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Background & Aims: The therapeutic option for patients with Results:Myrcludex B was well tolerated and no serious adverse

chronichepatitis delta virus infection (CHD) is limited to interferon event occurred. Although hepatitis B surface antigen levels

alpha with rare curative outcome. Myrcludex B is a first-in-class
entry inhibitor inactivating the hepatitis B virus (HBV) and hepati-
tis D virus (HDV) receptor sodium taurocholate co-transporting
polypeptide.We report the interim results of a pilot trial on chron-
ically infected HDV patients treated with myrcludex B, or pegy-
lated interferon alpha (PegIFNa-2a) or their combination.
Methods: Twenty-four patients with CHD infection were equally
randomized (1:1:1) to receive myrcludex B, or PegIFNa-2a or
their combination. Patients were evaluated for virological and
biochemical response and tolerability of the study drugs at weeks
12 and 24.
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remained unchanged, HDV RNA significantly declined at week 24
in all cohorts. HDV RNA became negative in two patients each in
the Myrcludex B and PegIFNa-2a cohorts, and in five patients of
the Myrcludex B + PegIFNa-2a cohort. ALT decreased significantly
in theMyrcludex B cohort (six of eight patients), andHBVDNAwas
significantly reduced at week 24 in the Myrcludex B + PegIFNa-2a
cohort. Virus kinetic modeling suggested a strong synergistic
effect of myrcludex B and PegIFNa-2a on both HDV and HBV.
Conclusions:Myrcludex B showed a strong effect on HDV RNA
serum levels and induced ALT normalization under monotherapy.
Synergistic antiviral effects on HDV RNA and HBV DNA in the
Myr-IFN cohort indicated a benefit of the combination of entry
inhibition with PegIFNa-2a to treat CHD patients.
Lay summary:Myrcludex B is a new drug to treat hepatitis B and
D infection. After 24 weeks of treatment with myrcludex B and/or
pegylated interferon a-2a, HDV R NA, a relevant marker for hep-
atitis D infection, decreased in all patients with chronic hepatitis
B and D. Two of eight patients which received either myrcludex B
or pegylated interferon a-2a, became negative for HDV RNA, and
five of seven patients who received both drugs at the same time
became negative. The drug was well tolerated.
� 2016 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.
Introduction

The treatment of chronic hepatitis delta (CHD) infection is an
area of unmet medical need. Hepatitis D virus (HDV), the
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causative agent of CHD, is a small, viroid-like single stranded, cir-
cular ribonucleic acid (RNA) virus, which acquires the envelope
proteins from Hepatitis B virus (HBV) infected cells to assemble
and disseminate [1,2]. An estimated 15 to 20 million patients
worldwide are infected with HDV via parenteral routes of infec-
tion, sexual transmission or contact with infectious blood. The
prevalence of HDV is increasing, and there is presently no cure
for CHD [3–7]. Co-Infections of HBV and HDV occur either simul-
taneously resulting in severe and occasionally fulminant hepati-
tis, with a high rate of HBsAg seroconversion and elimination of
both viruses following recovery. Alternatively, HDV occurs as
superinfection in individuals who already suffer from CHB. The
clinical outcome of superinfection is characterized by a high rate
of HDV chronification and worsening of the disease with acceler-
ated progression to liver cirrhosis and hepatocellular carcinoma
[3,8].

Vaccination against HBV is the most effective way to protect
against HDV and has helped to limit its prevalence in those coun-
tries where vaccination programs have been successfully imple-
mented [7]. Current treatment options for CHD are sparse with
no approved agents specifically addressing HDV replication. Cur-
rently approved drugs only indirectly interfere with virus replica-
tion by modulation of the immune system or by influencing the
concurring HBV replication [2,3,8–11]. In eligible patients, the
first line therapy is treatment with pegylated interferon alpha
(PegIFNa) for 12 months or longer, if tolerated. Sustained virolog-
ical response has been observed to various extents in treated
patients; however, response rates rarely exceed 25%. Longer
treatment, combination or alternative treatment with nucleoside
analogues such as adefovir, lamivudine, or entecavir did not
increase response rates; only tenofovir showed some effect on
HDV serum RNA in HIV co-infected patients with improvement
in liver fibrosis [6,10,12–18]. Moreover, late relapses were
demonstrated in patients who initially achieved sustained
response to IFN therapy and who were HDV RNA negative
24 weeks after the end of treatment. This indicated that the virus
could not be eliminated by this drug [11].

