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Abstract
Background and Aims: Proof- of- concept studies demonstrated lonafarnib 
(LNF), a first- in- class oral prenylation inhibitor, efficacy in patients infected 
with HDV. The lonafarnib with ritonavir for HDV- 2 (LOWR- 2) study’s aim was 
to identify optimal combination regimens of LNF + ritonavir (RTV) ± pegylated 
interferon alpha (PEG- IFNα) with efficacy and tolerability for longer- term dos-
ing. Here we report the safety and efficacy at end of treatment for up to 24 
weeks.
Approach and Results: Fifty- five patients with chronic HDV were consecu-
tively enrolled in an open- label, single- center, phase 2 dose- finding study. 
There were three main treatment groups: high- dose LNF (LNF ≥ 75 mg by 
mouth [po] twice daily [bid] + RTV) (n = 19, 12 weeks); all- oral low- dose 
LNF (LNF 25 or 50 mg po bid + RTV) (n = 24, 24 weeks), and combina-
tion low- dose LNF with PEG- IFNα (LNF 25 or 50 mg po bid + RTV + PEG- 
IFNα) (n = 12, 24 weeks). The primary endpoint, ≥2 log10 decline or < lower 
limit of quantification of HDV- RNA from baseline at end of treatment, was 
reached in 46% (6 of 13) and 89% (8 of 9) of patients receiving the all- oral 
regimen of LNF 50 mg bid + RTV, and combination regimens of LNF (25 or 
50 mg bid) + RTV + PEG- IFNα, respectively. In addition, multiple patients 
experienced well- tolerated transient posttreatment alanine aminotransferase 
increases, resulting in HDV- RNA negativity and alanine aminotransferase 
normalization. The proportions of grade 2 and 3 gastrointestinal adverse 
events in the high- dose versus low- dose groups were 49% (37 of 76) and 
only 22% (18 of 81), respectively.
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INTRODUCTION

Chronic delta hepatitis (CDH) leads to the most severe 
form of human viral hepatitis. CDH is always found as 
a co- infection with HBV, requiring HBsAg to complete 
HDV virion assembly. However, HDV- HBV co- infection 
leads to more rapid disease progression than HBV 
mono- infection alone.[1] There is currently no Food 
and Drug Administration (FDA)– approved treatment 
for HDV, although the entry inhibitor Bulevirtide has re-
cently received conditional approval by the European 
Medicines Agency. Pegylated interferon alpha (PEG- 
IFNα) has demonstrated limited efficacy in off- label 
use, in which 1 year of treatment with PEG- IFNα is ef-
fective in approximately only a quarter of the patients.[2] 
With prolonged treatment durations for up to 10 years, 
response rates may increase,[3] but this remains a dif-
ficult strategy for patients and physicians alike due to 
management of side effects. New therapies are ur-
gently needed.

The farnesyl transferase inhibitor lonafarnib (LNF) 
targets prenylation of HDV large delta antigen, a host 
function that is essential for HDV virion morphogen-
esis.[4] By targeting a host function, LNF can subvert 
the ability of the virus to develop resistance, as the 
drug- targeted locus is not under genetic control of 
the virus. A proof- of- concept clinical study of LNF 
monotherapy demonstrated a dose- dependent cor-
relation of increased LNF serum levels and HDV viral 
load (VL) decline at 4 weeks.[5] This was followed by 
the LOnafarnib With and without Ritonavir (RTV) in 
HDV (LOWR- 1) study, which evaluated higher doses 
of LNF monotherapy as well as lower LNF doses 
boosted with RTV for up to 12 weeks’ duration.[6] 
Although higher doses were associated with better 
short- term declines in VL, this was accompanied by 
increased gastrointestinal (GI) side effects. Higher 
LNF serum levels and antiviral responses were ob-
served with lower LNF doses when combined with an 
inhibitor of its postabsorption metabolism, RTV. This 
enabled lower LNF doses in the GI tract to achieve 
higher efficacy with concomitant better GI tolerability. 
The present LOWR- 2 study was designed to extend 
these findings to identify optimal combination regi-
mens of LNF + RTV ± PEG- IFNα with efficacy and 
tolerability for longer- term dosing, to induce clinically 
meaningful reductions in HDV RNA and alanine ami-
notransferase (ALT) normalization, and to provide 
the support for the phase 3 study for patients infected 
with HDV.

PATIENTS AND METHODS

Study design and participants

The study was a single- center, open- label, nonrand-
omized, uncontrolled, phase 2 pilot study. Safety and 
tolerability of EBP- 994 (LNF) was a primary objec-
tive of the study. From a safety, pharmacokinetic, and 
pharmacodynamic perspective, no a priori assump-
tions were made as to the expected treatment effect 
and associated variability. All patients were enrolled in 
the Department of Gastroenterology of the University 
of Ankara Medical School. The study protocol and 
three amendments to the original protocol were ap-
proved by the University of Ankara Medical School 
Ethics Committee. Briefly, 18- year- old to 65- year- old 
patients with CDH infection, documented by a positive 
anti- HDV test of at least 6 months’ duration and detect-
able HDV RNA by PCR within 3 months to study entry, 
were included. All patients were required to be HDV 
RNA– positive at baseline and have compensated liver 
disease. Platelet and white blood cell counts had to 
be ≥100,000 (×109/L) and 3000 (×109/L), respectively. 
Detailed inclusion and exclusion criteria are listed in 
Table S1 and the Supporting Materials. The study was 
approved by the University of Ankara Medical School 
and the Ministry of Health ethics committees. All pa-
tients gave written, informed consent.

Procedures

Enrollment into LOWR- 2 began on December 2, 2014. 
The original open- label, randomized study protocol 
was modified to a nonrandomized dose finding study 
with amendment 1 of the original protocol, in which 
patients were consecutively enrolled into various treat-
ment regimens. The prespecified number of patients 
per treatment regimen was at least 3 patients, with the 
number allowed to increase based on agreement with 
the principal investigator (CY) and the sponsor. Of the 
four groups of treatment regimens considered in the 
protocol (Group 1: LNF up to 600 mg daily dose as 
monotherapy; Group 2: LNF up to 200 mg daily dose in 
combination with RTV; Group 3: LNF up to 200 mg daily 
dose in combination with Peg- IFNα; and Group 4: LNF 
up to 200 mg daily dose in combination with RTV and 
Peg- IFNα), Groups 1 and 3 had been assessed in the 
LOWR- 1 study and have now been published.[6] In the 
LOWR- 1 study, combination of LNF 100 mg twice daily 

Conclusions: LNF, boosted with low- dose RTV, is a promising all- oral ther-
apy, and maximal efficacy is achieved with PEG- IFNα addition. The identified 
optimal regimens support a phase 3 study of LNF for the treatment of HDV.
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(bid) with RTV 100 mg once daily (qd) demonstrated 
over 40- times- greater antiviral activity compared to 
that observed with LNF 100 mg bid alone at 4 weeks 
(−2.4 log10 vs. −0.73 log10), encouraging further dose 
optimization of LNF with RTV in the LOWR- 2 study. 
The current LOWR- 2 study further assessed Groups 2 
and 4 by enrolling patients consecutively into 10 differ-
ent treatment regimens, which were divided into three 
groups (Table 1 and Figure S1): Group 1 (high- dose 
LNF ≥ 75 mg bid), which included Regimen 1 (LNF 
100 mg bid + RTV 100 mg qd for 12 weeks), Regimen 
2 (LNF 100 mg bid + RTV 50 mg bid for 12 weeks), 
Regimen 3 (LNF 100 mg qd + RTV 100 mg qd for 12 
weeks), Regimen 4 (LNF 150 mg qd + RTV 100 mg qd 
for 12 weeks), and Regimen 5 (LNF 75 mg bid + RTV 
100 mg bid for 12 weeks followed by combination with 
PEG- IFNα 180 μg subcutaneously once weekly [qw] for 
12 weeks); Group 2 (low- dose LNF ≤ 50 mg bid), which 
included Regimen 6 (LNF 25 mg bid + RTV 100 mg 
bid for 24 weeks), Regimen 7 (LNF 50 mg bid + RTV 
100 mg bid for 24 weeks), and Regimen 8 (LNF 50 
mg bid + RTV 100 mg bid for 12 weeks followed by 
combination with PEG- IFNα 180 μg qw for 12 weeks); 
Group 3 (low- dose LNF ≤ 50 mg bid combined with 
PEG- IFNα), which included Regimen 9 (LNF 25 mg 
bid + RTV 100 mg bid + PEG- IFNα 180 μg qw for 24 
weeks) and Regimen 10 (LNF 50 mg bid + RTV 100 mg 
bid + PEG- IFNα 180 μg qw for 24 weeks). A subset of 

patients from Regimens 6, 7, 9, and 10 had their treat-
ment extended in an exploratory fashion to 48 weeks 
(Table 1), which will be reported elsewhere.

