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vast majority (>95%) of adult exposures, the infected individuals are capable of mounting an effective
immune response leading to infection resolution. A good understanding of HBV dynamics and the inter-
action between the virus and immune system during acute infection represents an essential step to char-
acterize and understand the key biological processes involved in disease resolution, which may help to

Ilfl?g:fi;?ss:B identify potential interventions to prevent chronic hepatitis B.

Quantitative systems pharmacology In th.is work, a qua}ntitative systems phgrmacology model for acute .hepatitis B characterizing viral
Mechanistic modeling dynamics and the main components of the innate, adaptive, and tolerant immune response has been suc-
Immune system dynamics cessfully developed. To do so, information from multiple sources and across different organization levels
Viral dynamics has been integrated in a common mechanistic framework. The final model adequately describes the

chronology and plausibility of an HBV-triggered immune response, as well as clinical data from acute
patients reported in the literature. Given the holistic nature of the framework, the model can be used
to illustrate the relevance of the different immune pathways and biological processes to ultimate
response, observing the negligible contribution of the innate response and the key contribution of the cel-
lular response on viral clearance. More specifically, moderate reductions of the proliferation of activated
cytotoxic CD8+ lymphocytes or increased immunoregulatory effects can drive the system towards

chronicity.
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1. Introduction

Hepatitis B is a liver infection caused by the hepatitis B virus
(HBV). Upon infection, HBV can trigger an acute response leading
to infection resolution (AHB), but the disease can also progress to
a chronic state (CHB). Currently, it is estimated that more than
240 million individuals are chronically infected worldwide and
between 15% and 40% of this infected population will developed
complications such as cirrhosis or hepatocellular carcinoma, and
eventually will die [1]. In 2015, CHB resulted in 887,000 deaths
worldwide [2], representing a major global health problem.

Despite the large number of treatments for HBV, such as
antiretroviral nucleos(t)ide analogs or immunomodulators, com-
plete eradication of the virus from the system (i.e., virologic cure)
is currently unattainable, with functional cure (i.e., sustained loss
of hepatitis B surface antigen, HBsAg, and HBV DNA in serum)
being the main clinical goal [3]. In this regard, the rate of functional
cure (i.e., loss of hepatitis B surface antigen [HBsAg]) of approved
treatments is below 11% in best case scenarios [1,4], thus justifying
current drug development programs. Although additional research
is still needed, promising results are being obtained when incorpo-
rating novel agents, such as nucleic acid polymers, to current ther-
apeutic strategies [5,6].

HBV infection is a highly complex disease triggering multi-
branched immune mechanisms, several of them still controversial.
Very briefly, the virus is sensed by the innate immune machinery
and can trigger an antiviral response [7,8]. This response could
be downregulated by the virus through different mechanisms, thus
appearing as a “stealth virus” [9,10]. On the other hand, the cellular
response has been largely postulated to be responsible for viral
clearance through cytolytic and non-cytolytic mechanisms
[11,12], leading to a prolonged and polyclonal CD8+ T cell response
in patients recovering from the disease. Finally, the humoral
response is involved in the clearance of circulating viral particles
as well as the prevention of viral spread [13], although its relative
contribution to viral control is unclear. In certain cases, an
immuno-tolerant response capable of limiting the effector immune
response can be triggered due to the immunologic nature of the
liver. This regulatory response has been postulated as one of the
drivers of HBV chronicity [14,15]. The underlying immune pro-
cesses involved in development of CHB are not completely under-
stood [16], it is clear that a mature immune system leads to AHB
with a potent and effective immune response and, eventually, res-
olution of >95% of cases in adults, while neonatal and infant infec-
tion (e.g., vertical transmission) leads to chronicity 80-90% of the
time [2]. Thus, the likelihood of progression from acute to chronic
infection highly depends upon the infection age.

Under this complex dynamic scenario, several mathematical
models have been developed to understand quantitatively the
interplay between viral dynamics, including HBV, and the immune
response. These models typically account for the time course of
healthy and infected hepatocytes, viral particles, and some type
of effector cells and/or cytokines in a semi-mechanistic fashion
[17-24]. The major limitation of these models lies in the oversim-
plification of the immune components, thus reducing their utility
to explore the role of each component of the immune system in
the final response.

