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Graphical abstract

Viral kinetics in patients* treated
with bulevirtide (2 mg/day)

Theoretical modeling and predictions of response

*Patients with compensated cirrhosis and
clinically significant portal hypertension

P18 - Biphasic (BP)
— V model

o LLoQ
- -Hmodel o TND
—-Amodel A HBsAg

A
o HOVRNA % ALT
k 150 »

)

WA a4 a4 4 a

HDV RNA (log 1U/ml)
N S ©
Ve *

® L]

0 10 20 30 40 50
Time (weeks)

=}

Pre-treatment
Infectious status

/ 87% of patients in these categories \

AN o N > O

Concentration (log 1U/ml)

0

End of First Phase HDV
decline under BLV

Towards
1 virion/BF

_ BP13 - Flat partial response (FPR]

E 200 Oé\o

EN N

) 150 » 2

< 5

<4 100 &

P4 A A A 5 A <

§ 2 *\* 3 & o3 50 = Still >1 virus copy in patient’s total

2 T S % FP\‘ extracellular body fluid (BF), but
0 0 R may have clinical benefit such as

0o 10 Tinfg (weae(lis) 40 50 ALT normalization
Highlights Impact and implications

e Bulevirtide (BLV)’s mechanism of action provides a
unique opportunity to understand the dynamics of
HDV and HBV infection.

e Assuming ~100% blockage of HDV entry by BLV,
mathematical modeling suggested that there are
two populations of HDV-infected liver cells.

Modeling explained how ALT levels can normalize
without a change in HBsAg levels under BLV.
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Mathematical modeling of hepatitis D virus (HDV)
treatment with the entry inhibitor bulevirtide (BLV)
provides a novel window into the dynamics of HDV
RNA and alanine aminotransferase. Kinetic data from
patients treated with BLV monotherapy can be
explained by hepatocyte populations with different
basal HDV clearance rates and non-cytolytic clearance
of infected cells. While further studies are needed to
test and refine the kinetic characterization described
here, this study provides a new perspective on viral
dynamics, which could inform evolving treatment
strategies for HDV.
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Background & Aims: Bulevirtide (BLV) was approved for the treatment of compensated chronic hepatitis D virus (HDV)
infection in Europe in 2020. However, research into the effects of the entry inhibitor BLV on HDV-host dynamics is in its
infancy.

Methods: Eighteen patients with HDV under nucleos(t)ide analogue treatment for hepatitis B, with compensated cirrhosis
and clinically significant portal hypertension, received BLV 2 mg/day. HDV RNA, alanine aminotransferase (ALT), and hepatitis
B surface antigen (HBsAg) were measured at baseline, weeks 4, 8 and every 8 weeks thereafter. A mathematical model was
developed to account for HDV, HBsAg and ALT dynamics during BLV treatment.

Results: Median baseline HDV RNA, HBsAg, and ALT were 4.9 log IU/ml [IQR: 4.4-5.8], 3.7 log IU/ml [IQR: 3.4-3.9] and 106 U/L
[IQR: 81-142], respectively. During therapy, patients fit into four main HDV kinetic patterns: monophasic (n = 2), biphasic (n =
10), flat-partial response (n = 4), and non-responder (n = 2). ALT normalization was achieved in 14 (78%) patients at a median
of 8 weeks (range: 4-16). HBsAg remained at pre-treatment levels. Assuming that BLV completely (~100%) blocks HDV entry,
modeling indicated that two HDV-infected cell populations exist: fast HDV clearing (median t;,; = 13 days) and slow HDV
clearing (median t;, = 44 days), where the slow HDV-clearing population consisted of ~1% of total HDV-infected cells, which
could explain why most patients exhibited a non-monophasic pattern of HDV decline. Moreover, modeling explained ALT
normalization without a change in HBsAg based on a non-cytolytic loss of HDV from infected cells, resulting in HDV-free
HBsAg-producing cells that release ALT upon death at a substantially lower rate compared to HDV-infected cells.
Conclusion: The entry inhibitor BLV provides a unique opportunity to understand HDV, HBsAg, ALT, and host dynamics.
Impact and implications: Mathematical modeling of hepatitis D virus (HDV) treatment with the entry inhibitor bulevirtide
(BLV) provides a novel window into the dynamics of HDV RNA and alanine aminotransferase. Kinetic data from patients
treated with BLV monotherapy can be explained by hepatocyte populations with different basal HDV clearance rates and non-
cytolytic clearance of infected cells. While further studies are needed to test and refine the kinetic characterization described
here, this study provides a new perspective on viral dynamics, which could inform evolving treatment strategies for HDV.
© 2023 The Authors. 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/).

assemble infectious HDV progeny virions. HDV was recognized as
a distinct agent in 1977"2 and consists of a negative-sense, single-

