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Graphical abstract

HBYV kinetics in PHH with and without entecavir (ETV) and/or Myr-preS1

Kinetic and modelling insights
on ETV treatment in PHH

ETV did not prevent or eradicate HBV infection

Modeling confirms that ETV strongly blocks (97%)
synthesis of intracellular HBV DNA by the end
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Mathematical modeling for early HBV infection and ETV treatment effect (red fonts) in PHH
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Highlights:

e Longer viability of PXB cells compared with standard PHHs
enables a more detailed HBV kinetic characterization
post infection.

e Mathematical modeling confirms that entecavir strongly
blocks (97%) the synthesis of intracellular HBV
DNA accumulation.

e Modeling predicts that entecavir slows cccDNA accumula-
tion by 44% without affecting the final cccDNA plateau level.

e Entecavir may have a multifunctional antiviral effect delaying
cccDNA accumulation.

https://doi.org/10.1016/.jhepr.2024.101311
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Clearance

cccDNA accumulation in ETV treated cultures
reached plateau slower (5 vs 2 days post
inoculation) than untreated and HBV-entry

inhibitor Myr-preS1 treated cultures
Extracellular HBV DNA
removal due to medium
replenishment-days 1, 2, 7

Modeling indicates that ETV slowed cccDNA
accumulation by an average of 44%

Impact and implications:

Using primary human hepatocytes (PHHs), we characterize
early HBV kinetics post infection. HBV-infected PHH were
treated with an entry inhibitor to characterize the accumulation
of intracellular and extracellular HBY DNA and the nuclear
episomal viral genome called covalently closed circular DNA
(cccDNA) in the absence of HBV spread. Kinetic and mathe-
matical modeling in PHHs confirms that the replication inhibi-
tor, entecavir, strongly blocks intracellular HBV DNA
accumulation, which also slowed the accumulation of cccDNA.
However, modeling indicates that effects on cccDNA accu-
mulation are not directly determined by intracellular HBV DNA
levels, supporting the conclusion that cccDNA levels within the
cell are regulated in some yet-to-be-elucidated manner.
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Background & Aims: Knowledge about early HBV covalently closed circular DNA (cccDNA) accumulation post infection is
lacking. We characterized and mathematically modeled HBV infection kinetics during early infection and treatment in primary
human hepatocytes (PHHSs).

Methods: PHHs were inoculated with HBV, and infection was monitored with and without treatment with the nucleoside analog
entecavir (ETV), the HBV-entry inhibitor Myr-preS1, or both ETV + Myr-preS1. Extracellular HBV DNA (exHBV), total intracellular
HBV DNA (inHBV), and cccDNA were frequently measured during the 12 days post inoculation. A multicompartmental mathe-
matical model was developed to explain HBV infection dynamics.

Results: Multiphasic exHBV and inHBV kinetics were overall similar in untreated and Myr-preS1-treated PHHs. In ETV-treated
PHHSs (either alone or with Myr-preS1), exHBV and inHBYV initially declined and did not resurge. ETV-treated cultures had signifi-
cantly (p=0.002) lower mean cccDNA levels at Day 2 post inoculation (4.3 + 0.1 vs. 4.7 + 0.1) and reached plateau slower (5 vs. 2
days) than untreated and Myr-preS1-treated cultures, respectively. Modeling predicts that the recycling of inHBV into cccDNA
stops when cccDNA reaches a maximum and HBV secretion changes depending on the concentration of inHBV. Even when
initiated at the time of inoculation, ETV did not prevent or eradicate infection but rather blocked inHBV accumulation gradually,
reaching 97% efficacy by the end of the 12-day experiment and resulting in an average 44% slower cccDNA accumulation.

Conclusions: The study provides insight into the interrelationships and dynamics of cccDNA accumulation, inHBV accumulation,
and secretion of exHBV containing particles. Although kinetics and modeling support the conclusion that the level of cccDNA in
the cell is regulated, the mechanisms that determine HBV capsid secretion vs. recycling to the nucleus for cccDNA accumulation
require further investigation.

© 2024 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

DNA (inHBV). Once partially double-stranded, the encapsidated
inHBV can then either be enveloped and secreted out of the cell
or be recycled back to the nucleus to be converted to cccDNA.
The kinetics and mechanisms through which cccDNA levels
accumulate during infection initiation as well as how cccDNA
levels are maintained during chronic infection (i.e. recycling vs.