Due to the complexity and fast evolving knowledge of the
immune system, as well as the difficulty in parametrizing such
big networks, examples of this kind of model are scarce. One of
the most relevant efforts was made by Marchuk et al. [25], who
developed a model in 1991 to describe and simulate the viral
dynamics of AHB infection, including a full immune response. Nev-
ertheless, this model failed to describe immune tolerance mecha-
nisms (some of them discovered after the development of the
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model), was based on animal data (whose immune physiologic
pathways differed compared with humans and cannot completely
recapitulate HBV replication), and also lacked compartmentaliza-
tion (description of the biological entities across the main physio-
logic compartments). A relevant example that considers this aspect
of compartmentalization, although not applied to HB, is the model
developed by Palsson et al. [26] for tuberculosis.

Recently, a topological representation characterizing the known
interactions between the key elements of the HBV and the immune
system-in terms of location, causality, and the nature of the rela-
tionship-was developed by our group [27]. Although this represen-
tation does not account for the magnitude, breadth, nor the
temporality of the response, it provides a comprehensive overview
of the system that can inform the building of a comprehensive
quantitative system pharmacology (QSP) model. Consequently,
and using the above-mentioned topological representation as the
starting point, the objective of this work was to develop a multi-
scale QSP model that is able to characterize mechanistically the
dynamics and role of the different components of the immune sys-
tem at a cellular level during an acute response against HBV, the
potential drivers of HB chronicity. The model could potentially be
used as a platform to evaluate pharmacologic targets.

2. Mathematical modeling
2.1. Description of the mathematical model

Focusing model scope on acute HBV response characterization,
the mathematical model structure proposed here is based on the
comprehensive literature review and previously published topo-
logical representation [27]. This topological network proposes the
interaction between the virus and key players of the innate, adap-
tive, and immunoregulatory system across 3 relevant compart-
ments: liver (LV), plasma (PL) and lymph node (LN).

A brief overview of the dynamic of the different system compo-
nents, as well as their effects, implemented in the final mathemat-
ical model is provided below. Fig. 1 schematically represents the
structure of the model showing the elements and the relationships
described below.

2.1.1. Viral dynamics

The model assumes that the system is initiated with a viral load
arriving to the liver. After viral inoculation, HBV can infect healthy
hepatocytes (Hep) and be cleared or be distributed through
plasma. In turn, infected hepatocytes (iHep) can produce more
virus, but also HBsAg that can also be distributed to plasma. All
hepatocytes (healthy and infected) are subject to natural death,
thus producing debris hepatocytes (dHep), responsible for the pro-
duction of the hepatic damage biomarker alanine aminotransferase
(ALT). Given that HBV is not considered a cytopathic virus and that
the number of total hepatocytes (Hep) is not expected to signif-
icantly vary during the acute setting, a quick equilibrium between
hepatocyte death and generation was assumed, thus Hep is the dif-
ference between total and infected hepatocytes.

2.1.2. Innate response

To characterize the innate response, a pool of naive dendritic
cells (DC) and natural killer (NK) cells with a zero-order synthesis
rate in plasma, which accounts for bone marrow formation, and
distribution from plasma to liver, was assumed. Upon virus recog-
nition, liver DC are then activated (DC*). A fraction of these DC*,
representing plasmacytoid DCs (pDC), produce interferon o (IFNo),
a cytokine known to inhibit viral replication as well as promote NK
cell activation (NK*). Similar to DC*, NK* cells produce IFNvy, which
can also inhibit viral replication. In addition, a fraction of these
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Fig. 1. Schematic representation of the quantitative systems pharmacology model. Model developed across 3 compartments: liver (yellow), lymph (green) and plasma
(orange). Entities described within the text. Solid lines indicate processes of synthesis, degradation or transport that impact on entities levels, dotted lines indicate
stimulatory (grey) or inhibitory (red) effects. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

NK*, accounting for NK cells expressing TRAIL, is also able to induce
direct iHep death.

On the other hand, a decrease in IFNa synthesis, triggered by
HBsAg, is implemented in the model to acknowledge the capability
of the virus to limit the innate response against HBV.