Introduction
Hepatitis D virus (HDV) is an infectious subviral agent that can

only propagate in people infected with hepatitis B virus (HBV),
which supplies the necessary envelope proteins needed to
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stranded, circular RNA genome. HDV is a serious clinical concern
because ~9-19 million persons worldwide are chronically infec-
ted with HDV, i.e. about 5% of those with chronic HBV,** and
chronic hepatitis D (CHD) has been linked to a much more
accelerated course of liver disease compared to chronic mono-
infection with HBV® making it the most severe form of chronic
viral hepatitis in humans.® Nucleos(t)ide analogues (NUCs) for
HBV are not effective against CHD.” Sustained suppression of HDV
with pegylated interferon-o (IFN) is very low (~25%) and relapse
rates are high even with 5 years of treatment.®° The reason for
such low HDV cure rates is not known, in part because there is
little information on the HDV-HBV-host dynamics.
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Bulevirtide (BLV) at the dose of 2 mg/day was recently
approved for the treatment of compensated CHD in Europe.'°
BLV blocks the binding site of the human sodium taurocholate
co-transporting polypeptide on the HBV envelope, thereby
inhibiting HDV/HBV entry into hepatocytes.!" However, clinical
data collected thus far'>'® do not provide clear guidance on the
optimal use of BLV treatment (alone or in combination with IFN)
for CHD, including duration of therapy. Thus, there is an urgent
need to understand HDV-host dynamics under BLV treatment
and to develop optimal response-guided therapy.

Very recently, we reported high effectiveness (78% virological
response; 83% biochemical response; 67% combined response)
and a good safety profile of BLV 2 mg/day monotherapy in 18
patients with difficult-to treat HDV genotype-1 who had
compensated cirrhosis and clinically significant portal hyper-
tension (CSPH), with or without hepatocellular carcinoma
(HCC)." The current study is the first to characterize and
mathematically model HDV RNA, hepatitis B surface antigen
(HBsAg) and alanine aminotransferase (ALT) kinetics under BLV
monotherapy in patients with compensated cirrhosis and CSPH.

Materials and methods
Patient population
Eighteen HBeAg-negative patients with HDV-related compen-
sated cirrhosis and CSPH were included in this study at the
outpatient Liver Clinic of the Hepatology Division of the Foun-
dation IRCCS Ca Granda Ospedale Maggiore Policlinico as
recently described.!® Patients were all Caucasian, with a mean
age of 51 +14 years old and 67% were male. They had a mean BMI
of 24 and a mean initial ALT of 110 + 48 U/L (Table S1). Partici-
pants self-administered subcutaneous BLV 2 mg/day mono-
therapy starting in December 2020. All patients were receiving
tenofovir disoproxil fumarate or entecavir treatment for HBV.
CHD was defined as HDV RNA positivity for more than 6 months.
Cirrhosis and CSPH were defined in these patients as recently
reported.'* Baseline characteristics are provided in Table S1.
BLV treatment was approved on a case-by-case basis by the
Italian Medicines Agency (AIFA) and provided in the context of
the 5% AIFA fund program. Informed consent was obtained from
all 18 participants, according to the Helsinki Declaration. The
study was approved by the local IRB (Comitato Etico Area 2
Milano).

Follow-up and measurements

All kinetic data were collected at treatment baseline, week 4, 8,
16, 24 and 48. HDV RNA was quantified by RoboGene® HDV RNA
quantification 2.0 (Aj-Roboscreen, Jena, Germany; lower limit of
quantification [LLoQ] 6 IU/ml). HBsAg was quantified by Elecsys
HBsAg Il quantitative assay on the Cobas®e801 Analyzer (Roche
Diagnostics Gmbh, Mannheim, Germany; LLoQ 0.05 IU/ml). HBV
DNA was quantified by Cobas® HBV Test on the Cobas® 4800
System (Roche Diagnostics, Germany; LLoQ 10 IU/ml). Kinetic
data at weeks 24 and 48 are provided in Table S2.

Characterization of HDV Kkinetic patterns

The viral decline patterns were categorized into three main
groups by empirical analysis, as recently done to characterize
hepatitis E virus and HDV under antiviral treatments.'>'® Each
identified slope (or phase) was calculated by linear regression
using scipy.stats package. We defined a viral decline as mono-
phasic if only one phase was present or two viral decline slopes
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were identified but differed by less than a factor of 2. A biphasic
(BP) decline pattern was defined in cases where the first phase
rate of decline was at least 2-fold faster than the second phase
rate of decline. A flat-partial response (FPR) was defined in in-
dividuals who had a first phase viral decline followed by an
extremely slow second phase that was extremely slow or flat, i.e.
slope was not significantly different from zero. A viral break-
through was defined as a 21 log IU/ml increase from nadir viral
load. ALT normalization was defined as the achievement of
values <41 U/L for females and <59 U/L for males.

Mathematical model
We further developed our previously published mathematical
models of HDV infection and treatment'’~'° to describe HDV ki-
netics under treatment with BLV. The most important modifica-
tions of the previous models (Eq. 1 and Fig. 1) were the addition of
two distinct infected cell populations and an estimate of ALT dy-
namics. In addition, we extended our previous models'®'° to
explicitly describe the dynamics of HBsAg produced not only from
HDV-infected cells but also from HDV-free target cells. For
simplicity, since the model simulates BLV treatment in chronically
HDV/HBV-coinfected patients, we ignored the dynamics of HBV-
negative cells and/or HDV-monoinfected cells.>°>> The new
model used here accounts for key features of the empirical data
including a predominance of biphasic HDV RNA decline patterns
and stability of HBsAg levels with declining HDV RNA and ALT
levels. Mathematical modeling of viral kinetics predicts a mono-
phasic viral decline under antiviral treatment that blocks viral
infection.?* Modeling approaches with more than one HDV-
infected cell population with differing life spans were considered
to explain biphasic patterns of decline under ~100% entry
blockade with BLV. Non-cytolytic clearance of HDV from HBsAg-
producing infected cells was hypothesized (supported, in part, by
recent experimental findings®°) to explain the stability of HBsAg
during HDV RNA declines. Differing rates of ALT release upon death
of HDV-infected and HDV-free (target) cells were hypothesized.
The model accounts for target liver cells, T; the serum HBsAg
concentration, H; fast HDV-clearing infected cell population, I;;
slow HDV-clearing infected cell population, I>; ALT concentra-
tion, A; and the serum HDV viral load concentration, V.

