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INTRODUCTION
Hepatitis C virus (HCV) is a positive-strand RNA virus of the Flaviviridae family that
primarily infects hepatocytes and can lead to liver cirrhosis, hepatocellular carcinoma, liver
failure, and liver failure–related death.1,2 Chronic HCV infection affects nearly 170 million
people worldwide.3 At present, a vaccine for HCV does not exist. Until recently, the
standard of care used to treat HCV included a combination of pegylated interferon-α (PEG-
IFN) and ribavirin (RBV).4 Both of these drugs are general inhibitors of viral infection but
only 50% or fewer of patients infected with HCV genotype 1 and treated with PEG-IFN plus
RBV achieve a sustained virologic response (SVR), which is defined as the absence of
detectable virus at the end of therapy and 6 months later.5 Research in understanding the
mechanisms of HCV replication has led to the development of direct-acting antiviral agents
(DAAs) that target specific aspects of the HCV lifecycle.6

The, NS3-4A protease, the NS5B RNA-dependent RNA polymerase (RdRp), and the NS5A
protein have been extensively studied as drug targets.7–10 Some examples of NS3-4A
protease inhibitors include telaprevir, boceprevir, TMC435, MK-7009, and RG7227
(reviewed in Ciesek and colleagues7). Monotherapy with telaprevir, a specific
peptidomimetic inhibitor of NS3-4A, has been found to be very effective in suppressing
viral loads (nearly 3–4 logs); however, some patients, especially those infected with
genotype 1a, exhibit rapid viral breakthrough and the emergence of resistant virus.11–13

Similarly, boceprevir monotherapy has showed potent antiviral activity.14 DAAs targeting
NS5B include the nucleoside/nucleotide inhibitors (such as NM283, R1626, R7128 and
IDX184, reviewed in Thompson and colleagues10 and Rong and Perelson15) and non-
nucleoside inhibitors (such as R803, HCV371 and HCV086, reviewed in Thompson and
colleagues10 and Rong and Perelson15), which act respectively by direct targeting the
catalytic site and via indirect allosteric mechanisms.

DAA-based monotherapy can result in viral breakthrough because of development of drug
resistance.16–18 One mechanism to overcome resistance is to combine DAAs with PEG-IFN
+RBV. In the case of the protease inhibitors boceprevir and telaprevir, this approach has
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been highly effective, yielding SVR rates of approximately 70%, and these combinations
have been approved for patient use.8,19

Understanding the key mechanisms of action of DAA-based therapy is essential for the
development of more-potent drugs and in designing effective IFN-free regimes. Previously,
mathematical modeling of HCV infection under therapy has been successful in deciphering
the modes of action of IFN, PEG-IFN, and PEG-IFN+RBV by studying the viral dynamics
of HCV RNA decline under therapy.20–23 Mathematical models fit to patient data provided
key parameter estimates, such as the HCV half-life, the virus clearance rate, and infected
cell life spans, which have been crucial in understanding the disease. Only a few
mathematical models have been used to fit DAA treatment data. In this review, we outline
the current mathematical models for HCV dynamics under IFN-based and DAA therapy,
and future directions.

MODELING IFN ANTIVIRAL THERAPY
A mathematical model, developed by Neumann and colleagues,20 explained the biphasic
HCV RNA decline observed during high-dose daily IFN treatment (Fig. 1A). According to
the model, IFN blocked viral production from infected cells with an effectiveness, ε, leading
to a rapid reduction in viral load as existing virus was cleared from the circulation and not
effectively replaced because of the block in virion production. This rapid first phase was
then followed by a slower second phase that reflected the loss of infected cells, which
because of lower loads were not effectively replaced by de novo infections. Because the
parameters in this model have gained widespread use, it is worthwhile to present them in the
context of a schematic version of the model (see Fig. 1B).

