular beacons
and real-time PCR, accurately quantified HBV viral titters across
awide range, revealing heterogeneity in viral decay profiles that
previous models did not capture. The observed decay patterns,
such as plateau phases and staircase declines, indicate that prior
models' biphasic assumptions were insufficient to capture these
dynamics. By incorporating non-cytolytic mechanisms and po-
tential delays before drug efficacy, this updated model aligns
more closely with observed HBV DNA data, accommodating
the individual variability seen in HBV patients under treatment,
thereby improving predictive accuracy compared to simpler
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FIGURE4 | [Model 2]. Chronic HBV. Three compartments: T, target uninfected hepatocytes; I, infected hepatocytes; V, hepatitis B virus; s, pro-
duction constant rate of target cells; d,, uninfected cells death rate; 3, infection rate; J, infected cells death rate; p, virions production rate from in-
fected cells; c, virions clearance rate; p, noncytolytic cure rate of infected cells.
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FIGURE 5 |

[Model 3]. Chronic HBV. Three compartments: T, target uninfected hepatocytes; I, infected hepatocytes; V, hepatitis B virus; s,

production constant rate of target cells; d,, uninfected cells death rate; 8, infection rate; 6, infected cells death rate; p, virions production rate from

infected cells; ¢, virions clearance rate; p, noncytolytic cure rate of infected cells; T

models used in earlier research. The final model parameters are
shown in Table S2.

3.1.3 | Uninfected Hepatocyte Proliferation
and Standard Incidence Function

To overcome the previously mentioned issues arising from the
mass action treatment of viral uptake, later models by Min et al.
[34], Gourley et al. [35], Eikenberry et al. [40], and Hews et al.
[41] introduced a “standard incidence function,” which incorpo-
rates a maximum infection rate, f, defining the rate at which
healthy cells become infected. By dividing the product of healthy
cells and free virions by the total population size (T + I), it nor-
malizes the infection rate, reflecting the proportion of healthy
cells available for infection. While both formulations describe
the infection rate within a population, the standard incidence
function provides a clearer biological interpretation of g, as the
maximum infection rate of the virus. It accounts for population
size and explicitly links f to the probability of infection per con-
tact, making it more biologically meaningful within the context
of infectious disease infection.

Another simplifying assumption made in the previous models
is that uninfected hepatocytes are produced at a constant rate.
However, this approach does not consider constraints to hepato-
cyte proliferation, such as regulatory feedback mechanisms or
limited nutrient supply [42]. Thus, some models replaced this
term with a logistic growth function dependent on the current
number of hepatocytes and a hypothetical maximum capacity
for hepatocytes [40, 41]. The updated model is more biologically

'nay Maximum carrying capacity; 7, maximum proliferation rate.
plausible as it considers regulated liver regeneration dependent
on the actual mass of the liver. We refer to this updated model
with these two changes, as Model 3, shown in Figure 5.

Min et al. [34] applied their model to clinical HBV infection
data (specifically, HBeAg-positive chronic hepatitis B patients
from Lau et al. [33]). The simulation results closely matched
the reported clinical data, demonstrating better agreement with
clinical trials compared to Model 1. Eikenberry et al. [40] and
Hews et al. [41] emphasized that incorporating logistic prolif-
eration enriches the dynamics, introducing the possibility of
sustained oscillations alongside the well-known asymptotic be-
haviors. This periodic behavior mirrors repeated cycles of acute
liver damage, viral clearance, and spontaneous recovery seen
clinically as acute liver failure (ALF) [40]. ALF can manifest
suddenly, characterized by widespread hepatocyte necrosis and
massive immune activation, potentially leading to death [43].

While the updated model is more realistic, it still lacks the repre-
sentation for numerous aspects of pathophysiology such as vary-
ing cccDNA copies, different types of HBV particles, cell-to-cell
transmission, or proliferation of infected hepatocytes and its
influence on viral replication in the context of chronic disease.
Subsequent models aim to address these limitations through ad-
ditional model complexity.

