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Abstract

Mericitabine (RG7128) is a first-in class nucleoside polymerase inhibitor (NPI), which requires
intracellular uptake and phosphorylation to two active triphosphates. Mathematical modeling has
provided important insights for characterizing HCV-RNA decline and estimating in vivo
effectiveness of antiviral agents; however it has not been used to characterize viral kinetics with
NPIs. HCV RNA was frequently measured in 32 treatment-experienced patients infected with
HCV genotype-1 during and after mericitabine monotherapy for 14 days with 750-mg or 1500-mg
administered once (QD) or twice daily (BID). Initial decline of HCV RNA was typically slower
than with interferon-alpha or protease inhibitors and 12 patients presented a novel pattern of HCV
RNA kinetics characterized by a monophasic viral decline. Viral kinetics could be well fitted by
assuming that the effectiveness in blocking viral production gradually increased over time to reach
its final value, &5, consistent with previous accumulation time estimates of intracellular
triphosphates. €, was high with BID dosing (mean 750-mg and 1500-mg: 98.0% and 99.8%,
P=0.018) and significantly higher than in patients treated QD (mean QD vs BID: 90% vs 99%,
P<107). Virus rebounded rapidly upon drug discontinuation, which was attributed to the
elimination of active drug and the subsequent decline of drug effectiveness with mean t;,,=13.9 h
in the BID regimens.

Conclusion—The observed slower initial decline likely represents the time needed to
accumulate intracellular triphosphates and is consistent with in vitro data. When administered
BID, mericitabine reached a high, dose-dependent, final effectiveness in blocking viral production,
that rapidly dropped upon treatment cessation. Understanding HCV RNA kinetics with
mericitabine could provide valuable insights for combining it with other direct-acting antiviral
agents.

Introduction

Chronic hepatitis C virus (HCV) infection has a worldwide prevalence of about 3% (1).
Achieving a long-term sustained virologic response (SVR), defined as undetectable HCV
RNA in serum 24 weeks after the end of treatment, is the most effective way to either
prevent disease progression (2). Treatment outcome with pegylated interferon (peg-IFN) and
ribavirin (RBV) administered for 48 weeks, is correlated with HCV genotype and SVR is
only achieved in approximately 50% of HCV genotype 1 patients, the most prevalent
genotype in western countries (3).
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Direct acting antiviral (DAA) agents constitute a new stage in HCV therapy. HCV protease
inhibitors improved treatment outcomes when added to peg-IFN/RBV in both treatment-
naive and treatment-experienced patients (4—7). However, the benefits of this strategy will
remain limited due to safety, tolerability, and convenience limitations associated with peg-
IFN. In addition, the development of protease inhibitor resistance, particularly in non-
responders to peg-IFN/RBV and patients infected with HCV genotype 1a, will further limit
the efficacy of triple combination treatment of a protease inhibitor added to peg-IFN/RBV
(8). Thus, there is a continuing need to develop more effective, better tolerated, and more
convenient treatment regimens in the form of DAA combinations, as an all-oral interferon
sparing treatment, or as quadruple therapy through the addition of two DAA’s to the current
peg-1IFN/RBV.

Mericitabine (RG7128) is an oral cytidine nucleoside analog prodrug that exhibited strong
antiviral effectiveness against the HCV polymerase across all HCV genotypes (9-11), with
no evidence of resistance reported in patients treated with mericitabine monotherapy for 14
days (12). Upon entering the hepatocyte, mericitabine is converted to a cytidine
monophosphate, which is then further converted to both a cytidine and a uridine
triphosphate. Both triphosphate forms are active, with the cytidine form predominating at
least early following the initiation of treatment (13).

Viral dynamic modeling has provided valuable insights for quantifying the effects of (peg)-
IFN, ribavirin and HCV protease inhibitors and estimating their antiviral effectiveness in
vivo (14), but it has not been used to analyze data from nucleoside HCV polymerase
inhibitor treatment studies. Here, we analyzed and modeled HCV RNA kinetics from 32
interferon-treatment experienced patients, infected with HCV genotype 1, who were treated
for 14 days with 750-mg or 1500-mg doses of mericitabine alone daily (QD) or twice a day
(BID). In addition, HCV RNA was frequently measured after the end of the dosing period,
which allowed us an opportunity to examine the determinants of the post-treatment viral
rebound.