In the model, target cells, T, are infected by virus, V, a process characterized by the rate
constant β. Infected cells, I, are lost via a first-order process at rate δ per infected cell. This
loss represents cell death as well as possible “cure” through loss of replicative intermediates.
Infected cells produce new virus at rate p per cell, and free virions are assumed to be cleared
at rate c per virion. Target cells are assumed to be generated at a rate s and die at a rate d per
cell. Later models allow target cells to proliferate.24 Drug, in this case, IFN, was assumed to
act in 2 possible ways: to block new infections with an effectiveness η and/or to block virion
production with an effectiveness ε. These effectiveness parameters were assumed to take on
values between 0 and 1, with 0 meaning having no effect and 1 meaning 100% effective.

For IFN treatment, fitting patient data under the assumption that the target cell level
remained constant for the 14 days of therapy studied, showed that IFN is mainly responsible
for blocking virion production, whereas the effect on reducing infection was found to be less
significant and difficult to estimate.20 Because the effect of η on viral load was insignificant
compared with the effect of blocking production, η is set to zero in many models. In the
Neumann and colleagues20 model, it was assumed that the dose of drug was high enough
that the drug effectiveness could be assumed to be constant over the course of treatment.
Thus, this model is sometimes called the constant effectiveness (CE) model.25

The CE model, when fitted to HCV RNA data after initiation of IFN treatment, provided an
estimate of the mean virion clearance rate c of approximately 6 d−1,20 corresponding to a
mean viral half-life in serum of about 2.7 hours. Estimates for ε and δ have been found to be
dependent on the HCV genotype, ethnicity, polymorphism in the interleukin 28 B (IL28B),
baseline viral load, baseline inducible protein 10 (IP-10) levels, and histologic factors,26–30

but for patients with genotype 1, high daily doses of 10 or 15 million international units
(MIU) of standard IFN lead to effectiveness estimates of ε of approximately 0.95.20
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The mathematical form of the “standard” model shown in Fig. 1B is valid when the constant
drug effectiveness assumption holds, such as in the case of high-dose daily administration of
IFN. However, in cases such as PEG-IFN therapy, in which the drug is administered once a
week, the concentration of drug initially increases and then decreases over the dosing
interval, resulting in fluctuations in HCV RNA levels.25,31,32 Under these circumstances, the
CE assumption fails, and such conditions are better described by a varying effectiveness
(VE) model based on the pharmacokinetic/pharmacodynamic (PK/PD) characteristics of the
drugs used.25 In the VE model, the drug effectiveness is considered to vary over time. These
models have been reviewed in Shudo and colleagues25 and Guedj and colleagues.33

THE PRESENT: MODELING HCV RNA DECLINE DURING DAA-BASED
THERAPY
Modeling HCV RNA Decline During Telaprevir-Based Therapy

During treatment with telaprevir (TVR), an HCV NS3-4A protease inhibitor, a biphasic viral
decline is also observed (Fig. 2A). Mathematical models when fit to data from 44 patients
treated with TVR, showed a more rapid second-phase decline than seen previously with
IFN-based therapies.34 To quantify the HCV dynamics, Adiwajaya and colleagues34 used a
version of the standard (CE) model to fit the early phase of treatment (first 3 days), a period
presumed short enough to justify neglecting the influence of resistant variants (see Fig. 1B).
The model estimated the median infected cell clearance rate to be δ = 1.2 d−1, which was
roughly 10 times higher than that reported for IFN-based treatment. Additionally, the
median δ for TVR monotherapy was more than twice that of TVR+PEG-IFN-α2a+RBV
treatment. This is also 3 to 4 times higher than that reported for another protease inhibitor
BILN-2061. On the other hand, estimates for the plasma virion clearance rate, c, were found
to be similar to that reported for PEG-IFN-α2a+RBV and BILN-2061–based regimens, and
about twofold higher compared with IFN-α2b–based and PEG-IFN-α2a–based regimen.35

Guedj and Perelson36 fit the same patient data using a VE model, instead of the CE model to
account for time taken for TVR concentration in plasma to reach maximum levels.
Treatment effectiveness ε was allowed to vary over time, as shown in Fig. 2B, where ε1 and
ε2 are the initial and final treatment effectiveness (ε2 >ε1), respectively, and k is rate of
change of effectiveness. Interestingly, no significant difference was found for drug
effectiveness parameters (k, ε1 and ε2) and viral dynamics when comparing TVR+PEG-
IFN-α2a with TVR monotherapy. The model estimated the initial treatment effectiveness of
ε1 = 0.974, defined as the effectiveness at the first time a viral load decline could be
discerned, and a significantly higher final treatment effectiveness of ε2 = 0.999. The mean
infected cell loss rate was estimated to be δ = 0.58 d−1 for patients receiving monotherapy
and δ = 0.57 d−1 for patients receiving combination therapy (TVR+PEG-IFN), which was
significantly lower than that estimated by the CE model (δ = 1.2 d−1).34 Both CE34 and
VE36 models indicated that TVR exhibits a rapid second-phase decrease when compared
with IFN-based treatments.

