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Summary

Hepatitis C virus (HCV) infection is a major cause of chronic liver disease and affects nearly 170
million people worldwide. Whereas the previous standard of care with pegylated interferon and
ribavirin had a modest effectiveness, the recent approval of two highly potent protease inhibitors
and the ongoing development of dozens of direct acting antivirals (DAAS) constitute a major
milestone for HCV therapy. Mathematical modeling of viral kinetics under treatment has played
an instrumental role in improving our understanding of virus pathogenesis and in guiding drug
development. Here, we review the current state of HCV kinetic modeling, and challenges to the
standard biphasic viral decline model that arise when fitting viral kinetic models to data obtained
with DAAs.

Introduction

Chronic HCV infection affects nearly 3% of the worldwide population [1]. HCV is divided
into 6 genotypes (1-6) with several subtypes within each genotype. The goal of treatment is
to achieve a sustained virologic response (SVR), a marker of viral eradication, assessed by
the absence of detectable virus six months after cessation of therapy. Treatment outcome
with pegylated interferon (peg-1FN) and ribavirin (RBV) is correlated with HCV genotype
and SVR is only achieved in approximately 50% of HCV genotype 1 patients, the hardest to
treat and most prevalent genotype in western countries [2]. In the last two decades, research
on understanding the mechanisms of HCV replication has resulted in the development and
the clinical implementation of a large number of direct acting antivirals (DAASs). The recent
approval of two protease inhibitors (PI), telaprevir and boceprevir, in combination with peg-
IFN/RBV, has raised expectations that a sustained viral response (SVR) can be achieved in
more than 70% of treatment naive HCV genotype 1 patients [3, 4]. Although representing an
undisputable milestone in HCV therapy, the success of protease inhibitor-based therapy is
tempered by the existence of severe side effects and the emergence of resistance to treatment
[5]. New drugs are still needed, and dozens of compounds targeting all stages of viral
replication are currently in different phases of clinical development [6].

Mathematical modeling of viral kinetics aims at understanding and quantifying the
biological mechanisms that govern the changes in the viral load and related biomarkers,
such as alanine aminotransferase (ALT) levels, both before and after therapy [7]. Initiated in
the mid-90’s to characterize decline in human immunodeficiency virus (HIV) during
treatment with highly active antiretroviral therapy [8-10], it was successfully applied a few
years later to understand HCV RNA Kinetics during therapy [11]. This approach has
provided valuable insights into deciphering the modes of action of peg-IFN/RBV and
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estimating key parameters of the HCV life cycle, thus offering an efficient tool for the
prediction of treatment outcome [12-14]. Here we review recent modeling efforts in the
context of DAAs and show how these new models challenge some of our understanding of
HCV obtained by analyzing the effects of peg-IFN/RBV on viral load.

The basis of HCV mathematical modeling: the biphasic viral decline during high daily dose