Adverse events (AEs) of the treatment regimens 
were assessed using the Common Terminology Criteria 
for Adverse Events (CTCAE) version 4.

Blood sampling was done on days 1, 2, 3, 7, 14, and 
28, and then every 4 weeks on- treatment for assess-
ment of biochemical and virologic parameters. A brief 
physical examination was done at screening, at day 
1, and at every visit starting from day 3. AEs were re-
corded at every visit. Posttreatment follow- up consisted 
of one visit 4 weeks after treatment discontinuation.

Virologic determinations

Serum HDV RNA was measured using the RoboGene 
assay according to instructions provided (Sonic 
Laboratory Manual, 2016). The assay uses real- time 
quantitative PCR of HDV RNA in human serum sam-
ples. The assay is designed to detect HDV genotype 
(GT)- 1, GT- 2, GT- 3, GT- 4, GT- 5, GT- 6, GT- 7, and GT- 
8, applying probes and primers specific for a subse-
quence of the HDV delta antigen. The assay has a 
lower limit of quantitation (LLOQ) of 14 IU/ml based 
on calibrated standards using a reference HDV GT- 1 
positive serum. The analytical sensitivity of the kit 

TA B L E  1  Treatment regimens used in the LOWR- 2 study

Regimen
Duration 
(weeks) Patients (n)

Group 1: high- dose regimens 1 LNF 100 mg bid + RTV 100 mg qd 12 4a

2 LNF 100 mg bid + RTV 50 mg bid 12 4a

3 LNF 100 mg qd + RTV 100 mg qd 12 5b

4 LNF 150 mg qd + RTV 100 mg qd 12 3

5 LNF 75 mg bid + RTV 100 mg bid (+ PEG- IFNα 180 
μg qw starting Week 13)

24 3

Group 2: low- dose all- oral regimens 6 LNF 25 mg bid + RTV 100 mg bid 24 6d

7 LNF 50 mg bid + RTV 100 mg bid 24 13b

8 LNF 50 mg bid + RTV 100 mg bid (+ PEG- IFNα 180 
μg qw starting Week 13)

24 5a

Group 3: low- dose combination 
regimens

9 LNF 25 mg bid + RTV 100 mg bid + PEG- IFNα 180 
μg qw

24 7c,f

10 LNF 50 mg bid + RTV 100 mg bid + PEG- IFNα 180 
μg qw

24 5e

Total 55

Note: Patients were treated with 10 different treatment regimens (Regimens 1– 10). These treatment regimens were allocated into three overall groups: high 
dose group (Group 1), low- dose all- oral group (Group 2), and low- dose triple combination group (Group 3) (Figure S1).
Abbreviations: qd, once daily; and qw, once weekly.
aOne patient discontinued due to AEs. All patients were included in the intention- to- treat efficacy and safety assessments.
bTwo patients discontinued due to AEs.
cThree patients discontinued due to AEs, and 1 patient was lost to follow- up.
dFive patients continued treatment to 48 weeks.
eTwo patients continued treatment to 48 weeks.
fThree patients continued treatment to 48 weeks.
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F I G U R E  1  Lonafarnib with ritonavir for HDV- 2 study (LOWR- 2) patient flow (CONSORT diagram). Abbreviations: AE, adverse event; 
CDH, chronic delta hepatitis; LNF, lonafarnib; PEG- IFNα, pegylated interferon alpha; and RTV, ritonavir

TA B L E  2  Baseline characteristics of patients

Baseline characteristics

All patients High- dose regimens Low- dose regimens

n = 55 1 (n = 4) 2 (n = 4) 3 (n = 5) 4 (n = 3) 5 (n = 3) 6 (n = 6) 7 (n = 13) 8 (n = 5) 9 (n = 7) 10 (n = 5)

Median age, years (range) 50 (23– 70) 31 (23– 40) 51 (37– 54) 61 (53– 66) 56 (42– 60) 59 (5– 61) 49 (31– 57) 41 (27– 70) 39 (25– 52) 50 (41– 59) 39 (29– 58)

% Male 65% (36 of 55) 100% (4 of 4) 100% (4 of 4) 40% (2 of 5) 100% (3 of 3) 67% (2 of 3) 50% (3 of 6) 54% (7 of 13) 100% (5 of 5) 43% (3 of 7) 60% (3 of 5)

% HBeAg (+) 14.8% (8 of 54) 0%a (0 of 3) 50% (2 of 4) 0% (0 of 5) 0% (0 of 3) 0% (0 of 3) 17% (1 of 6) 8% (1 of 13) 20% (1 of 5) 14% (1 of 7) 20% (1 of 5)

% Prior IFN therapy 52.7% (29 of 55) 25% (1 of 4) 75% (3 of 4) 40% (2 of 5) 67% (2 of 3) 33% (1 of 3) 67% (4 of 6) 46% (6 of 13) 80% (4 of 5) 0% (0 of 7) 0% (0 of 5)

Median log HDV RNA, IU/ml (range) 4.56 (0.88– 7.26) 4.86 (4.59– 6.15) 3.16 (0.88– 6.36) 5.40 (3.42– 6.15) 4.86 (4.44– 6.36) 4.59 (2.34– 4.98) 4.14 (1.66– 5.15) 3.87 (1.66– 5.54) 5.15 (3.30– 6.32) 5.52 (2.58– 7.18) 5.29 (4.36– 6.97)

Median log HBV DNA, IU/ml (range) 1.75 (0– 7.76) 1.73 (0– 2.04) 1.77 (1.43– 1.82) 1.40 (0– 2.18) 1.83 (0– 2.56) 1.89 (0– 2.04) 1.73 (0– 3.08) 1.63 (0– 3.32) 1.54 (0– 7.76) 3.30 (0– 7.26) 1.79 (0– 3.76)

Proportion of patients with detectable HBV DNA 70% (37 of 53) 67%a (2 of 3) 100% (4 of 4) 75%a (3 of 4) 67% (2 of 3) 67% (2 of 3) 67% (4 of 6) 62% (8 of 13) 50% (2 of 5) 86% (6 of 7) 80% (4 of 5)

% Prior nucleotide therapy 29% (16 of 55) 50% (2 of 4) 50% (2 of 4) 40% (2 of 5) 33% (1 of 3) 0% (0 of 3) 17% (1 of 6) 15% (2 of 13) 40% (2 of 5) 0% (0 of 7) 0% (0 of 5)

Median ALT, U/ml (range) 67 (24– 651) 318 (40– 651) 69 (42– 94) 42 (29– 264) 67 (66– 69) 37 (32– 57) 68 (44– 175) 69 (24– 229) 87 (42– 241) 60 (33– 129) 78 (28– 115)

Median platelet, x 109/l (range) 154 (55– 263) 208 (179– 252) 122 (55– 155) 142 (114– 263) 205 (148– 222) 94 (67– 117) 133 (97– 213) 156 (72– 235) 159 (114– 209) 144 (109– 174) 191 (111– 254)

Median BUN, mg/dl (range) 14 (6– 24) 13 (6– 17) 13 (10– 15) 10 (9– 14) 13 (9– 13) 13 (10– 14) 14 (11– 23) 15 (9– 23) 14 (10– 18) 14 (10– 24) 15 (13– 22)

Median creatinine, mg/dl (range) 0.77 (0.17– 1.11) 0.80 (0.77– 0.93) 0.79 (0.69– 0.82) 0.61 (0.61– 0.91) 0.81 (0.77– 0.93) 0.76 (0.67– 1.01) 0.68 (0.59– 0.94) 0.81 (0.46– 1.10) 0.99 (0.74– 1.11) 0.66 (0.17– 1.06) 0.83 (0.66– 1.10)

Median albumin, g/dL (range) 4.10 (2.90– 4.86) 4.20 (3.40– 4.40) 3.90 (3.30– 4.00) 3.60 (3.60– 4.00) 3.80 (3.60– 4.20) 4.10 (4.00– 4.10) 4.05 (3.50– 4.40) 4.30 (3.80– 4.86) 4.50 (2.90– 4.80) 4.20 (3.90– 4.40) 4.10 (3.82– 4.60)