Introduction

Hepatitis B Virus (HBV) infection is a serious global health
problem, with ~254 million people worldwide chronically
infected, causing more than 1,100,000, deaths per year.1 Cur-
rent antiviral therapies using nucleoside/nucleotide analogs

(NAs) and/or interferon can suppress HBV replication but are
rarely able to achieve complete elimination of HBV because of
their inability to eradicate the episomal nuclear DNA pools in
hepatocytes known as covalently closed circular DNA
(cccDNA).? To support current efforts toward developing HBV
cures,’ it is crucial to understand HBV infection dynamics at the
molecular level.

A key aspect of HBV infection is the accumulation and
maintenance of cccDNA in the nucleus, from which viral genes
are expressed as well as the pregenomic RNA template
necessary for the first step in synthesizing intracellular HBV

de novo infection) remain to be fully understood. Treatment
with a myristoylated pre-S/2-48myr peptide (Myr-preS1), which
binds to the cellular NTCP receptor, inhibits HBV entry into
cells, preventing HBV spread.“’5 Furthermore, there has been
interest in whether Myr-preS1 might affect cccDNA levels as
a result.>®

Another treatment, entecavir (ETV), is one of the most
effective NAs commonly used to treat HBV.” Although ETV
treatment can suppress serum HBV DNA levels to undetectable
levels® and has been shown to reduce cccDNA over time,’
long-term therapy rarely achieves elimination of cccDNA.
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Moreover, although much focus has been placed on the low
levels of resistance to ETV, minimal prior work'® has explored
ETV treatment during acute infection and how ETV affects
cccDNA dynamics.

Mathematical models of HBV infection have been useful for
understanding the dynamics of infection and elucidating the
underlying biological features involved. Although most of these
modeling efforts have not focused on intracellular HBV dy-
namics, several have. Murray et al’ developed an intracellular
mathematical model to investigate the dynamics of infection
and clearance in three acutely infected immunocompetent
chimpanzees with weekly sampled data. Several other works
studied in silico models that provided insights into HBV repli-
cation dynamics.'®'® A very recent work considered a model
that included cccDNA but did not focus on early accumulation
of cccDNA or early infection dynamics in general.’ Hence,
understanding early HBV infection in vitro using intracellular
mathematical models is lacking.

Here, we develop a multicompartment mathematical model
to provide insights into the early dynamics of HBV infection and
treatment in vitro in primary human hepatocytes (PHHSs). The
model comprises three compartments: cccDNA in the nucleus,
total inHBV, and extracellular HBV DNA (exHBV) in media. It is
worth mentioning that the media outside the cell must be
replenished at multiple time points during the experiment,
leading to routine removal of the exHBV. Our data-driven
modeling approach incorporates these media changes so
that insights can be derived despite necessary routine pertur-
bations to the system.

Materials and methods

Preparation of PHHs

PHHs were prepared as described previously.'® Briefly,
commercially available cryopreserved human hepatocytes
(lot 195 [BD Bioscience], Hispanic, female, 2 years; lot JFC
[BIO-IVT], Caucasian, male, 1 year; and lot TNX [BIO-IVT],
Caucasian, female 8 months) were transplanted in cDNA-
uPA/SCID mice via the spleen. PHHs were isolated from the
chimeric mice with humanized livers at 9-15 weeks after
transplantation by standard collagenase  perfusion.
Regarding lot BD195, the isolated PHHs were serially trans-
planted into cDNA-uPA/SCID mice for subsequent amplifica-
tion. Nine to 15 weeks after the serial transplantation, PHHs
were collected and seeded on type | collagen-coated 24-well
plates (4.0 x 10° cells/well) for experiments. PHHs were
cultured in vitro with 500 I of 2% DMSO-supplemented he-
patocyte clonal growth medium under 5% CO, and 95% air at
37 °C. Notably, the PHHs derived here from the uPA/SCID mice
are a well-established PHH-based model known to accurately
recapitulate results from human liver-derived PHHs.'¢'8

All animal protocols described in this study were performed
in accordance with the Guide for the Care and Use of Labo-
ratory Animals and approved by the Animal Welfare Committee
of Phoenix Bio Co, Ltd. (Hiroshima, Japan).

Preparation of HBV stocks

The original serum samples were obtained from patients
infected with HBV genotype C (from Nagoya City University

Hepatitis B dynamics in primary human hepatocytes

[AB246345]) after obtaining written informed consent for the
donation and evaluation of blood samples. Serum was positive
for HBsAg and HbeAg with high-level viremia. The experimental
protocol meets the ethical guidelines of the Declaration of
Helsinki and was approved by the Ethical Committees of Hir-
oshima University and Nagoya City University. Serum was
injected into human hepatocyte chimeric mice via the mouse
tail vein. After the inoculated mice reached high viremia, mouse
serum was collected and stored at -80 °C until use.