Novel early clinical treatment approaches for CHD are cur-
rently being studied: lonafarnib, a prenylation inhibitor originally
tested for its antineoplastic potency, affects the post-translational
modification of the large HDV antigen and thereby interferes
with the envelopment and release of the viral ribonucleoprotein
[19,20]. Recent clinical data revealed that lonafarnib dose-
dependently reduced HDV serum RNA levels [21]. Another
approach is based on intravenous administration of highly nega-
tively charged nucleic acid polymers that interfere with the
attachment of HBV/HDV to heparan sulfate proteoglycans [22].
This interaction is required prior to specific receptor binding.
An additional effect of these drugs might be attributed to a puta-
tive effect on virus assembly [23,24].

A promising approach used in our study aims at specific inhi-
bition of the essential hepatic HBV and HDV virus receptor
sodium taurocholate co-transporting polypeptide (NTCP) [25],
by an optimized HBV envelope protein-derived lipopeptide, myr-
cludex B. This approach addresses a crucial and highly specific
early step in the life cycle of HDV and HBV. According to its mode
of action, myrcludex B blocks cccDNA formation and formation of
HDV replicative intermediates in naïve or non-infected regener-
ated hepatocytes. Depending on the turnover dynamics of HDV
and/or HBV infected cells (by either immune mediated cell kill-
ing, cytolytic effects of replicating HDV, or natural cell death) this
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would result in an overall decrease of infected cells. Thus, contin-
uous administration of myrcludex B contributes to a decrease of
the fraction of infected cells, which in the long-term may eventu-
ally lead to eradication of the infection [3,4,6,8,26,27]. This prin-
ciple that continuous entry inhibition even in an immune
deficient animal model can lead to clearance of infection in the
absence of any direct antiviral acting agents, has recently been
proven in an animal model for hepatitis C virus (HCV) infection
[28].

Myrcludex B is a myristoylated peptide of 47 amino acids
derived from the preS1-domain of the HBV large surface (L-) pro-
tein. It efficiently blocks entry of HBV and HDV with IC50s of
about 80 pM in primary human hepatocyte cultures, in cell lines,
and in vivo in a humanized mouse model [26,29–34]. A first
assessment on safety and pharmacokinetics of myrcludex B has
been carried out in a dose escalating trial in healthy volunteers.
The drug was excellently tolerated and pharmacokinetics fol-
lowed a target mediated drug disposition [35]. In this paper we
report the interim findings at week 24 of a pilot study in patients
with CHB/CHD co-infection, who were subcutaneously (SC) trea-
ted with myrcludex B, PegIFNa-2a, or their combination.
Patients and methods

Study design and setting

This pilot study was a sub-study of a phase Ib/IIa randomized, open-label clinical
trial of daily myrcludex B vs. entecavir administration in patients with CHB. The
study was registered and approved by the competent authority, the Russian Min-
istry of Health (registration and authorization number 736/November 29th 2013)
and was approved by the Ethics Council of the Ministry of Health of the Russian
Federation” (Ethics Council approval #73, November 19th 2013) and the Ethics
Committee of the Centrosoyuz Clinical Hospital (ethics committee approval
#15, February 7, 2014). The study is registered at clinicaltrials.gov under
NCT02637999.