Typically, the second-phase decline is attributed to infected cell death δ. Interestingly, a
linear correlation between δ and the log-transformed treatment effectiveness (1–ε2) was
found (see Fig. 2C), indicating that high effectiveness not only generated a more profound
first-phase decline but also a faster second-phase decline. As a result, the time required for
achieving less than 1 virion in the extracellular volume or less than 1 infected cell in the
liver, was predicted to be considerably shortened with TVR as compared with IFN-based
treatments. The VE model predicted that in fully compliant patients with no evidence of
drug resistance, the threshold of less than 1 virion could be achieved within 7 and 8 weeks
for 95% and 99% of patients respectively. Although this time frame is significantly shorter

Chatterjee et al. Page 3

Clin Liver Dis. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



than currently recommended, the emergence of drug resistance could further extend the
needed treatment duration.

Viral Breakthrough During Telaprevir Monotherapy
Viral breakthrough hinders the applicability of current protease inhibitors as monotherapy
agents.11,17,37,38 This is primarily because of the high replication rate of HCV and the high
error rate of HCV RdRp (estimated as 2.5 × 10−5 per base per generation39). Because DAAs
target specific structural properties of HCV proteins, often a single point mutation is
sufficient to confer resistance.15 For example, the single mutations T54A, V36A/M, R155K/
T, and A156V/T confer different degrees of TVR resistance.40 Some studies have monitored
the selection and kinetics of drug-resistant HCV variants.11–13,17,40–42 A 14-day
monotherapy treatment with TVR showed that all 4 treated patients with genotype 1a
developed resistance,13 with approximately 5% to 20% of the viral pool consisting of drug-
resistant variants as early as day 2 of treatment.

Because of the importance of understanding drug resistance to DAAs, mathematical models
have been used to quantify the emergence and buildup of drug-resistant variants.29,37,43

Rong and colleagues37 used a model (see Fig. 2D) that considered 2 viral strains, drug
sensitive and drug resistant, to track the development of drug resistance during TVR
treatment. The model assumed low levels of drug-resistant variants existed before the start
of the treatment, with their levels determined by “mutation-selection balance” (ie, the HCV
RdRp error rate and the fitness of the variant).44 The high frequency of drug-resistant
variants detected in the patients with genotype 1a on day 2 of therapy could be explained by
the profound first-phase decline in the drug-sensitive population, in essence revealing the
preexisting drug-resistant variants. The rapid growth of the resistant variants observed after
day 2 required “replication space.” In the model, this replication space was provided by the
proliferation of target cells. There are other possible sources of replication space, such as
growth in cells already infected by drug-sensitive virus or the loss of an IFN-induced
antiviral state in cells previously protected by the endogenous IFN response. We expect that
as viral loads decline because of DAA therapy, endogenous IFN responses will decline as
well. Whether this occurs sufficiently rapidly to explain the observed growth of the resistant
variants remains to be resolved.

The Rong and colleagues’37 model that included only 2 viral strains was purposely kept
simple. More complex models that kept track of multiple resistant variants, each with
different fitness and different drug sensitivity, were developed by Adiwijaya and
colleagues43 and Rong and colleagues.45 The Adiwijaya and colleagues’ model43 was fit to
data from telaprevir clinical trials and explained the dynamics of the various resistant
variants observed in the patient data. The Rong and colleagues’ model45 studied from a
more mathematical perspective the properties of multistrain systems and explored the role of
mutation versus preexistence of resistant strains and the specific viral properties that
determine variant frequency. Both models showed that the mere presence of resistant
variants does not mean that they will grow and cause viral rebound. The fitness and drug
sensitivity of the variants, as well as the properties of the species they are competing with
within the patient, may all be needed to predict patient outcome. A more practical approach
to the drug-resistance problem is to use combination therapy that provides a high barrier to
resistance. Thus, modeling has also focused on determining the viral kinetic properties and
modes of action of other classes of antiviral agents.