IFN therapy

In patients given high daily doses of standard IFN, HCV RNA generally declines in a
biphasic manner, where a first phase lasting between 1 and 2 days leads to a 0-2 log fall in
virus load, followed by a slower but persistent phase of decline. Similar to what had been
done for HIV [9], Neumann et al. [11] developed the following mathematical model to
explain the biphasic decline in HCV (Fig. 1A):
4= s—dT—(1-n)BVT
%di;(l—mﬁw—al &)
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where 7and /represent the susceptible and the infected cell density, respectively, and Vis
the virus concentration in the serum. Susceptible cells are generated at a rate sand die at a
rate d. Infected cells, which are generated from the interaction of virus with target cells with
rate constant S, produce virus at per capita rate pand are eliminated at rate & per cell. At
treatment initiation (i.e., at #=0) the infection is assumed to be in steady state with a constant
baseline viral load V. Treatment affects the viral load after a pharmacologic delay #,. The
effectiveness of the drug in decreasing new infections is, whereas the effectiveness in
blocking virion production is e, where the effectiveness is assumed to have a value between
0 (no effect of the drug) and 1 (100% effective). This model is often simplified by assuming
that (i) the susceptible cells 7() after treatment initiation remain constant and equal to their
pretreatment value 7pand (ii) the parameter values do not change over time. Under these
assumptions the model, Eq. 1, can be solved to yield [11]:
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This model provides a simple conceptual framework for the understanding of the biphasic
viral decline after treatment initiation (Fig. 1B). Although an effect on other parameters
cannot be ruled out, assuming that the major effect of IFN is blocking viral production is
necessary to reproduce a biphasic viral decline [11]. As a result of IFN reducing viral
production, HCV RNA initially rapidly declines with a rate A ;~ec, and if treatment is
potent, i.e. £~ 1, the viral load declines with a rate close to its natural clearance rate, ¢. This
phase of decline continues until viral load reaches a value V/;that reflects a new lower
equilibrium between virus production and clearance (V;=(1-¢)V). At the end of the first
phase there is less virus in serum and hence less infection of new cells. Thus, as infected
cells are lost with rate &they are less efficiently replaced and there is a net loss of infected
cells, which causes the second phase decline, with rate A, which, if eis close to 1, will be
approximately equal to 6. Since the loss rate of infected cells is smaller than the viral
clearance rate (6<c), the second phase of viral decline will be slower than the first phase. On
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the other hand, assuming that treatment blocks only cell infection (>0, e=0) results in viral
load declining linearly with a rate A,which, if nis close to 1, will be approximately equal to
né. Thus, for an entry inhibitor, modeling predicts that no rapid first phase decline due to
blocking of viral production should be observed.

Parameter value and variability in the population

By fitting this model to HCV RNA data after initiation of IFN treatment, estimates of ¢, e
and & could be obtained [11]. Consistently, ¢ has been found on an average to be
approximately 6 day~1 (varying between 3.6 and 11.2 day™1), implying a viral half-life in
serum (denoted as tq;») of about 2.7 hours. Contrastingly, e and & are very variable in the
population, which is largely accounted by HCV genotype, polymorphism in the IL28B,
ethnicity, baseline viral load, baseline IP-10 levels and histological factors [15-20].

Modeling changes in drug effectiveness (peg-IFN)

With frequent dosing, such as daily administration of standard IFN, the plasma
concentration of drug is nearly constant [21]. Under such conditions the drug effectiveness
should be nearly constant as assumed in the standard model. However, when drug is
administered once a week, as is the case with peg-IFN, the concentration of drug in plasma
initially increases and then decreases over time, resulting in weekly fluctuations in HCV
RNA levels. These fluctuations in viral load can be captured by relaxing the assumption of
constant drug effectiveness and taking into account the pharmacokinetic/pharmacodynamics
(PK/PD) of peg-IFN [22, 23]. The average antiviral effectiveness and the kinetic parameters
are similar to those found with standard IFN [22, 23]. Some recent reviews discuss the
modeling of drug effectiveness in detail [21, 24].

Modeling long-term viral kinetics: relaxing the assumption of constant target cells and the
notion of critical drug effectiveness

Even when constant treatment effectiveness is a reasonable assumption, the viral load does
not necessarily decline continuously, as predicted by the biphasic model. Viral rebound can
occur due to increases in target cells and can be captured in viral kinetic models by relaxing
the assumption of constant target cells. In this case, the long-term viral kinetics depend on
the ability of treatment to overcome a certain threshold called the critical effectiveness e,
[25]. If e< e, enough new infections occur that the viral load eventually stops declining.
Depending on the parameter values, there can be almost no decline (as seen in non-
responders) or a biphasic decline where the second phase is flat (partial responders) or a
biphasic decline followed by a rebound where viral load establishes a new set-point value
(rebounders). Lastly, a second flat phase followed by a renewed decline of viral load has
been reported in some patients [26, 27]. This triphasic pattern can be captured by including
the proliferation of infected cells [26]. However, little is known about the rate of hepatocyte
proliferation /n vivo during chronic HCV infection.