A single center, randomized, 3-arm, parallel, open-label clinical trial was per-
formed at Centrosoyuz Clinical Hospital in Moscow. The trial followed the princi-
ples of good clinical practice and was carried out in accordance with the ethical
principles of the pertinent version of the Declaration of Helsinki. The objective
of this study was to evaluate the effect of myrcludex B in patients with CHD infec-
tion either administered alone or in combination with PegIFNa-2a as compared to
patients only treated with PegIFNa-2a. The primary endpoint was the HBsAg
response at week 12 of therapy. HBsAg response was defined as serum HBsAg
decline of at least 0.5 logs IU/ml at any time during the study. Secondary end-
points were the responses of HBsAg (24 weeks), HDV RNA, HBV DNA, and of ala-
nine aminotransferase (ALT) to therapy at 24 and 48 weeks of therapy and at the
end of the treatment-free 24 weeks follow up period. Safety analyses included the
monitoring of adverse events, the assessment of immunogenicity of myrcludex B,
possible interactions with PegIFNa-2a, and the assessment of bile acid levels.
After obtaining written informed consent, each participant was screened and
patients were equally randomized (1:1:1) into three cohorts. One cohort received
2 mg myrcludex B daily (SC) for 24 weeks followed by 180 lg PegIFNa-2a (SC)
weekly for 48 weeks (Myr cohort). A second cohort received 2 mg myrcludex B
daily (SC) in combination with 180 lg PegIFNa-2a weekly (SC) for 24 weeks fol-
lowed by 24 weeks of PegIFNa-2a alone (Myr-IFN cohort). And finally there was a
cohort which received 180 lg PegIFNa-2a weekly (SC) without co-medication of
myrcludex B (INF cohort). Patients in the Myr and the Myr-IFN cohort received
myrcludex B for the first 24 weeks. Each patient in the study received a total of
48 weeks of PegIFNa-2a. Hence, the overall duration of treatment was 72 weeks
in the Myr cohort and 48 weeks in the Myr-IFN and IFN cohort (Fig. 1). The treat-
ment duration for myrcludex B was chosen to allow the assessment of first pilot
efficacy result without exposing patients for an extended period to a drug of
unproven efficacy and safety. The patients visited the site for clinical and labora-
tory assessments 1, 2, 3, 4, 6, 8, 10, 12, 24, 48 and 72 weeks after the baseline
visit. A follow up was planned 6 months after the end of treatment. The estima-
tion of efficacy parameters was planned to be performed after 24, 48 weeks of
therapy and after the end of follow up. This paper presents the results of the
12 and 24 week interim assessments while the trial is still ongoing.
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Fig. 1. Cohorts and respective treatment schedules of the trial. (myr,
myrcludex B; PegIFNa-2a, pegylated interferon alpha 2a; Scr, screening).
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Patient population

Patients between 18 to 65 years of age were eligible if they had CHB (presence of
HBsAg for at least 6 months before screening), were HBeAg negative or anti-
HBeAg positive, and co-infected with HDV (positive anti-HDV antibodies for at
least 3 months and positive HDV RNA at screening). Detailed inclusion and exclu-
sion criteria are described in the Supplementary material.

Study drugs

Myrcludex B was provided as dry powder (lyophilisate) in vials of 1 mg by
Bachem (Bubendorf, Switzerland). Vials were reconstituted in 1 ml water for
injection to reach a final concentration of 1 mg/ml. The 2 mg dose was adminis-
tered once daily as two consecutive SC injections, each containing 1 mg peptide.
PegIFNa-2a (Pegasys�, Roche, manufactured in Switzerland, labeled in Russia)
was supplied by prescription from the treating physician, the recommended dose
was 180 lg/week. Depending on individual tolerability of the drug and clinical
situation PegIFNa-2a doses could be reduced according to the manufacturers rec-
ommendations (e.g. for low absolute neutrophil count, low platelet count, or ele-
vated serum ALT). Patients received the first dose in an in-patient period of 48 h
and were trained to self-administer both drugs subsequently.

Myrcludex B dose selection

The myrcludex B dose was selected considering the data from in vitro binding
studies, in vivo pharmacology, toxicology and the pharmacokinetic studies per-
formed in animal models. In addition pharmacokinetic and tolerability data from
the recently performed first-in-human study were considered [35]. The study was
designed to yield myrcludex B plasma concentrations of >0.8 ng/ml at steady-
state, a concentration which was previously calculated to lead to a 50% hepatic
receptor occupation in chimpanzees (unpublished data). A minimum dose of
1 mg SC daily was estimated to reach this goal and a dose of 2 mg daily was
selected. This dose was approximately 90 times lower than the dose, which
was defined as the ‘no observed effect level’ (NOEL) of 2.5 mg/kg in both rat
and dog (i.e., 2 mg/70 kg resulting in �0.028 mg/kg). Doses above 2 mg had
already been proven to be well tolerated in the first-in-human trial in healthy vol-
unteers [35,36].