& (1) = qu Iy qao (1= VI=(1=) VT + (pr=or)T

d
a (H) = (1=ey)pu (I +1*T)~cyH

&)= (= VT-(a1 + o)

& ()= (V- + ko)l (Eq. 1)

%(V) = (1=e)p1 [y +(1=€)pala~(1-0)cy V

%(A) =Sx+ak8(I1 +15)+pdrT-CaA

where target cells, T, (already HBsAg-infected) are infected by HDV
virions, V, and become fast HDV-clearing infected cells (I;) at rate
B1, and slow HDV-clearing infected cells (I>) at rate g. Target cells
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Fig. 1. Schematic of the model. Our mathematical model (Eq. 1) incorporates the viral dynamics of HBV-positive HDV-naive target cells (T), two types of HDV-
infected cells (I; and I,), HDV virions (V), ALT (A), and HBsAg (H). Target cells become infected and convert to I; at rate 1 and to I at rate j3,. Virions are cleared at
rate cy. I; and I, under non-cytolytic clearance to become target cells at rates q; and g5, and die at rate . Infected cells produce virions at rate p. Target cells are
produced at rate prand die at rate 61 ALT is produced by target cell death at rate ¢ and by infected cell death at rate o. ALT is cleared from blood at rate c4. HBsAg is
produced by target cells and HDV-infected cells at rate py and cleared from blood at rate cy. BLV blocks infection with efficacy # and may reduce viral clearance
with efficacy 6 as shown with the green symbols. Blocking of HDV production by IFN, LNF or NAPs is shown using red symbols (parameter ¢). Secondary effects of
IFN in increasing cell death are reflected by k >1 and NAPs efficacy in blocking HBsAg production is shown with parameter ey. ALT, alanine aminotransferase; BLV,
bulevirtide; HBsAg, hepatitis surface antigen; HBV, hepatitis B virus; HDV, hepatitis D virus; IFN, interferon-o/\; LNF, lonafarnib; NAPs, nucleic acid polymers.

are also produced at rate prand die at rate 6. Fast HDV-clearing
infected cells (I;) undergo non-cytolytic clearance at rate q; and
slow HDV-clearing infected cells (I;) undergo non-cytolytic
clearance at rate g,. Both I; and I, are assumed to die at rate con-
stant . HDV virions (V) are produced by fast clearing infected cells
at rate p; and by slow clearing infected cells at rate p, and are
cleared at rate cy. The theoretical secondary effect of BLV in
reducing HDV clearance” is set at 6. Finally, HBsAg (H) is produced
by all cells (I;, I, and T) at rate py (regardless of if produced from
integrated HBV DNA or covalently closed circular DNA) and cleared
at rate cy. ALT (A) is produced at rates ¢ and ¢ from the death of
HDV-infected cells and HDV-free target cells, respectively, and is
cleared in blood at rate c4. To account for the contribution of ALT
from HBsAg-HDV-negative hepatocytes that are not accounted for
in the model and for ALT produced by extrahepatic tissues, a fixed
rate of ALT production from these sources, sx was included.

The efficacy of BLV in blocking HDV infection is represented
by 5, while the theoretical secondary effect of BLV in reducing
HDV clearance!” has efficacy 0. Other anti-HDV treatments may
block HDV RNA production, which is denoted by parameter e,
block production of HBsAg with efficacy ey4'® and increase the
death rate of HDV-infected cells (I; and I,) with k >1.

Model parameter estimations and initial conditions

We assume a pre-treatment steady state in HDV RNA viremia
based on previously reported evidence of minor fluctuations
over periods of weeks to months in the absence of treatment.?®
The pre-treatment ratio of the concentration of fast HDV-
clearing infected cells, I;o, to slow HDV-clearing infected cells,
50, was defined as I1g = Lgiolo, Where L4, is the ratio of I; and
L. We further set the following relations for the initial pre-
treatment steady-state conditions:

o= CVo / (IratioP1 * P2)
To=Tho(q1 +9) / B1Vo
Ba=ho(qz2*+9) / ToVo
pr=cuHo / (Iio + 20 + To)

¢ =[calo=00(I10 +150)=Sx] / (07T0)

Since we observe no decline in HBsAg, we assume similar
target cell production and death rates, i.e., pr = 67 = 0.001 day’,
respectively, in line with previous studies that estimated the
HDV-infected cell death rate.””?® HDV RNA, HBsAg and ALT
clearance rates were set to cy=0.42 day’!, cy= 0.53 day’, and
ca= 2.5 day! based on previous estimates.'”?**° To reduce un-
certainty and avoid identifiability issues, the following parame-
ters were fixed to ;= 1e-8 virions™! day™, p, = p;= 10 virions
cell'’ day!, $=0.002 day’, and s,=20 IU/ml/day.>' Pre-
treatment ALT (Ap) was set per each patient’s measured value
(Table 1). As was done recently'” we assumed that BLV blocks
HDV infection #y~1 and might also slow HDV clearance which is
reflected in the parameter 6, which we set to 0 = 0.1, with no
effect on blocking of HBsAg (ey = 0) or HDV RNA (e = 0) pro-
duction or increase of HDV-infected-cell death (x = 1).

