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ABSTRACT

Introduction. Balapiravir (R1626, RG1626) is the prodrug of a nucleoside analogue inhibitor of the hepatitis
C virus (HCV) RNA-dependent RNA polymerase (R1479, RG1479). This phase 2, double-blind international
trial evaluated the optimal treatment regimen of balapiravir plus peginterferon alfa-2a (40KD)/ribavirin.
Material and methods. Treatment-naive genotype 1 patients (N = 516) were randomized to one of seven
treatment groups in which they received balapiravir 500, 1,000, or 1,500 mg twice daily, peginterferon alfa-
2a (40KD) 180 or 90 pg/week and ribavirin 1,000/1,200 mg/day or peginterferon alfa-2a (40KD)/ribavirin. The
planned treatment duration with balapiravir was reduced from 24 to 12 weeks due to safety concerns. Re-
sults. The percentage of patients with undetectable HCV RNA was consistently higher in all balapiravir
groups from week 2 to 12. However, high rates of dose modifications and discontinuations of one/all study
drugs compromised the efficacy assessment and resulted in similar sustained virological response rates in
the balapiravir groups (range 32-50%) and the peginterferon alfa-2a (40KD)/ribavirin group (43%). Balapiravir
was discontinued for safety reasons in 28-36% of patients (most often for lymphopenia) and the percentage
of patients with serious adverse events (especially hematological, infection, ocular events) was dose rela-
ted. Serious hematological adverse events (particularly neutropenia, lymphopenia) were more common in
balapiravir recipients. Two deaths in the balapiravir/peginterferon alfa-2a/ribavirin combination groups
were considered possibly related to study medication. Conclusion. Further development of balapiravir for
the treatment of chronic hepatitis C has been halted because of the unacceptable benefit to risk ratio
revealed in this study (www.ClinicalTrials.gov NCT 00517439).
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INTRODUCTION

Hepatitis C virus (HCV) infection is the leading
cause of liver disease worldwide with an estimated
prevalence of more than 170 million individuals.!
Most infected persons develop chronic disease that
can progress to cirrhosis, hepatocellular carcinoma,
and liver failure. As a result, chronic hepatitis C is
the leading cause of liver transplantation in the
US.2 Treatments are available for chronic hepatitis
C; however, the current standard of care, pegylated
interferon plus ribavirin, is most effective against
HCV genotype 2 or 3 infection and less effective
against the more prevalent genotype 1 infection.?
Several classes of direct-acting antiviral agents have
been discovered and are being evaluated in human
clinical trials with the goal of increasing cure rates
for chronic hepatitis C.

Balapiravir (RG1626) is an orally administered
tri-isobutyl ester prodrug of a potent nucleoside
analogue inhibitor of the RNA-dependent RNA
polymerase (RdRp) of HCV (RG1479).45 When ad-
ministered alone for 14 days at dosages ranging
from 1,000 mg/day to 9,000 mg/day, balapiravir
produced mean reductions in serum HCV RNA le-
vels up to 3.7 log,, with an acceptable safety pro-
file.6 When administered for 28 days at a dosage
of 3 g/day in combination with peginterferon alfa-
2a (40 KD) plus ribavirin, the rapid virological
response (RVR) rate (HCV RNA <15 IU/mL at
week 4) was 74%.7 Importantly, balapiravir-resis-
tant HCV variants were not detected during the-
se short-term clinical trials.®” Dose-dependent
hematological abnormalities were observed with
the triple therapy regimen; however, these events
were effectively managed with dose reductions
and were reversible upon discontinuation of bala-
piravir. As a result of these promising results a
phase 2 clinical trial was initiated to identify the
optimal treatment regimen of balapiravir in com-
bination with peginterferon alfa-2a (40KD) and
ribavirin in treatment-naive genotype 1l-infected
individuals.

MATERIALS AND METHODS

Patients

Adult patients aged 18 to 65 years with HCV ge-
notype 1 infection who had never received treatment
for chronic hepatitis C were eligible for the trial.
Chronic hepatitis C was defined as the presence of
anti-HCV antibodies and an HCV RNA titer >

50,000 IU/mL in serum (COBAS® Ampliprep/CO-
BAS® TagMan® HCV test; detection limit 15 IU/mL,
Roche Diagnostics, Indianapolis, USA) with a liver
biopsy obtained within the previous 24 months (36
months in patients with cirrhosis or incomplete/
transition to cirrhosis) consistent with chronic he-
patitis C. HCV genotype 1 infection was confirmed
by a molecular assay (Versant HCV Genotyping 2.0
Assay [LiPA], Bayer Diagnostics And Innogenetics,
NY, USA).

Patients with advanced fibrosis according to a
biopsy obtained within the previous 36 months were
required to have compensated liver disease (Child-
Pugh grade A), a serum o-fetoprotein level < 100
ng/mL, and no evidence of hepatocellular carcinoma
on an ultrasound, computerized tomography, or
magnetic resonance imaging scan performed within
the previous 2 months.