3.1.4 | HBeAgand Immune Tolerance

One aspect not yet explored in previous HBV infection models
is the influence of different viral proteins found in serum upon
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viral dynamics. Ciupe et al. [44] investigated the role of viral
antigens in immunotolerance, particularly focusing on serum
HBeAg, which is believed to play a role in inducing immunotoler-
ance by inactivating HBeAg-specific CD8+ T cells, for example,
via clonal deletion, ignorance, or anergy (inability of HBeAg-
specific T cells to grow, maturate, and acquire effector function
such as cytokine production) [44, 45]. To establish a connection
between processes leading to HBeAg clearance, emergence of
potent cellular immune response, and liver damage, they devel-
oped a model we refer to as Model 4 (Figure 6). This model com-
prises HBeAg+ virus, HBeAg, and HBeAg-specific T cells. They
simplified the viral life cycle into a straightforward replication
model by incorporating hepatocyte infection and viral produc-
tion dynamics into a single virus equation. Upon encountering
the antigen, antigen-specific T cells undergo activation, expan-
sion, and differentiation into cytotoxic killer cells. The model
limits T-cell expansion to represent immunological tolerance.
Virus elimination is mediated by “immune cells,” assuming a
quasi-equilibrium between the virus and infected liver cells,
as immune cells are not represented as directly eliminating
the virus.

In the immune clearance phase of CHB, HBeAg is lost. This
loss is presumed to be due to either spontaneous HBeAg se-
roconversion or mutations leading to loss of viral antigen.
To capture this, the authors introduced a model considering

either HBeAg seroconversion (Model 4a) or HBeAg- mutation
(Model 4b). Model 4a assumes constant HBeAb concentration
at its maximal size, and Model 4b assumes a constant percent-
age @ of strain V,, mutating to give rise to virus V,_, and no

cross-reactivity between T-cell responses to HBeAg-negative
and HBeAg-positive viruses [46].

When the seroconversion is instantaneous or the mutation rate
is high, both scenarios are linked to minimal liver damage and
better disease prognosis. The model also suggests that HBeAg
induces T-cell tolerance by reducing proliferative capabilities
but not killing abilities. However, it simplifies the actual biology
by solely attributing T-cell inhibition to HBeAg, ignoring con-
tributions from factors like HBcAg and Tregs, or the imbalance
between Tregs and Th17. The age of tolerance loss is also over-
looked, which may impact infection severity. Despite these sim-
plifications, the study predicts dynamics during tolerance loss,
aiding in understanding its desirability and potential negative
long-term liver effects.

The model by Kadelka et al. [45] further explores the roles of
HBeAg. It predicts the interplay between cellular and antibody
responses on HBeAg seroclearance, incorporating uninfected
and infected hepatocytes, virus, HBeAg, effector cells, HBeAb,
and HBeAg-HBeAb immune complexes. This model is further
modified to include core and precore mutations.
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3.1.5 | Occult HBV Model

The occult phase of HBV infection remains poorly understood
due to limited biomarker data availability. Goyal et al. [47] tack-
led this challenge by employing mathematical modeling to elu-
cidate the dynamics of the transition from AHB to occult HBV,
suggesting cell-to-cell transmission as the primary driver of
occult HBV infection. This conclusion is supported by the ob-
servation of clusters of virus-infected cells [2], which may arise
from the transfer of nucleocapsids through virological synapses
and extracellular vesicles. Goyal et al. found that occult HBV de-
velopment is not solely dependent on viral suppression but also
on inhibiting HBsAg production and export from cccDNA and
integrated HBV DNA. In addition, emerging evidence suggests
the existence of extra-hepatic sites of HBV replication, such as
peripheral blood mononuclear cells, which may significantly in-
fluence HBV infection [48-51]. While this aspect has yet to be
addressed through modeling, including these sites in this model
could lead to a better understanding of HBV dynamics.