2.1.3. Adaptive response

DC* act as the link between innate and adaptive response by
triggering cellular and humoral events. In the case of the cellular
response, DC* can migrate directly from liver to lymph tissues,
where they trigger the activation and recruitment process of naive
CD8+ T cells to become CD8+ antigen-specific cytotoxic T lympho-
cytes (CTL). Upon antigen presentation by DC* to CTL, HBV-specific
CTL (CTL*) are generated. These CTL* distribute from lymph node,
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through plasma to the liver where they exert a non-cytotoxic
antiviral activity via the production of IFNvy, as well as a direct
cytotoxic activity killing iHep. Both lymphatic and liver CTL* are
considered to be capable of self-proliferation up to a maximum
level as long as there is viral presentation or viral load. A fraction
of the lymph-generated CTL* can evolve to memory CTL (CTLm).
In addition to the cellular adaptive response, the model also
accounts for the HBV-specific humoral response. The presence of
DC* in the lymph node triggers the activation of an existing pool
of naive B cells, which will then convert to plasmablasts (PB) and
initiate a maturation process, until plasma cells (PC) are obtained.
Two populations of PC were considered in the model-short-lived
PC (SPC) and long-lived PC (LPC)- to enable for a sustained anti-
body response. Both PC can then distribute to plasma where they
produce specific surface antibodies (anti-HBs) that increase the
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clearance of HBsAg and viral particles (HBV), as well as antibodies
against core antigen (anti-HBc).

The time course of CD4+ lymphocytes was not explicitly
included in the model despite their regulator role of effector
response, as they were not considered a limiting factor of the
immune response in this specific disease.

2.1.4. Immunotolerant response

Given the immune tolerogenic nature of the liver, DC* can acti-
vate the generation of liver regulatory T cells (Treg), differentiating
from a liver pool of naive T cells (ThO) in order to control the
immune response. Treg can self-proliferate as long as a cellular
response (CTL*) is still present, and limit liver cellular response
upon the induction of CTL exhaustion.

Myeloid-derived suppressor cells (MDSC) were not included at
this stage given the scope of the model and the limited information
available from a modeling perspective during the acute phase of
hepatitis B. Therefore, assuming that Treg represent both immuno-
tolerant effects.

2.2. Model building

Ordinary differential equations (ODEs) were used to describe
the time course of the system components across the 3 identified
compartments: LV, PL, and LN. In general, synthesis characterized
by ksyn rate constants was implemented for all components except
for infected hepatocytes, for which infection was considered and
modeled through a kj,r rate constant. Similarly, degradation or
death, controlled by kgeg and Kgearn rate constants, were specified
for all molecular and cellular components, respectively. In addition,
activation, exhaustion, or lytic processes represented by Kact, Kexn,
and Kjyc rate constants were considered. Finally, distribution
between compartments was also accounted for when biologically
needed (e.g., DC* distribute to lymphoid tissue to active CD8+ cells,
and these activated CD8+ reach the liver through the blood
stream).

The different biological processes previously detailed (e.g., syn-
thesis, degradation, distribution) were implemented using zero-,
first- or second-order rate constants. Michaelis-Menten or Hill
kinetic functions were also implemented to account for saturation
processes.

The equation below, which describes the temporal course of
iHep, is provided as an example.
diHep

d

k,'nf x HBVy x Hep — kdeathHw X lHep — k]ytif_(_n x CTL*

TRAIL
K

x iHep — Kiytic_nk x NK x iHep

The complete set of equations can be found in the Supplemen-
tary Appendix 1. The final model accounted for a total of 32 biolog-
ical entities across > 1 compartment, described through 41 ODEs
and 6 analytical equations. Note that due to data limitations, pro-
portionality was assumed across some entities if specific rates
were not required (e.g., IFNs in plasma-potentially useful biomark-
ers-were assumed to reflect liver quantities after volume correc-
tion). Viral replication was considered negligible when < 1
hepatocyte was infected.

Mathematical equations were implemented and the dynamics
of the different components were simulated using the Simbiology®
toolbox from Matlab® (R2019a).

2.3. Model parametrization and initial conditions

Several methods were applied to provide adequate initial condi-
tions for model entities and parameter estimates for the reactions
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(n = 103). We can differentiate between 2 types of parameters:
those that reflect physiological conditions (e.g., organ volumes or
entity levels at baseline) and those parameters describing the rate
of the different biological and disease processes. Below, the differ-
ent methods are described with the associated assumptions and
the degree of uncertainty. A special effort was made to avoid data
not coming from human origin and to select mechanistic and
robust data from the literature.