Median prothrombin, seconds (range) 11.6 (8.5– 19.8) 11.7 (11.2– 12.2) 11.7 (10.9– 12.5) 11.8 (10.9– 12.6) 13.0 (11.7– 13.5) 11.5 (11.1– 12.0) 14 (11– 23) 15 (9– 23) 14 (10– 14) 15 (13– 24) 15 (13– 22)

% Cirrhosis 25% (14/55) 0% (0 of 4) 50% (2 of 4) 40% (2 of 5) 33% (1 of 3) 67% (2 of 3) 33% (2 of 6) 15% (2 of 13) 20% (1 of 5) 14% (1 of 7) 20% (1 of 5)

Median Child- Pugh (range) 5 (5– 6) 5a (5– 6) 5 (5– 5) 5 (5– 5) 6 (6) 5 (5– 5) 5 (5– 5) 5 (5) 5 (5) 5 (5) 5 (5)

Note: Baseline characteristics for all 55 LOWR2 study patients are broken down by individual treatment regimens.
Abbreviations: ALT, alanine aminotransferase; BUN, blood urea nitrogen.
aData unavailable for 1 patient.
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was determined by analyzing dilutions of the first 
World Health Organization International Standard for 
HDV RNA, GT- 1 (#7657/12, provided by Paul Ehrlich- 
Institut). Imputed values of 7.5 IU/ml (i.e., the average 
of 14 IU/ml and 1 IU/ml) and 1 IU/ml were used for the 
assay measurements, which were below LLOQ and 
PCR- negative, respectively. Serum HBV- DNA level 
was quantified by the Cobas TaqMan HBV test (Roche 
Molecular Systems, Inc., Mannheim, Germany). HBsAg 
was quantified by the Architect HBsAg assay (Abbott 
Diagnostics, Germany) according to the manufacturer’s 
instructions. Qualitative hepatitis serologies including 
HBsAg, hepatitis B surface antibody, HBeAg, and hep-
atitis B e antibody were determined by a microparticle 
enzyme immunoassay method (Abbott Laboratories, 
North Chicago, IL), and anti- HDV was determined by 
an enzyme immunoassay (Abbott Laboratories).

Outcomes

The primary endpoint of this study was defined as a ≥2 
log10 decline or < LLOQ of HDV RNA from baseline at 
end of treatment (EOT), as specified in Table 1 for each 
regimen. A ≥2 log10 decline was considered as a sur-
rogate marker for initial treatment efficacy, which mir-
rors the recent recommendation of a group of experts 
on the management of CDH[7] and was associated 
with significantly improved long- term clinical benefit.[8] 

Undetectable HDV RNA at EOT and normalization of 
ALT as well as quantitative decline of HDV RNA at EOT 
compared with baseline were assessed as secondary 
end points.

Statistical analysis

As noted in the protocol, a formal sample size calcula-
tion was not performed. Safety data was assessed on 
all patients who received at least one dose of lonafarnib 
(intention to treat analysis). Efficacy data was summa-
rized for all patients who completed intended dosing. 
Patients who did not reach the intended treatment du-
ration were thus not assessed by the per protocol anal-
ysis. Intent- to- treat analysis was used when comparing 
the number of patients receiving high vs. low dose of 
lonafarnib based regimens in achieving a ≥ 2 log10 de-
cline at end of treatment.' Further details is provided in 
the Supporting Material Section.

RESULTS

Patient population

The study recruitment started December 2, 2014. The 
last patient was enrolled on October 25, 2016. Last per- 
protocol follow- up visit of a patient was on June 15, 2017. 

TA B L E  2  Baseline characteristics of patients

Baseline characteristics

All patients High- dose regimens Low- dose regimens

n = 55 1 (n = 4) 2 (n = 4) 3 (n = 5) 4 (n = 3) 5 (n = 3) 6 (n = 6) 7 (n = 13) 8 (n = 5) 9 (n = 7) 10 (n = 5)

Median age, years (range) 50 (23– 70) 31 (23– 40) 51 (37– 54) 61 (53– 66) 56 (42– 60) 59 (5– 61) 49 (31– 57) 41 (27– 70) 39 (25– 52) 50 (41– 59) 39 (29– 58)

% Male 65% (36 of 55) 100% (4 of 4) 100% (4 of 4) 40% (2 of 5) 100% (3 of 3) 67% (2 of 3) 50% (3 of 6) 54% (7 of 13) 100% (5 of 5) 43% (3 of 7) 60% (3 of 5)

% HBeAg (+) 14.8% (8 of 54) 0%a (0 of 3) 50% (2 of 4) 0% (0 of 5) 0% (0 of 3) 0% (0 of 3) 17% (1 of 6) 8% (1 of 13) 20% (1 of 5) 14% (1 of 7) 20% (1 of 5)

% Prior IFN therapy 52.7% (29 of 55) 25% (1 of 4) 75% (3 of 4) 40% (2 of 5) 67% (2 of 3) 33% (1 of 3) 67% (4 of 6) 46% (6 of 13) 80% (4 of 5) 0% (0 of 7) 0% (0 of 5)

Median log HDV RNA, IU/ml (range) 4.56 (0.88– 7.26) 4.86 (4.59– 6.15) 3.16 (0.88– 6.36) 5.40 (3.42– 6.15) 4.86 (4.44– 6.36) 4.59 (2.34– 4.98) 4.14 (1.66– 5.15) 3.87 (1.66– 5.54) 5.15 (3.30– 6.32) 5.52 (2.58– 7.18) 5.29 (4.36– 6.97)

Median log HBV DNA, IU/ml (range) 1.75 (0– 7.76) 1.73 (0– 2.04) 1.77 (1.43– 1.82) 1.40 (0– 2.18) 1.83 (0– 2.56) 1.89 (0– 2.04) 1.73 (0– 3.08) 1.63 (0– 3.32) 1.54 (0– 7.76) 3.30 (0– 7.26) 1.79 (0– 3.76)

Proportion of patients with detectable HBV DNA 70% (37 of 53) 67%a (2 of 3) 100% (4 of 4) 75%a (3 of 4) 67% (2 of 3) 67% (2 of 3) 67% (4 of 6) 62% (8 of 13) 50% (2 of 5) 86% (6 of 7) 80% (4 of 5)

% Prior nucleotide therapy 29% (16 of 55) 50% (2 of 4) 50% (2 of 4) 40% (2 of 5) 33% (1 of 3) 0% (0 of 3) 17% (1 of 6) 15% (2 of 13) 40% (2 of 5) 0% (0 of 7) 0% (0 of 5)

Median ALT, U/ml (range) 67 (24– 651) 318 (40– 651) 69 (42– 94) 42 (29– 264) 67 (66– 69) 37 (32– 57) 68 (44– 175) 69 (24– 229) 87 (42– 241) 60 (33– 129) 78 (28– 115)

Median platelet, x 109/l (range) 154 (55– 263) 208 (179– 252) 122 (55– 155) 142 (114– 263) 205 (148– 222) 94 (67– 117) 133 (97– 213) 156 (72– 235) 159 (114– 209) 144 (109– 174) 191 (111– 254)

Median BUN, mg/dl (range) 14 (6– 24) 13 (6– 17) 13 (10– 15) 10 (9– 14) 13 (9– 13) 13 (10– 14) 14 (11– 23) 15 (9– 23) 14 (10– 18) 14 (10– 24) 15 (13– 22)

Median creatinine, mg/dl (range) 0.77 (0.17– 1.11) 0.80 (0.77– 0.93) 0.79 (0.69– 0.82) 0.61 (0.61– 0.91) 0.81 (0.77– 0.93) 0.76 (0.67– 1.01) 0.68 (0.59– 0.94) 0.81 (0.46– 1.10) 0.99 (0.74– 1.11) 0.66 (0.17– 1.06) 0.83 (0.66– 1.10)

Median albumin, g/dL (range) 4.10 (2.90– 4.86) 4.20 (3.40– 4.40) 3.90 (3.30– 4.00) 3.60 (3.60– 4.00) 3.80 (3.60– 4.20) 4.10 (4.00– 4.10) 4.05 (3.50– 4.40) 4.30 (3.80– 4.86) 4.50 (2.90– 4.80) 4.20 (3.90– 4.40) 4.10 (3.82– 4.60)

Median prothrombin, seconds (range) 11.6 (8.5– 19.8) 11.7 (11.2– 12.2) 11.7 (10.9– 12.5) 11.8 (10.9– 12.6) 13.0 (11.7– 13.5) 11.5 (11.1– 12.0) 14 (11– 23) 15 (9– 23) 14 (10– 14) 15 (13– 24) 15 (13– 22)