Laboratory assessments

HBsAg and HBV DNA were measured at the central laboratory of the Heidelberg
University Hospital using commercially available assays (Chemilum. Mikroparti-
cle Immuno Assay, and Abbott RealTime HBV, both Abbott, Ludwigshafen, Ger-
many). Limit of detection (lod) for HBV DNA was 34 copies/ml. For calculations
values below lod were set to lod/2. ALT was measured at the study site laboratory
by multifunctional biochemical analyzer (Olympus, Hamburg, Germany). The
normal value for ALT was defined 640 IU/L for male and female patients.
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HDV RNA measurements

HDV RNA and HDV antigen antibodies at screening were determined by commer-
cially available assays at the study center’s local laboratory (Amplisense� HDV-FL,
Central Research Institute of Epidemiology, Moscow, Russia; Vectohep-D IgM,
Vector Best, Moscow, Russia). HDV RNA levels for efficacy analyses were mea-
sured by a quantitative PCR assay at the central laboratory of the Hannover Med-
ical School, Germany [37]. Limit of detection (lod) for HDV RNA was 15 copies/
ml. For calculations values below lod were set to lod/2.

Virus kinetic modeling

HBV and HDV kinetics were modeled using the HCV kinetic model introduced
earlier [38,39]. R0 (basic reproductive ratio) and drug effect were assumed to
be similar for HBV and HDV. The hepatocyte production rate (s) and the hepato-
cyte death rate (d) were fixed to 61.7 * 103 (hepatocytes/ml/day) and 0.003
(1/day) as published earlier [40,41]. The drug effect was assumed to be constant
over the treatment period. Modeling was performed using the non-linear mixed
effects (NLME) modeling technique implemented in NONMEM 7.3 (ICON develop-
ment solutions, San Antonio, USA).

Immunogenicity

Non-myristoylated myrcludex B with two additional C-terminal residues (YC)
was synthesized by standard solid phase peptide synthesis and characterized
by mass spectroscopy. 50 ll of a 2 lM solution in coating buffer (13 mM Na2CO3,
88 mM NaHCO3, pH 9.2) of the peptide was coated in a 96-well ELISA plate (Grei-
ner Bio-One, Frickenhausen, Germany) overnight, washed and blocked with 3%
bovine serum albumin (BSA). The patients’ sera were diluted 1:5000 in dilution
buffer (Phosphate Buffer Solution, 0.05% Tween-20, 0.1% BSA) and incubated on
the ELISA plate for 1 h at 37 �C. After extensive washing, peroxidase-coupled sec-
ondary antibody goat-anti-human IgA + IgG + IgM (H + L) (Jackson ImmunoRe-
search, West Grove, USA) was incubated for 1 h at 37 �C, washed, and the color
reaction was performed by addition of TMB-ELISA substrate solution (eBio-
science, San Diego, USA) for 10 min at room temperature. After stopping of the
color reaction, absorbance was measured at 450 nm in a plate reader (TECAN,
Crailsheim, Germany).

Bile acids

Bile acids were evaluated in an explorative way predose, at week 12, and at week
24 for the Myr and Myr-IFN cohorts, and pre-dose and at week 12 only for the IFN
cohort. Food intake was not controlled. Bile acids were quantified as described
earlier [42]. For statistical analysis the sum of the amount of individual bile acids
belonging to the group of unconjugated, taurine- conjugated or glycine-
conjugated species were considered. Results below the limit of quantification
(blq) were set to blq/2.

Statistical analysis

Because this was a pilot study, there was no sample size calculation. The number
of 8 participants per cohort was assumed to be sufficient to give first indications
on efficacy, safety and tolerability of myrcludex B. All included patients were ana-
lyzed for all parameters assessed. The secondary endpoint HDV RNA, however,
could only be assessed in those patients with measurable HDV RNA. Comparison
between baseline, week 12, and week 24 was carried out by one-way ANOVA on
log transformed data with correction for multiple comparisons. If only data for
baseline and week 12 were available a two-tailed paired t test was used. A
two-tailed p value <0.05 was considered significant. Statistics and graphs were
generated using GraphPad Prism 6.0 (GraphPad Software Inc., La Jolla, California,
USA) and SAS 9.4 (SAS Institute Inc., Cary, North Carolina, USA).
Results