Patients were not eligible if they were infected
with any HCV genotype other than genotype 1 or
had serological evidence of infection with hepatitis
B virus or human immunodeficiency virus. Pa-
tients were also excluded if they had a body mass
index < 18 kg/m? or > 36 kg/m?, an absolute neu-
trophil count < 2 x 109 cells/L, a platelet count <
90 x 10? cells/L, a hemoglobin concentration < 120
g/L in women or < 130 g/L in men (or in patients
with risk factors for anemia or in whom anemia
would be medically problematic), or a serum creati-
nine level > 1.5 times the upper limit of normal.
Use of erythropoietin-stimulating agents or colony
stimulating factors to elevate hematology parame-
ters to facilitate entry into the study was prohibi-
ted. Patients who had previously received any
interferon preparation, ribavirin (or ribavirin ana-
log), or any investigational HCV protease or poly-
merase inhibitor were excluded, as were those with
a history or evidence of a chronic liver disease
other than chronic hepatitis C, a current or past
history of chronic disease (including severe
psychiatric or pulmonary disease), or a history or
evidence of a clinically relevant ophthalmological
disorder (e.g. cytomegalovirus infection or macular
degeneration). Pregnant or breast-feeding females
and male partners of pregnant females were ineligi-
ble for the trial.

Female patients of childbearing potential and
male patients with partners of childbearing potential
were required to use two forms of effective contra-
ception during treatment and after the last dose of
ribavirin in accordance with the locally approved la-
bel for ribavirin.
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Study design

Patients eligible for this phase 2 double-blind,
active-controlled, parallel-group, international trial
were randomized equally (stratified by geographic
region) to one of seven treatment groups (Figure
1). Patients in six groups (A to F) were assigned to
receive oral balapiravir (as 500 mg tablets) at a do-
sage of 500 mg, 1,000 mg, or 1,500 mg twice daily
(bid) in combination with subcutaneous peginterfe-
ron alfa-2a (40KD) (PEGASYS®, Roche, Basel,
Switzerland) at a dosage of 180 ug or 90 ug once
weekly and oral ribavirin (COPEGUS® as 200 mg
tablets, Roche, Basel, Switzerland) at a dosage of

1,000 mg/day (body weight < 75 kg) or 1,200 mg/day
(body weight > 75 kg). Patients in groups A, B, D,
E, and F were to stop balapiravir at week 24 and
continue with peginterferon alfa-2a (40KD) 180 ug/
week plus ribavirin 1,000/1,200 mg/day for a fur-
ther 24 weeks to complete a total treatment dura-
tion of 48 weeks. The duration of treatment for
patients in group C was based on the week 4 HCV
RNA assay result: those patients with undetectable
HCV RNA in serum (< 15 IU/mL) at week 4 and
who remained HCV RNA undetectable through
week 22 were to stop all treatment at week 24; tho-
se patients who did not meet this criterion were to
continue the three-drug combination for a further

Balapiravir / peginterferon alfa-2a (40KD) dose
Untreated
Ans=76 1000 mg / 180 pg + ribavirin —j Continue P/R to week 48 follow-up
B n = 73 | 500 mg /180 ug + ribavirin = Continue PIR to week 48 ::)';I‘;:ft::
500 mg / No RVR (week 4)™: jp  Continue triple combination Untreated
180 pg + 500 mg / 180 pg + ribavirin therapy to week 48 follow-up
ribavirin
Cn=75| (RVR- RVR (week 4): Untreated
guided) 500 mg / 180 pg + ribavirin follow-up
D n=74|1500 mg / 90 pg + ribavirin —' Continue P/R to week 48 z:;lt;::t::
1000 mg / 90 pg + ribavirin == Continue PIR t k 48 Untreated
En=70 onuauo 2 oe follow-up
o s ) Untreated
F n =75 | 500mg/ 90 g + ribavirin == Continue P/R to week 48 follow=up
1 TR i Untreated
G n = 73 | P/R control: placebo / 180 pg + ribavirin r—’ Continue P/R to week 48 follow-ip
I I ] ] T ;; 1
0 4 120 24 43 72
Study week

Figure 1. Study design including the planned number of patients in each treatment group. °Therapy was stopped at week 24 in
patients with an RVR in group C, provided that their HCV RNA had remained undetectable at all visits through to week 22. bA
protocol amendment on May 29, 2008 specified that treatment with balapiravir was to be stopped immediately in all patients in
group D, and that treatment with balapiravir was to be stopped at week 12 rather than week 24 in all other treatment groups
with a corresponding increase in the length of treatment with peginterferon alfa-2a (40KD) plus ribavirin from 24 to 36 weeks.
Patients that had completed more than 12 weeks of treatment with balapiravir were required to stop balapiravir immediately
and switch to peginterferon alfa-2a (40KD) plus ribavirin to complete 48 weeks of treatment. Balapiravir was given twice daily
(bid). Peginterferon alfa-2a (40KD) was given once weekly. Ribavirin was given at a dosage of 1,000 mg/day to patients weighing
< 75 kg and 1,200 mg/day to patients weighing > 75 kg. The daily dosage of ribavirin was divided into two, each half was adminis-
tered bid with food. RVR: undetectable HCV RNA (< 15 IU/mL) in serum at week 4. P/R: Peginterferon alfa-2a (40KD) 180 ug/week
+ ribavirin 1,000/ 1,200 mg/day.
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24 weeks to complete a total treatment duration of
48 weeks.