Direct acting antivirals (DAAS)

DAAs have ushered in a new era of HCV. Below we review recent attempts to fit viral
kinetics during DAA therapy, and we discuss how the models developed for this purpose
challenge the previous models developed for analyzing viral decline during peg-IFN/RBV.

Modeling viral kinetics with protease inhibitors: rapid biphasic viral decline

Like IFN-based therapy, a biphasic viral decline is observed during protease inhibitor (PI)
monotherapy (Fig. 1B). Pls have a high antiviral effectiveness (&), which has been estimated
to be higher than during IFN-based therapy (Table 1). Surprisingly, the second phase viral
decline has been consistently found to be more rapid with Pls than with IFN (Figure 1B),
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which in the standard model is attributed to an elevated loss rate of infected cells, 6. Using
the standard biphasic model to fit 3 day therapy data from 44 patients [28] treated with
various regimens of telaprevir [29-31], Adiwijaya et. al. [28] found the median infected cell
loss rate §=1.2day 1 for telaprevir monotherapy, i.e., about 10 times higher than during
IFN-based treatment [11]. Although Gued;j et al. [29], refitting these data using a model that
accounts for the increase in drug effectiveness over the successive doses obtained a lower
estimate of §=0.58day 1, this estimate is still 4 times larger than during IFN-based therapy.
Interestingly, other Pls exhibit a more modest second phase viral decline than telaprevir,
with mean values on the order of 2—3 times faster than IFN (Table 1).

What does the second phase decline during protease inhibitor therapy represent?

According to the standard model, the elevated second phase viral decline during PI therapy
is due to a more rapid elimination of infected cells. However, no elevation of transaminases,
such as ALT, a marker of cell necrosis, has been reported during PI therapy. Therefore the
assumption that the enhanced second phase reflects an elevation in the cell death rate is
unlikely. Moreover, the observation of a linear correlation between the infected cell
elimination rate & and the log transformed treatment effectiveness /og;y(1—e) during
telaprevir [29-31] and peg-IFN treatment [16, 32] supports the assumption that a high
antiviral effectiveness not only affects the magnitude of the first phase decline but also
results in an acceleration of the second phase viral decline. This feature can be explained
using a model that considers both extracellular and intracellular levels of infection. Guedj
and Neumann [33] suggested the existence of a critical intracellular drug effectiveness ¢,
which characterized the ability for vVRNA to be maintained inside an infected cell. If
treatment is highly potent such that £ > e, VRNA is predicted to be progressively
eliminated from infected cells. As a result, the second slope of viral decline is rapid and
reflects the loss rate of VRNA due to the combined effect of loss of infected cells and
continuously decreasing VRNA levels within the remaining infected cells and concomitant
continuing decrease in viral production. Although this remains speculative, some
experiments using the replicon system support the suggestion that VRNA not only initially
declines by the factor (Z-¢), but also continues to decline under protease inhibitor or IFN
treatment [34, 35]. Hence the higher chance for attaining SVR observed in patients with a
rapid viral response could in part be due to the progressive elimination of intracellular
replication complexes resulting from potent antiviral treatment.

The duration of treatment needed to eradicate drug-sensitive virus

The rapid second phase decline observed with protease inhibitors suggests that the duration
of therapy needed to clear drug-sensitive virus might be considerably shortened with
protease inhibitors as compared to IFN based treatments [31]. Conceptually, viral
eradication can be considered as achieved when the predicted total HCV RNA is less than 1
copy in the entire extracellular fluid volume (which in a 70 kg human is about 15 L),
corresponding to a viral concentration of 6.7 x 107> HCV RNA/mL [12]. Thus for an
individual with a baseline viral load above 108 HCV RNA/mL viral eradication requires
over a 10 log decline from baseline. A more conservative assumption is to consider that
SVR is achieved when the predicted number of infected cells is lower than 1 [13], which,
typically adds another 2—4 logs of decline [29].