The remaining parameters qi, g2, Iiatio» and ¢ along with the
pre-treatment HDV RNA (V;), and HBsAg (Hp) were estimated by
simultaneously fitting the model with measured HDV RNA,
HBsAg, and ALT kinetic data for each patient.
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Table 1. Parameter fit values for individual patients

Patient # Viral kinetic Vo Ho Ao q1 (t12) Q2 (t)2) I frac (%) 60 81 HBsAg cells® (%)
pattern
1 BP 51 37 151 0.080 (8.6) 0.014 (47.5) 53 734 47
2+ BP 53 3.9 172 0.042 (16.4) 0.021 (33.7) 3.9 56 4.2
3 FPR 5.7 3.7 107 0.045 (15.4) 0.000 (-) 0.6 41 77
4 FPR+D 33 3.7 79 0.116 (6.0) 0.000 (-) 22 2625 49
5 BP 4.7 3.9 99 0.181 (3.8) 0.037 (18.6) 6.5 369 7.8
6" BP+B 4.4 41 84 0.209 (3.3) 0.014 (48.1) 0.15 796 9.2
8 MP 5.5 41 49 0.032 (21.7) 6.96 (0.1) 01" 45 3.1
10 MP 32 3.5 51 0.025 (27.4) 15.2 (-) 01" 1130 4.6
11 BP 43 4.0 113 0.232 (3.0) 0.027 (25.2) 2.6 517 9.9
12 BP 4.5 2.6 155 0.045 (15.3) 0.017 (40.1) 7.1 756 2.2
13 FPR 3.9 3.0 86 0.065 (10.6) 0.000 (-) 31 2375 2.8
14 BP 6.1 43 222 0.035 (19.6) 0.004 (197.3) 0.3 11 15
15 FPR 6.2 39 105 0.042 (16.6) 0.000 (-) 1.5 12 1.7
16 BP 59 34 112 0.047 (14.6) 0.009 (79.4) 038 13 10
177 BP+B 3.7 3.8 32 0.095 (7.3) 0.006 (121.9) 19 40 41
18 BP 43 2.6 145 0.069 (10.1) 0.019 (37.4) 2.0 1564 3.1
Med. — 4.6 3.8 106 0.056 (12.6) 0.014 (47.5) 2.0 443 4.8

We show the values of the baseline initial estimates of Vo (HDV RNA viral load) and Ho (HBsAg) for each patient, and the set initial value of ALT, Ao. We also show the rates of
clearance of fast HDV-clearing and slow HDV-clearing infected cells, along with their associated half-lives in parenthesis. We convert the I,., to the fraction of cells that are
slow HDV clearing. Finally, although only ¢ is explicitly fit, we report the more clinically meaningful ratio 68/ ¢3r, representing the excess ALT secretion from HDV-infected cells
compared to uninfected cells. Fixed parameters were g; = 1e-8, p> = p; =10,c3=0.53,7=1,0=0.1,cy = 042,ca = 2.5, =0, ey = 0, k = 1 and Iy, To, 2, pu and ¢ were set by
steady state. *HBsAg cells represent the percentage of cells actively producing HBsAg in the model (i.e., T, I;, and I,) of total HBsAg-free hepatocytes (estimated at 10 cells/ml)
in the liver, which are not modeled.

ALT, alanine aminotransferase; BP, biphasic; BP+B, biphasic followed by breakthrough; FPR, flat-partial response; FPR+D; flat-partial response followed by decline; HBsAg,

hepatitis surface antigen; HDV, hepatitis D virus; MP, monophasic.

* For these patients I, ¢, was fixed because the second phase was not observed.
** Fit only through week 40 due to later increase.

** Fit only through week 32 due to later increase.

T Fit only through week 16 due to increase.

All measured data points up to 48 weeks were included in the
fit unless the patient reached HDV RNA under the LloQ (<6 log IU/
ml) in which case the first point that was under the LLoQ was
included, or if the patient experienced a rebound (Patients 6,17) or
sudden decrease (Patient 4) the last point up until the change in
trend was included. Every included data point for HDV RNA,
HBsAg and ALT had equal weight in the fitting based on mini-
mizing least-squares. The error function was such that errors were
fit on the log-transformed values of HDV RNA and HBsAg, whereas
ALT was fit on a linear scale. To compensate for the fact that ALT
differences would have a larger effect on our error, we over-
weighted errors in HDV RNA to have 100 times as much impact as
errors in ALT or HBsAg. It is worth noting that because we cannot
detect the respective compartments T, I; and I,, we use a simpli-
fied fitting procedure, which can lead to bias. We used Python 3.7
and Scipy Version 1.0 to estimate the parameter values.