HBYV infection

PHHs were inoculated with HBV as previously described'® with
5 or 10 genome equivalents (GEqg)/cell for 1 day in the presence
of 4% polyethylene glycol (PEG) 8000. ETV treatment (2.5 nM
or 10 M) was started in parallel with the viral inoculum. Myr-
preS1 treatment (6.25 pg/ml) was initiated 1 day post inocula-
tion (p.i.). During the experiments, culture media was renewed
at 1, 2, and 7 days after HBV inoculation. The drug treatments
were continued throughout infection, and all experiments were
performed in triplicates. Culture media was collected at 1, 2, 3,
5, 7, 10, and 12 days after HBV inoculation in experiment 1
(frequent HBV kinetic experiment). In the infrequent HBV kinetic
experiment (experiment 2), the culture media was collected at
3, 7, and 12 days after HBV inoculation. In experiments 3, 4,
and 5, we used different PXB-cell donors and performed HBV
inoculation with or without ETV, where culture media was
collected at 1, 2, 7, and 12 days after HBV inoculation. HBV
genotype C was used in all experiments.

Quantification of HBV DNA and HbsAg in the
culture medium

DNA was extracted from the culture media or cells using the
SMITEST EX-R&D Nucleic Acid Extraction Kit (Medical & Bio-
logical Laboratories Co, Ltd., Nagoya, Japan). inHBV, exHBV, and
cccDNAHBYV levels were quantified by quantitative real-time PCR
(gPCR) as previously described.'®?" Total exHBV and cccDNA
gPCR was performed using 100 ng of extracted DNA extract.
HbsAg was quantified by ELISA, as previously described.'®%?

Statistical analysis

All statistical analysis were performed using Python (version 3.11)
and packages scipy (version 1.3) and numpy (version 1.17). Re-
sults with p values <0.05 were considered statistically significant.
The phase-wise slopes (with 95% Cls) of exHBV, HbsAg, inHBV,
and cccDNA were estimated using linear regression.

Mathematical model

We developed a multicompartment mathematical model to pro-
vide insights into the early dynamics of HBV during infection and
treatment in PHHSs (Fig. 1). The model comprises three compart-
ments per well: cccDNA (C) in the nucleus, total inHBV (V), and
exHBV (media) (V). The cccDNA (C) equation is as follows:
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Fig. 1. Schematic diagram for the HBV replication mathematical model in PHHs. The left side of the dashed line represents intracellular space, and the right side
represents extracellular space. During the infection, HBV enters into the cell and releases protein envelope into the cytoplasm of PHHs. After uncoating the HBV virions
into the cytoplasm, the partially double-stranded DNA is transported to the nucleus, where its genomic relaxed circular DNA forms cccDNA C (figure-eight symbols),
which degrades with rate constant d,. C is synthesized to iHBV (V,, circles) at rate p(t), and V; degrades at the rate constant (u). iHBV is assembled/secreted from cell as
eHBV (V, triangles) at the rate (k(V))). V. degrades with the rate constant . A fraction of the iHBV DNA re-imports back to form cccDNA copies with the recycling rate
(a(C)). In the experiment, the medium was replenished at Days 1, 2, and 7. ETV effects (red) block the synthesis of V; by a fraction (1 - ¢) and has a secondary hy-
pothesized effect (dashed X) of reducing recycling of iHBV by a fraction 1. cccDNA, covalently closed circular DNA; ETV, entecavir; exHBV, extracellular HBV DNA;

inHBV, intracellular HBV DNA; PHH, primary human hepatocyte.