% Cirrhosis 25% (14/55) 0% (0 of 4) 50% (2 of 4) 40% (2 of 5) 33% (1 of 3) 67% (2 of 3) 33% (2 of 6) 15% (2 of 13) 20% (1 of 5) 14% (1 of 7) 20% (1 of 5)

Median Child- Pugh (range) 5 (5– 6) 5a (5– 6) 5 (5– 5) 5 (5– 5) 6 (6) 5 (5– 5) 5 (5– 5) 5 (5) 5 (5) 5 (5) 5 (5)

Note: Baseline characteristics for all 55 LOWR2 study patients are broken down by individual treatment regimens.
Abbreviations: ALT, alanine aminotransferase; BUN, blood urea nitrogen.
aData unavailable for 1 patient.
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The study was closed after this date, as the planned 
dose finding had been achieved. A total of 55 patients 
were enrolled in the study (Figure 1). Of the 55 enrolled 
patients, 3 patients with platelet counts below the inclu-
sion criteria threshold were enrolled as protocol deviation 
based on mutual agreement of the principal investigator 

(CY) and sponsor. There were four additional patients 
who were not protocol deviations, as their platelet counts 
were above 100,000 at screening but below the thresh-
old at baseline (Regimen 5: 94,000; Regimen 6: 97,000 
and 98,000; and Regimen 7: 72,000). Baseline patient 
characteristics are shown in Table 2. Briefly, most of the 

F I G U R E  2  End of treatment (EOT) Week 24 antiviral efficacy of key regimens. (A) Comparison of the antiviral efficacy of LNF 25 mg 
twice daily (bid) + RTV 100 mg bid to LNF 50 mg bid + RTV 100 mg bid. (B) Comparison of LNF 25 mg bid + RTV 100 mg bid to LNF 25 
mg bid + RTV 100 mg bid and PEG- IFNα. (C) Comparison of LNF 50 mg bid + RTV 100 mg bid to LNF 50 mg bid + RTV 100 mg bid and 
PEG- IFNα. LNF exhibits a dose- dependent increase in antiviral efficacy; addition of PEG- IFNα in the combination therapy regimens was 
associated with the best antiviral efficacy data. Mean declines and SEM are indicated. Abbreviation: mcg, microgram
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patients were HBeAg- negative, as is typically seen in 
HDV/HBV co- infection. Twenty- nine (53%) patients had 
historically received IFN treatment, and 26 (47%) patients 
were treatment- naïve. Median HDV- RNA levels were 4.56 
log10 IU/ml (0.88– 7.26). Median HBV- DNA levels were 
1.71 log10 (range 0– 7.76). There were 2 patients with HBV- 
DNA levels exceeding 4 log10 IU/ml; however, neither of 
these patients had viral loads suggesting HBV dominance. 
Sixteen (29%) patients had received prior nucleoside 
analog (NA) therapy. No patients received NA treatment 
during the study. Median ALT level was 67 U/l (24– 651). 
Median platelet level was 154 (55– 263). Of the 55 patients 
in the study, 14 (25%) had cirrhosis, 36 (65%) had chronic 
hepatitis without cirrhosis, and 5 (9%) could not be classi-
fied. Of the 14 patients with cirrhosis, all were Child- Pugh 
class A, and all but 1 had a Child Pugh score of 5 (Table 2).

Low- dose LNF (LNF ≤ 50 mg 
bid + ritonavir) has comparable efficacy 
with less side effects than high dose 
(LNF ≥ 75 mg bid + RTV)

Initially, higher doses of LNF were explored in Regimens 
1– 5 (LNF 100 mg bid + RTV 100 mg qd, LNF 100 mg 
qd + RTV 100 mg qd, LNF 100 mg bid + RTV 50 mg 
bid, LNF 150 mg qd + RTV 100 mg bid, and LNF 75 mg 
bid + RTV 100 mg bid). Because a lack of resistance 
was confirmed through detailed sequence analysis 
of patients treated with LNF monotherapy in previ-
ous studies,[5,6] lower doses of LNF were explored in 
Regimens 6– 8 (LNF 50 mg bid + RTV 100 mg bid and 
LNF 25 mg bid + RTV 100 mg bid).

Efficacy results for patients completing 12 weeks per 
protocol treatments on these regimens are presented 
in Figure S2, Table S2, and Table 3. Corresponding 
AEs for patients receiving at least one dose (intention 
to treat) on these regimens are presented in Table 4, 
Table S3, and Table S4.

Week 12 observations from all oral LOWR- 2 treat-
ments indicated that high- dose LNF Group 1 patients 
(LNF ≥ 75 mg bid + RTV; Regimens 1– 5; n = 19) had 
a mean viral load decline at Week 12 of −1.21 log10 IU/
ml (Table S5A) with four discontinuations (21.1%), 11 
dose reductions (57.9%), and GI AEs, 49% of which 
were Grade 2 or 3 in severity (Table S5B). Low- dose 
LNF Group 2 (LNF ≤ 50 mg bid + RTV; Regimens 6– 8; 
n = 24) had a mean viral load decline at Week 12 of 
−1.54 log10 IU/ml (Table S5) with discontinuation due to 
AEs in 1 patient and no dose reductions. In addition, GI 
AEs were predominantly Grade 1 (Table S5B). Baseline 
characteristics were comparable between these two 
groups (Table S6). No significant on- treatment eleva-
tions of liver enzymes, blood urea nitrogen, or creatinine 
were observed. With respect to severe AEs (SAEs), 3 
occurred in the high- dose groups, probably related to 
LNF, and 5 in the low- dose groups— 2 unrelated to study 
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TA B L E  4  AEs for Regimens 1– 5 and 8 (A) and low- dose LNF- based regimens 6, 7, 9, and 10 (B)

(A)

Regimen 1 LNF 100 mg 
bid + RTV 100 mg qd (n = 4)

Regimen 2 LNF 100 mg bid + RTV 50 
mg bid (n = 4)

Regimen 3 LNF 100 mg 
qd + RTV 100 mg qd (n = 5)

12 weeks of treatment

Grade
GI AE 1 2 3 1 2 3 1 2 3
Diarrhea 0 1 (25%) 2 (50%) 0 1 (25%) 1 (25%) 2 (40%) 0 1 (20%)
Nausea 1 (25%) 1 (25%) 0 1 (25%) 1 (25%) 0 1 (20%) 1 (20%) 1 (20%)
Vomiting 0 0 0 0 1 (25%) 0 1 (20%) 1 (20%) 1 (20%)
Fatigue 0 2 (50%) 1 (25%) 2 (50% 1 (25%) 0 0 2 (40%) 2 (40%)
Anorexia 0 2 (50%) 1 (25%) 1 (25%) 3 (75%) 0 0 2 (40%) 0
Weight loss 1 (25% 2 (50%) 0 1 (25%) 1 (25%) 0 1 (20%) 1 (20%) 0
Discontinuation due 

to AE
1 (25%) 1 (25%) 2 (40%)

SAE 3 (60%) diarrhea (1), fatigue (2)
Regimen 4 LNF 150 mg 

qd + RTV 100 mg qd (n = 3)
Regimen 5 LNF 75 mg bid + RTV 100 

mg bid (+ PEG- IFNα 180 μg qw 
starting Week 13) (n = 3)

Regimen 8 LNF 50 mg 
bid + RTV 100 mg bid 
(+ PEG- IFNα 180 μg qw 
starting Week 13) (n = 5)

12 weeks of treatment
Grade

GI AE 1 2 3 1 2 3 1 2 3
Diarrhea 0 0 2 (67%) 0 2 (67%) 1 (33%) 4 (80%) 0 1 (20%)
Nausea 2 (67%) 0 0 3 (100%) 0 0 2 (40%) 1 (20%) 1 (20%)
Vomiting 1 (33%) 0 0 0 0 0 1 (20%) 0 0
Fatigue 2 (67%) 0 1 (33%) 3 (100%) 0 1 (33%) 3 (60%) 2 (40%) 0
Anorexia 0 2 (67%) 1 (33%) 3 (100%) 0 0 3 (60%) 1 (20%) 0
Weight loss 1 (33%) 2 (67%) 0 1 (33%) 1 (33%) 0 1 (20%) 1 (20%) 1 (20%)
Discontinuation due 

to AE
0 0 1 (20%)

SAEs • 1 (20%) hepatic decom pensation 
after starting PEG- IFNα

(B)

Regimen 6 LNF 
25 mg bid + RTV 
(n = 6)

Regimen 7 LNF 50 mg 
bid + RTV (n = 13)

Regimen 9 LNF 25 mg 
bid + RTV + PEG- IFNα 
(n = 7)

Regimen 10 LNF 50 mg 
bid + RTV + PEG- IFNα 
(n = 5)