Statistical analysis

The Kruskal-Wallis test was used to compare how baseline
characteristics correlated with HDV kinetic patterns. The Pearson
Correlation test or t test was used to compare how estimated
model parameters correlated with baseline characteristics. All
tests were 2-sided and used a significance level of 0.05. Slopes
were defined as flat (not different from zero) if the p value of
linear regression was >0.05. The Bonferroni correction was
applied in order to counteract the multiple testing problem.

Results

Characterization of HDV, HBsAg, and ALT Kinetics under BLV
monotherapy

Median baseline HDV RNA, HBsAg, and ALT were 4.9 log IU/ml
[IQR 4.4-5.8], 3.7 log IU/ml [IQR:3.4-3.9], and 106 U/L [IQR 81-
142], respectively. HBV DNA was suppressed by NUCs, with 72%
of patients having undetectable HBV DNA and median HBV DNA

levels of 15 (range 14-22) IU/ml in the remaining patients. Dur-
ing 48 weeks of therapy, patients displayed several distinct HDV
RNA kinetic patterns (Figs 2 and S1). Two patients had a
monophasic decline in HDV RNA (Fig. 2A); eight patients expe-
rienced a biphasic decline (Fig. 2B); three had a FPR (Fig. 2C); one
patient experienced a FPR followed by decline (Fig. 2D), while
another two patients experienced a biphasic decline followed by
a viral breakthrough (Fig. 2E), and two patients were non-
responders (Fig. 2F).

The majority of patients (16/18) had no significant variation in
HBsAg, i.e. <0.25 log over the course of treatment (Fig. 2). ALT
normalization was achieved in 16 (89%) patients at a median of
12 weeks (range: O to 48 weeks) from initiation of BLV therapy
(Figs 2 and S2). Overall, no significant associations were found
between HDV RNA kinetic patterns and baseline characteristics
(Table S1). Likewise, no significant associations were found be-
tween kinetic patterns and the presence of detectable HBV DNA
or the time to ALT normalization.

Modeling suggests two populations of HDV-infected liver

cells: A fast HDV-clearing and a slow HDV-clearing population
Modeling approaches considered differing numbers of HDV-
infected cell populations and rates of non-cytolytic HDV clear-
ance to transition from HDV-infected cells to HDV-free cells. A
model with two cell populations - fast HDV-clearing and slow
HDV-clearing cells (Eq. 1) - best explained the rapid first phase
decline and the slower or flat second phase decline and cali-
brated well with each patient’s measured HDV RNA, HBsAg and
ALT kinetics (Fig. 3 and Fig. S2). The median pre-treatment levels
of HDV RNA and HBsAg were estimated as Vy=4.6 log IU/ml and
Ho=3.8 log IU/ml, respectively (Table 1). The rapid first phase
HDV RNA decline corresponded to a median half-life of 12.6 days
for fast HDV-clearing cells. Slow HDV-clearing cells had a median
half-life of 43.8 days across the 10 patients in whom a non-zero

JHEP Reports 2024 vol. 6 | 100966 4
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Fig. 2. HDV Kkinetic patterns under BLV monotherapy in patients with compensated cirrhosis and clinically significant portal hypertension. (A) Mono-
phasic, i.e. a single phase of viral decline (n = 2), (B) biphasic, viral decline consisting of a first phase decline that was 2-fold faster than the second phase decline
(n =8), (C) FPR, defined as a first phase viral decline followed by a plateau that was not significantly (p >0.05) different from slope=0 (n = 3), (D) FPR followed by
decline (n = 1), (E) Biphasic followed by breakthrough (n = 2), and (F) non-responder, defined as having <~1.0 log IU/ml decline from baseline (n = 2). Solid lines
for HDV reflect modelling using piecewise linear regression and dashed lines between ALT markers are shown only to highlight the trajectory. ALT, alanine
aminotransferase; BLV, bulevirtide; FPR, flat-partial response; HDV, hepatitis D virus.
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Fig. 3. Representative model fits with patients experiencing monophasic, biphasic and flat-partial response in HDV. We see that the viral load, V, shows
excellent agreement with the measured data. We further see that the biphasic decline in viral load is explained by a larger cell population I;, which experiences
fast clearance, together with a smaller cell population I, experiencing slower clearance. Likewise, ALT and HBsAg are well described by our model. Model fit
values are in Table 1. Fitting curves of all patients are shown in Fig. S2. ALT, alanine aminotransferase; BLV, bulevirtide; HBsAg, hepatitis surface antigen; HDV,
hepatitis D virus; LLoQ, lower limit of quantification; TND, target not detected.
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Fig. 4. Model predictions of HDV decline under BLV monotherapy or in combination with anti-HDV drugs that block viral production. Model prediction to
reach <1 virus copy in representative patients’ total extracellular BF under combination therapy with blocking of ~100% of HDV entry by BLV monotherapy
(dashed-dotted black lines) or in combination with drug(s) that block € = 99% of HDV production (solid black lines, blue and green dashed lines). The HDV RNA
curve for e = 0 is also shown for reference. Limit of HDV detection in the blood is shown as the upper horizontal line. 1 virus/BF is defined as 1 virus per patients’
total extracellular BF of 15 L (lower horizontal line). Model parameters in (A) and (B) were set to reflect the P16 and P18 parameter estimates shown in Table 1. For
simplicity, additional treatment effects of nucleic acid polymer in blocking HBsAg production (ey) and interferon-o or interferon-i in inducing death rate of HDV-
infected cells (k) in the model (Eq. 1 and Fig. 1) were not simulated, i.e. the parameters were set ey = 0 and « = 1. BF, body fluid; BLV, bulevirtide; HDV, hepatitis D

virus.