1. Physiological values extracted directly from the literature: This
methodology was primarily used for estimates or parameters
that were well established and assumed to be physiologically
plausible. As an example, the liver volume was set to
1500 mlL, rounding the value provided by Herman [28]
(1470 cm?).

. Physiological values calculated from published information:
Data were obtained from 1 or more sources and used for the
derivation of the parameters. One example is the derivation of
the volume of plasma in the body, assuming that around 60%
of the total blood volume (ca. 5 L) corresponds to plasma, lead-
ing to a derived plasma volume of 3000 mL [29]. In another
example, the number of Hepy,: was derived assuming that the
hepatic volume is 1470 cm? [28], the volume of a single hepa-
tocyte is 4900 pm? [30], and the parenchymal cell percentage
of the total liver is 80%. The total hepatocyte cell number was
estimated to be 2.4 x 10! cells.

1470cm® x 0.8 x 10'2 4™
4;00 T = 24510 cells

cell

Hep,,, =

3. Derived parameters or initial conditions from the implemented
QSP model: Some of the parameters were directly derived from
model equations to ensure homeostasis in the absence of viral
infection. This was the case for the daily production of naive
DCs or NK cells in plasma.

. Reused model parameter estimates from previously published
models: In these cases, the estimates were obtained from
previously published theoretical or applied models. Special
attention was paid to evaluate the model assumptions and
the nature of the data or references used for model develop-
ment. When available, >1 reference was consulted to increase
confidence in the parameter value. As an example, the infection
rate constant was obtained from a previous model fitted to clin-
ical data from hepatitis B infected patients under treatment
[19]. This model included uninfected and infected hepatocytes
and the virus. The infection rate constant was estimated
3 x 10'° mlL/(virion*day) (ranging from 0.7 x 10 to
6.7 x 10'°). Similarly, other authors used a value for the
infection rate constant within the same range (4 x 10'° mL/
[virion*day]) when fitting data from patients under treatment
and modelling uninfected and infected hepatocytes, viruses,
and effector cells [31].

. Parameter estimation from literature experimental data: When
parameterization of the biological processes was not directly
available, but experimental data quantitatively characterizing
the individual process (commonly through in vitro designs)
was identified, data from the original publication was extracted
or digitalized using WebPlotDigitizer 3.8 and fitted to a model,
as previously shown [32]. For example, this approach was used
to identify the IFNy liver concentration inhibiting 50% of HBV
synthesis (IFNYso_ypy) based on experimental data from 2 pub-
lications [33,34], where the inhibition of HBV replication in a
liver cell line was explored in vitro at different IFNy levels
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and under different conditions. The inhibitory model developed
was further challenged using additional validation data corrob-
orating the noncytolytic effect of IFNvy on viral replication [35].

6. Calibrated parameters: Unfortunately, quantitative information
to characterize all described biological interactions was not
available. In those situations, arbitrary values (n = 6) or fine-
tune estimates (n = 4) within plausible ranges were used to
achieve a desired behaviour. For example, Hill functions were
implemented on some processes to act like enablers, activating
or deactivating certain processes in the presence or absence of a
minimum level of a second component (e.g., activation of DCs in
the presence of viral levels). The implications of these estimates
in model performance were later explored through sensitivity
analyses (see below).

In Table S1, all 103 parameters used in the model are listed
along with their value and range if available, the methodology used
for their extraction, and the references.

2.4. Model evaluation

Model performance was evaluated at 2 levels. First, the capabil-
ity of the model to reproduce the temporal and sequential appear-
ance of the different entities in a biological and plausible manner
was evaluated and compared to general disease progression
knowledge. Then, typical (median) model predictions were com-
pared to clinical data extracted from 4 publications where the time
course of different biological markers in acute patients was
reported. These biological markers included HBV DNA circulating
levels, as well as ALT, HBsAg activated CTL, or IFNa levels in
plasma. Data were digitalized from original figures using
WebPlotDigitizer 3.8. An overview of the clinical studies can be
found in Table 1. To compare model predictions to observed data,
time profiles were normalized with respect to HBV DNA peak, as
infection time is unknown in most real cases.

2.5. Parameter analyses

Robustness of the final model and impact of the different imple-
mented processes on model entities was assessed through a local
sensitivity analysis using the complex-step approximation method
(MATLAB, R2019a). The fully normalized sensitivity profiles over

Table 1
Overview of clinical data studies used for model evaluation.