Since Pls exhibit a 2-4 fold more rapid second phase viral decline than IFN (Table 1), the
treatment duration with a Pl should be able to be roughly reduced 2—4 fold from that used
with IFN. Using parameters obtained in 44 treatment naive patients during the first 3 days of
telaprevir treatment, Guedj et al. [29] estimated the empirical distribution of the time needed
to achieve SVR. The model predicted that in fully compliant patients, the last virus particle
could be eradicated within 7 to 8 weeks for 95% and 99% patients, respectively [29],
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whereas another 3 weeks would be necessary to clear the last infected cell. The latter
estimate seems closer to the clinical observation where a higher rate of virologic failure after
week 12 (10% vs 5%) with drug-sensitive virus was observed in patients that had received
telaprevir for 8 instead of 12 weeks [36]. However, with the emergence of highly resistant
virus whose eradication essentially relies on peg-1IFN/RBV, treatment duration might be
significantly extended [4].

Mathematical modeling of emergence of drug resistance to telaprevir treatment

For the protease inhibitors telaprevir and boceprevir emergence of drug resistant variants
and viral breakthrough hinders their applicability as monotherapy agents [5]. The existence
of resistant variants is primarily due to the high replication rate of HCV and the error rate
(w) of the NS5B RNA dependent RNA polymerase (RdRp) estimated to be approximately
1075 to 104 per nucleotide per replication cycle [37, 38]. Using a conservative base
substitution rate of ©=10"%, the probability of 0, 1 and 2 mutations per replication cycle is
estimated to be 91%, 8.7% and 0.42% respectively [39]. Given, that an infected patient
typically produces 1012 virions/day [11], approximately 8.7x1019 and 4.2x10° mutants with
single and double-nucleotide changes, respectively, i.e., all possible single and double
mutants, are expected to be produced every day. In absence of treatment, viral variants with
lower replication fitness than wild-type are not competitive and therefore may not grow to
detectable levels. However, in the presence of selective pressure, the preexistence of these
variants, even at low levels may explain why patients treated with telaprevir monotherapy
may exhibit a large proportion of resistant virus as early as day 2 of treatment [40].

A more quantitative understanding of the kinetics of growth and decline of resistant virus
during and after therapy can be obtained by expanding the standard model (Eg.1) to include
viral competition. Following what had been done for HIV, Rong et al. showed that a model
with two populations of virus (i.e., drug-sensitive and drug-resistant) could fit well the viral
kinetics observed in the first two weeks following the initiation of telaprevir as monotherapy
or in combination with peg-IFN [39]. When the kinetics of several known variants is
measured, for instance by clonal sequencing, a more comprehensive picture of viral
competition can be obtained by using a model that directly includes the various viral
variants (Fig. 2A). Using such a model, Adiwijaya et al. [30] provided an estimate of the /n
vivo fitness of the principal single and double mutants observed during two weeks of
telaprevir monotherapy. In a subsequent study [31], the authors applied their model to
various phase 2/3 studies where telaprevir was given in combination with peg-IFN/RBV for
longer times. Their model could predict the observed SVR rates for various regimens of
telaprevir and peg-1IFN/RBV, suggesting that modeling might be a relevant approach to
design treatment strategies.

An important assumption of these models [30, 39] is that the growth of resistant virus is
supported by the rapid elimination of infected cells and their rapid replacement by new
susceptible cells. Although both of these models provide a good fit of the data, the origin of
replication space needed to support the growth of virus remains to be discovered. If the rapid
decline of sensitive virus represents the intracellular elimination of virus rather than the
elimination of infected cells per se, part of the replication space could come from infection
with resistant virus of cells that were previously infected with wild-type virus [33].