Patients assigned to the control group (G) recei-
ved oral balapiravir placebo (up to week 24) in com-
bination with peginterferon alfa-2a (40KD) plus
ribavirin for 48 weeks.

Double-blinding of the dosage of balapiravir and
peginterferon alfa-2a (40KD) was maintained
throughout the experimental portion of the study
(week 0-24). Blinding of the balapiravir dosage was
maintained by providing three bottles of tablets con-
taining balapiravir or placebo and having patients
take one tablet from each bottle bid (patients in
group G received only matching placebo tablets).
Dose reductions were achieved by reducing the num-
ber of tablets administered according to a predefined
algorithm. Blinding of the dosage of peginterferon
alfa-2a (40KD) was maintained by the administra-
tion of a similar initial volume of solution (1.0 mL)
in all patients and by achieving dose reductions
through changes in the volume administered.

Physicians were permitted to reduce the dosage of
any study drug in a step-wise manner in order to
manage laboratory abnormalities or adverse events.
The dosage of balapiravir was reduced in 500 mg/
day (1 tablet) decrements. The dosage of peginterfe-
ron alfa-2a (40KD) was reduced in 0.25 mL/week de-
crements (i.e. from a weekly dose of 180 ug to 135
©g, 90 ug, and 45 ug weekly in patients assigned to
180 ug/week, and from a weekly dose of 90 ug to 68
©g, 45 ug, and 23 ug weekly in patients assigned to
90 ug/week). The dosage of ribavirin was reduced in
200 mg/day (1 tablet) decrements. Investigators were
allowed to increase the dosage of study drug after
the resolution or an improvement of the precipita-
ting event; however, in the case of balapiravir,
escalation to the full starting dose was not recom-
mended. Dose modification schedules for balapiravir
and peginterferon alfa-2a (40KD) were included in
the protocol for reductions in neutrophil counts,
platelet counts and lymphocyte counts, and for bala-
piravir and ribavirin for reductions in the hemoglo-
bin concentration. Treatment with balapiravir and
peginterferon alfa-2a (40KD) was withheld in the
event of a reduction in the neutrophil count to < 0.5
cells x 10%/L, or a reduction in the platelet count
to < 25 cells x 10%/L. Treatment with balapiravir
was to be permanently discontinued in the event of
a reduction in the lymphocyte count to < 0.5 cells
x 10%/L. Treatment with balapiravir and ribavirin
was withheld in the event of a reduction in the
hemoglobin concentration to < 85g/L. Off-label use
of erythropoietin-stimulating agents and granulocy-

te colony stimulating factors to manage hematologi-
cal adverse events or laboratory abnormalities
was neither recommended nor prohibited in the
protocol.

Protocol amendments

The protocol was amended for safety reasons on
May 29, 2008 after 516 patients (100%) were enro-
lled. All patients in group D stopped treatment with
balapiravir and switched to open-label treatment
with peginterferon alfa-2a (40KD) plus ribavirin.
The planned duration of treatment with balapiravir
(or balapiravir placebo) was decreased from 24 weeks
to 12 weeks in all other treatment groups. Patients
who had completed 12 or more weeks of treatment
with balapiravir in any group were required to stop
balapiravir and switch to open-label treatment with
peginterferon alfa-2a (40KD) plus ribavirin. The
planned duration of treatment (24 or 48 weeks in
group C and 48 weeks in all other groups) was
unchanged and was to be achieved by extending the
duration of treatment with peginterferon alfa-2a
(40KD) plus ribavirin.

The protocol was subsequently amended on Octo-
ber 29, 2008 because of reports of persistent lym-
phopenia. All patients were unblinded to their
treatment assignment and, among those who recei-
ved balapiravir and who had a CD4+ count < 200
cells/mm3, treatment with peginterferon alfa-2a
(40KD) and ribavirin was permanently disconti-
nued. Among those with CD4+ cell counts < 500
cells/mm? frequent monitoring for opportunistic in-
fections was required and consideration of pro-
phylactic treatment for opportunistic infections was
recommended.

Study conduct

The study was conducted in accordance with the
Declaration of Helsinki and the laws of the coun-
tries in which the study was conducted. The proto-
col was reviewed by institutional review boards at
study sites in the US and by Independent Ethics
Committees at study sites in the European Union/
European Economic Area. Each patient provided in-
formed written consent prior to participating in the
study (www.ClinicalTrials.gov NCT 00517439).