Computational and Structural Biotechnology Journal 19 (2021) 4997-5007

time for all the model components were computed and the integral
was reported.

In addition, a parameter scan analysis was performed to assess
the impact of individual parameter variations (+/- 50%) on relevant
end points and identify those processes that could drive the system
towards a chronic infection situation. Infection resolution was con-
sidered if plasma HBV DNA levels fell below 20 IU/mL (i.e. unde-
tectable levels) and change in time to resolution was computed
taking into consideration the maximum simulation time of
45 weeks.

2.6. Exploring model behaviour

2.6.1. Relevance of immune pathways.

A “knock-out” analysis was performed to evaluate the relative
importance of the innate (Kit nk = O or Kiee pc = 0), cellular
(Kact_ctL = 0) or humoral (Kact peen = 0) immune response compo-
nents on the profile of HBV DNA, the main marker of adequate
clearance of the infection. The role of the immunoregulatory
response was also explored by modifying the sensitivity of regula-
tory cells proliferation to CTL presence (CTLs0_treg proi) OF the inhi-
bitory effect of regulatory cells on CTL response (Tregso_treg_exh)-

2.6.2. Chronicity

The capability of the model to mimic acute status or develop-
ment of chronicity was evaluated at a population level computing
the percentage of subjects self-resolving the disease (i.e., HBV
DNA < 20 IU/mL at week 45). To do so, a virtual population
(n = 500) was generated assuming a log normal distribution with
30% variability of the most influential parameters identified during
a parameter scan (sensitivity index above 50 units). The distribu-
tions were truncated to limit the simulated values to the reported
ranges for the different model parameters (Table S1). The process
was repeated 100 times to obtain a confidence interval around
the percentage of self-resolving patients.

3. Results

The final HBV model comprised a total of 41 ODEs and 6 analyt-
ical equations defined by 84 parameters to enable the prediction of
the time course of main viral and liver components, as well as cel-
lular and molecular entities of the innate and adaptive response

Reference Brief description

Measured variables

Webster 2000 [58] 5 patients identified during incubation period

Day 0 based on the most recent possible time point of infection

Dunn 2009 [46]
Day 0 on first symptomatic day

Fisicaro 2009 [45]
Day 0 assumed at previous serological screening day

Chulanov 2003 [37]
Day 0 based on first symptomatic (illness) day

21 patients with acute HBV sampled during pre-symptomatic phase

2 blood donors found to have seroconverted during virological screening every 3 months

21 patients hospitalized with suspected acute viral hepatitis and confirmed of HBV monoinfection

HBV DNA (pg/mL) (n = 5)

ALT (U/L) (n = 5)

HBsAg (boolean) (n = 5)

IgM anti-HBc (Boolean) (n = 5)

NK cells (cells/mL) (n = 3)
HBV-specific CD8+ (cells/mL) (n = 3)
HBV DNA (IU/mL) (n = 9)

ALT (IU/L) (n = 8)

HBsAg (boolean) (n = 6)

IgM anti-HBc (Boolean) (n = 5)

IFNa (pg/mL) (n = 3)

HBV-specific CD8+ (cells/mL) (n = 4)
HBV DNA (IU/mL) (n = 2)

ALT (IU/L) (n = 2)

HBsAg (boolean) (n = 2)

anti-HBs (U/L) (n = 2)

anti-HBc (Boolean) (n = 2)

HBV DNA (ge/mL) (n = 21)

ALT (ULN) (n = 21)

HBsAg (png/mL) (n = 21)
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Fig. 2. Disease course of AHB. Model predicted time course of common biomarkers
of AHB disease normalized to their limit of detection. For HBV DNA and ALT
triangles represent the span and the time of peak levels. Entities defined within the
text.

across 3 compartments: liver, plasma and lymph tissue (Supple-
mentary Fig. 1).

3.1. Model evaluation

The model was capable of reproducing the general knowledge
regarding the typical time course of the acute disease in patients
as shown in Fig. 2. Although a quick disease onset of 3 weeks
was predicted after viral infection, the model predicted that viral
levels < 200 IU/mL would be reached 52 days after viral peak,
and complete viral eradication (<20 IU/mL) in approximately
8 weeks. Similarly, peak in ALT levels is predicted 2 weeks after
HBV DNA peak, and 3 weeks after the appearance of detectable
HBsAg (>0.1 ng/mL). Levels of HBsAg remain above the cut-off
for up to 10 weeks after inoculation. Antibody response was pre-
dicted to be delayed on infection, with anti-HBs levels arising
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above the protection threshold (10 IU/mL) between weeks 7-8
after infection, once HBsAg levels are undetectable.