0(C) = Omax <1 - %) ,

where 6(C) is the cccDNA-dependent logistic growth rate, Gax is
the maximum recycling rate, Cpax is the maximum level of cccDNA
per well at which cccDNA accumulation stops, and d; is the
degradation rate constant of cccDNA. t represents the time since
HBV inoculation. As shown in Fig. 2, cccDNA accumulation is slower
in the presence of ETV and ETV + Myr-preS1 compared with cells
not treated with ETV. Parameter i modifies ¢(C) to account for this
effect (0 < 5<1).
The total inHBV (V) equation is as follows:
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where V; is produced at rate p(t)C, p(t) is the time-dependent V,
synthesis rate, pmax is the maximum synthesis constant rate, 7 is
the time to reach approximately 50% of pmax, and m governs the
increase to pmax- For simplicity, we do not distinguish between
multiple intracellular replication steps such as the generation of
cytoplasmic capsid assembly or the generation of HBV single-
stranded DNA by reverse transcription and maturation to double-
stranded DNA inside the capsid. V; is degraded with rate con-
stant u, recycled to the nucleus at rate ¢(C)V,, and enveloped/
secreted at rate k(Vj)V. x(V)) was modeled using a Hill function,
where Knayx is the maximum secretion rate constant, Vi is the level
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Fig. 2. HBV kinetics during infection and treatment. PHHs were inoculated with 10 GEg/cell HBV. Cultures were either left untreated (UT) or treated with ETV, Myr-
preS1, or ETV + Myr-preS1. Three samples were harvested at the indicated time points,and HBV DNA was quantified by gPCR. (A) Extracellular HBV DNA, (B) total
intracellular HBV DNA, and (C) cccDNA. Data is graphed as mean + SD. cccDNA, covalently closed circular DNA; ETV, entecavir; GEg, genome equivalents; inHBV,
intracellular HBV DNA; Myr-preS1, myristoylated pre-S/2-48myr peptide; PHH, primary human hepatocyte; gPCR, quantitative real-time PCR.
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of V; at which the secretion rate reaches half of kax, and n is the
Hill coefficient. Because there is a delay in synthesis of inHBV, we
assume that there is no virion secretion (k = 0) before time 74.
ETV reduces the V; synthesis rate with a time-dependent efficacy of
(1-e(1-e).

The exHBV (V) equation is as follows:

dVe

<= K(V)Vi=yVe-R(1), ©)
0 if t<1
Ve " if t1
R(t)= ) ) ,
® Vel (e"‘("”+e“("2>) ift>2 "’
Vel (e—/l(t—‘l) 1o (t-2) +e-z<t-7)) if t>7

where V, is produced at rate x(V;) V; and cleared with constant rate
V. Media replenishment at Days 1, 2, and 7 is modeled using R({) as
an exponential decay function, where v is the exHBV decline
resulting from replenishment and 1 is the exponential decay
constant.

Parameter estimations
HBV DNA stability in media ()

To estimate exHBV (V) degradation rate y, culture media at 12
days p.i. were collected into microcentrifuge tubes, which were
pretreated with a culture medium containing 10% of FBS for
10 min. Samples were incubated at 37 °C for 1 and 5 days.
After the incubation, HBV DNA levels were quantified by gPCR
as described above and were found to be stable (Table S1.3).
Therefore, a clearance rate that is not significant was assumed
over the period considered, and we chose to set y = 0.012 per
day (i.e. t1,0 = 57 days), a half-life that is much longer than the
period of our experiment.

cccDNA degradation rate (d.)

The half-life (t1,5) of cccDNA has been assumed to be on the
order of weeks to months.'?>2* Because the 12-day experi-
ment is too short to estimate cccDNA t4,» in PHHs, d. was fixed
at 0.01/day (i.e. ti,» = 69 days).

Fixing parameters because of identifiability issues

Because parameters m and 1 (Eq. 2) are coupled and cannot be
individually estimated, m was arbitrarily fixed at 1.5. Because of
identifiability issues, for simplicity, n was fixed at 1, and Viso
was fixed at 5 x 10° cps/well. As noted in the Supplementary
information, 4 was fixed at 4.2 because of high uncertainty, with
the value of 4.2 arising from initially setting the value to 4.7,
fitting all other parameters and then determining the best value
of /. Likewise, selecting values from /. = 3 to 5 tends to provide
a good fit.

Hepatitis B dynamics in primary human hepatocytes

Initial conditions

The initial values of inHBV and exHBV for model calibration are
given by mean baseline measured data at Day 1 for untreated
(or ETV-treated) PHHs. The initial inHBV and exHBV values
were Vig = 3.35 x 10° cps/well and Vs = 3 x 10° cps/well,
respectively. The initial value of cccDNA was assumed to be
Co = 0 cps/well.

Estimation of unknown parameters

Estimation of initiation of productive HBV infection. To account
for the time between inoculation and the moment the virus
enters PHHSs to establish infection (which is the initial time to
start the model), we introduced parameter Sy, which was
constrained between 0 and 1 because the HBV kinetic data
were measured from Day 1 pi.

The remaining parameters, Sg, Gmax; Cmax, T Pmax> Kmax> T15
u, v, & 1, and Q were estimated via model calibration that was
implemented in Python 3.11. To solve the model, the inte-
grate.solve_ivp method from Virtanen et al.?® was used, with
the Explicit Runge-Kutta method of order 5(4). Parameter
fitting was performed using the Imfit library?® and the
Levenberg-Marquardt algorithm. The standard deviations
were computed from the returned correlation matrix. The
model was simultaneously calibrated on total exHBV, total
inHBV, and cccDNA first to obtain fits for parameters that are
not related to treatment with ETV. For this purpose, the Myr-
preS1-treated cells were used and fitted to avoid any effects
of potential spread, as suggested by statistically significant (p
<0.001) later increase in cccDNA in the untreated cells (Fig. 2c,
green symbols). Subsequently, the treatment parameters (¢, 7,
and Q) were fitted separately for ETV and ETV + Myr-preS1.
For cells treated with Myr-preS1 alone, ¢ and 1 were set to
0 and 1, respectively.