Patients and treatment

The RG7128 clinical study was a multicenter, observer-blinded, randomized, placebo-
controlled study in non-cirrhotic patients chronically infected with HCV genotypes 1 (30-1a;
10-1b) that had previously failed interferon therapy with or without ribavirin. Multiple oral
doses of mericitabine were administered for 14 days to 32 HCV-infected patients, split into
four cohorts (n=10 patients per cohort with 8 getting drug and 2 taking placebo) with
regimens of 750-mg QD, 1500-mg QD, 750-mg BID and 1500-mg BID. Mean changes in
HCV RNA per dosing group are displayed in Figure 1.

Samples for plasma HCV RNA analysis using the Roche Cobas TagMan (limit of detection
<15 IU/mL) were collected at baseline (day 0), 4 hours, 12 hours, and then at day 1, 4, 6, 7,
9, and 13 during treatment and at days 14, 15, 16, 20, and 27 after the end of treatment.

Kinetics of viral decline under treatment using the standard model

The kinetics of viral decline under treatment was modeled using the standard model of HCV
kinetics (15), defined by the following set of differential equations:

d=BVT, - oI

& p(1 - &)l -V M
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where T represents the density of target cells that can be infected by virus (V), with rate
constant B. In the model, infected cells (1) die or lose their infected state with rate constant &
and produce virions at constant rate p per cell. Virions are assumed to be cleared from serum
with rate constant c. It is also assumed that the target cell level is constant throughout the
study period and remains at its pre-treatment steady state value To=cd/pf (15).

After an initial pharmacologic delay of length ty, therapy was assumed to reduce the rate of
viral production per cell from p to p(1—¢), where ¢ is the drug effectiveness, with =1
implying the drug is 100% effective in blocking viral production. Since this model assumes
constant effectiveness (CE) under treatment, it has been called the CE model (16).

A model that allows treatment effectiveness to increase with time

We also explored an alternative model where the treatment effectiveness in blocking viral
production, g, can change over time during therapy:

s(t)=e1+(e2 — e[ 1 — exp(=k(z — 19))] t>1t9 2

where g1 and ¢, are the initial and the final values of the treatment effectiveness,
respectively, and k defines the rapidity of the change in effectiveness. This function
generates an effectiveness that increases with time (assuming g>>¢4). The use of this
function (Eg. 2) combined with the viral dynamics model (Eq. 1) is called the varying
effectiveness (VE) model (17). Note that if the initial and the final effectiveness are equal
(e1=€p) or if the changes in the drug effectiveness are very rapid (k large), the VE model is
equivalent to the CE model. In that respect, the CE model is a particular case of the VE
model. If k is small, then the rate of viral load decline until ¢ ~ &, depends on the value of k.

Kinetics of viral increase after the end of treatment

Let tog denote the time when the last dose was taken and t; the length of the delay until
drug effectiveness starts decreasing. For QD and BID regimens tenq =13 days and tgng =13.5
days, respectively. Assuming that the drug effectiveness is related to the intracellular drug
concentration C(t) by an Emax model (18) of the form:

C@)

HN=——t—
e Eerc’

! < lend i1, (3a)
and assuming that after tonq + t; the concentration of active drug decreases exponentially
with rate kg, the drug effectiveness is given by:

gmax

Emaxt(1 — Emax)expke(t — tena — tl))’

e(h)=

12 tenatti, (3b)

where emax is the effectiveness at time tepg + tg. If the drug is eliminated at the same rate in
the circulation and intracellularly, then k. approximates the rate constant of elimination for
the parent nucleoside from the systemic circulation. A more general form of the Emax
model includes a Hill coefficient n. When a Hill coeffient is included in Eq.(3a), ke in Eq.
(3b) is replaced by nke, and the combined parameter nk, is then estimated. We find (see
Results) that nkg is approximately equal to the measured mean drug clearance rate
suggesting n=1. Hence we assume n=1 and have omitted the Hill coefficient from further
consideration.
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Statistical Methods