24 weeks of treatment
Grade

GI AE 1 2 3 1 2 3 1 2 3 1 2 3
Diarrhea 2 (33%) 0 1 (17%) 4 (31%) 3 (23%) 2 (15%) 2 (29%) 1 (14%) 0 3 (60%) 2 (40%) 0
Nausea 3 (50%) 1 (17%) 0 6 (46%) 2 (15%) 0 3 (43%) 1 (14%) 0 1 2 (40%) 0
Vomiting 1 (17%) 0 1 (17%) 5 (38%) 2 (15%) 0 1 (14%) 0 0 0 1 (20%) 0
Fatigue 3 (50%) 0 1 (17%) 10 (77%) 0 0 4 (57%) 0 0 5 (100%) 0 0
Anorexia 2 (33%) 0 0 8 (62%) 0 0 2 (29%) 0 0 4 (80%) 0 0
Weight loss 2 (34%) 0 1 (17%) 5 (38%) 2 (15%) 0 3 (43%) 2 (29%) 0 2 (40%) 1 (20%) 0
Discontinuation 

due to AE
0 0 1 (14%) 1 (20%)

SAEs • 1 (7.7%) anemia (unrelated 
to study medication)

• 1 (7.7%) vomiting (first day 
before study medication)

• 1 (14.3%) neuropathy 
and vasculitis 
(probably related to 
PEG- IFNα)

• 1 (20%) anemia and 
seizure (probably 
related to PEG- IFNα)

Note: Data for Groups 1– 4 are for 12 weeks of treatment, and data for Groups 5– 10 are for 24 weeks of treatment.
Abbreviations: GI, gastrointestinal; SAE, severe AE.
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drug, 1 possibly related to PEG- IFNα, and 2 probably 
related to PEG- IFNα, with 1 patient experiencing hepatic 
decompensation after starting PEG- IFNα. No treatment- 
related or unrelated death occurred during the conduct 
of the study. Moreover, per- protocol analysis revealed 
that the number of patients with ≥2 log decline in HDV 
RNA after 12 weeks was 4 of 15 (27%) in the high- dose 
group and 14 of 24 (58%) in the low- dose group (Table 
S5A). (See Table S2 and Figure S2 for individual patient 
group data for patients reaching 12 weeks of treatment).

Given the comparable, if not better, efficacy, and 
fewer and less severe GI AEs with low- dose LNF versus 
high- dose LNF at Week 12 (Table S5), with comparable 
baseline characteristics between the two groups (Table 
S6), dosing durations of low- dose LNF regimens using 
LNF 25 and 50 mg bid were extended to 24 weeks, and 
the addition of PEG- IFNα was explored (i.e., Regimens 
9 and 10 were added). Further analysis focused on 
these cohorts (Regimens 6, 7, 9, and 10) (Table 1).

Better antiviral efficacy was observed 
for the all- oral LNF 50 mg bid + RTV 
than the all- oral LNF 25 mg bid + RTV

Assessment of the primary efficacy at 24 weeks of treat-
ment revealed that LNF 50 mg bid + RTV 100 mg bid 
showed better antiviral efficacy compared with LNF 25 mg 
bid + RTV 100 mg bid. The latter regimen led to a mean 
HDV- RNA decline of −0.31 log10 IU/ml versus −1.9410 log 
IU/ml for the LNF 50 mg + RTV, an improvement of −1.63 
log10 IU/ml (Figure 2A). Both regimens were generally well 
tolerated, with most side effects reported at the Grade 
0– 1 levels (Table 4). These AEs were generally more pro-
nounced in the beginning of therapy and managed with 
pro- re- nata administration of proton pump inhibitors, on-
dansetron, and in some patients metaclopramide for nau-
sea, and loperamide for diarrhea. The primary endpoint 
of ≥2 log10 decline (or < LLOQ) at 24 weeks EOT was 
reached in 1 of 6 (17%) patients in the lonafarnib 25 mg 
bid + RTV 100 mg bid group compared with 6 of 13 (46%) 
patients in the LNF 50 mg bid + RTV 100 mg bid group 
(Table 3). Of the patients with baseline elevated ALT, 2 
of 5 (40%) patients receiving the LNF 25 mg bid regimen 
normalized their ALT at 24 weeks of therapy, whereas this 
was observed in 6 of 11 (55%) patients receiving the LNF 
50 mg bid regimen (Table 3). Individual patient responses 
are indicated in Figures S3A,B, and S4A,B.

Combination LNF 25 or 50 
mg + RTV + PEG- IFNα demonstrates the 
most robust antiviral efficacy

Combination therapy, consisting of the addition of PEG- 
IFNα to the LNF 25 and 50 mg bid RTV - boosted regi-
mens, resulted in the most robust antiviral responses, 

with increased efficacy at 24 weeks compared with the 
respective all- oral regimens. In particular, combination 
therapy with LNF 25 mg bid + RTV 100 mg bid + PEG- 
IFNα 180 μg qw was associated with a −2.69 log10 IU/
mL mean decline in HDV RNA, an additional decline of 
−2.38 log10 IU/mL over the LNF 25 mg + RTV 100 mg 
regimen (Figure 2B, Table 3). Addition of PEG- IFNα to 
LNF 50 mg bid + RTV 100 mg bid resulted in a −3.81 
log10 IU/ml mean decline in HDV RNA, a further −1.87 
log10 IU/ml decrease over the LNF 50 mg bid + RTV 100 
mg bid regimen (Figure 2C, Table 3). Three of 5 (60%) 
patients on LNF 25 mg bid + RTV 100 mg bid + PEG- 
IFNα 180 μg qw achieved a ≥2 log10 IU/ml drop (or < 
LLOQ) after 24 weeks of therapy, and 5 of 5 (100%) pa-
tients with elevated baseline ALT normalized their ALT at 
24 weeks of therapy (Table 3). Four of 4 (100%) patients 
on LNF 50 mg bid + RTV 100 mg bid + PEG- IFNα 180 
μg qw achieved a ≥2 log10 IU/ml drop (or < LLOQ) after 
24 weeks of therapy. All 3 patients with baseline elevated 
ALT normalized their ALT at EOT. Individual patient re-
sponses are indicated in Figures S3C,D and S4C,D. As 
expected, regimens with shorter durations of combina-
tion therapy (i.e., regimens 5 and 8; Table 1) had lower 
responses (Table 3). GI- related AEs, discontinuations 
due to AEs, and SAEs are summarized in Table 4 for all 
regimens. Effects on key hematologic and biochemical 
parameters are summarized in Table S3 and Figure 3. 
Effects on weight, dose modifications, and cumulative 
LNF dose are also included in Table S3. The most sur-
prising finding from these analyses was a previously un-
recognized effect of LNF on platelets (see Figure 3J). 
Indeed, lonafarnib exhibited an average 38% (p < 0.01) 
increase in platelet counts in all LNF- containing regi-
mens (except those combining PEG- IFNα, which is 
known to be associated with cytopenias). This increase 
in platelets appears to be associated with a decrease in 
hemoglobin levels (Day 1: 14.4 ± 1.67 [x ± SD] g/dl vs. 
Week 12: 12.8 ± 1.86 [p < 0.0001]). An inverse correlation 
between the increase in platelet counts and decrease in 
hemoglobin levels, however, has not been observed (r: 
−0.289, p < 0.088 with Pearson correlation).

High response rates to all- oral LNF 50 mg 
bid + RTV in patients with low baseline 
viral loads

Patients with baseline viral loads ≤ 4 log10 demon-
strated high response rates when treated with all- oral 
LNF 50 mg bid + RTV 100 mg bid, with 6 of 7 (86%) 
patients with ≥2 log10 IU/ml decline (or < LLOQ) after 
24 weeks of treatment (Table 5). Only 1 patient with 
baseline low viral load received combination treatment 
with PEG- IFNα, making it difficult to draw any formal 
conclusion on the efficacy of triple combination treat-
ment in low- viral patients, although this patient had a 
≥2 log10 IU/ml decline (or < LLOQ) of HDV RNA after 24 
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weeks. Patients with baseline viral loads >4 log10, how-
ever, demonstrated high response rates when treated 
with LNF + RTV combined with PEG- IFNα, with 3 of 
4 (75%) patients demonstrating ≥2 log10 IU/ml decline 
(or < LLOQ) with LNF 25 mg bid + RTV + PEG- IFNα, 
and 4 of 4 (100%) patients demonstrating ≥2 log10 IU/ml 
decline (or < LLOQ) with LNF 50 mg bid + RTV + PEG- 
IFNα after 24 weeks of treatment (Table 5).