Eight patients were included in each cohort. Eight patients each
at week 12 and 24 could be evaluated in the Myr cohort and
the IFN cohort for all parameters except HDV RNA, because in
both cohorts one patient each had no measurable HDV RNA at
6 vol. 65 j 490–498
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baseline in the central research laboratory. Seven patients only
could be evaluated at week 12 and 24 in the Myr-IFN cohort
because one patient terminated the study prior to week 12 due
to a rash. Of the overall 24 patients at baseline, all were HBeAg
negative, three had liver cirrhosis (12.5%) and nine (37.5%) had
a history of prior PegIFNa-2a treatment. The demographics and
characteristics at screening are summarized in Table 1. The med-
ical history did not show any relevant ongoing diseases, 10
patients with a history of prior HCV infection were included, all
of them were HCV RNA negative at screening.

The primary endpoint of the main study, HBsAg did not show
any relevant changes after 12 or 24 weeks of treatment in all
three treatment arms (Fig. 2). A slight, but significant transient
HBsAg increase of 100.23 IU/ml at week 12 (p = 0.03) in the Myr-
IFN cohort was not present at week 24 anymore. However,
HDV RNA decreased at week 24 P1 log in six of seven patients
of the Myr cohort, and became undetectable in two patients dur-
ing treatment with myrcludex B alone. Mean change from base-
line was a reduction of 101.67 copies/ml (p = 0.002). In the Myr-
IFN cohort seven of seven patients had a decline of P1 log at
week 24 and five patients became negative at that time. Mean
change from baseline was a decline of 102.59 copies/ml
(p <0.001). In the IFN cohort, six of seven patients had a decline
of P1 log at week 24 and two became negative for HDV RNA.
The mean change from baseline was a decline of 102.17 copies/
ml (p = 0.005, Fig. 3). Baseline mean HDV RNA are shown in
Table 1. Individual changes for HDV RNA are shown in Supple-
mentary Table 1.

HBV DNA declined P1 log in two out of eight patients in the
Myr cohort, with a mean decline of 100.29 copies/ml, which was
not significant (p = 0.2). There was a significant mean reduction
of 101.28 (p = 0.04) in the Myr-IFN cohort, where six of seven
patients showed a decline P1 log. The decline in three out of
eight patients in the IFN cohort also remained non-significant
(mean reduction 100.07, p = 0.91, Fig. 4).

Patients started with mean ALT levels of 90 (± 61), 79.9 (± 40),
and 85.6 (± 25) IU/ml in the Myr, Myr-IFN and IFN cohort respec-
tively. In six of eight patients in the Myr cohort ALT normalized
(mean at week 24 = 40.9 (± 14.6) IU/ml, p = 0.04). In both cohorts
with PegIFNa-2a treatment, ALT normalized only in one patient,
which was a non-significant change for ALT levels (Fig. 5).

HBV and HDV kinetics were modeled simultaneously by the
virus kinetic model (Fig. 6) [38]. Under IFN treatment the virion
production rate was reduced by 74.9%. Under treatment with
myrcludex B, the infection rate of healthy hepatocytes was
reduced by 64.7%. All model parameters were estimated with
good precision. Goodness-of-fit plots and individual plots showed
Table 1. Patient demographics and characteristics at baseline.

Cohort  

Age
mean 
(min-max)
[years]

Height
[cm]
± SD

Weight 
[kg]
± SD

Female/
male

HBsAg
mean
[U/ml]
± SD

Myr cohort  
(8/7*)

38.3
(29-55) 179.6 ± 13.0 81.6 ± 13.6 3/5 103.9 ± 1

Myr-IFN 
cohort (7/7*)

33.0
(23-39)

171.9 ± 8.7 74.5 ± 16.1 1/6 104.18 ± 1

IFN cohort 
(8/7*)

42.1
(34-61)

172.8 ± 8.0 81.0 ± 5.6 2/6 103.20 ± 1

ALT, alanine aminotranferase; HBV DNA, hepatitis B deoxyribonucleic acid; HBeAg, hepa
delta ribonucleic acid; SD, standard deviation.
⁄Evaluable patients for HDV RNA.
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that the virus kinetic was well described by the model (Table 2,
Supplementary Fig. 1). A visual predictive check, stratified by
virus and treatment arm, showed a good descriptive performance
with neither bias nor under- or over-estimation of the model
variability (Supplementary Fig. 2A–C). A simulation of a 1-year
treatment with placebo, myrcludex B, PegIFNa-2a or their combi-
nation revealed significant synergistic effects of the combination
treatment on the viral decline of HDV (�7.5 log, Supplementary
Fig. 3).