Results

ETV treatment during infection initiation prevents
amplification of exHBV levels

Four exHBV kinetic phases were identified in the untreated
PHH cells (Fig. 2A). The first phase was a rapid decline with a
slope of ~0.8 log/day (t;,» = 8.6 h) until Day 3 p.i. This was
followed by a slow increase between Days 3 and 5 pi (phase 2
slope = 0.08 log/day). Thereafter, exHBV increased rapidly, with
a slope of 0.43 log/day between Days 5 and 7 p.i. (phase 3),
followed by a slower increase of 0.12 log/day from Day 7 on-
ward (phase 4). The exHBV kinetic pattern was the same in
untreated and Myr-preS1-treated samples (Fig. 2A, blue and
red lines, respectively; Table S1.2). The kinetics of exHBV
accumulation under the ETV (and ETV + Myr-preS1) treatment
were similar through phase 2 but then diverged from the un-
treated and Myr-preS1 conditions, with exHBV levels remaining
unchanged or slightly decreasing post phase 2 (Fig. 2A, purple
and orange lines, respectively; Table S1.2). Similar kinetic
trends were observed in independent experiment 2 (Fig. S1.1-
S1.3) as well as with different human hepatocyte donors, HBV
inoculation doses, or ETV concentrations (Fig. S1.4).
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ETV treatment during infection initiation prevents
amplification of inHBV levels

Four phases of inHBV from the time of inoculation in the un-
treated PHH cells were identified (Fig. 2B). All conditions
exhibited a first phase inHBV decline. In untreated cells, the
phase 1 slope was 0.32 log/day (t1,2 = 22 h) until Day 2 p.i.
This is followed by a roughly flat second phase until Day 5. In
untreated and Myr-preS1-treated cultures, this was followed
by a rapid increase from Days 5 to 7 (phase 3 slope = 0.29 log/
day for untreated cells) and then a moderate increase from
Days 7 to 12 (phase 4 slope = 0.08 log/day) (Fig. 2B, blue and
red lines; Table S1.2). However, under the ETV treatment (with
or without Myr-preS1), the phase 2 plateau was followed by a
slow decline (phase 3 slope = -0.05 log/day for ETV alone)
(Fig. 2B, purple and orange lines; Table S1.2). Similar kinetic
patterns were observed in independent experiment 2
(Figs. S1.1-S1.3).

ETV treatment during infection initiation slows HBV
cccDNA amplification but does not affect the plateau level

In the untreated PHH cells (Fig. 2C, blue line), there was a first-
phase rapid increase until Day 2 p.i. (slope = ~0.96 log copies/
well/day; t;, = 8 h), followed by a slow phase 2 increase from
Days 2 to 12 p.i. that was significantly (p = 1.4e-8) different from
0 (slope = 0.04 log/day). Under the Myr-preS1 treatment, the
initial increase was followed by a plateau from Days 2 to 12,
which was not significantly (p = 0.74) different from 0 (Fig.2C,
red line). Under the ETV treatment, cccDNA increased in a
biphasic pattern, first up to Day 2 at 0.51 log/day and then from
Days 2 to 5 at a slower rate of 0.17 log/day (Fig. 2C, purple line).
A similar pattern was observed with ETV + Myr-preS1-treated
cultures (Fig. 2C, orange line). Similar kinetic trends were
observed in independent experiment 2 (Figs. S1.1-S1.3). The
plateau levels of cccDNA under the ETV, Myr-preS1, and ETV +
Myr-preS1 treatments were identical.

A ETV B

Myr-PreS1 C

Research article

Selecting the best mathematical model to reproduce the
experimental data

We chose not to test our models using the data from un-
treated cultures because there was an increase in cccDNA
later in the experiment, suggesting there may have been HBV
spread (Fig. 2C, blue line). We therefore used Myr-preS1-
treated cells for our baseline modeling to investigate initial
HBV amplification kinetics without spread. Data from the
cultures treated with ETV + Myr-preS1 and ETV alone, which
were almost identical (Fig. 2), were also modeled to investi-
gate the effect of ETV.