Results

Model parameters were obtained by a maximum likelihood method using MONOLIX
version 3.1 (http://software.monolix.org), a software program based on a stochastic
approximation expectation-approximation (SAEM) algorithm (19). After the population
parameters and the between-subject variabilities were found the estimated parameters for
each individual were deduced using empirical Bayes estimates (20). Thus, all dosing groups
were analyzed simultaneously and the parameters have the same distributions, irrespective
of the dosing groups. For each parameter, we report the population estimates and standard
errors, as well as the first and third quartiles of the individual estimates (when the sample
size was large enough). One subject (#92206) did not respond to treatment and therefore was
not included in the final analysis.

In order to reduce the number of parameters to be estimated in the VE model, ¢ was fixed to
6 d1 (15). Moreover, ty was determined empirically as the last sampling time before the
viral load declined by more than 0.2 log1g and did not increase afterward above baseline, or
before two consecutive decreasing HCV RNA measurements.

Two covariates were included in the model to study their impact on the viral kinetic
parameters. The first covariate was the treatment dosing regimen group. Except for the
determination of the final treatment effectiveness (g;), the QD and BID groups were treated
together. Also, we considered a second covariate distinguishing patients having or not a
having monotonic viral decline throughout the treatment period. For that purpose we
computed for each patient by linear regression the slope, s,, of the HCV RNA measurements
between t=4 days and t=13 days, a period typically considered to be part of the second phase
of viral decline (Table S1). A t-test was used to assess whether s, was significantly different
than 0. If s, was not significantly (P>0.1) different than 0, the patient was said to have a flat
second phase response. Using this criterion 52% (16/31) of the patients had a flat second
phase response, with no difference in distribution among dosing regimen (Table S1).

More details on the fitting method and statistical analysis of the model are given in the
supplementary materials.

Analysis of the changes in viral load using the standard model of viral dynamics

We first fitted the data using the standard (CE) model of viral dynamics (Eq. 1;3a—-b) (Table
1). The mean value estimated for ¢ was surprisingly small (0.98 d™1) with no significant
differences between the dosing groups (QD vs BID, P=0.84). Interestingly, even the
maximal value for ¢ estimated in our sample (3.42 d™1) was lower than what has been
typically found with IFN-based therapy (6 d1) (15, 21). How to understand this result? A
closer analysis of the early viral kinetics induced by mericitabine reveals that the initial rate
of viral decline (in the first days after treatment initiation) is much slower than what was
previously seen with IFN (21). Although the CE model attributes this slow decline to a low
rate of viral clearance, this interpretation is dubious as the rate of viral clearance is a
physiological quantity and, consequently, ¢ should not depend on the antiviral strategy.

Then, what other factor may explain the slow initial rate of viral decline? A mathematical
analysis of the CE model reveals that the initial viral decline should be approximately linear
with slope ce. Thus, assuming c is as high as what was found during IFN-based therapy, a
modest initial viral decline can be explained by an initially modest treatment effectiveness,
consistent with the conversion and accumulation of intracellular nucleoside triphosphates
that occurs with nucleoside analogues (13). Therefore, we studied the possibility of a
gradual increase of mericitabine antiviral effectiveness over time by fitting the viral load
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data using the VE model (Eg. 2). A comparison of the model fit to each individual patient’s
viral load data is given in the Supplemental Material (Fig. S1). Interestingly, the VE model
had a lower Akaike information criterion value (22) than the CE model, and thus provided
better fits to the data, even after correcting for the additional numbers of parameter involved
in this model. Since the VE model gave a better fit than the CE model, we only discuss in
the following the results provided by the VE model.