Patients experienced a total of 96 adverse events within the
first 24 weeks of their treatment, but none was serious. 61 events
in 19 patients were mild, 27 events in 12 patients were moderate,
and 8 events in 4 patients were severe according to the Common
Terminology Criteria for Adverse Events v4.0. The severe cases
occurred in the Myr cohort (2), Myr-IFN cohort (2), IFN cohort
(4), were all adjudicated as unrelated to myrcludex B and com-
prised two ALT and aspartate aminotransferase (AST) increases,
one ALT, AST, and gamma-glutamyltransferase increase each,
and one thrombocytopenia. From all adverse events (Supplemen-
tary Table 2) four events were considered related to myrcludex B
treatment, all of which were transient mild laboratory parameter
deviations (thrombocytopenia, lymphopenia, eosinophilia, and
neutropenia). There were no dose reductions or treatment inter-
ruptions for myrcludex B. Eighty-seven adverse events were
related to the PegIFNa-2a treatment. One patient in Myr-INF
cohort discontinued participation due to a rash, which was attrib-
uted to PegIFNa-2a.

In the Myr cohort three out of seven patients showed antibod-
ies (p = 0.20), whereas six out of seven in the Myr-IFN cohort
developed antibodies against Myr B (p <0.001). There was no
apparent correlation between the appearance of antibodies and
efficacy or safety profile of the drug. No patient in the IFN cohort
developed antibodies against myrcludex B at week 12 (Supple-
mentary Fig. 4).

Bile acids were evaluated in an explorative way. There was no
increase in unconjugated bile acids in any of the cohorts (non-
significant mean increase of 100.24, 100.46 in week 24 for the
Myr and Myr-IFN cohort respectively, and 100.04 in the IFN cohort
at week 12). Taurine-conjugated bile acids had a significant
increase of 100.47 (p = 0.049) and 100.74 (p = 0.009) in the Myr
and Myr-IFN cohort respectively at week 24. Glycine-
conjugated bile acids had a mean increase by 100.52 (p = 0.03)
and 100.71 (p = 0.002) at week 24 in the Myr and Myr-IFN cohort,
respectively (Supplementary Fig. 5). No increase of any conju-
gated bile acids occurred in the IFN cohort at week 12. There
was no apparent correlation between the elevated bile acids
and any efficacy or safety profile of the drug.
HDV RNA
mean
[copies/ml]
± SD

HBV DNA
mean
[copies/ml]
± SD

ALT
mean
[U/ml]
± SD

Liver 
cirrhosis
[%]

Prior 
interferon 
treatment
[%]

00.56 104.14 ± 100.96 103.29 ± 102.33 90.5 ± 61.0 25 25

00.56 104.21 ±  101.08 102.78 ± 101.13 79.9 ± 40.0 0 43

01.57 104.20 ± 100.95 101.89 ± 100.77 85.6 ± 25.0 12.5 25

titis B envelope antigen; HBsAg, hepatitis B surface antigen; HDV RNA, hepatitis
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Fig. 4. Virological response to antiviral treatment with myrcludex B and/or pegylated interferon. Expressed as HBV DNA (hepatitis B deoxyribonucleic acid) at baseline
and after 12 and 24 weeks of treatment in 8 patients (Myr cohort, IFN cohort) and 7 patients (Myr-IFN cohort).
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Fig. 3. Virological response to antiviral treatment with myrcludex B and/or pegylated interferon alpha. Expressed as HDV RNA (hepatitis delta ribonucleic acid) at
baseline and after 12 and 24 weeks of treatment in 7 patients (Myr cohort, IFN cohort, Myr-IFN cohort).
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Fig. 2. Virological response to antiviral treatment with myrcludex B and/or pegylated interferon alpha. Expressed as HBsAg (hepatitis B surface antigen) at baseline
and after 12 and 24 weeks of treatment in 8 patients (Myr cohort, IFN cohort) and 7 patients (Myr-IFN cohort).
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Discussion