3.2 | Acute HBV Models

The BVIM and its variants (Models 1, 2, and 3) exhibit limita-
tions in capturing the dynamics of viral load during AHB in-
fection. These models assume constant rates of infected cell
death and virion clearance, which might be suitable for chronic
infections (viremia steady state) but fail to reflect the dynamic
immune response during primary infection [36, 37]. Neglecting
the adaptive nature of the immune response, particularly the
nonlinear increase in cellular immunity and humoral clear-
ance, is a major limitation. Consequently, these models faced
challenges to appropriately replicate acute, self-limiting disease,
emphasizing the need for more realistic immune response mod-
eling in the next generation of models [40]. Since then, models
addressing the host immune response, primary acute infection,
and long-term outcomes have helped to deepen our understand-
ing of disease progression and the shift from acute to chronic
HBV infection.

3.2.1 | Data for Acute HBV Infection

Models capturing acute HBV infection have been severely lim-
ited by the lack of clinical biomarker data. Indeed, all acute HBV
infection models reviewed in this tutorial relied on data from
just seven patients with acute HBV infection [52, 53]. These pa-
tients were identified during a single-source outbreak of HBV
infection, where 30 patients were infected via autohemotherapy
with a single HBV variant. Remarkably, the seven identified pa-
tients were monitored before the onset of clinical hepatitis, al-
lowing for direct quantification of virus-specific lymphocytes.
This unique scenario provided an opportunity to investigate as-
pects of viral dynamics, clinical presentation, and host immune
responses during the incubation phase of acute HBV infection.

3.2.2 | Different Hepatocyte Populations

Infected hepatocytes may contain viral cccDNA or may in-
tegrate viral DNA into the cellular genome. Later models by

Ciupe et al. explored these distinct hepatocellular subsets to bet-
ter explain the acute infection data (Models 5 and 6, shown in
Figure 7) [54, 55].

3.2.2.1 | Two Populations of Infected Cells. Ciupe et al.
[54] categorized infected hepatocytes into two groups in their
study: group I; containing a single copy of cccDNA, and group
I, containing up to 50 copies, therefore having distinct levels
of transcription activity. Model 5 accounted for potential losses
in I, cells due to non-cytolytic processes leading to cell recovery,
and transition to I, with the synthesis of new cccDNA. During
cell division, I, cells could produce I; cells, but reversions to
uninfected T cells were considered minimal. During prolifera-
tion, it is assumed that I; gives rise to one infected cell with a
single cccDNA copy and another cell with no cccDNA, under
the assumption that cccDNA does not replicate during cell divi-
sion, thereby maintaining a constant population of cells with
one cccDNA. Both infected cell types are susceptible to cytolytic
elimination by effector cells. However, despite the increased
model complexity, incorporating the I, and I, subsets did not bet-
ter explain the data than the model with only one population
of infected cells with multiple copies of cccDNA. Moreover,
while the model described the HBV DNA data well, it revealed
challenges in balancing liver integrity and viral load control:
The proliferation rate parameter value resulted in an unrealistic
loss of hepatocytes, reaching up to 99% at the peak of infection,
but increasing that value led to viral rebound. As a result, other
mechanisms striking a balance between sustained liver integ-
rity and viral load control had to be considered.

3.2.2.2 | Refractory Cells Population, Model 6. Ciupe
et al. [55] further explored the relevance of refractory cells
and their role in reinfection in Model 6. Infected cells are depicted
as a single class with multiple cccDNA copies. Infected cells can
transform into refractory cells dependent on the non-cytolytic
action of effector cells and may eventually revert to uninfected
cells. The concept of cells becoming refractory to reinfection
or resistant to viral replication is crucial for preventing viral
resurgence as uninfected cells regenerate. The models fail to
capture the data and demonstrate characteristic oscillation in
viral load without these refractory cells, attributed to excessive
generation of target cells.