In the VE model, the initial antiviral effectiveness of mericitabine increased upon the
initiation of dosing with characteristic rate k, so that it reached half of the final drug
effectiveness, ¢, in time In2/k. Mericitabine’s final drug effectiveness, g, was high with BID
dosing (mean 750-mg and 1500-mg: 98% and 99.8%, P=0.018) and significantly higher than
in patients treated QD (mean QD vs BID: 90% vs 99%, P<1077).

Possibly due to small sample sizes, no difference in the initial antiviral effectiveness, g1, was
found between the dosing groups (QD vs BID, P=0.40) or with the pattern of viral decline.
Consistent with the intracellular pharmacokinetics, the estimated value of &, was low in the
vast majority of patients (mean 0.38), and probably reflects the minimal antiviral
effectiveness needed to generate a discernable viral decline. The differences in HCV RNA
decline between the four dosing regimens could be only explained by differences in the final
drug effectiveness in blocking viral production, ¢, and in the rate at which the effectiveness
was increasing over time, k (Table 2). Since the two QD groups did not show a significantly
different effectiveness (mean g,=0.86 with 750-mg QD vs mean ¢,=0.94 with 1500-mg QD,
P=0.20), they were treated together as a single group (meanzstandard error (SE)
€,=0.90£0.050). The antiviral effectiveness was significantly higher in the two BID groups
compared to the QD groups (meanzSE ¢, for 750-mg BID was 0.98+0.0091, P=0.0056;
while for 1500-mg group it was 0.998+0.0012, P<10~7). The rapidity of the change in
treatment effectiveness, measured by the parameter k, was significantly higher in flat vs non-
flat second phase responders (P<10~9). Also, this parameter was associated with the
treatment regimen (QD vs BID, P=0.017), which indicates that, for a similar final
effectiveness, patients given the BID regimens built up effectiveness faster than patients in
the QD regimens. Patients receiving a BID regimen reached 90% and 99% of the estimate
final effectiveness with a mean time of 2.9 and 6.5 days, respectively (Table S1 and Fig. 2).

In patients that needed additional time to reach high levels of antiviral effectiveness, there
was a slower initial rate of viral decline, with 12 patients exhibiting a single phase of
monotonic decline, rather than the characteristic two or three phases of viral decline usually
observed with IFN or protease inhibitor therapy (14) (Table S1). Figure 2 displays the three
patterns of viral kinetics observed in this study: a monophasic decline (Fig. 2A), or a
biphasic decline, characterized by a rapid first phase lasting for 1-4 days followed by a
slower second phase, with a slope that was either significantly greater than zero (Fig. 2B) or
flat (Fig. 2C). The mean value estimated for & was 0.023 d~1 with no differences across
dosing groups (P=0.30)or patterns of decline (P=0.20).

After the dosing period, the viral load returned to its pretreatment value rapidly. We
estimated a mean delay, t;, of 0.37 days before treatment effectiveness began declining. In
our model, the loss in drug effectiveness was assumed to be exponential with an estimated
mean rate, ke, of 0.55 d~1 and 1.20 d~1 in the QD and BID dosing groups, respectively
(P=0.0005), with the rate being significantly larger in the 1500 mg BID group than in the
750 mg BID group (ke=1.57 d"1 vs 0.77 d™1, P=0.015).
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Discussion

All patients treated with mericitabine were characterized by a relatively slow viral decline in
the first 4 days of treatment compared to rates previously observed in treatment naive
patients during daily IFN-based therapy (15) and during therapy with NS3 inhibitors (17),
non-nucleoside NS5B inhibitors (23) or NS5A inhibitors (24). However, monotherapy with
these agents are limited due to the rapid emergence of viral resistance, which was not
observed following 14 days of mericitabine. Whereas patients treated with these other
classes of agents typically exhibit a biphasic viral decline (14), about 40% of the patients in
our study presented a novel pattern of viral decline, that we identified as “monophasic”, i.e.,
characterized by a slow first phase of viral decline that extended throughout the 14 days of
treatment. We showed that a model assuming mericitabine’s main mode of action was to
reduce the rate of virus production, with an effectiveness that increases over time, could
describe the data well. The observation that the pyrimidine nucleotide PSI-7977 induces a
more rapid first phase of viral decline (25) than mericitabine, even though the active species
of PSI-7977, a uridine triphosphate, is the same uridine triphosphate produced by
mericitabine (26) suggests that the first phosphorylation may be the step limiting the rapid
build up of mericitabine’s antiviral effectiveness (13).