Our study demonstrated for the first time the clinical ‘proof of
concept’ of entry inhibition for CHD patients. As monotherapy
myrcludex B was very well tolerated. The combination with
494 Journal of Hepatology 201
PegIFNa-2a did apparently not increase the frequency or severity
of the mainly hematological adverse events, which were mostly
related to the PegIFNa-2a treatment. All patients with measur-
able HDV RNA in the Myr cohort experienced a decline of HDV
RNA under myrcludex B monotherapy, with two of seven patients
6 vol. 65 j 490–498
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Fig. 5. Biochemical response to antiviral treatment with myrcludex B and/or pegylated interferon. Expressed as ALT (alanine aminotransferase) at baseline and after 12
and 24 weeks of treatment in 8 patients (Myr cohort, IFN cohort) and 7 patients (Myr-IFN cohort).
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reaching HDV RNA negativity at 24 weeks of treatment. It is to
note that these were the two patients with the lowest HDV
RNA levels. Remarkably, the combination of myrcludex B with
Table 2. Parameter estimates of the HBV and HDV kinetic model including residual

Parameter Unit HBV (RSE)
R0 6.12 (48%)*
c 1/day 0.0309 (41%)
δ 1/day 0.0171 (33%)

s hepatocytes/
ml/day 61.7*103

d 1/day 0.003*#

MYR 0.647 (10%)*

IFN 0.749 (8%)*

IIV R0 % CV 156 (33%)*

§Average number of newly infected cells that arise from any one infected cell in the begin
⁄Assumed to be identical for HDV and HBV; #fixed to literature values; $see also Fig. 6
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PegIFNa-2a profoundly enhanced the antiviral effect and all sub-
jects experienced a decline >1 log in HDV RNA, and five of seven
patients became HDV RNA negative at week 24. As expected,
PegIFNa-2a alone also decreased HDV in all patients and led to
HDV RNA negativation in two of seven patients, which is in line
with published data [11,43]. Notably, ALT levels, a clinically rele-
vant and predictive marker for HDV-related disease progression,
significantly declined and reached normal levels in six of eight
patients of the Myr cohort. The absence of this tendency in both
cohorts with PegIFNa-2a is consistent with previous findings
probably indicating an ongoing stimulatory effect of PegIFNa-
2a on immune mediated cell killing [10]. Elevated ALT levels
reflect the ongoing immune reaction against infected cells, espe-
cially de novo infected cells. The normalization of ALT levels by
myrcludex B therefore potentially marks the reduction of de novo
infections and the resulting decreased hepatocyte turnover.
Moreover, the incessant reduction of the number of infected cells
by either apoptosis or immune mediated cell killing may also
result in a decreased hepatic ALT release. Baseline levels of HBV
DNA were generally lower in the majority of the study partici-
pants, which is not unexpected because HDV co-infection is
thought to interfere with HBV replication [44].
standard errors (RSE).

HDV (RSE) Definition
Basic reproductive ratio§

0.0915 (24%) Virion clearance
0.101 (38%) Loss rate of infected cells

Hepatocyte growth rate

Hepatocyte death rate
Myrcludex B drug effect 
(infection inhibition)$

Pegylated interferon α2a 
drug effect (virion production 
inhibition)$

Interindividiual variability 
on R0

ning of the infection when almost all cells are uninfected and defined as: R0 ¼ p�b�s
c�d�d.

for details. For detailed description of the model parameters see [39].
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Guedj and colleagues have modeled early virus kinetics and

have found a biphasic effect on HDV viremia during IFN treat-
ment with an even higher overall efficacy of 96% on HDV produc-
tion and release reduction [45]. Because our virus kinetic model
is only based on data determined at week 12 and 24 we cannot
compare directly with the early phase HDV kinetics [45]. Also
their patients showed much higher HDV RNA- and ALT levels at
baseline, which further limits the comparison with our data.
However, our model highlighted another interesting observation:
There was a more profound suppression of HDV RNA levels in the
Myr-IFN combination cohort. In the simulation of a 1-year treat-
ment, viral decline for HDV RNA in combination therapy is pre-
dicted to be more than four times as high as for each
monotherapy (Supplementary Fig. 3). Also HBV declined slightly
more under combination treatment (Supplementary Fig. 3). As
one cannot expect that HDV has a direct influence on the HBV
infection cycle it would also be an interesting option to investi-
gate the effect of myrcludex B with PegIFNa-2a in HBV mono-
infected patients.