A data monitoring committee conducted three
scheduled interim safety reviews after approximately
175 patients reached treatment weeks 4, 8, and 12,
and additional ad hoc reviews when all patients com-
pleted study weeks 12 and 24.
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alfa-2a (40KD 1000/180 | | 500/180 | |500/180 RVR-guided | | 1500/90 | [1000/180| | 500/90 ||PLA/180
( )
dose (mgf“g) I"I=|7G I“|=|73 n=|75 n=74 n=70 n=75 n=73
ﬁﬁzeg (302;"35‘ | 74(97) || 70(99) | | 72(96) | | 71(96) || 70 (100) | | 75 (100) | | 72 (99)
2 T I
Completed
it g N l 73 E%) || 70 {Iss} | | 71 (195} | I 71 596} ” 69 599} ]| 74 £99} ” 72 599}
ggg(p:ezteg{ofo} I 70 (92) || 69 (95) | | 70 (93) | | 70 (95) ” 68 (97) || 74 (99) || 72 (99)
' I I
Completed
o g N | 61 (80 || 58 (79) | | 58 (77 | | 57(77) || 56 (20) || 65 (&7) || 59 @)
Completed
it g RS l 23 Eau) “ 31 (42) | | 24 5321 | I 26 (35) ” 26 (37) ” 32 (43) ” 46 (63)
Completed
bl g IO I 35 (46) || 41(56) | | 38 (51) | | 33 (45) ” 34 (49) || 38 (51) || 39 (53)
Withdrawal of
balapiravir, n (%) 74(97)  71(97) 75 (100) 74(100) 69(99)  73(97)  72(99)
Lab abnormality 24(32) 18 (25) 18 (24) 15(20)  21(30)  25(33) 4(5)
E Adverse eventfiliness 3(4) 2(3) 2(3) 9(12) 4 (6)
8 Death 1(1)
Administrative/other 45 (59) 45 (62) 50 (67) 47 (64) 43 (61) 45 (60) 63 (86)
Insufficient response 2(3) 1(1) 1(1) 4(5)
g Withdrew consent 3(4) 2(3) 1(1) 1(1)
$ Failure to return 1(1) 1(1) 1(1)
;_g, Violated entry criteria 1(1) 1(1) 1(1)
Refused treatment 1(1) 1(1) 1(1)

Figure 2. Flow of patients through the trial showing the actual enrolment in each treatment group. Twelve patients were
randomized but did not receive study medication because of violation of entry criteria (n = 3), withdrawal of consent (n = 7) and

administrative or other reasons (n = 2).

The computerized randomization list was generated
by the sponsor, maintained in a central repository ac-
cessible only to the randomization list managers, and
incorporated in double-blind labelling of medication
containers. Study site staff were required to call an in-
teractive voice response system and enter a patient
number at the time of randomization; at week 24, stu-
dy sites were to call the interactive voice response sys-
tem to receive specific instructions on whether to
continue treatment with peginterferon alfa-2a (40KD)
plus ribavirin or to stop treatment. With the exception
of patients in group C, investigators and patients re-
mained blinded to each individual patient’s treatment
assignment throughout the study.

Endpoints

HCV RNA was determined at baseline and at
weeks 1, 2, 3, 4, 6, 8, 12, 18, 22, 24, 30, 36, 42, and
48 during treatment and at weeks 4, 12, and 24 of
untreated follow-up.

The primary efficacy outcome of the trial was
sustained virological response (SVR), defined as
undetectable HCV RNA (< 15 IU/mL) after 24
weeks of untreated follow-up (study week 48 in
patients with an RVR in group C and study week
72 in all other patients). The number of patients
with an RVR at week 4 and a complete early vi-
rological response (complete EVR, undetectable
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E=] A Balapiravir 1000 mg bid plus peginterferon alfa-2a (40KD) 180 ug/week plus ribavirin
] B Balapiravir 500 mg bid plus peginterferon alfa-2a (40KD) 180 pg/week plus ribavirin
[ C Balapiravir 500 mg bid plus peginterferon alfa-2a (40KD) 180 pg/week plus ribavirin — RVR guided
[ D Balapiravir 1500 mg bid plus peginterferon alfa-2a (40KD) 90 pg/week plus ribavirin
E Balapiravir 1000 mg bid plus peginterferon alfa-2a (40KD) 90 pg/week plus ribavirin
[ F Balapiravir 500 mg bid plus peginterferon alfa-2a (40KD) 90 pg/week plus ribavirin
G PIR (placebo plus peginterferon alfa-2a (40KD) 180 pg/week plus ribavirin)

Figure 3. Virological response during treatment defined as undetectable HCV RNA (< 15 IU/mL). Percentages are shown at the
top of each bar. Vertical bars show the upper limit of the 95% confidence interval. Analyses were conducted according to the in-

tention-to-treat principle.

HCV RNA) at week 12 were secondary outco-
mes.

Patients were required to stop treatment for insu-
fficient therapeutic response if they did not have an
EVR after 12 weeks of treatment, defined as unde-
tectable HCV RNA in serum (< 15 IU/mL) or a > 2
log,, drop in HCV RNA titer.

Statistical considerations

The planned enrolment was 490 patients (70 per
group). Mean virological response rates and their
corresponding 95% confidence intervals were calcu-
lated for each visit for each treatment group. No for-
mal pair-wise statistical comparisons were specified

in the protocol. All efficacy analyses were conducted
according to the intention to treat principle (all ran-
domized patients who received at least one dose of
study drug were included).