Moreover, the proposed model was able to capture the time
course of relevant clinical biomarkers from patients with acute
HBV infection extracted from several publications, as shown in
Fig. 3. To note, only ALT levels extracted from clinical data were
used to calibrate ALT-related model parameters using the final
model structure; the rest of the clinical data were used as a valida-
tion set.

3.2. Parameter analyses

Results from the local sensitivity analysis are presented in
Fig. 4. Parameters governing the proliferation/death of CTL, fol-
lowed by those directly affecting viral dynamics (infectivity, target
cells, and viral synthesis) and the parameters regulating the
appearance of PC (mean transit time and number of transits of
PB) were the most influential on HBV levels.

To evaluate the impact of the above processes not only on the
time course of hepatitis B infection, but also the probability of
becoming chronic (i.e., time to cure), a parameter scan was per-
formed. The 20 most influential parameters on peak viral levels
and time to cure are shown in Fig. 5A. The processes influencing
peak or area under the curve levels (not shown) are in close agree-
ment to those identified in sensitivity analysis. However, under the
acute scenario, only the change in the proliferation capability of T
cells was able to switch from responder to non-responder, while
moderate changes in the rest of meaningful parameters such as
viral replication capability (Ksyn ngv) impact the maximum levels
or time to cure, but not the ultimate response (Fig. 5B).

3.3. Exploring model behaviour

3.3.1. Contribution of immune pathways

The relative contribution of each of the implemented pathways
on the time profile of relevant disease biomarkers - viral load, HBV
antigens, and ALT- was explored by individually suppressing or
activating their triggers one at a time (Fig. 6).
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Fig. 3. Evaluation of the final AHB model. Model predictions (solid line) versus real data (points) extracted from 4 different clinical studies: Webster et al. [58], Dunn et al.
[46], Fisicaro et al. [45], and Chulanov et al. [37]. See Table 1 for further details on data availability and study characteristics. Model entities defined within the text.
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Consistent with the parameter analyses results, blocking
the activation of NK cells had no impact on viral dynamics
or course. Similarly, blocking B cell activation or increasing

the inhibitory effects of regulatory T cells by a factor of 5
had some impact on slowing down the elimination of anti-
gen or delaying the start of viral clearance respectively, but
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did not the ultimate AHB disease
resolution.

On the other hand, when blocking the activation of effector cells
(CTL) or the antigen presentation to DC to initiate the response, an
outcome of CHB scenario was predicted. A similar outcome was
observed when the sensitivity to the activation of the immunoreg-
ulatory response was increased by a factor of 5, although with a

sustained hepatic damage trigger by the remaining CTLs.

change outcome,

3.3.2. Chronicity

To further explore the captured behaviour described under
model evaluation, the capability of the model to predict self-
resolution or evolution to a chronic status was evaluated at a pop-
ulation level. Those parameters exhibiting higher impact on the
sensitivity analysis — 11 in total- were selected and varied to sim-
ulate a virtual population: viral infectivity (Kinf), replication
(ksyn_nsv) and degradation (kgeg npv) rate constants representing
viral dynamics; CTL proliferation (Kpro_cti), degradation (Kgeg cri)
and lytic activity (kjytic_cr) rate constants representing the cellular
adaptive response; PB death rate constant (Kgean ps), PB mean
transit time (MTTpg), and number of transit compartments (NNpg)
regarding the humoral response; and Treg death rate (Kgeath_Treg)
and Treg levels triggering 50% of maximum rate of CTL exhaustion
(Tregso_crLexn) representing the immunoregulatory response. The
maximum (total) number of hepatocytes was not varied, as it
rather represents a physiological parameter, which can be consid-
ered constant. In addition, no parameters regarding the innate
response were selected due to their limited impact.

The virtual simulated population provided a simulated percent-
age of chronicity of 4.6 % with a 95% confidence interval of 3.0-6.4
%. Supplementary Fig. 2 shows the distribution of simulated
parameters for the population of patients with acute and chronic
disease. Major differences were seen in parameters accounting
for CTL proliferation and CTL degradation.