Despite the clear antiviral effect as measured by HDV RNA,
HBV DNA and ALT decline, HBsAg remained unaffected. Because
myrcludex B as a NTCP-specific entry inhibitor does not interfere
with late steps in the replication cycle like HDV or HBV produc-
tion [30,31,46], the decline of viral loads under therapy probably
reflects a corresponding reduction of the infected virus-
producing cells. Evidence for this assumption came from
in vitro and in vivo studies where myrcludex B induced a clear
reduction of infected cells. [31,33]. However, it remains an open
question, why HBsAg levels do not follow the same kinetics. One
explanation could be that HBsAg secretion might be disconnected
from HBV replication e.g., through production from integrated
DNA independent of cccDNA. This might be even more likely in
later phases of infection in HBeAg negative patients [44,47]. Fur-
thermore, HBsAg is assumed to be an important factor modulat-
ing the mechanism of productive immune surveillance [48,49].
Accordingly, HBsAg levels in a chronically infected patient might
be thoroughly regulated by transcriptional control of cccDNA.
Clearance might therefore not proceed linearly with the loss of
infected cells but could proceed by a more abrupt process when
transcriptional compensation cannot be upheld anymore.

Theappearanceof antibodies fromthepeptidic drugmyrcludex
B was not unexpected following multiple dose administration of
the peptide and could be demonstrated in some patients in the
Myr cohort and as a significant regular trend in theMyr-IFN cohort
(Supplementary Fig. 4). The high titers of antibodies in the latter
might be related to a general immunostimulatory effect of
PegIFNa-2a. The antibodies did not affect safety or efficacy of the
drug, although a correct correlation analysis is impossible with
the small sample size. Because myrcludex B contains essential
and adjacent amino acids of the receptor binding site of the virus,
antibodies against the peptide may exhibit virus-neutralizing
potential, but may also neutralize the effect of the peptide itself.
However,myrcludex B contains epitopes that have been described
to induce highly potent neutralizing antibodies [50,51]. Further
evaluations of the immunogenicity of the peptide for safety and
efficacy, aswell as the potential of antibodies to influence the ther-
apeutic efficacy of the drug, are currently ongoing.

The myrcludex B dose of 2 mg does not completely saturate
NTCP [35]. Patients under myrcludex B showed a very moderate
increase in taurine-conjugated and glycine-conjugated bile acids,
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which were not associated with any clinical events. There are no
normal ranges for bile acids, and the physiological consequences
of increased bile acids remain unclear. A recent report of one
patient with a non-functional NTCP showed clearly but asymp-
tomatically raised bile acid levels [52]. Other studies, however,
showed that bile acids might have possible adverse effects on
the cardiovascular system [53,54]. However, in vitro HBV and
HDV infection inhibition can be achieved at sub-saturating con-
centrations of NTCP. It remains to be investigated if clinical side
effects possibly arising from long-term treatment with myr-
cludex B might be manageable by dose reduction, without loss
of the therapeutic effect.

In conclusion entry inhibition of HBV and HDV in chronically
co-infected patients has – for the first time – been shown to be
associated with HDV RNA and HBV DNA declines and improve-
ment of biochemical disease activity (ALT) after a 24-week treat-
ment course. The antiviral effect of myrcludex B is more
pronounced in combination with PegIFNa-2a indicating that a
combination of both drugs is promising for future clinical trials.
Myrcludex B was safe and well tolerated as monotherapy and
in combination with PegIFNa-2a in patients with HDV co-
infection. A comprehensive phase II program will further explore
optimal dose-range and frequency, as well as the most effective
duration of therapy for the use of myrcludex B in CHD and CHB
infection.
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