3.2.3 | Cellular Adaptive Immune Response

The previously discussed models capture various aspects of the
viral dynamics and hepatocyte infection but fail to fully con-
sider immune system dynamics or cytolytic effects. Ciupe et al.
[54, 55] addressed this gap by explicitly integrating the immune
response into their mathematical model. They illustrated the sig-
nificant role of cell-mediated immune responses in controlling
the virus post-peak in viral load, highlighting their critical roles
in both viral clearance and disease progression. Furthermore,
modeling results supported the proposal of Guidotti et al. [39]
regarding the role of the noncytolytic process in viral clearance.
They demonstrated that the initial rapid decline in HBV DNA
levels coincided with the peak of the noncytolytic immune re-
sponse. This suggested that the cytolytic response played a
role later in the infection by eliminating infected hepatocytes,
while noncytopathic T-cell effector mechanisms inhibit viral
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replication during early HBV clearance. ALT levels, indicative of
hepatocyte damage, exhibited a strong correlation with the cell-
mediated immune response, indicating the model effectively
captures cytolytic immune response dynamics.

3.2.4 | Humoral Adaptative Inmune Response
and HBsAg

B-cell-mediated humoral immunity is thought to play a crucial
role in controlling viral infection and circulating HBsAg beyond
CD8+ effector T cells. Several models, for example, Ciupe et al.
[56], delved into the protective mechanisms of the antibody re-
sponse, with a focus on non-infectious HBV particles like SVPs
which are thought to serve as a decoy for the infectious Dane
particles [1, 9], allowing HBV to evade the immune system and
persist in the host. Their study introduced an antibody model
(Model 7, shown in Figure 8) and its variations, which considered
uninfected and infected hepatocytes but omitted the recovery of
infected cells. This model also accounted for free antibodies gen-
erated in response to antigen load, encompassing both viral and

subviral components. The inclusion of a logistic term in the an-
tibody differential equation facilitated the representation of anti-
bodies persisting after viral clearance due to antigen-independent
proliferation of memory B cells and long-lived plasma cells.
Additionally, the model addressed antigen elimination through
the formation of antigen-antibody complexes.

A variation of this model, Model 7a (Figure 8), assumed a
quasi-steady state between SVPs and the free virus. The simu-
lations revealed that the predicted quantities of free antibodies
necessary for clearance far surpassed typical clinical obser-
vations in unvaccinated individuals, suggesting the need for
additional mechanisms such as effector CD8+ T cells (Model
7b, shown in Figure 8). These models accurately depicted the
transient nature of primary HBV infection, influenced by anti-
body presence. When anti-HBV antibody levels are high, such
as with a vaccine, individuals can achieve clearance if the rate
of subviral particle synthesis is slow. Similarly, viral clearance
can occur if SVP synthesis is high when anti-HBV antibody
production is rapid, antibody affinity is high, or HBV-specific
antibodies are elevated at the time of infection, achievable
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adaptative response). LE, cytolytic elimination rate of infected cells by effector cells (E); z, source of CD8+ T cells specific to HBV; «, activation and
expansion rate of effector cells; 7, time delay in activation and expansion; d, loss rate of effector cell. (B) Species mean profiles simulation of Model
7b: Simulation results of Model 7b over 300days utilizing mean parameter values and incorporating individual observations for viral load and ALT.

through vaccination. These conditions are crucial for effective Subsequently, antibodies become vital for preventing virus re-
clearance. Conversely, if anti-HBV antibody levels are low, a bound and reinfection at later stages. Therefore, both cellular
robust cellular immune response involving CD8+ T cells is and humoral responses must coordinate to clear AHB infec-
essential for controlling the initial burst of viral replication. tion in these patients.
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In summary, this study, along with prior works [54-56], under-
scores that AHB can be effectively managed through multiple
approaches: (1) having high pre-existing antibody levels, (2)
relying on a strong initial cellular immune response followed
by the development of protective antibodies, and (3) fostering a
robust cytopathic and non-cytopathic cellular response that pro-
vides lasting protection to hepatocytes against reinfection.

3.2.5 | Infected Hepatocytes Proliferation

The proliferation of infected hepatocytes as well as the reso-
lution of infection through cytolytic or noncytolytic process
both play critical roles in governing the dynamics of HBV
infection.