RESULTS

The first patient was enrolled on November 11,
2007 and the last patient visit occurred on August
4, 2009. A total of 516 patients from 64 centers in
Australia, Canada, France, Germany, Italy, Spain
and the USA were randomized, and 504 received at
least one dose of study medication.

The majority of randomized patients were male
(58 to 67%), White (86 to 96%) and infected with
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Figure 4. Sustained vi-
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D Balapiravir 1500 mg bid plus peginterferon alfa-2a (40KD) 90 pg/week plus ribavirin (n=71)

d E Balapiravir 1000 mg bid plus peginterferon alfa-2a (40KD) 90 pg/week plus ribavirin (n=70) ce
F Balapiravir 500 mg bid plus peginterferon alfa-2a (40KD) 90 pg/week plus ribavirin (n=75)
G P/R (placebo plus peginterferon alfa-2a (40KD) 180 pg/week plus ribavirin) (n=72)

rological response defi-
ned as undetectable HCV
RNA (< 15 IU/mL) in
serum at the end of un-
treated follow-up. Verti-
cal bars show the upper
limit of the 95% confiden-
interval.  Analyses
were conducted according
to the intention-to-treat
principle.

HCV genotype 1a (60 to 74%) (Table 1). The mean
age ranged from 45 to 48 years, the mean weight
ranged from 77 kg to 79 kg and the percentage of
patients with advanced fibrosis on the pretreatment
liver biopsy ranged from 14 to 28% (Table 1).

The percentage of patients of African racial des-
cent was higher in groups D (8%), F (9%), and G
(7%) and lower (range 1 to 4%) in the other treat-
ment groups, while the percentage of patients with
advanced fibrosis was higher in groups A (25%) and
C (28%) and lower (range 14 to 20%) in the other
treatment groups (Table 1).

The flow of patients through the study is shown
in figure 2. Following a recommendation from the
data monitoring committee a protocol amendment
resulted in termination of balapiravir treatment in
patients who had received 12 or more weeks of
treatment with the drug. Therefore, the most com-
mon reason for withdrawal from treatment with ba-
lapiravir is listed as administrative in figure 2.

Efficacy

Among patients randomized to placebo plus peg-
interferon alfa-2a (40KD) and ribavirin, mean re-
ductions in serum HCV RNA concentration at
week 2, 4, and 12 were 1.4 log,,, 2.4 log,,, and 3.7
log,,, respectively. Treatment with balapiravir pro-
duced dose-dependent reductions in serum HCV
RNA levels, with the highest mean reductions at

week 2 (3.5 log,,), week 4 (4.2 log,,), and week 12
(4.9 log,,) achieved in group A (balapiravir 1,000
mg bid plus peginterferon alfa-2a [40KD] 180 ug/
week in combination with ribavirin). At week 24
the reduction in HCV RNA level was similar in all
treatment groups (range 4.0 log,, to 4.7 log,,).
HCV RNA concentration data were unavailable for
a substantial proportion of patients (> 20%) after
week 24.

The percentage of patients with undetectable
HCV RNA was consistently higher in all balapiravir
treatment groups compared with the placebo plus
peginterferon alfa-2a (40KD) and ribavirin group at
treatment week 2, 4, 8, and 12; but was similar in
all groups at treatment week 24 and 48 (Figure 3).

The SVR rate ranged from 32 to 50% across the
balapiravir treatment groups and was 43% in the
placebo plus peginterferon alfa-2a (40KD) and riba-
virin group (Figure 4).

Safety

The percentage of patients withdrawn from treat-
ment with study drug for safety reasons was higher
in patients randomized to the balapiravir groups
than in the placebo group. Among those randomized
to groups A-F, treatment with balapiravir was
withdrawn for safety reasons in 27 to 36% of pa-
tients, treatment with peginterferon alfa-2a (40KD)
was withdrawn for safety reasons in 22 to 43% of pa-
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tients, and treatment with ribavirin was withdrawn
for safety reasons in 22 to 45% of patients. In con-
trast, among those randomized to group G (placebo
plus peginterferon alfa-2a (40KD) and ribavirin),
placebo was withdrawn for safety reasons in 5%
of patients, treatment with peginterferon alfa-2a
(40KD) was withdrawn for safety reasons in 8% of
patients, and treatment with ribavirin was
withdrawn for safety reasons in 8% of patients.

Among the balapiravir treatment groups, the
number of serious adverse events and the percenta-
ge of patients with serious adverse events increased
with the dose of balapiravir and was highest in
groups A (balapiravir 1,000 mg bid plus peginterfe-
ron alfa-2a [40KD] 180 ug/week in combination
with ribavirin), D (balapiravir 1,500 mg bid plus
peginterferon alfa-2a [40KD] 90 ug/week in combi-
nation with ribavirin) and E (balapiravir 1,000 mg
bid plus peginterferon alfa-2a [40KD] 90 ug/week
in combination with ribavirin) (Table 2). Serious
hematological adverse events and serious infections
were more frequent in group A (5 and 5%, respecti-
vely) and group D (4 and 6% respectively) than in
all other treatment groups in which the incidence
of serious hematological adverse events and infec-
tions ranged from 0 to 3% (Table 2). Neutropenia
and lymphopenia were observed during the study.
Lymphopenia resolved in most patients after all
study medication was stopped, but some patients
remained lymphopenic more than 1 year after the
end of treatment. Serious ocular adverse events
were reported in five patients (7%) in group D and
in three patients (4%) in group E (Table 2). The
nature of these events was diverse and included op-
tic neuropathy in two patients, and transient blind-
ness, maculopathy, toxic optic neuropathy, reduced
visual acuity, and optic neuritis in one patient
each. All but one of these events was reported after
more than 12 weeks of therapy (range: day 36 to
114 of treatment), all of these patients disconti-
nued study medication, and six of eight events re-
solved during untreated follow-up. One patient has
reported improvement and is still being followed
(the remaining patient was lost to follow-up).