Effect of extending treatment duration to 
48 weeks

Because of the improved tolerability of the low- dose 
all- oral and combination with PEG- IFNα regimens, the 
effect of prolonging therapy to 48 weeks was explored 
in a small cohort of patients, and the results will be re-
ported elsewhere.

F I G U R E  3  Effects of LNF on key hematologic and biochemical parameters and weight, as a function of treatment regimen. (A) White 
blood count (WBC), all regimens. (B) Hemoglobin, all regimens. (C) Creatinine, all regimens. (D) Weight, all regimens. (E) Platelets, all 
regimens. (F) Platelets, high- dose regimens. (G) Platelets, all- oral low- dose regimens. (H) Platelets, IFN added at 12- week regimens (5 and 
8). (I) Platelets, IFN- containing triple therapy regimens (9 and 10). (J) Quantified LNF- induced increases in platelet counts
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Posttreatment follow- up

Our study’s primary endpoint was EOT, and the proto-
col only contemplated 4- week follow- up data for safety 
assessments. Although not a feature of the original pro-
tocol, ≥24- week posttreatment data were available for 
some patients from the key regimens[6,7,9,10] (Table S7).

Three patients who did not have HDV- RNA re-
sponses on therapy experienced transient posttreat-
ment beneficial ALT flares (>2- times baseline ALT) with 
no signs or symptoms of clinical hepatic decompensa-
tion, and also fortuitously had corresponding liver biop-
sies (Table S8). Peak flare ALTs were associated with 
declines in HDV RNA, and flare resolutions led to HDV- 
RNA negativity with ALT normalization at 24 weeks fol-
lowing treatment. One patient had been treated with the 
LNF 50 mg bid + RTV 100 mg bid regimen; the two 
others were in the higher lonafarnib group (LNF 200 
and 300 mg bid, respectively) (Table S8). The former 
patient had a baseline liver biopsy revealing an Ishak 
fibrosis score of 6. A follow- up liver biopsy, performed 
after 6 months of sustained ALT normalization after 
the ALT flare, revealed a decrease of the Ishak fibrosis 
score to 4. The detailed kinetics of HDV RNA and ALT 
as a function of time for these 3 patients is displayed in 
Figure S5.

DISCUSSION

In this study, three groups of LNF- based treatment regi-
mens were assessed: high- dose Group 1 (LNF ≥ 75 mg 
bid + RTV), the low- dose all- oral Group 2 (LNF 25 or 50 
mg bid + RTV), and the low dose combination Group 3 
(LNF 25 or 50 mg bid + RTV + PEG- IFNα). The main 
findings of the LOWR- 2 study can be summarized as 
follows: (1) All- oral therapy with LNF and RTV appears 
to be effective, and nearly half of patients on LNF 50 
mg bid + RTV 100 mg bid reached the primary endpoint 
of the study; LNF 25 mg bid + RTV is well- tolerated but 
less effective; (2) combination therapy, consisting of the 
addition of PEG- IFNα 180 ug qw to the low- dose LNF 
treatment groups, displayed the most robust antiviral 

efficacy indicating synergy; (3) ALT normalization typi-
cally follows antiviral response; (4) most patients treated 
with LNF 25 or 50 mg bid + RTV ± PEG- IFNα were 
treated for a duration of 24 weeks; (5) for patients with 
low baseline viral loads, excellent responses are ob-
served with all oral LNF 50 mg bid + RTV 100 mg bid; 
and (6) a subset of patients displayed a posttreatment 
ALT flare followed by HDV- RNA negativity and ALT 
normalization. Because a relatively small number of 
patients was subdivided into 10 treatment regimens, 
firm statistical conclusions were not, nor were they 
expected to be, reached. Nevertheless, the primary 
purpose of this study— to identify regimens with ac-
ceptable tolerability and efficacy to take into larger and 
longer studies— was accomplished.

Most patients treated with LNF in LOWR- 2 demon-
strated a decline in HDV- RNA levels at Week 24. Seven 
of 19 (36.8%) and 8 of 9 (88.9%) patients on all- oral 
low LNF + RTV and combination LNF + RTV + PEG- 
IFNα regimens, respectively, achieved ≥2 log10 de-
cline (or < LLOQ) at end of treatment. The proportion 
of patients demonstrating HDV RNA with ≥2 log10 
decline (or < LLOQ) at Week 24 increased with the 
LNF 50 mg bid dose (vs. 25 mg) and with addition of 
PEG- IFNα. One of 6 (16.7%) of patients treated with 
LNF 25 mg bid + RTV 100 mg bid achieved ≥2 log10 
decline (or < LLOQ) at Week 24, which increased to 
46.2% (6 of 13) with LNF 50 mg bid + RTV 100 mg bid. 
Addition of PEG- IFNα provided the most robust data 
to date, where 80% and 100% of patients (4 of 5 and 
4 of 4) achieved ≥2 log10 decline (or < LLOQ) at Week 
24 with LNF 25 mg bid + RTV 100 mg bid + PEG- 
IFNα 180 μg qw, and LNF 50 mg bid + RTV 100 mg 
bid + PEG- IFNα 180 μg qw, respectively. Overall, 
there was a better viral load response of the LNF 50 
mg bid + RTV 100 mg bid group as compared with the 
LNF 25 mg bid + RTV 100 mg bid group. Addition of 
PEG- IFNα to either LNF 25 mg bid + RTV 100 mg bid 
or LNF 50 mg bid + RTV 100 mg bid therapy resulted 
in an improved virologic response as compared with 
the corresponding all- oral therapies.

Achieving the above ≥2 log10 decline (or < LLOQ) at 
EOT is important because such EOT responses have 

TA B L E  5  Efficacy of all- oral LNF 50 mg or combination therapy– based regimens in patients by baseline viral load

Regimen

Patients

dosed 24 
weeks (n)

Baseline VL ≤ 4 log10 Baseline VL > 4 log10

≥2 log10 decline (%) <LLOQ (%) ≥2 log10 decline (%) <LLOQ (%)

LNF 50 mg BID + RTV 100 mg BID 13 4 of 7 (57.1%) 6 of 7 (85.5%) 1 of 6 (16.7%) 0 of 6 (0%)

LNF 25 mg BID + RTV 100 mg 
BID + PEG- IFNα

5 0 of 1 (0%) 1 of 1 (100%) 3 of 4 (75%) 2 of 4 (50%)

LNF 50 mg BID + RTV 100 mg 
BID + PEG- IFNα

4 0 of 0 (0%) 0 of 0 (0%) 4 of 4 (100%) 2 of 4 (50%)

Abbreviation: VL, viral load.
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been associated with long- term survival benefit.[8] This 
latter study was based on treatment of CDH with con-
ventional treatment for 1 year, whereas in the current 
study treatment duration was no more than 24 weeks, 
and a comparison with a study of longer treatment du-
ration may not be appropriate. In addition, a ≥2 log10 
decline (or < LLOQ) at EOT has been endorsed as the 
most appropriate surrogate for initial treatment effi-
cacy for future registration studies in HDV by a panel 
of experts.[7]

Although combination treatment with PEG- IFNα 
demonstrated the most robust antiviral response, an 
all- oral regimen is an important option for patients 
who cannot tolerate PEG- IFNα or are treatment- 
refractory to PEG- IFNα In addition, all- oral LNF 50 
mg bid + RTV has demonstrated good antiviral activity 
in the approximately 30%– 40% patients who present 
with low baseline viral loads of ≤ 4 log10. Indeed, 6 of 
7 (86%) patients with low baseline viral load achieved 
≥2 log10 IU/ml decline (or < LLOQ) after 24 weeks of 
treatment. Moreover, at 24 weeks following treatment 
follow- up, 33% (2 of 6) of patients demonstrated a 
durable virologic response of ≥2 log10 decline (or < 
LLOQ) and 50% (3 of 6) of patients with elevated ALT 
at baseline had normal ALT. There are at least three 
mechanisms that appear to contribute to the antiviral 
efficacy of LNF. By directly inhibiting farnesylation of 
large delta antigen, LNF blocks the assembly and re-
lease of HDV virus particles.[4] As a consequence of 
not being secreted in the form of nascent HDV parti-
cles, large delta antigen can exert its transdominant 
effect on HDV- RNA genome replication.[9] Finally, 
the intracellular retention of large delta antigen that 
is associated with LNF treatment has been shown 
to induce innate immune responses in HDV- infected 
cultured cells.[10,11]

Patients with low baseline viral loads had higher 
rates of HDV RNA ≥ 2 log10 decline (or < LLOQ) at end 
of treatment. Therefore, patients with low viral load at 
baseline may be considered for all- oral treatment with 
50 mg LNF in combination with RTV.