The estimated final treatment effectiveness was strongly associated with the drug regimen,
and the BID regimens had a final effectiveness in blocking viral production (mean 750-mg
and 1500-mg: 98% and 99.8%, respectively, P=0.018), significantly higher than the QD
regimens (mean 99% and 90%, P<10~7). How fast the antiviral effectiveness built up was
also drug regimen dependent, and we predicted that 12/16 patients in the BID regimens
reached 90% of their final antiviral effectiveness by day 4 (Table S1).

In all patients, the second phase slope of viral decline was modest. This was attributed, in
our model, to a low intrinsic rate of loss of infected cells, 3, which might be causally related
to the fact that these patients had previously failed IFN-based therapy. However, other
interpretations are possible. In models that allows target cell levels to vary, there exists a
certain patient-specific antiviral effectiveness level that needs to be exceeded or the virus
will not be eliminated (27). In this case, the second phase slope of viral decline will be
minimal and will not reflect the loss rate of infected cells (27). From that perspective, the
fact that our study population consisted of patients that had previously failed peg-IFN/RBV
suggests they may have had a high critical effectiveness, due for instance to more advanced
disease with a higher baseline proportion of infected cells (28).

By fitting HCV RNA Kinetics after treatment cessation, we could estimate parameters
related to the drug pharmacodynamics. We estimated that after drug withdrawal the drug
effectiveness, after a delay of 0.37 days, declined with a mean half-life in the QD and BID
regimens of 30.2 h and 13.9 h, respectively. Since RG7128 requires intracellular uptake and
phosphorylation to two active species, a cytidine triphosphate and a uridine triphosphate,
with intracellular half-lives of ~5 h and 38 h, respectively (13), our estimate tends to support
that the uridine triphosphate form contributes to maintaining some antiviral effectiveness for
a day or two after treatment cessation.

Several assumptions and limitations of our model need to be addressed. The assumption of a
gradual increase in antiviral effectiveness that explains the initially slow decrease in viral
load still needs to be validated, even though it is supported by the observation that the active
forms of mericitabine in vitro take ~48 hours to accumulate to steady-state triphosphate
levels (13). It is noteworthy that ribavirin, which needs to be phosphorylated to its mono-,
di- and tri-phosphate analogs, when given as monotherapy also induces a monophasic viral
decline consistent with the variable effectivenss assumption (29). Second our model does
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not distinguish between the cytidine and the uridine triphosphates, which could have slightly
different potencies and are expected to accumulate at different rates. Third, it is hard to
precisely estimate g1, &» and  as they have overlapping effects on the viral load decline. At
least one additional sampling measurement between days 1 and 4 would be necessary to
estimate more precisely the initial antiviral effectiveness, 1. However, the fact that the CE
and the VE models provided very similar estimates of € and 6 (see Tables 1 & 2) is an
indication that these parameters were precisely estimated, and consequently that infected
cell loss/death may be playing a minor role in the overall viral load decline. Lastly, for the
sake of parameter identifiability, the target cell level was assumed constant throughout the
study period. The kinetics of HCV RNA rebound after the end of treatment may be affected
by the increased availability of target cells (30) and hence our estimates of the rate at which
antiviral effectiveness decays after the end of treatment may not be as reliable as we would
wish.