Four deaths were reported during treatment and
follow-up. Three deaths were in balapiravir plus peg-
interferon alfa-2a (40KD) plus ribavirin combination
treatment groups and were attributed to fulminant
disseminated varicella possibly related to study me-
dication (group D), cardiac arrest unrelated to study
medication in a patient with lymphoma (group C),
and suicide possibly related to study medication
(group C). One death in the peginterferon alfa-2a

Table 2. Adverse events, laboratory abnormalities and discontinuations.

500 mg 500 mg 1,500 mg 1,000 mg 500 mg Placebo

1,000 mg

Balapiravir dose (twice daily)

180 pg once
weekly

1,000 or

1,200 mg/day

<90 pg once weekly —

<« 180 pg once weekly —

« 1,000 or 1,200 mg/day —

Peginterferon alfa-2a (40KD) dose

Ribavirin dose

48 48 48

48

24 or 48
weeks

48

48

Duration of treatment

weeks

weeks

weeks

weeks

weeks

weeks

70 72 71 70 75 72

74

Patients, n

17 16 11 11

Serious adverse events, n

Patients with > 1

3 (4) 4 (6) 12 (17) 9 (13) 3 (4) 8 (11)

15 (20)

serious adverse events, n (%)
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(40KD) plus ribavirin control group was attributed
to a road traffic accident unrelated to study medica-
tion (group G). Of note, the progression of disease
in the patient with lymphoma in group C was classi-
fied as possibly related to study drug. It was consi-
dered likely that the lymphoma had been present
but undetected prior to study start, based on the ad-
vanced stage of the cancer at diagnosis.

The most common adverse events were fatigue
(range 48 to 64%), headache (49 to 60%), nausea
(31 to 49%), insomnia (33 to 47%), and myalgia (31
to 46%), which occurred with similar frequency
across the seven treatment groups (Table 2). Lym-
phopenia was a frequently reported adverse event in
recipients of balapiravir (range 29 to 45%), but not
in recipients of placebo (3%). Patients in group D
also had considerably higher adverse event rates for
anemia (24%) and neutropenia (23%) compared with
all other treatment groups (Table 2).

Dose modifications of all three study drugs were
more commonly attributed to laboratory abnormali-
ties than adverse events in all treatment groups (Ta-
ble 2). Balapiravir dose modifications for adverse
events and laboratory abnormalities were most com-
mon in the highest dosage groups: A, D, and E. Peg-
interferon alfa-2a (40KD) and ribavirin dose
modifications for laboratory abnormalities were also
more common in these three treatment groups.

The maximum mean decrease from baseline in
white blood cell count, lymphocyte count, neutrophil
count, platelet count, red blood cell count, and he-
moglobin concentration were generally greater in all
balapiravir treatment groups than in the placebo
plus peginterferon alfa-2a (40KD) and ribavirin
group (Table 2).

The time course of hematological parameters is
shown in figure 5. The nadir in hematological para-
meters generally occurred earlier and was greater in
all balapiravir treatment groups, with the excep-
tion of group F, than in the placebo plus peginterfe-
ron alfa-2a (40KD) and ribavirin group. The nadir
in white blood cell count occurred between weeks 4
and 12 in groups A to E compared with week 30
with the placebo plus peginterferon alfa-2a (40KD)
and ribavirin group, the nadir in neutrophil count
occurred at week 4 in groups A to E and at week 18
with placebo plus peginterferon alfa-2a (40KD) and
ribavirin, and the nadir in platelet count occurred
at week 3 in groups A to E compared with week 12
with placebo plus peginterferon alfa-2a (40KD) and
ribavirin. The lowest nadir for each of these para-
meters was observed in group D. Lymphocyte count
declined markedly during the first 12 weeks of treat-

ment and reached a nadir between weeks 12 and 24
in all balapiravir treatment groups. In contrast, the
lymphocyte decline was less marked with placebo
plus peginterferon alfa-2a (40KD) and ribavirin and
did not reach a nadir until week 30. Lymphocyte
count had not returned to baseline by week 60 in
any group, including placebo plus peginterferon alfa-
2a (40KD) and ribavirin. The red blood cell count
and hemoglobin concentration declined rapidly du-
ring the first 4 weeks and then slowly thereafter to
week 30 in all treatment groups with the exception
of the RVR-guided treatment group C.