Modeling HCV Kinetics with Mericitabine (RG7128)
Mericitabine is an oral cytidine nucleoside that exhibits a strong antiviral effectiveness
against HCV RNA polymerase across all genotypes.46 On cellular uptake, mericitabine is
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converted to cytidine monophosphate, which is further phosphorylated intracellularly to the
active cytidine triphosphate and uridine triphosphate forms. Motivated by the need of the
active triphosphates to accumulate intracellularly, the variable effectiveness model was used
by Guedj and colleagues47 to fit data from 32 IFN-treatment experienced patients infected
by HCV-genotype 1 (Fig. 3A). In this study, mericitabine was given for 14 days to 4 groups
of patients at dosages of 750 mg once daily (750 mg every day), 1500 mg once daily (1500
mg every day), 750 mg twice daily (750 mg twice a day), and 1500 mg twice daily (1500
mg twice a day).

The effectiveness of mericitabine was found to increase during treatment in a dose-
dependent manner, with mean final effectiveness ε2 = 0.86 (for 750 mg every day) and ε2 =
0.94 (for 1500 mg every day), and a significantly higher mean effectiveness for the twice-a-
day groups, ε2 = 0.98 (for 750 mg twice a day) and ε2 = 0.998 (for 1500 mg twice a day).
Not surprisingly, the rate at which the treatment effectiveness built up (parameter k in
equation shown in Fig. 2B) was found to be significantly higher for patients in the twice-a-
day dosing groups than in the patients given drug once a day. With twice-a-day dosing it
took 2.9 days on average for 90% of the final effectiveness to be attained and 6.5 days to
reach 99% of the final effectiveness.47 Because of the slow buildup of effectiveness, all
patients treated with mericitabine showed a slow viral decline within the first 4 days of
treatment when compared with patients treated with IFN, a protease inhibitor, or an NS5A
inhibitor.34,36 In patients who 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 typical biphasic decline usually observed
with IFN or protease inhibitor therapy. The mean value of δ was 0.023 d−1, with no
significant differences among the various treatment groups. This value is much lower than
that reported for IFN-based therapy and may be biased, as all these patients failed prior IFN-
based therapy and hence may have slow second-phase declines. Interestingly, unlike other
DAAs, viral breakthrough was not reported at the end of treatment. This suggests that, even
though mericitabine may act slowly via a monophasic manner, it could be combined with
other DAAs to develop effective treatments.

Viral Kinetics During Treatment with the NS5A Inhibitor Daclatsvir (BMS-79002)
The first-in-class inhibitor of the nonstructural NS5A protein of HCV, daclatasvir, is very
effective and can decrease HCV RNA levels by as much as 3 orders of magnitude within 12
hours postdosing (see Fig. 3B)48; however, the mechanism(s) of action of daclatasvir remain
unclear. To understand the action of daclatasvir, Guedj and colleagues (submitted for
publication) developed a multilevel model, which accounted for the dynamics of
intracellular genomic viral RNA (vRNA) so as to incorporate the steps of intracellular viral
replication directly targeted by DAAs (see Fig. 3C).

In this model, vRNA was assumed to be produced at a constant rate α, removed at a
constant rate µ, and exported into the circulation as virions at rate ρ per vRNA. The model
incorporates the age of an infected cell, denoted a, which is defined as the time elapsed
postinfection. As time after infection increases, vRNA should accumulate in the infected cell
and this new model keeps track of this. The model allows for 3 possible effects of
daclatasvir: (1) blocking of vRNA production with effectiveness εα, (2) blocking vRNA
assembly into virions and/or secretion with effectiveness εp, and (3) enhancement of vRNA
degradation (denoted as µ) by a factor κ>1. The model was fit to patient data from 5 subjects
receiving a single dose of 10 or 100 mg of daclatasvir. The model was also fit to data from
20 patients on IFN therapy, and revealed that daclatasvir appeared to have significant
activity in blocking both viral assembly/secretion and vRNA replication, whereas IFN
mainly affected vRNA replication (Guedj and colleagues, submitted for publication).
Further, the first-phase decay observed with daclatasvir was very rapid and suggested that
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HCV may have a half-life as short as 45 minutes. This fast decay can be deduced from the
HCV RNA decay shown in Fig. 1 of Gao and colleagues,48 without the use of any modeling,
and is comparable to the half-life reported for HIV.49