To replicate the kinetics of inHBV, exHBV, and cccDNA
during early infection and ETV treatment in PHHs, we explored
multiple models (Supplementary file, Section S2, Models S2.0-
S2.4, Table S2.1), each consisting of three compartments:
cccDNA (C) in the nucleus, total inHBV (V) in the cytoplasm,
and exHBV (V,) in the media. The key features in our final model
(shown in Egs 1-3) are as follows: (i) cccDNA production based
on a self-dependent logistic growth rate function, (i) a time-
dependent synthesis rate of inHBV, (jii) recycling of encapsi-
dated HBV DNA to the nucleus for the formation of cccDNA
being dependent on inHBYV levels, (iv) a secretion rate of inHBV
that is dependent on its own concentration, and (v) a time
dependence in the efficacy of ETV in blocking the production of
inHBV (see Supplementary file, Section S2). The final model
presented in Eqs 1-3 fits the experimental data well (Fig. 3),
including the Myr-preS1 (Fig. 3A), ETV + Myr-preS1 (Fig. 3B),
and ETV-alone treatments (Fig. 3C).

Estimating time for HBV to infect cells and begin

cccDNA synthesis

If the model starts at the time of HBV inoculation (t = 0), good
fits could not be obtained (not shown), consistent with the
expectation that it takes time for the inoculated HBV to enter
the cell, the DNA to be delivered to the nucleus, and cccDNA to

ETV + Myr-PreS1

HBV DNA (log,)

2 4 6 8 10 12 2 4 6
Days

Days
c — Vi

8 10 12 2 4 6 8 10 12
Days
— Ve

Fig. 3. HBV kinetics and model (Eqs 1-3) fit curves in PHHs treated with ETV and/or Myrcludex (Myr-preS1) for 12 days. (A) ETV-treated PHHSs, (B) Myr-PreS1-
treated PHHSs, and (C) ETV + Myr-preS1-treated PHHs. There are three samples measured at each time point. Lines represent model best fits corresponding to Eqs
1-3. The beginning of cccDNA amplification after the time of HBV inoculation is estimated as 22 h (parameter Sy in Table 1). The drop in extracellular HBV DNA at time
points 1, 2, and 7 replicates the replenishment at Days 1, 2, and 7, respectively. Parameter values are shown in Table 1. Note that for (A) and (C), parameters So, 0max,
Craxs Ts Pmaxs Kmax» 4 V, and 74 were fixed based on their values from (B). ETV, entecavir; Myr-preS1, myristoylated pre-S/2-48myr peptide; PHH, primary hu-

man hepatocyte.
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Table 1. Parameter estimations.

Hepatitis B dynamics in primary human hepatocytes

Parameter definition (notation, unit) Value = SD Figure(s) where value is used
Starting time of model integration (Sq, h) 22.1+03 Fig. 3A-C
Maximum recycling rate constant (6,max, per day) 0.029 + 0.005 Fig. 3A-C
Maximum capacity of cccDNA (Crax, 10910 cps) 4.79 + 0.02 Fig. 3A-C
Time to reach the maximum level of inHBV production (z, day) 5.05 £ 0.12 Fig. 3A-C
Maximum production rate of inHBV (pmax, Per day) 116 + 12 Fig. 3A-C
Maximum secretion rate of inHBV (kmax, per day) 0.093 + 0.009 Fig. 3A-C
Delay before secretion of inHBV (t4, day) 2.63* Fig. 3A-C
Degradation rate constant of inHBV (i, per day) 0.493 + 0.048 Fig. 3A-C
Fraction of replenishment decay (v) 0.926 + 0.026 Fig. 3A-C
Efficacy of ETV alone in reducing accumulation of cccDNA (i) 0.48 + 0.05 Fig. 3B
Total treatment inhibition of iHBV synthesis under ETV alone at Day 3 0.60 + 0.04 Fig. 3B
Total treatment inhibition of iHBV synthesis under ETV alone at Day 5 0.78 + 0.04 Fig. 3B
Total treatment inhibition of iHBV synthesis under ETV alone at Day 12 0.97 + 0.02 Fig. 3B
Efficacy of ETV + Myr-preS1 in reducing accumulation of cccDNA (i) 0.394 + 0.033 Fig. 3C
Total treatment inhibition of iHBV synthesis under ETV + Myr-preS1 at Day 3 0.65 + 0.04 Fig. 3C
Total treatment inhibition of iHBV synthesis under ETV + Myr-preS1 at Day 3 0.82 + 0.04 Fig. 3C
Total treatment inhibition of iHBV synthesis under ETV + Myr-preS1 at Day 3 0.97 + 0.02 Fig. 3C

Fixed parameters were d; = 0.1, y = 0.012, M = 1.5, Viso = 5€6, and N = 1. *Uncertainty could not be estimated. cccDNA, covalently closed circular DNA; ETV, entecavir; exHBYV,

extracellular HBV DNA; inHBYV, intracellular HBV DNA.

be formed. To address this, we incorporated a parameter into
the model, defining the starting time point of productive HBV
infection (Sp), which the model estimated to be 22.1 + 0.3 h
(Table 1 and Fig. 3).