The highest incidence of specific laboratory abnor-
malities tended to occur in the highest balapiravir
dose, i.e. group D (Table 2). The percentage of pa-
tients with grade 4 leucopenia (white blood cell count
< 1.0 x 109/L)), grade 3 or 4 lymphopenia (lymphocy-
te count < 0.5 x 10%/L)), grade 4 neutropenia (neutro-
phil count < 0.5 x 109/L), red blood cell count < 3.2
x 102/, and hematocrit < 0.3 were higher in all ba-
lapiravir treatment groups than in the placebo plus
peginterferon alfa-2a (40KD) and ribavirin group.
The percentage of patients with grade 4 thrombocyto-
penia (platelet count < 20 x 10%L) and a hemoglobin
concentration < 85 g/L. were higher in group A and
D than in the placebo plus peginterferon alfa-2a
(40KD) and ribavirin group. Of note, the incidence of
grade 4 lymphopenia (Ilymphocyte count < 0.2 x 10%/L)
was higher in all balapiravir treatment groups (range
10 to 36%) than in the placebo plus peginterferon
alfa-2a (40KD) and ribavirin group (1%).

DISCUSSION

The results of this trial demonstrate that the
addition of balapiravir (RG1626) to peginterferon
alfa-2a (40KD) plus ribavirin increases the rate and
extent of the decrease in HCV RNA levels in patients
with chronic hepatitis C genotype 1 infection. The
decrease in HCV RNA levels was dose dependent,
and a higher percentage of patients treated with ba-
lapiravir achieved an RVR at week 4 and a complete
EVR at week 12 compared with peginterferon alfa-2a
(40KD) plus ribavirin alone. However, the assess-
ment of efficacy at later time points was hampered
by the high rate of safety-related dose modifications
and discontinuations that affected all three study
drugs and was generally associated with temporary
viral load rebounds during treatment. Subsequently,
the higher rates of viral clearance observed during
treatment were not maintained during untreated fo-
llow-up and there was no overall difference in SVR
rates in the balapiravir combination treatment
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Study week

A Balapiravir 1000 mg bid plus peginterferon alfa-2a (40KD) 180 pg/week plus ribavirin (n=74)

B Balapiravir 500 mg bid plus peginterferon alfa-2a (40KD) 180 pg/week plus ribavirin (n=70)

C Balapiravir 500 mg bid plus peginterferon alfa-2a (40KD) 180 pg/week plus ribavirin — RVR guided (n=72)
D Balapiravir 1500 mg bid plus peginterferon alfa-2a (40KD) 90 pg/week plus ribavirin (n=71)

E Balapiravir 1000 mg bid plus peginterferon alfa-2a (40KD) 90 pg/week plus ribavirin (n=70)

F Balapiravir 500 mg bid plus peginterferon alfa-2a (40KD) 90 pg/week plus ribavirin (n=75)

G P/R: peginterferon alfa-2a (40KD) 180 pg/week plus ribavirin (n=72)

Figure 5. Mean hematological parameters during treatment and follow-up. A. White blood cells. B. Neutrophils. C. Plate-
lets. D. Lymphocytes. E. Red blood cells. F. Hemoglobin.

groups compared with placebo plus peginterferon
alfa-2a (40KD) plus ribavirin.

The final SVR rate of 43% achieved with peginter-
feron alfa-2a (40KD) plus ribavirin alone in the trial

is somewhat lower than that achieved with this
combination in genotype 1 patients enrolled in phase
3 registration studies (46 to 52%),%? but falls within
the range reported in other recent randomized stu-
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dies in treatment-naive genotype 1 patients (41 to
55%)_10-14

Treatment with balapiravir was not well tolerated
and unexpected adverse events were observed in the
present study. Hematological adverse events were
anticipated and the protocol included several measu-
res to mitigate against the incidence and severity of
these events. The trial included two reduced dosage
levels of peginterferon alfa-2a (40KD), and the hig-
hest dosage of balapiravir was administered with the
lower dosage of peginterferon alfa-2a (40KD). Pa-
tients were monitored frequently and dose reduction
protocols were provided for all study drugs. Despite
these precautions a high proportion of patients trea-
ted with balapiravir developed anemia, neutropenia,
lymphopenia, and thrombocytopenia, and study
drug treatment was discontinued in a large number
of these individuals because of laboratory abnorma-
lities. In two of the highest balapiravir dosage
groups (balapiravir 1,000 mg bid plus peginterferon
alfa-2a [40KD] 180 wg/week and ribavirin; balapira-
vir 1,500 mg bid plus peginterferon alfa-2a [40KD]
90 ug/week and ribavirin), serious infections were
reported in 5 to 6% of patients and one patient died
from disseminated varicella infection.

The occurrence of late-onset serious ocular events
in a small number of recipients of balapiravir was
unexpected. The nature of these ocular events
was diverse, and available data suggest that they
are reversible. The mechanism that led to these
events is under investigation.