Modeling the Viral Kinetics During Treatment with Silibinin
Silibinin, the active component of Legalon SIL, has exhibited significant antiviral activity
against HCV genotypes 1 and 4. SVR has been reported in a patient treated with SIL
monotherapy for 1 week, followed by 15 weeks of PEG+RBV. Despite its success, the mode
of action of SIL is not clearly understood. Ahmed-Belkacem and colleagues,50 based on in
vitro studies, showed that the mode of action of SIL was inhibiting the HCV NS5B-RdRp,
whereas Wagoner and colleagues,51,52 based on in vivo data, suggested silibinin blocks
infection and cell-to-cell spread.

Guedj and colleagues27 modeled HCV RNA kinetics measured (once per day) in 25 patients,
treated for 1 week with SIL monotherapy, with dosages of 10, 15, and 20 mg/kg, as reported
in Ferenci and colleagues.53 Using the standard model to fit the data yielded a dose-
dependent effectiveness (ε = 0.69 for the 10 + 15 mg/kg group and ε = 0.91 for the 20 mg/
kg group). The infected cell loss rate was estimated at δ = 0.91 d−1, which is higher than that
reported for IFN-based therapy.20,34 Interestingly, the data indicated that 40% of patients
showed a monophasic viral RNA decline (see Fig. 3D). A higher infected cell loss rate was
estimated for monophasic patients (δ = 1.1 d−1) compared with patients with a biphasic
decline (δ = 0.83 d−1), although both groups showed a similar viral decline rate between
days 2 and 7. A model assuming SIL inhibits viral infection as well as viral production
estimated an effectiveness in blocking infection of η = 0.6 and yielded a statistically
improved fit to patient data. This analysis suggested that SIL potentially acts via both these
modes in vivo, with blocking viral production being the more pronounced mode of action,
consistent with experimental data.50–52,54

Impact of Viral Kinetic Modeling on Therapeutics and Drug Development
The insights gained from viral kinetic modeling have contributed both to improving our
understanding of the treatment of patients with HCV, as well as to the development of new
antivirals. The Neumann and colleagues’20 model for IFN, described previously, was
extended by Dahari and colleagues24 and further applied to the prediction of treatment
outcomes. Snoeck and colleagues55 applied HCV viral kinetic modeling to a large database
of more than 2000 patients with clinical outcomes who were treated with PEG-IFN-α-2a
and RBV, using nonlinear mixed effects modeling. Introducing the concept of a “cure
boundary,” the investigators were able to describe and predict therapeutic outcomes with a
high degree of accuracy. This model has further been used to simulate therapeutic outcomes
of alternative PEG-IFN-α-2a dosing regimens and in special patient populations, facilitating
clinical trial design and support of dose recommendations for drug labeling. This PEG-IFN-
α-2a–based model has been further extended to incorporate the protease inhibitor
danoprevir, and qualified to simulate clinical trial outcomes of triple combination therapy
(PEG-IFN-α-2a plus danoprevir/ritonavir and RBV) regimens including different
danoprevir doses and treatment durations (Roche, unpublished data).

Viral kinetic modeling has also been used to facilitate the design of early-phase clinical
trials, both as a translational tool to bridge preclinical data to human trials, and to generate
hypotheses for optimizing dosing regimens of DAAs, which can then be evaluated in
patients. For example, the varying effectiveness of the viral kinetic model for mericitabine,
described previously,47 has led to the hypothesis that a short lead-in dosing strategy of
nucleoside polymerase inhibitors, when given in combination with DAAs with a low barrier
to resistance, may enhance the ability of the nucleoside to protect against resistance. This
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strategy is currently being tested in 2 clinical trials involving both mericitabine and
GS-7977. The results of the trials will determine whether the benefit of this approach
translates into a clinically meaningful difference.