second HDV phase was observed. Fast HDV-clearing cells made
up a median of 98.0% [92.9-99.9%] of all HDV-infected cells.
Modeling evaluated differing rates of ALT release upon death
between HDV-infected cells and HDV-free (target) cells to un-
derstand ALT level declines. Based on the observed ALT kinetic
data, the final model predicted that upon cell death, HDV-
infected cells release substantially more ALT (443 times)
compared to HDV-free (target) cells (Table 1). Overall, no sig-
nificant associations were found among estimated model pa-
rameters (Table 1) and baseline characteristics (Table S1).

Implications for future response-guided therapy for HDV
with BLV-based therapies

To further explore implications of the predicted two HDV-infected
cell populations, we simulated the model (Eq. 1) under a theo-
retical combination therapy with BLV and anti-HDV drug(s) that
block viral production with efficacy ¢ (e.g., interferon-a,'® inter-
feron-2,3? lonafarnib?® or nucleic acid polymers'®). In Fig. 4 we
examined such dual therapy in silico according to the estimated
model parameters of patients 16 and 18 under BLV (Table 1) and
considered the hypothetical effect of combination therapy with
BLV blocking ~100% HDV infection and potent drugs that block
~99% of HDV production as previously estimated.'®'92%32 Under
dual therapy, HDV viral load was predicted to decline via three
phases (compared to two phases under BLV alone, Fig. 4 dashed-
dotted lines). The phases include a first rapid viral decline
reflecting the half-life of HDV in blood due to the treatment that
blocks viral production (e = 99%), followed by a second slower
phase that reflects the lifespan of fast HDV-clearing cells, followed
by a final third phase that reflects the life span of slow HDV-
clearing cells (Fig. 4). The in silico data suggest that the third
phase might not always be evident from measurements of viral
load in a clinical setting. One constraint on whether the third
phase will be observable clinically is whether it begins before the
viral load declines to below the limit of HDV RNA assay detection, 6
IU/ml for the Robogene 2.0 assay. For example, in Fig. 4B, the third
phase would not be observed clinically since it only begins after

the patient’s viral load is below the LLoQ. This could impact pre-
dictions about the duration of BLV-based therapy needed to reach
<1 virus copy in the entire extracellular body fluid, reminiscent of
the notion of predicting the duration of hepatitis C virus treatment
with direct-acting antivirals needed to reach <1 virus copy in a
patient’s total extracellular body fluid (BF).>* For example, in
Fig. 4B a continuation of the second phase would lead to an esti-
mated time to reach <1 virus copy/BF of around 40 weeks, while
the less steep slope of the third phase leads to an estimated time of
80 weeks. Furthermore, even in Fig. 4A, where the third phase
begins before the HDV viral load is below the LLoQ, it could still be
missed clinically if sampling is not frequent enough to capture the
third phase decline, again potentially leading to underestimation
of the time to reach <1 virus/BF. In both theoretical patients, dual
therapy shortened the time to reach <1 virus/BF by ~48 weeks
compared to BLV monotherapy (Fig. 4).

Discussion

We recently reported that that BLV 2 mg/day monotherapy
administered for 48 weeks in 18 patients with HDV-related
compensated cirrhosis and CSPH was safe and led to a virolog-
ical response (i.e., 22 log IU/ml decline in HDV RNA from base-
line) in 16 patients (89%). In the current study, we analyzed in
detail the HDV RNA, HBsAg and ALT kinetics in these 16 patients
with a virological response and found that only two patients
(13%) experienced a monophasic HDV RNA decline. The other 14
(87%) patients experienced a first phase rapid viral decline that
was followed by a slower (biphasic) or extremely slow (FPR)
second phase, of whom two patients experienced viral break-
through. The kinetic description provides the first comprehen-
sive picture of HDV RNA, ALT and HBsAg under BLV monotherapy
in patients with cirrhosis and CSPH.