Modelling suggests cccDNA accumulates according to a
logistic growth function

To reproduce the observed cccDNA accumulation within the
originally infected cells, we focused on the Myr-preS1-treated
cultures (Fig. 3A) and found that the recycling of inHBV to
cccDNA during initial infection follows a logistic growth func-
tion, where cccDNA accumulation stops above a certain level
(Models S2.0 and 2.1 and Figs. S2.0 and S2.1). The maximum
accumulation rate of cccDNA was found to be 6.« = 0.029 per
day, and the maximum level of cccDNA was given by a ca-
pacity Cinax = 4.79 = 0.02 log19 cccDNA cps/well. Hence, after
an Sy delay of 22 h, the initial rate of cccDNA accumulation was
100,000 copies per day per well but then quickly decreased to
less than half within 12 h, plateauing within 24 h (~2 days
p.i.; Fig. 3A).

Production of inHBV ramps up over time

A fixed production rate cannot explain the observed inHBV
kinetics (Model S2.0 and Fig. S2.0); instead, a time-dependent
rate is needed (Model S2.1 and Fig. S2.1). Consistent with
exponential viral amplification, there is a ramp-up in the pro-
duction of inHBV, and the estimated time to reach 50% of the
maximum production rate, pmax, is T = 5.05 = 0.12 days. At the
maximum, each copy of cccDNA corresponds to an average
production of ppax = 116 + 12 inHBV per well per day. The
clearance rate of inHBV was estimated to be |1 = 0.493 + 0.048
1/day, corresponding to a half-life of 34 + 3 h.

Secretion rate of inHBV varies with its concentration

The model predicts that the secretion rate of HBV DNA is
dependent on the concentration of inHBV with an initially
estimated delay of 41 h after the start of cccDNA formation,
which corresponds to 71 = 2.63 days p.i (Fig. S2.1 and Model
S2.3). The HBV secretion rate then ramps up according to a Hill

function with a maximum secretion rate of Kax = 0.093 + 0.009
per day. By Day 12, the number of inHBV copies secreted as
virions reached 86,000 HBV cps/well/day.

Media removal and replenishment explain the early decline
in exHBV

There was a decline in exHBV until Day 3 (Fig. 3A); however,
exHBV proved to be very stable in media at 37 °C (Table S1.3),
resulting in exHBV half-life being fixed at ~57 days, which
cannot explain the 1.5 log decline in exHBV by Day 3. However,
the virus was removed as a result of cell culture media changes.
Therefore, media removal/replenishment was incorporated into
the model, which led to an estimated v = 92.6% reduction (1 log
IU/ml) in exHBV concentration.

ETV blocks inHBV synthesis with a predicted secondary
effect of reducing cccDNA recycling

After estimating the parameters under the Myr-preS1-alone
treatment, we then fitted the model to the kinetic data from
the ETV-treated cultures to quantify the antiviral effects.
Because the kinetics of inhibition observed under the ETV-
alone and ETV + Myr-preS1 treatments were nearly identical
(Fig. 2A-C), the model-estimated parameter values for both
conditions were also similar with overlapping Cls (Table 1).
Therefore, for simplicity, reported here are the parameter values
averaged across both ETV treatment conditions. By blocking
the reverse transcription step of HBV genome amplification,
ETV’s efficacy (¢) in blocking inHBV accumulation changes over
time, exhibiting a rapid increase in efficacy before reaching a
final value (Model S2.4). The model estimates that the efficacy
of ETV in blocking inHBV synthesis increased over time with a
rate constant of Q = 0.34 + 0.03 1/day, corresponding to in-
hibition of 62%, 81%, 92%, and 97% of inHBV at 3, 5, 8, and
12 days p.i. Consequently, the model also predicts that the
downstream secreted exHBV levels are reduced proportion-
ately and recycling of inHBV to cccDNA is reduced under ETV
treatment (Model S2.2). However, the reduction in cccDNA
levels is not directly proportionate; instead, under the ETV
treatment, whether alone or with Myr-preS1 (Table 1), cccDNA
recycling is reduced, on average, by 1 = 44% + 7%.
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Discussion