An example of a translational use of HCV viral kinetic modeling is provided by the Toll-like
receptor 7 (TLR7) agonist PF-04878691.56 In this example, an HCV viral kinetic model was
used to predict the antiviral activity of a TLR7 agonist, based on the observed level of
stimulation of the IFN system with various dosing regimens of PF-0487691 in animals.
Translational pharmacokinetic-pharmacodynamic modeling facilitated the selection of the
first human doses and the estimation of the likely human effective dose.56 Once healthy
volunteer data were available, the model was updated with human clinical data and used to
support a go/no-go decision with regard to further clinical development.57

HCV viral kinetic modeling has also been applied to drug discovery and early drug
development. Reddy and colleagues58 described the identification of key parameters
associated with the clinical potency of HCV protease inhibitors and non-nucleoside
polymerase inhibitors. These model-based relationships were used to optimize the
nomination of compounds for consideration to move into clinical development, and to
facilitate the design of phase I clinical trials, by improving the prediction of clinically
effective doses.

THE FUTURE: MODELING COMBINATION THERAPY OF DAAS AND ROLE
OF INTRACELLULAR FACTORS DURING DAA TREATMENT

Currently DAA therapy with telaprevir or boceprevir involves concomitant administration of
PEG-IFN and RBV, for both treatment-naïve and treatment-experienced patients. Although
significant improvement in the treatment outcomes have been observed, the underlying
limitation of tolerability and efficacy issues associated with IFN-based treatment highlight
the need to switch to DAA combination therapy in the future. In the first of its kind study,
INFORM-1 provided proof-of-concept that combination of 2 different DAAs can result in
successful treatment outcome.59 In this study, 2 different DAAs, danoprevir, a NS3/4A
protease inhibitor,60 and mericitabine, a nucleoside inhibitor, were administered to patients
without concomitant use of IFN or RBV. Danoprevir monotherapy has shown potent activity
against HCV60; however, similar to other protease inhibitors, has shown emergence of viral
breakthrough. The INFORM-1 study showed that with combination therapy a significant 5-
log reduction in viral load over a period of 14 days could be achieved, in addition to no viral
breakthrough being reported. The success of INFORM-1 has led to several phase-2 trials
that have combined various DAAs (summarized in Gane61).

So far, mathematical models for IFN-free DAA combination therapy have not been reported.
Although the conceptual framework of the biphasic model has brought valuable insights into
the origin of the typical viral decline during standard high-dose daily IFN and has been
fairly successful in explaining DAA+IFN-based treatments, extensions of this model are
needed to understand other observed patterns of viral decline and the response to DAAs.
Especially because DAAs act via targeting specific mechanisms during HCV replication, the
current models need to be refined to include the pertinent biology. There is still lack of
information about hepatocyte kinetics as well as understanding of the intracellular viral
RNA replication dynamics. Dahari and colleagues62 developed a mathematical model
describing the dynamics of intracellular HCV replication, providing the first step toward
developing a detailed model for HCV replication that can serve as an important tool for
evaluating new antivirals. An important aspect of combination therapy is to optimize the
number and type of DAAs to achieve high rates of SVR as well as reduced treatment
duration.
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Additional advances are also needed in the development of viral kinetic models that evaluate
the role of host factors that have been shown to influence treatment outcome, such as
cyclophilin A,63 IP-10,64 and IL28B polymorphism.65 Until now, most of the DAA-based
modeling efforts have been focused on protease inhibitors and NS5A and NS5B nucleoside
inhibitors. Mathematical models describing viral kinetics during treatment with entry
inhibitors, such as cyanovirin-N,66 and non-nucleoside inhibitors of HCV RdRp, such as
setrobuvir,67 BI 2027127,68 and GS-6620,69 or host factor inhibitors, such as alisporivir,70

have yet to be explored.