Since BLV is an entry inhibitor,!" which is unlikely to block
viral production, it provides a unique opportunity to understand
HDV-host dynamics. Mathematical modeling with or without
hepatocyte proliferation predicts a monophasic viral decline
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under drugs that block viral infection, reflecting attrition of
productively HDV-infected cells.!”?**>* To explain why 87% of
patients experienced two viral kinetic phases (BP or FPR), we
hypothesized the existence of two HDV-infected populations.
HDV-infected hepatocytes with a rapid HDV clearance rate (non-
cytolytic) could explain the rapid first phase HDV decline. In the
case of FPR, a flat second phase suggests a population of infected
cells with a very slow HDV clearance rate. Alternatively, the flat
second phase viral load could be partially explained (not
explored in silico herein) by (i) death of slow HDV-clearing cells
that are being replaced by proliferation of bystander slow HDV-
clearing cells, and/or (ii) the existence of a subpopulation of
HDV-susceptible cells that are resistant to BLV treatment, though
are still able to be infected with HDV despite maintaining a lower
steady state viral load compared to pre-treatment levels, and/or
(iii) suboptimal BLV dosage or drug distribution in the liver.
Scenario (i) is unlikely since death of infected cells would be
counter to the ALT normalization observed in the patients
exhibiting FPR Kkinetics. Scenario (ii) could be partially explained
if HDV cell-free infection is blocked by BLV while cell-to-cell
spread is not. However, in that case, we would not expect a flat
second phase to be maintained for several weeks without further
HDV cell-to-cell spread in the liver (resulting in a breakthrough
increase in HDV RNA) unless cell-to-cell spread is restricted in
the liver. Scenario (iii) is possible since none of the reported
preliminary results in three patients with CHD treated with
10 mg of BLV indicated a FPR,” although unlike in the current
study, these patients did not have CSPH. Moreover, we cannot
completely exclude that missed doses of BLV could have
contributed to suboptimal BLV exposure, although patients re-
ported adherence to therapy. Interestingly, a phase IIl study>®’ of
BLV for chronic HDV showed a higher proportion of patients
achieving undetectable HDV RNA at different time points with
10 mg compared to 2 mg, providing support for scenario (iii).
Future studies could explore the effect of BLV dose increases in
FPR cases, however, data regarding the safety and effectiveness
of 10 mg in patients with advanced cirrhosis (and CSPH) are
currently limited.

In our model we assumed two infected cell populations that
both have similar HDV RNA production rates, viz. p;=p,=10.
However we cannot rule out that the two different cell pop-
ulations actually have different HDV production rates reminiscent
of in vitro studies.>®>>” Due to identifiability issues, differences in
production rate cannot be determined based on the available
data. Likewise, these in vitro studies might suggest the existence
of different hepatocyte phenotypes. It is possible that the two cell
types we propose here are actually different phases of infection
within hepatocytes displaying different phenotypes. Future
experimental and theoretical efforts could examine whether the
two populations hypothesized here are actually distinct cell types
or different phenotypes of the same cells.

The current model explains not only the HDV RNA Kkinetic
patterns but also the observed ALT normalization and stable
HBsAg levels during BLV treatment. To account for the latter, we
assumed non-cytolytic HDV clearance from infected cells such
that these cells still produced HBsAg concomitantly to the dra-
matic decline in HDV RNA levels in serum. This HDV loss from
infected cells is reminiscent of the strong intrahepatic HDV de-
clines in HDV RNA and HDAg+ cells that were recently reported
in patients treated with 2 mg/day of BLV for 48 weeks.”
Furthermore, stable HBsAg (in parallel to declines in HDV RNA)

JHEP|Reports

could not be explained by hepatocyte proliferation unless only
HBsAg-producing cells that are not HDV-infected proliferate, or
HDV-infected cells proliferate in a way that the daughter cells are
not HDV positive. The latter scenario is unlikely based on in vitro
studies that demonstrated that HDV propagates to both cells
during cell division.*® Likewise, we believe that the other sce-
narios are less likely than non-cytolytic clearance, however
experimental confirmation is needed. To account for ALT
normalization, the modelling results suggest that once HDV-
infected cells become HDV-free under BLV, they release ALT
into circulation upon their death at a lower rate compared to the
ALT released by the death of HDV-infected cells. This prediction
needs to be experimentally examined as well.

Reminiscent of the notion of modeling-based response-
guided therapy for hepatitis C virus kinetics, where predictions
were made for the duration of direct-acting-agent therapy to
reach <1 virus copy in a patient’s total extracellular BF (i.e.,
sustained virologic response or cure),>> we recently predicted
the time to reach <1 copy of HDV RNA with biphasic kinetics in
three patients who initiated treatment with 10 mg/day of BLV.!”
All three patients achieved HDV RNA target not detected (TND)
within 29-43 weeks post initiation of BLV treatment. Modeling
HDV RNA kinetics retrospectively suggested that a patient who
had viral rebound (from HDV RNA TND) after stopping 52
weeks of 10 mg/day BLV did not reach <1 virion/BF at the end of
therapy. In addition, modeling predicted'’” that the other two
patients who were treated for 144 weeks could have already
reached <1 virion/BE. Indeed one of these two patients was
recently reported to remain HDV RNA undetectable 72 weeks
after BLV discontinuation, suggesting HDV viral cure® In the
current study, only one patient (Patient 4) reached HDV RNA
TND by week 48 after having had a transient viral increase
between 8 and 24 weeks before HDV RNA became TND.
Because the current model was not designed to explain spon-
taneous transient viral increase (i.e., not related to compliance),
it was not possible to model the time to reach <1 virion/BF.
Thus, the limited 48-week treatment duration does not allow us
to predict the duration needed to reach <1 virion/BF in patients
who achieved HDV RNA TND. While the current treatment does
not seem capable of lowering HDV levels to <1 virion/BF in
patients with FPR kinetics, ALT normalization and sustained
lower HDV RNA levels (compared to baseline) could potentially
provide clinical benefit, at least while patients remain on
therapy.