Most patients with HDV with ALT > upper limit of 
normal who were treated with low- dose LNF + RTV ± 
PEG- IFNα normalized their ALT after only 24 weeks of 
treatment. Spontaneous normalization of ALT is rare 
in untreated patients with HDV. ALT is a highly useful 
peripheral surrogate biochemical marker for the extent 
of inflammation in the liver. Numerous data sets from 
studies in patients with chronic HBV demonstrate the 
strong association of treatment- induced normaliza-
tion of ALT with improved necro- inflammation based 
on liver histology using validated central pathology 
assessments.[12,13]

Three patients who did not achieve HDV responses 
at EOT experienced posttreatment flares and re-
sulting HDV- RNA negativity with ALT normalization. 
Importantly, all of these episodes were well- tolerated 

without any signs of clinical decompensation. One of 
these patients had a baseline liver biopsy, allowing for 
assessment of the effect of this ALT normalization on 
liver histology, which demonstrated regression of fibro-
sis from baseline. This, along with similar posttreat-
ment flare results,[6] represents data on regression 
of fibrosis with new compounds in patients with HDV, 
although we do realize that the number of patients is 
small. The fact that HDV is associated with rapid pro-
gression of fibrosis might explain why such regressions 
of fibrosis have been observed in relatively short pe-
riods of time. Importantly, this suggests that the high 
rates of ALT normalization observed with LNF 50 mg 
bid regimens (either as all- oral with RTV, or as combi-
nation therapy with PEG- IFNα) are also likely to result 
in improvements of liver histology. This would be in line 
with other studies that have demonstrated that removal 
of the underlying major trigger of inflammation with re-
sulting prolonged ALT normalization is associated with 
histologic improvement and regression of fibrosis.[14]

Limitations of this study include its open- label, single- 
center, and nonrandomized nature. Furthermore, no 
quantitative HBsAg kinetics or pharmacokinetic data 
were available to evaluate in this study, including in 
patients with a posttreatment flare. In addition, a large 
number of dosing groups were explored to identify op-
timal dosing regimens, and these dosing regimens had 
relatively small numbers of patients, which led to lack 
of statistical power associated with the findings of this 
study. Future clinical studies with larger numbers of pa-
tients focusing on the key dosing regimens will enable 
more firm statistical evidence. In particular, the effect 
of extending the key low- dose regimens (i.e., low- dose 
LNF all oral, or in combination with PEG- IFNα) to 48 
weeks of treatment is currently being rigorously eval-
uated in a randomized, placebo- controlled, phase 3 
study of 400 patients, which should provide definitive 
and statistically sound data (NCT03719313).

Several approaches targeting different steps of the 
HDV life cycle are in clinical development for the treat-
ment of HDV.[15] LNF is the only oral HDV treatment in 
phase 3 development and inhibits the critical step of 
large delta antigen prenylation, which is essential for 
HDV particle assembly.[4,16] LNF has now been studied 
in over 120 patients, most of whom were in the LOWR- 2 
study described herein, as well as in the LOWR- 3 and 
LOWR- 4 studies.[17,18] We previously reported that LNF 
was not associated with resistance development in pa-
tients treated with LNF for 12 weeks.[6] The absolute 
barrier to the development of resistance to a given 
host- targeting strategy can vary with each specific host 
target– virus pair.

The main aim of the current study using 10 sub-
groups was to create a regimen or regimens that 
combines efficacy with tolerability. Gastrointestinal 
side effects to LNF such as anorexia, nausea, diar-
rhea, and weight loss were clearly more common and 
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intense with the all- oral high- dose regimens, leading 
to our decision not to consider high doses for future 
studies in CDH. Weight loss, an objective tool to as-
sess gastrointestinal side effects, of Grade 2 toxicity 
according to CTCAE criteria within the duration of 12 
weeks, during which high- dose all- oral LNF was given 
in Regimens 1 to 5, was observed in one- third of pa-
tients (5 of 15). Within the same duration, weight loss 
of Grade 2 toxicity was seen in 21% of patients (5 of 24) 
with the low- dose group. However, while discontinua-
tions of the treatment regimen due to AEs was seen in 
21% (4 of 19) of patients in the high- dose group, none 
of the patients (0 of 24 patients) in the low- dose all- 
oral regimens discontinued treatment. In the context 
of weight loss, Grade 2 toxicity is defined as weight 
loss of 10% to <20% of baseline weight. Treatment 
duration in regimens 5 to 10 was 24 weeks, which al-
lowed us to assess trends in weight loss over time as 
a reflection of gastrointestinal AEs. There were 9 pa-
tients, including regimens 9 and 10, with weight loss 
of toxicity Grade 2 at Week 12. Of these 9 patients, 3 
patients discontinued treatment after Week 12; in 1 pa-
tient, toxicity grade further increased to Grade 3. In an-
other patient, toxicity grade did not change, whereas 
in 4 patients toxicity grade decreased to Grade 1. In 
1 patient, weight determinations at Week 24 was un-
fortunately missing. Thus, Grade 2 toxicity within 12 
weeks was— in the current study— either associated 
with continuation of the AE intensity, leading to prema-
ture discontinuation of treatment or further worsening 
of the AE in some patients, whereas in others, AEs 
either improved or did not change with treatment con-
tinuation, suggesting adaptation of these patients to 
the treatment regimen.

An interesting observation was seen in all patients 
receiving LNF with RTV. LNF led to an asymptomatic 
increase in platelet counts. The mechanism of this in-
crease in platelets is unknown, but could be potentially 
very interesting, especially in a patient population in 
whom thrombocytopenia is common. Secondary or re-
active thrombocytosis as a consequence of acute blood 
loss, iron deficiency anemia, hemolytic anemia, acute 
or chronic infection or inflammation, and drug reactions 
has been well described.[19] In the current study, the in-
crease in platelet count was associated with a decrease 
in hemoglobin levels in some patients but not in others. 
Although the mechanism for a decrease in hemoglobin 
levels needs to be clarified, a potential inverse correla-
tion between a decrease of hemoglobin levels and an 
increase in platelet counts was not observed. Another 
consideration is that the increase in platelet count is a 
direct effect of LNF.

The mechanism of a decrease in hemoglobin levels 
needs to be clarified, which was not done in the current 
study, partly because most patients were asymptom-
atic, and in patients with symptoms such as fatigue, 
there were other confounders such as diarrhea or 

concomitant peg- IFN use. Hemoglobin levels in some 
patients fell below 10g/dl, although at Week 24 such 
patients constituted a minority (4 of 36 patients [11%]). 
Hemolysis could not be excluded as a cause of anemia 
with certainty, as several hemolysis markers were not 
available to us, but there was no increase in indirect 
bilirubinemia.

The lack of a placebo group and the rather small 
number of patients necessitates avoiding overinter-
pretation. The currently ongoing phase 3 study will en-
able a more conclusive approach. It needs to be said, 
however, that myelosuppression has been reported as 
a common AE of farnesyl transferase inhibitors in pa-
tients with leukemia.[20] An effect in this context was 
not observed on white blood cells and obviously not on 
platelets, at least in the doses used in the current study.

Identifying therapeutic regimens capable of achiev-
ing on- treatment HDV- RNA declines of ≥2 log10, such 
as those described here, represents an important ad-
vancement for CDH. Thus, identifying candidate regi-
mens that are sufficiently well- tolerated, and capable 
of achieving on- treatment HDV- RNA declines of ≥2 
log10, are important findings of this study. The all- oral 
LNF 50 mg bid + RTV 100 mg bid appears to represent 
one such regimen. Similarly, the combination regimen 
of low- dose LNF + RTV + PEG- IFNα appears promis-
ing, demonstrating both apparent synergy and maximal 
antiviral efficacy. Because of its comparable antiviral 
efficacy but significantly improved tolerability,[21] replac-
ing PEG- IFNλ for PEG- IFNα in the LNF + RTV + IFN 
combination regimen may therefore allow comparable 
efficacy with maximal tolerability— a hypothesis that 
has recently been successfully tested (clini caltr ials.gov 
NCT03600714).

Most importantly, the results of the current study 
have led to the identification of well- tolerated and effi-
cacious regimens (e.g., all- oral LNF 50 mg bid + RTV 
100 mg bid; LNF 50 mg bid + RTV 100 mg bid + PEG- 
IFNα 180 μg qw) that have now entered the pivotal 
phase 3 study (NCT03719313) designed to seek FDA 
registration for the treatment of HDV.