Recent developments in viral dynamic modeling have emphasized the interplay between the
kinetics of intracellular viral RNA (VRNA) and the extracellular viral kinetics measured by
serum levels of HCV RNA (31). Within the context of such models it has been shown that
the initial rate of decline of serum HCV RNA is proportional to the ability of drug to block
the late stages of virion production (i.e., assembly/secretion) (32). If a drug does not block
virion assembly/secretion, there may be release of preformed virions during the first phase
of viral decline that masks the intrinsic plasma HCV clearance rate (32). Thus the slow
initial viral decline observed with mericitabine may reflect that blocking NS5B has only a
minimal effect on blocking virus assembly/secretion into the circulation. However, even if a
minimal effect in blocking virus assembly/secretion is taken into account using a model that
incorporates intracellular events (32), a gradual decrease in the virus production rate, as in
the VE model, is still required to fit the data (not shown). On the other hand the action of the
RNA dependent RNA polymerase is needed for the production of negative-strand RNA
intermediates and thus mericitabine may block the formation of replication complexes (RC).
Guedj and Neumann (31) proposed a model that takes into account the kinetics of RC and
showed that blocking RC formation leads to the progressive depletion of RC with a rapidity
that depends on the level of blockage and the intrinsic turnover rate of RC. However, if only
extracellular levels of virus are measured, the contribution of this mechanism to the
progressive reduction in virus production can not be distinguished from an increase in
antiviral effectiveness.

How the viral kinetics results in the present hard-to treat patients would translate to
treatment naive patients is unknown, as are the effects to be seen when mericitabine is given
in combination with peg-IFN/RBV or other direct-acting antivirals. However, interim results
from a large cohort of treatment naive patients receiving mericitabine and peg-IFN/RBV
(PROPEL study) showed that >80% of patients had undetectable HCV RNA in all cohorts
receiving the 12 week triple regimen (33). Further, 91% of genotype 1 and 4 patients
receiving 1000 mg mericitabine BID and Peg/RBV for 24 weeks had undetectable HCV
RNA in the JUMP-C trial (34).

Because nucleoside analogues appear to have a high barrier to resistance, they are very
attractive as part of IFN-free combination therapy. Indeed, when mericitabine was combined
with the HCV protease inhibitor danoprevir for 13 days, a 5-log decrease in HCV RNA was
achieved, in the highest dosed treatment arms (35). During monotherapy with NS3/4
protease inhibitors early treatment-resistance viral strains rapidly emerge that lead to viral
rebound (8). Nonetheless, when danoprevir was used in combination with mericitabine or
Peg/RBYV the viral kinetics were similar (35) with no evidence of treatment-emergent
resistance. This may indicate that the viral kinetics of protease-inhibitor based combination
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regimens may be primarily driven by the more potent protease inhibitor, with mericitabine
or Peg/RBV acting to prevent the emergence of protease resistance.

To summarize, our viral dynamic analysis predicts that mericitabine administered BID
achieves a high (final) antiviral effectiveness of 0.98 or greater. Our prediction of a high
antiviral effectiveness together with the lack of clinical resistance to mericitabine (12, 34,
35) support the idea that mericitabine administed BID offers a valuable candidate for IFN-
sparing DAA combination regimens.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Mean decline in HCV RNA per dosing group. Dotted line: 750 mg every day (750 QD);
dashed line: 1500 mg every day (1500 QD); dashed-dotted line: 750 mg every 12 h (750
BID); solid line: 1500 mg every 12 h (1500 BID).
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Figure 2.

Comparison of measured HCV RNA (circle) and best-fit prediction by the viral kinetic
model during the 14-days of treatment with mericitabine monotherapy followed by 14 days
of follow-up in three patients treated with 1500 mg BID. The number in each figure
indicates the subject number, and the dotted red line the treatment effectiveness. The vertical
line indicates the time of treatment cessation. These patients are displayed because they
exhibit a monophasic decline (#92407), a biphasic type of decline with a significant increase
in antiviral effectiveness in the first week of treatment (#92409), and a flat second phase of
viral decline (#92410), where the increase in antiviral effectiveness is rapid, but flattens out
and remains stable during the second phase of antiviral decline. Parameters used are given in
Table S1.
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1SE: standard error
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2Ql-Q3: first and third quartiles of the distribution of the individual predicted parameters
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