For example, successful immune clearance of HBV from the
liver appears to occur when cccDNA is lost during hepatocel-
lular mitosis [57]. Addressing this, Ciupe et al. incorporated
infected hepatocyte proliferation in an acute infection con-
text and considered spontaneous recovery through cccDNA
dilution [54, 55]. Additionally, Goyal et al. explored the role
of infected cell proliferation and concomitant loss of cccDNA
in aiding the adaptive immune response for AHB infection
clearance [58]. Their results suggested that clearance of AHB
infection likely depends on cellular proliferation, leading to
the generation of two uninfected cells. Their models also con-
sidered the addition of cytokine-mediated “cure” in certain
scenarios.

Another model addressing the role of cccDNA loss during cell
proliferation in AHB was developed by Murray et al. [59] Their
results suggested that a cytolytic effect alone is insufficient for
clearing the infection. They also demonstrated that, in the ab-
sence of refractory cells, partial cccDNA loss combined with
cytolytic and noncytolytic effects could clear AHB infection,
but at the cost of significant hepatocyte turnover (HT), result-
ing in substantial liver damage. Therefore, the presence of
refractory cells is pivotal if only partial cccDNA clearance oc-
curs during cell proliferation. Conversely, complete cccDNA
loss, without refractory cells, leads to AHB clearance with a
HT within acceptable limits [57]. This underscores the sig-
nificance of cccDNA clearance in AHB. Elevated HT levels
indicate consequent hepatic injury, which is not characteristic
of AHB. Thus, alternative mechanisms must be considered,
such as introducing refractory cells to achieve HBV clearance
with acceptable HT levels when only partial cccDNA clear-
ance occurs.

3.3 | Other Models of HBV Infection
Several additional models have been proposed in the literature

addressing various aspects of HBV infection biology beyond the
models already reviewed.

3.3.1 | ALT Model

ALT represents a clinically meaningful biomarker of liver in-
flammation after active viral replication. This biomarker has

been included in models by Su et al. [60], Ciupe et al. [61], and
others. The model developed by Su et al. [60] robustly captures
clinical data on ALT and HBV DNA. Similarly, Ciupe et al.
[61] developed a comprehensive mathematical framework of
HBV infection integrating ALT, although their primary focus
lay on investigating the impact of inoculum dose on infection
outcomes. Their model captures HBV DNA and ALT data from
HBV-naive adult chimpanzees and concluded that inoculum
dose influences both the timing and quality of CD8 T-cell ex-
pansion, particularly in terms of noncytotoxic function.

3.3.2 | Intracellular Model

While simpler models focus on the interplay between the virus,
cells, and possibly antibodies, more sophisticated models aim to
also capture the intracellular hepatocyte dynamics to provide a
better understanding of clearance mechanisms, enabling the ra-
tional design of treatment strategies. For instance, Murray et al.
[62] used data from acutely HBV-infected chimpanzees to study
the export of the virus from infected hepatocytes. They revealed
that the half-life of HBV in the blood is considerably shorter
than earlier estimates by incorporating preformed mature DNA-
containing HBV capsids into the model. Their findings suggest a
maximum half-life of only 4.4 h, which significantly differs from
the previous estimate of 1day [31-33, 38]. This study highlights
that the slow viral clearance is primarily due to the rate of viral
export from infected hepatocytes rather than the long half-life
of free virus in the bloodstream. Their findings indicate that the
decay of HBV DNA in the bloodstream during immune clear-
ance correlates more closely with changes in intracellular HBV
DNA levels than with extracellular processes.

3.3.3 | Innate Immunity Model

A study conducted by Fatehi et al. [63] presented a comprehen-
sive mathematical model that more broadly encompasses the
dynamics of the immune response to HBV. This model includes
refractory cells, the response of effector cells, and the production
of HBsAg antibodies and cytokines. While they also included
aspects of the innate immune response, its role in resolving
AHB infection has been a topic of debate. Indeed, experimental
evidence suggested that during AHB, HBV elicits minimal or no
innate immune responses [3].