ACK N OW LE DG M E NT S
We wish to dedicate this manuscript to the memory 
of Dr. Hugo Rosen, a tireless researcher, academic 
leader, and editor, dedicated to advancing the field 
of hepatology, valuable mentor, and most of all dear 
friend. [Correction added on January 4, 2022, after first 
online publication: Acknowledgment was included for 
Dr. Hugo Rosen]

CO N FLI CT O F I NT E R EST
Dr. Apelian advises, is employed, and owns stock in 
Eiger. Dr. Yurdaydin advises and is on the speakers’ 
bureau for Gilead. He is on the speakers’ bureau and 
received grants from AbbVie and Eiger. Dr. Choong is 
employed, owns stock, and holds intellectual property 

http://clinicaltrials.gov


   | 1565HEPATOLOGY 

rights with Eiger. Dr. Glenn is the founder and a director 
of, holds intellectual property rights with, owns stock 
and royalty rights from Eiger.

AUTH O R CO NTR I BUT I O N S
Cihan Yurdaydin and Jeffrey S. Glenn contributed to 
the study design. Cihan Yurdaydin, Onur Keskin, Esra 
Yurdcu, Aysun Çalişkan, Soner Önem, Fatih Karakaya, 
Çağdaş Kalkan, Ersin Karatayli, Senem Karatayli, 
Ramazan Idilman, and A. Mithat Bozdayi contributed 
to the performance of the study. Cihan Yurdaydin, Onur 
Keskin, Ingrid Choong, David Apelian, Christopher 
Koh, Theo Heller, and Jeffrey S. Glenn contributed to 
the analysis and manuscript writing.

O RCI D
Cihan Yurdaydin  https://orcid.org/0000-0002-5419-7158 

R E FE R E N C E S
 1. Koh C, Heller T, Glenn JS. Pathogenesis of and new therapies 

for hepatitis D. Gastroenterology. 2019;156:461– 76.e1.
 2. Yurdaydin C. Treatment of chronic delta hepatitis. Semin Liver 

Dis. 2012;32:237– 44.
 3. Yurdaydin C, Keskin O, Kalkan C, Karakaya F, Caliskan A, 

Kabacam G, et al. Interferon treatment duration in patients with 
chronic delta hepatitis and its effect on the natural course of the 
disease. J Infect Dis. 2018;217:1184– 92.

 4. Glenn JS, Watson JA, Havel CM, White JM. Identification 
of a prenylation site in delta virus large antigen. Science. 
1992;256:1331– 3.

 5. Koh C, Canini L, Dahari H, Zhao X, Uprichard SL, Haynes- 
Williams V, et al. Oral prenylation inhibition with lonafarnib in 
chronic hepatitis D infection: a proof- of- concept randomised, 
double- blind, placebo- controlled phase 2A trial. Lancet Infect 
Dis. 2015;15:1167– 74.

 6. Yurdaydin C, Keskin O, Kalkan C, Karakaya F, Caliskan A, 
Karatayli E, et al. Optimizing lonafarnib treatment for the man-
agement of chronic delta hepatitis: the LOWR HDV- 1 study. 
Hepatology. 2018;67:1224– 36.

 7. Yurdaydin C, Abbas Z, Buti M, Cornberg M, Esteban R, Etzion 
O, et al. Treating chronic hepatitis delta: the need for surrogate 
markers of treatment efficacy. J Hepatol. 2019;70:1008– 15.

 8. Farci P, Roskams T, Chessa L, Peddis G, Mazzoleni AP, 
Scioscia R, et al. Long- term benefit of interferon alpha therapy 
of chronic hepatitis D: regression of advanced hepatic fibrosis. 
Gastroenterology. 2004;126:1740– 9.

 9. Glenn JS, White JM. Trans- dominant inhibition of human hepa-
titis delta virus genome replication. J Virol. 1991;65:2357– 61.

 10. Williams V, Brichler S, Radjef N, Lebon P, Goffard A, Hober D, 
et al. Hepatitis delta virus proteins repress hepatitis B virus en-
hancers and activate the alpha/beta interferon- inducible MxA 
gene. J Gen Virol. 2009;90:2759– 67.

 11. Lempp F, Schlund F, Rieble L, Nussbaum L, Link C, Zhang Z, 
et al. Recapitulation of HDV infection in a fully permissive hep-
atoma cell line allows for efficient drug evaluation. Nat Comm. 
2019;10:2265.

 12. Lai CL, Shouval D, Lok AS, Chang TT, Cheinquer H, Goodman 
Z, et al. Entecavir versus lamivudine for patients with HBeAg- 
negative chronic hepatitis B. N Engl J Med. 2006;354:1011– 20.

 13. Marcellin P, Chang TT, Lim SG, Tong MJ, Sievert W, Shiffman 
ML, et al. Adefovir dipivoxil for the treatment of hepati-
tis B e antigen- positive chronic hepatitis B. N Engl J Med. 
2003;348:808– 16.

 14. Marcellin P, Gane E, Buti M, Afdhal N, Sievert W, Jacobson IM, 
et al. Regression of cirrhosis during treatment with tenofovir 
disoproxil fumarate for chronic hepatitis B: a 5- year open- label 
follow- up study. Lancet. 2013;381:468– 75.

 15. Yurdaydin C. New treatment options for delta virus: Is a cure in 
sight? J Viral Hepat. 2019;26:618– 26.

 16. Bordier BB, Marion PL, Ohashi K, Kay MA, Greenberg 
HB, Casey JL, et al. A prenylation inhibitor prevents pro-
duction of infectious hepatitis delta virus particles. J Virol. 
2002;76:10465– 72.

 17. Koh C, Surana P, Han T, Fryzek N, Kapuria D, Etzion O, 
et al. A phase 2 study exploring once daily dosing of ritonavir 
boosted lonafarnib for the treatment of chronic delta hepatitis— 
end of study results from the LOWR HDV- 3 study. J Hepatol. 
2017;66:S101– 2.

 18. Wedemeyer H, Port K, Deterding K, Wranke A, Kirschner J, 
Bruno B, et al. A phase 2 dose- escalation study of lonafarnib 
plus ritonavir in patients with chronic hepatitis D: final results 
from the lonafarnib with ritonavir in HDV- 4 (LOWR HDV- 4) 
study. J Hepatol. 2017;66:S24.

 19. Schafer AI. Thrombocytosis. N Engl J Med. 2004;350:1211– 9.
 20. Morgan MA, Ganser A, Reuter CW. Therapeutic efficacy of 

prenylation inhibitors in the treatment of myeloid leukemia. 
Leukemia. 2003;17:1482– 98.

 21. Etzion O, Hamid S, Lurie Y, Gane EJ, Yardeni D, Bader N, et al. 
End of study results from LIMT HDV study: 36% durable viro-
logic response at 24 weeks post- treatment with pegylated in-
terferon lambda monotherapy in patients with chronic hepatitis 
delta virus infection. J Hepatol. 2019;70:e32.

SU PPO RT I NG I N FO R M AT I O N
Additional supporting information may be found in the 
online version of the article at the publisher’s website.

How to cite this article: Yurdaydin C, Keskin O, 
Yurdcu E, Çalişkan A, Önem S, Karakaya F, et al. 
A phase 2 dose- finding study of lonafarnib and 
ritonavir with or without interferon alpha for 
chronic delta hepatitis. Hepatology. 2022;75: 
1551– 1565. doi: 10.1002/hep.32259

https://orcid.org/0000-0002-5419-7158
https://orcid.org/0000-0002-5419-7158
https://doi.org/10.1002/hep.32259

	A phase 2 dose-finding study of lonafarnib and ritonavir with or without interferon alpha for chronic delta hepatitis
	Abstract
	INTRODUCTION
	PATIENTS AND METHODS
	Study design and participants
	Procedures
	Virologic determinations
	Outcomes
	Statistical analysis

	RESULTS
	Patient population
	Low-dose LNF (LNF ≤ 50 mg bid + ritonavir) has comparable efficacy with less side effects than high dose (LNF ≥ 75 mg bid + RTV)
	Better antiviral efficacy was observed for the all-oral LNF 50 mg bid + RTV than the all-oral LNF 25 mg bid + RTV
	Combination LNF 25 or 50 mg + RTV + PEG-IFNα demonstrates the most robust antiviral efficacy
	High response rates to all-oral LNF 50 mg bid + RTV in patients with low baseline viral loads
	Effect of extending treatment duration to 48 weeks
	Posttreatment follow-up

	DISCUSSION
	ACKNOWLEDGMENTs
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	REFERENCES