The combination of 2 mg/day of BLV with IFN led to higher
rates of HDV RNA TND during 48 weeks of therapy compared to
BLV alone.*>*! Model simulations helped to explain the greater
efficacy of BLV+IFN treatment compared to BLV alone (Fig. 4), by
assuming that the mode of action of IFN is to block HDV pro-
duction as previously predicted in treated patients.'® Whether
IFN’s additional modes of action, such as the recent in vitro
findings of suppression of cell division-mediated HDV
spread,*®“2 have a significant effect on HDV RNA kinetics in vivo
is not known. Two patients experienced viral breakthrough after
having a ~3 log IU/ml decline in viral load compared to pre-
treatment levels. Since non-adherence to BLV is unlikely
(though cannot be completely ruled out) this breakthrough could
reflect the development of BLV resistance and/or cell division-
mediated HDV spread. While recent studies suggested that BLV
resistance in non-responders is unlikely,*>*> further research is
needed to identify the reason(s) for viral breakthrough.
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In the current model (Eq. 1) we assume no new cell infections
occur after BLV treatment initiation. Exploring the effect of sub-
optimal efficacy of BLV in blocking infection (e.g., due to NTCP
turnover), would require further theoretical efforts. For example,
the current model predicts a biphasic viral decline pattern under
BLV efficacy of n = 80% in the same in silico patient (Fig. S3).
Notably for much lower values of 1 = 50%, the decline appears
monophasic since the infection of new cells maintains the domi-
nance of fast HDV-clearing cells over slow HDV-clearing cells and
thus the second phase is not observed. Likewise, declines in BLV
efficacy over time could explain the observed biphasic declines
and FPR even without two infected cell populations. In the sup-
plementary information we explored the case where blocking of
infection by BLV drops from#y =1 toy=0.5, 0.1 or 0.0. We found that
adrop to y = 0.5 could explain a biphasic decline and a drop to y =
0.1 could explain a FPR (Fig. S4). However, such a dramatic decline
in effectiveness from 100% blocking of infection down to only 10%
blocking seems unlikely. Other models may be explored as well.
For example, we previously introduced the notion of a critical drug
efficacy, such that if overall drug efficacy (eto) is higher than the
critical drug efficacy (e.) then viral levels will continually decline
on therapy, while if e < ¢, then viral loads will initially decline
but will ultimately stabilize at a new set point, as seen in FPR. As
previously shown, using the idea of critical drug efficacy and
including hepatocyte proliferation in a viral kinetic model allows
for prediction of complex viral decay profiles.>>>4** Lastly, addi-
tional models could consider ways of incorporating cell-to-cell
HDV spread e.g, via cell division-mediated spread, in addition to
cell-free spread that is partially or entirely blocked by BLV.

Our current framework has limitations. One simplification that
we chose to make is to leave HBsAg-negative hepatocytes and
HDV-monoinfected hepatocytes out of our model that focuses on
chronic infection. While during acute HBV infection the majority
of the liver becomes infected and undergoes non-cytolytic clear-
ance,” in the setting of chronic HBV/HDV infection in the current
study, the number of HDV-producing and HBsAg-producing

Research article

infected cells is likely more stable. Furthermore, even if HBsAg-
infected cells comprise a small proportion of the total liver
(<~10%), they are responsible for the majority of HBV/HDV dy-
namics, and thus we did not include non-HBsAg-producing he-
patocytes.*> Notably, however, to account for the contribution of
ALT by non-HBsAg-producing hepatocytes (and extrahepatic tis-
sue sources) that are not included in the model, we added a fixed
rate (sy). Patients in the current study were HBeAg negative. Pre-
vious studies indicated that only a small fraction (<10%) of total
hepatocytes (estimated at ~107 cells/ml*®*’) are HBsAg-
producing cells* in HBeAg-negative cases. Therefore, the total
concentration of HBsAg-producing cells (infected or not infected
with HDV) in the model was kept at approximately ~10°-10° cells/
ml (Table 1). Incorporating HBV-negative hepatocytes along with
HDV-monoinfected hepatocytes would require longitudinal
intrahepatic experimental measurements during BLV treatment
to distinguish HDV-monoinfected hepatocytes (that do not secret
HDV) from HDV-producing hepatocytes, as well as significantly
more complex modelling efforts, as previously shown.?%!

In conclusion, this is the first report analyzing and modeling
HDV RNA, HBsAg and ALT kinetics measured under BLV 2 mg/day
monotherapy administrated for 48 weeks in patients with
HDV-related compensated cirrhosis and CSPH. Mathematical
modeling suggests that there are two populations of HDV-infected
liver cells: a fast HDV-clearing and a slow HDV-clearing popula-
tion. Modeling explained how ALT levels can normalize without a
change in HBsAg levels under BLV by assuming non-cytolytic
clearance of HDV from infected hepatocytes that remain HBsAg-
producing cells and release ALT upon death at a reduced rate
compared to liver cells infected with HDV. The findings provide an
initial step toward developing response-guided treatment stra-
tegies for HDV. The model developed here provides a starting
point to optimize the use of new agents for the treatment of HDV.
Further studies are needed to test and refine the viral kinetic
patterns described here, their prevalence among HDV-infected
populations, as well as the model structure and parameter values.
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