Here, we presented a unique sampling of exHBV, inHBV, and
cccDNA during early HBV infection in PHHs. We performed a
detailed kinetic characterization of each parameter and found
that both untreated and Myr-preS1-treated PHHs had similar
inHBV and exHBYV kinetics, with both initially declining and then
accumulating in a biphasic pattern. In contrast, PHHs treated
with ETV exhibited a decline in both exHBV and inHBV without
any resurgences. In contrast, cccDNA levels increased rapidly
and quickly reached a plateau under all conditions, although
untreated PHHs had a subsequent increase, which we hy-
pothesize was because of spread. Although ETV-treated cul-
tures had slower cccDNA accumulation, the final plateau level
was similar to that of Myr-preS1-treated PHHSs.

To better understand the early HBV kinetics, we developed a
multicompartmental mathematical model that was able to accu-
rately reproduce the kinetics of inHBV, exHBV, and cccDNA in
Myr-preS1-treated cells. Notably, we incorporated model fea-
tures from several prior studies such as a time dependence for
inHBV production®’ and a Hill function to describe the secretion of
inHBV.?® We found herein that exHBV is stable in media yet
observed an initial decline over 3 days. We accounted for this via
media replenishment in the model. The model allowed an esti-
mation of the time from inoculation to the start of cccDNA accu-
mulation, which was found to be approximately 22 h. Only after
approximately 3 days p.i. did we observe an increase in exHBV
similar to the slow infection kinetics reported by Ko et al.'® in a
selected HepG2 cell clone expressing NTCP. This also suggests
that the eclipse phase could be between 22 and 72 h, reminiscent
of previous eclipse phase estimates in humanized mice.?”

For ETV-based treatments, simultaneous fits of the multi-
compartment mathematical model to inHBV, exHBV, and
cccDNA predicted a high level of blocking of inHBV accumu-
lation with a maximum ETV efficacy of 97%, explaining the lack
of inHBV and exHBV resurgence. In addition, the model pre-
dicted that ETV slowed cccDNA accumulation during early
infection within the cell by 44% (i.e. before the steady state)
without affecting the final cccDNA plateau level. It is important
to emphasize that the effects of ETV on cccDNA dynamics
during early infection in PHH reveal that cccDNA accumulation
is not simply or directly related to total inHBV levels. We
recently hypothesized, based on HBV RNA kinetics, that NAs

Research article

may have multifunctional antiviral effects, such as potential
transcriptional inactivation or degradation of cccDNA,?° which
could explain the observed effect of slowing cccDNA accu-
mulation in the present study. Nonetheless, whether the effects
on cccDNA accumulation reflect a currently unknown mecha-
nism regulating cccDNA recycling or an unexpected secondary
effect of NAs remains to be determined.

Meanwhile, this study has several potential limitations that
should be noted. First, although additional experiments with
different batches of PHHs from different PHH donors, different
HBV inoculations, and ETV doses showed similar exHBV ki-
netic patterns (Fig. S1.4), the results and modeling efforts
presented here were performed with one particular batch of
PHHs. Additional analysis should be performed, measuring not
only exHBV but also cccDNA and inHBV to determine how
different HBV genotypes, inoculation sizes, and PHH batches
affect the kinetics and confirm that the model can recapitulate
these data. Third, although the accuracy of cccDNA quantifi-
cation is dependent on the ratio of cccDNA to relaxed circular
DNA,*° and this ratio was within the range where cccDNA
concentration is considered accurate (below 250) for most time
points, this was not the case on Day 1, making our quantifi-
cation of cccDNA on Day 1 potentially less accurate. Fourth, we
excluded data measured in untreated cells from modeling
because we believe the later increase in cccDNA, which was
significantly (p<0001) higher at Day 12 than in the treated cells,
resulted from spread. Although we cannot be certain because
infected cell numbers were not measured, a recent publication
that did measure infected cell numbers found that untreated
PHHs do have considerably more infected cells than Myr-
preS1-treated PHHs.®' Lastly, although the viral kinetics and
modeling presented here indicate that cccDNA levels are not
simply a direct result of relaxed circular DNA levels, our study
does not provide any insight regarding the viral factors that
determine the maximal level of cccDNA in an infected hepa-
tocyte, which remains an important open question.

In summary, mathematical modeling confirms that ETV
strongly blocks the synthesis of inHBV accumulation in PXB
PHHs and demonstrates a nonproportional/nonlinear relation-
ship between inHBV and cccDNA. These results may suggest a
more complex regulation of cccDNA accumulation, which re-
quires further investigation.
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