3.3.4 | Multiscale Model

The models reviewed so far all consider the interaction be-
tween virus and various cellular and molecular components of
the immune system during HBV infection. However, most do
not address the influence of spatial distribution throughout in-
fection. Several authors have addressed this in their modeling
efforts. For example, Cangelosi et al. [64] developed a compre-
hensive multiscale model and concluded that HBV exploits the
spatial characteristics of the liver environment, with liver spa-
tial patterns contributing to the persistence of HBV infections.
Similarly, Kitagawa et al. [65] built a multiscale model quantify-
ing cccDNA in the liver along with intracellular and intercellu-
lar HBV infection processes. They applied this model to in vitro
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and vivo experimental data as well as specific surrogate viral
markers in serum, such as HBV DNA, HBsAg, HBeAg, and
HBcrAg to predict the dynamics of intrahepatic cccDNA. By
incorporating a relevant clinical endpoint such as intrahepatic
cccDNA dynamics, this approach may provide valuable insight
for further therapeutic development in CHB.

3.4 | Numerical Simulations Using R and RShiny

We have reviewed several models for hepatitis B infection and
viral dynamics of varying complexity in this tutorial. While we
attempted to describe in sufficient detail the nature of each model
and the accompanying mathematical formulism, we find that
the best way to fully understand the behavior of these models is
through interactive visualization. We have developed an inter-
active RShiny app that implements several models, including
Models 5-7b, to aid readers in understanding the dynamics of
HBYV infection. The app can be used to visualize either the popu-
lation mean (Code S1) or individual profiles (Code S2). Using Code
S1, we simulated Model 7b over 300days with the provided mean
parameter values and initial conditions (Tables S2 and S3), shown
in Figure 8B. The simulation demonstrates that cytotoxic effects
lead to the initial viral control (middle plot), while antibodies play
a crucial role in preventing re-infection (right plot). These anti-
bodies act similarly to the immune refractory state of target cells
described in Model 6, with their effects closely aligned with an-
tibody levels and timing. This analysis also integrates individual
observations for viral load (HBV DNA), showcasing the model's
capability of accurately representing these data points. Readers
can adjust parameter values, initial conditions, and simulation du-
rations to observe their impact on viral dynamics. For instance, by
setting the r parameter (proliferation rate) from 0.01 to 1 in Model
5, as done in Models 6-7b, oscillations in the HBV DNA profile
emerge, and HBV DNA clearance is no longer observed. These
simulations illustrate how the choice of model structure and pa-
rameter values can significantly influence predicted behaviors
and outcomes. We encourage readers to explore these tools to gain
a deeper understanding of the relationship between parameters
and the clinical outcomes predicted by different model structures.

4 | Conclusion

This tutorial aimed to highlight the high degree of complexity
of the various pathophysiological mechanisms contributing to
acute and chronic HBV infection. Accordingly, mathematical
models examining the contributions of these mechanisms to
the overall disease progression at various stages of the disease
are of great utility. We explored the relationship between as-
sumed mathematical model structure and predicted dynamics
for both acute and chronic HBV infection. Understanding the
differences between these clinical settings requires a detailed
study of existing knowledge derived from diverse experimental
datasets. Moreover, we emphasized how the generation of new
experimental data can necessitate new modeling assumptions
and lead to novel model-based insights.

As a pharmacometrician, it is important to determine model
complexity in light of the question at hand, while simplifying or
even omitting unessential aspects of disease biology. We showed

how the data available and the biological questions of interest
helped determine the modeling choices made by the study au-
thors through the examples provided. Importantly, although the
more recent models presented might reflect fresh perspectives
or new assumptions regarding HBV infection, the scientific
community must continue to acquire additional data that can
confirm the predictions and assumptions made by these models.
This iterative process of learning, confirming, and applying is
indispensable for advancing our understanding of the virus and
the patient and, ultimately, for developing more effective strate-
gies for its prevention and treatment.

Finally, this tutorial focused on reviewing our evolving under-
standing of HBV biology and the models developed to explain
clinical observations. In a powerful extension, disease progres-
sion models coupled with pharmacokinetic-pharmacodynamic
modeling allows for a quantitative evaluation of the effects of
drug treatments on disease progression. This approach has been
demonstrated in various studies, showcasing its potential to
provide a deeper understanding of the intricate relationship be-
tween modeling and drug therapy in managing viral infections.
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