SUMMARY
The future goal for HCV therapy is an IFN-free treatment, reduced treatment duration, and
higher treatment effectiveness for all genotypes, for both treatment-naïve and treatment-
experienced patients. To achieve these goals, viral kinetic models that incorporate new drug
classes, resistance, and combination therapy should be developed. This may allow us to
further improve the therapeutics of HCV by applying these models in a way that both
enhances the development of new drugs and further optimizes the use of approved therapies.
In the past, mathematical modeling of HCV kinetics has allowed for estimation of crucial
parameters associated with treatment and provided relevant biological explanations for HCV
kinetics during primary infection as well as during antiviral therapy. These models have also
been applied in an attempt to improve the success rate and efficiency of drug development,
and to optimize the use of currently approved therapies. In the future, mathematical
modeling will certainly continue to serve as an important tool to quantitatively assess and
develop an improved understanding of HCV therapy.
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KEY POINTS

• The future goal for hepatitis C virus (HCV) therapy is an interferon-free
treatment, reduced treatment duration, and higher treatment effectiveness for all
genotypes, for both treatment-naïve and treatment-experienced patients.

• To achieve these goals, viral kinetic models that incorporate new drug classes,
resistance, and combination therapy should be developed.

• This may allow us to further improve the therapeutics of HCV by applying these
models in a way that both enhances the development of new drugs and further
optimizes the use of approved therapies.

• In the past, mathematical modeling of HCV kinetics has allowed for estimation
of crucial parameters associated with treatment and provided relevant biological
explanations for HCV kinetics during primary infection as well as during
antiviral therapy.

• These models have also been applied in an attempt to improve the success rate
and efficiency of drug development, and to optimize the use of currently
approved therapies.

• In the future, mathematical modeling will certainly continue to serve as an
important tool to quantitatively assess and develop an improved understanding
of HCV therapy.
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Fig. 1.
Viral decline during treatment with IFN. (A) A biphasic HCV RNA decline during IFN-α
treatment of chronic HCV. (B) Schematic representation of the standard viral dynamic
model. Treatment may block vRNA production with effectiveness ε, and viral infection by a
factor η. T and I represent target and infected cells, respectively, and V represents virus in
serum. Target cells are created and die with constant rates s and d, respectively, and are
infected by virus, V, with rate constant β. Infected cells, I, are lost with rate constant δ and
virus, V, is cleared from serum with rate constant c.
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Fig. 2.
Mathematical modeling of HCV kinetics during treatment with protease inhibitor telaprevir.
(A) A biphasic viral decline of measured HCV RNA during treatment with telapre-vir+IFN
is observed. (B) The effectiveness of drug varying over time using VE models. (C) The rate
of loss of infected liver cells is linearly correlated with log-transformed drug effectiveness,
ε2. (D) Schematic representation of 2-strain viral dynamic model for drug-sensitive (VS) and
drug-resistant virus (VR); ρT is the proliferation rate of target cells, pS and pR are the
production rate of drug-sensitive and drug-resistant virus strains respectively. Drug
effectiveness in reducing viral production from drug-sensitive and drug-resistant strains is
denoted by εS and εR respectively, and µ is the rate of mutation from drug-sensitive to drug-
resistant strain. ([D] Adapted from Rong L, Dahari H, Ribeiro RM, et al. Rapid emergence
of protease inhibitor resistance in hepatitis C virus. Sci Transl Med 2010;2(30):30ra32; with
permission.)
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Fig. 3.
Viral decline during treatment with various DAAs and an improved mathematical model of
HCV kinetics. (A, B) A monophasic decline of measured HCV RNA with mericitabine
monotherapy (A), and a biphasic decline with daclatasvir (B) is observed. (C) Schematic
representation of the modified model for fitting early HCV viral load decline during
treatment with daclatasvir. Here, intracellular HCV RNA (vRNA) is denoted by R;
production, degradation, and assembly/secretion occur at rates α, µ, and ρ, respectively.
Treatment may block vRNA production with effectiveness εα, and/or virion assembly/
secretion with effectiveness εs and/or enhance the degradation rate (µ) of vRNA by a factor
κ. (D) A biphasic viral decline of measured HCV RNA during treatment with silibinin
monotherapy is observed.
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