4. Discussion

Different mathematical models have been developed previously
for acute HBV; however, they have focused on certain aspects of
the immune response in isolation. To our knowledge, this is the
first quantitative systems pharmacology (QSP) model that aims
to integrate in a single framework the role of different relevant
immune response components -innate, adaptive and immunoregu-
latory - involved in HBV viral clearance, across multiple compart-
ments (plasma, liver, and lymph nodes).

To build the final QSP model, information from multiple sources
including existing models, clinical quantitative knowledge, and
in vitro experiments have been integrated. While the model scope
was mainly orientated to human data, there are certain biological
aspects, such as B cell response, that have only been evaluated in
animal species due to the limited ability to study them in humans
or using in vitro human models [13]. In these situations, the use of
data from animal models was necessary, representing an unavoid-
able model limitation. Once additional knowledge is gathered in
humans, especially understanding host and viral interactions in
the liver, that information will be helpful to optimize the model.

The course of HBV infection can be extremely variable depend-
ing on a wide range of viral and host factors such as the size of the
inoculum or the route of infection, among others [36]. However,
with a minimum inoculum size (1000 copies of HBV DNA) mimick-
ing the inoculum of a needle [38], the proposed model was capable
of successfully reproducing the typical time course of AHB from a
qualitative and quantitative point in view [36,39]. In this regard,
the model predicted HBV DNA to be the first viral marker appear-
ing in blood with levels remaining above 240 IU/mL for 7 weeks,
and a predicted time from peak to negativity (20 IU/mL) of 55 days,
consistent with previous knowledge [40,41]. HBV DNA levels were
then followed by an increase in HBsAg with a predicted antigene-
mia length of 60 days, close to the 56 days reported by Yoshikawa
et al. [41]. Both of those biomarkers are predicted to appear, before
the increase in ALT levels, which peaked 2 weeks after maximum
levels of HBV DNA [36,39]. Nonetheless, time from infection to
peak HBV DNA was underpredicted by the model, 3 weeks versus
6-8 weeks previously reported by Schmidt et al. [42], suggesting
that there is an initial latency period during which the virus does
not replicate or has a very low (undetectable) replication.

In addition to the known time course of the disease, the model
was able to accurately capture the temporal profiles from patients
followed during the acute disease (in the absence of treatment).
This aspect highlights model validity, especially since only ALT
levels were used to estimate release rate and the rest of the clinical
data were directly used to validate model performance. Regarding
the appearance of HBV-specific antibodies, quantitative data to
support different synthesis processes were not available in the lit-
erature. However, due to the high affinity of anti-HBs to both viral
particles and HBsAg subviral particles, their levels were not pre-
dicted to rise above the quantification threshold until viral clear-
ance. This mimics the known early appearance of anti-HBc, and
rise of anti-HBs late in infection and during the recovery [39].
The successful results from the model evaluation indicate that
the different elements of the model are well aligned, and the
parameter values were adequately selected, derived, or fine-tuned.
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The holistic nature of the developed model enables us to
explore in silico the relative contribution of the different arms of
the immune response to the ultimate viral clearance. In agreement
with general knowledge [16], the innate response had no or negli-
gible impact on viral clearance. Interestingly, the model did not
assume a “stealth virus”, so HBV could be sensed and initiate an
antiviral innate response (i.e., activation of NK cells and synthesis
of IFNat) [16]. This response was limited by subviral particles (i.e.,
HBsAg) that can inhibit IFNo synthesis [10,43], and thus also the
subsequent expression of interferon stimulated genes (ISG), which
indeed do not appear to be activated during the early phase
[43-57]. Regarding the humoral response, the model predicted
some impact, especially during late viral clearance, supporting a
role in controlling viral levels in the long term [13]. However, its
suppression did not change the ultimate outcome of the disease
during acute scenarios. The only factor predicted as essential for
viral clearance was the presence of a HBV-specific CD8+ T cell
response [16,47]. This was also experimentally shown when deple-
tion of CD8+ T cells in chimpanzees led to HBV chronicity [48].