Previous human studies of balapiravir include a
dose escalation trial in which single doses as high
as 12,000 mg were well tolerated in healthy volun-
teers,'® a 14-day trial of balapiravir monotherapy in
patients with chronic hepatitis C at dosages of 500
mg to 4,500 mg bid,® and a 28-day trial in which ba-
lapiravir was administered to patients with chronic
hepatitis C at a dosage of 1,500 mg bid or 3,000 mg
bid in combination with peginterferon alfa-2a
(40KD) 180 ug/week or at a dosage of 1,500 mg bid
in combination with peginterferon alfa-2a (40KD)
plus ribavirin.” In the 14-day monotherapy study no
patients were withdrawn due to adverse events, and
although dose-related hematological abnormalities
were detected, they were described as being mild to
moderate in severity.® Hematological abnormalities
were reported when balapiravir was administered in
combination with peginterferon alfa-2a (40KD) with
or without ribavirin in the 28-day study.” The most
common laboratory abnormalities in the trial were
neutropenia and anemia, while lymphopenia was
comparatively rare. Laboratory abnormalities were

dose related and resolved after the end of treatment
with balapiravir, and the rate of infections was simi-
lar in patients with mild or severe neutropenia.

On the basis of preclinical toxicity testing, the se-
verity of hematological toxicity associated with lon-
ger-term administration of balapiravir in
combination with peginterferon alfa-2a (40KD) and
ribavirin in patients with chronic hepatitis C was
unexpected. Balapiravir was well tolerated at doses
up to 3,000 mg/kg/day (highest dose tested) for 3
months in mice, up to 2,000 mg/kg/day (highest
dose tested) in rats for 6 months and up to 1,500
mg/kg/day (highest dose tested) for 9 months in fe-
male dogs. These studies had not identified any tar-
get organ toxicity.!® In vitro studies in human
primary cells demonstrated measurable inhibition of
bone marrow stem cell differentiation with low in-
trinsic cytotoxicity. Bone marrow stem cell differen-
tiation into erythroid precursor cells was more
sensitive to inhibition by balapiravir than was diffe-
rentiation into myeloid or megakaryocytic lineages.
Inhibition of erythroid differentiation by balapiravir
was more than 80-fold less potent than that occu-
rring with the comparator nucleoside analogue zido-
vudine.!® Consistent with the in vitro analysis, the
most obvious dose-dependent hematological effect of
balapiravir in patients treated with monotherapy
was a reduction in hemoglobin concentration and
erythrocyte counts that was reversible upon discon-
tinuation, consistent with inhibition of precursor di-
fferentiation.b

The mechanism responsible for the hematologi-
cal toxicity associated with balapiravir when ad-
ministered in combination with peginterferon
alfa-2a (40KD) and ribavirin is currently unk-
nown, although it appears that this combination
may have exacerbated a direct and broad-based su-
ppressive effect of balapiravir on bone marrow and
also resulted in an uncompensated reduction in
lymphocytes. The hematological toxicity of balapi-
ravir does not appear to be a class effect of HCV
nucleoside polymerase inhibitors. Valopicitabine
(NM283) was not associated with marked hemato-
logical adverse events when combined with peg-
interferon plus ribavirin; however, clinical
development of this agent was halted because of
severe gastrointestinal adverse events.!” Mericita-
bine (RG7128) is another nucleoside polymerase
inhibitor currently being investigated in a phase
2b study to evaluate its safety and efficacy in tri-
ple combination therapy (500 mg or 1,000 mg bid
with peginterferon alfa-2a [40KD] plus ribavirin)
in HCV genotype 1 and 4 treatment-naive pa-



Balapiravir plus peginterferon alfa-2a (40KD)/ribavirin in hepatitis C. Axnais of Hlepatology, 2012; 11 (1): 15-31

tients. A preliminary analysis of 12 weeks’ safety
data from 408 patients enrolled in this study has
confirmed that mericitabine has a promising
safety profile with no significant unexpected toxi-
cities.!® To date no hematological, renal, gastroin-
testinal, dermatological, or other organ system
events different than those expected with pegin-
terferon alfa-2a (40KD) plus ribavirin have been
detected.

Mericitabine has also been investigated in combi-
nation with an HCV protease inhibitor (danoprevir)
in the proof of concept study of a dual interferon-
free regimen for chronic hepatitis C (INFORM-1).1?
The all oral direct acting antiviral regimen was
effective and well tolerated in this study, in which
88 patients were treated for up to 13 days with meri-
citabine/danoprevir. No patient discontinued thera-
py because of adverse events, no treatment-related
serious or severe adverse effects were reported and
no grade 3 or 4 laboratory abnormalities were detec-
ted.?®

Further development of balapiravir in combina-
tion with peginterferon alfa-2a (40KD) and ribavirin
for the treatment of chronic hepatitis C has been
halted because of the unacceptable safety profile re-
vealed in this study. However, non-clinical studies
are ongoing in an effort to identify the mechanism
responsible for the hematological and ocular
toxicities associated with the administration of ba-
lapiravir. Longer-term experience with other investi-
gational nucleoside polymerase inhibitors is
currently lacking and close monitoring of safety in
ongoing studies is warranted.

ABBREVIATIONS

¢ bid. Twice daily.

¢ HCV. Hepatitis C.

¢ RVR. Rapid virological response.

* SVR. Sustained virological response.
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