Among the different processes involved in CD8+ response, pro-
liferation and death of CTLs seemed to explain better the HBV pro-
files than their cytotoxic and non-cytotoxic triggered processes.
Indeed, univariate moderate changes in CTL proliferation were suf-
ficient to trigger a chronic status. This is in agreement with clinical
observations that patients with CHB tend to have weaker CTL
response compared with those with AHB [49,50]. Unfortunately,
T cell response in chronically infected patients is poorly under-
stood. Different mechanisms such as T cell depletion, exhaustion,
or T cell dysfunction have been proposed [47]. In our modelling
framework, increasing the activation of regulatory T cells was
shown to also lead to a chronic status. Although regulatory T cells
(and presumably MDSC) may contribute to this T cell suppression
[14,51], whether the functional exhaustion of HBV-specific CD8+ T
cells is the sole or dominant contributor to CD8+ T cell failure, or
whether the virus can also escape through the generation of viral
escape sequence variants, like in HIV and HCV infection, and/or
evasion mechanisms triggered by HBsAg [52] are currently open
questions under extensive research, and therefore not incorporated
in the model at this stage.

When the parameter scan was applied to a theoretical chronic
scenario triggered by an increased immunoregulatory response
to investigate what processes were most meaningful, the impact
of the CTL proliferation parameter on viral levels was negligible,
while blocking viral infectivity or synthesis could decrease viral
load below detectable thresholds (both provided comparable
results; Supplementary Fig. 3). In addition, increasing the lytic
capability of CTLs or acting on the immunoregulatory stimulus
could also suppress viral levels (data not shown).

Naturally, this model development presents some limitations.
Quantitative human data to support all model processes were
not always available and some parameters had to be derived from
animal data (e.g., humoral response) or calibrated. In this regard,
this QSP framework can be seen as an opportunity to better under-
stand differences in the disease between animals and humans
enabling its use to characterize longitudinal data from other spe-
cies [48]. When additional animal and human data become avail-
able, the model can be expanded for use in translational research
and drug development applications.

Additionally, knowledge in HBV is fast evolving. Therefore,
there are other biological aspects of the host-immune interaction,
such as the potential role of HBeAg or HBV X protein (HBx) on the
development of a tolerance status [47,53,54], or the emerging
interest in myeloid derived suppressor cells for their capability to
also induce T cell exhaustion [55] and Treg expansion [56], which
are either not well characterized from a quantitative perspective or
for which contradictory results are available. These processes are
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likely to be of limited relevance in AHB, and consequently they
have not been incorporated into the current model. However, as
new quantitative data emerges and additional knowledge is
acquired and confirmed, the mechanistic nature of the model
might enable its extension to include additional mechanisms to
refine and improve its usefulness in HBV infection. The current
model did not evaluate the impact of HBV genotypes and muta-
tions on viral dynamics [57]. Results from the sensitivity analysis
revealed that parameters representing viral dynamics did show
an impact on HBV DNA levels but did not impact the transition
from acute to chronic status. However, those results should not
be applied more broadly without further investigation.

Despite these limitations, when simulating a virtual population
that takes into account reasonable variability (30%) on the most
influential model parameters and using the modeling framework
developed for the acute scenario, development of chronic HBV
infection was predicted for 4.6% of the simulated population. This
observation is in line with epidemiological data that estimate that
5% of patients evolve to chronic HBV infection after horizontal
transmission of the disease [2] and supports the robustness and
validity of the proposed model structure for viral hepatitis, espe-
cially considering that the virtual population was not previously
calibrated selecting only subsets of simulated patients, and that
development of chronicity is one of the most relevant outcomes
from the proposed model.

Some of the natural future applications of the current model in
acute HBV infection are: (i) predicting HBV-related acute liver fail-
ure, (ii) predicting response to acute HBV infection therapies, and
(iii) exploring differences in both treatment response and progres-
sion of the acute disease for patients with HBV, including those
with pre-existing liver disease (e.g., NAFLD/NASH). Dedicated liter-
ature searches and model building would be needed to adapt the
current model for these purposes.

5. Conclusions

In summary, a QSP model that integrates in a quantitative
framework the widely accepted biological processes triggered
upon AHB infection has been developed and successfully applied
to clinical data. Additional studies performed not only in peripheral
blood, but also at the liver environment are required to better
understand the complex host-virus interactions that govern the
ultimate outcome in HBV infection, especially regarding the inter-
play between viral components, and host adaptive and regulatory
immune responses. In this regard, this QSP model provides a valu-
able tool to identify knowledge gaps and validate hypotheses.
Moreover, given the mechanistic nature of the framework, it can
easily accommodate new knowledge in this highly dynamic field,
as well as serve as basis to integrate different potential mecha-
nisms of response.
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