Viral kinetics seen with the NS5A inhibitor daclatasvir (BMS-790052)

Although in vitro studies suggested an essential role of NS5A for both viral replication [41-
43] and assembly/release of infectious particles [44-47], the lack of a known enzymatic
function has long limited the search for compounds targeting HCV NS5A. An innovative
screening approach identified daclatasvir (BMS-790052) as a potent NS5A inhibitor [48]. In
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a single ascending dose study daclatasvir showed high antiviral effectiveness that decreased
HCV RNA levels by ~3 orders of magnitude within 8-12 hours after administration [48].
Although in most patients viral load rapidly rebounded due to drug elimination, 5 patients (1
treated with 10 mg and 4 treated with 100 mg) had a sustained viral decline until day 3 post-
dosing. In these patients, viral decline was biphasic, which allowed using the standard model
to fit the data. Interestingly the mean antiviral effectiveness in blocking viral production/
secretion, e, was found equal to 0.997. Further, the rapid viral decline was attributed to high
mean rates of elimination of free virus, ¢, and of infected cells, &, estimated to 23.3 day ™!
and 1.06 day~1, respectively (Table 1) [49].

In order to understand the high estimate of cand 6 and how this might be related to
daclatasvir’s mode of action, Gued;j et al. [49] extended the standard model to incorporate
essential features of intracellular viral replication that may be targeted by daclatasvir. In this
model (Fig. 3A), levels of intracellular viral RNA (VRNA, denoted R) depend on the time a
cell has been infected (denoted &) and are governed by the equation:

dR
——=a—uR-pR  (4)
da

where a, p and p are the (intracellular) rates of VRNA production, degradation and
assembly/secretion as virions into the circulation, respectively. Unlike the standard model,
the effects of blocking viral production (i.e., reducing a) and reducing assembly/secretion of
virus (i.e., reducing p) can be distinguished.

This model provides a more precise understanding of the determinants of early viral decline
(Fig. 3B). What is commonly called the “first phase” of viral decline is governed by two
different processes: i) blocking of virion assembly/secretion induces an almost immediate
decline of HCV RNA in the circulation with a rate cthat reflects clearance of virus particles
(phase 1a); ii) blocking of VRNA production induces a slower viral decline reflecting the
fact that infected cells containing less VRNA will produce fewer virus particles (phase 1b).
According to the model, to observe both phases a drug needs to block both assembly/
secretion and VRNA production with high efficacy. If this is not the case, only one of these
phases will be observed.

Within the context of this new model, the rapid early biphasic decline seen over the first two
days of therapy suggests that daclatasvir has a dual mode of action, i.e., that it efficiently
blocks viral assembly/secretion and VRNA production, with in vivo effectivenesses
estimated to be 99.8% and 99.3%, respectively. If a drug does not effectively block virion
assembly/secretion then the continuing release of virus after drug is administered will
counterbalance virion clearance and lead to an underestimate of the true virion clearance
rate. Therefore, the virion clearance rate estimated with daclatasvir, which corresponds to a
virion half-life of 45 minutes is likely to represent an improved estimate of the HCV half-
life [49]. With IFN a single early phase of viral decline is seen, which is significantly slower
than that seen with daclatasvir. Guedj et al. [49] attribute this to a low effectiveness of IFN
(about 50%) in blocking virion assembly/secretion.

Several aspects of this new model still need to be explored. First, the Guedj et al. model
[49], assumes the rate of viral production is proportional to the amount of intracellular
VRNA, however, other relationships may hold and need to be explored. Second, the model
was developed to study the first 2 days of viral decline following one dose of daclatasvir. To
fit longer term viral Kinetics the model may need to be modified, for example, by relaxing
the assumption that VRNA production occurs at a constant rate during therapy. As a
consequence of the low genetic barrier of daclatasvir, information about long-term viral
declines will need to be attained from analysis of data obtained from combination therapy
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studies. This will also be true for the study of other DAAs with a low barrier to resistance.
Third, the new estimate of HCV’s half-life of 45 minutes seems incontrovertible, since
measurement of the rate of viral decline during the first hours after administration of drug
yields this half-life. However, whether this is a consequence of daclatasvir blocking virion
assembly/secretion (revealing a previously underestimated rate of virion clearance), or
whether daclatasvir has other modes of action that lead to an off-target enhancement of the
viral clearance rate needs to be examined.

Modeling HCV kinetics with the nucleoside polymerase inhibitor mericitabine (RG7128)

As discussed previously, the rapid and efficient blocking of viral production attributed to
IFN and PIs causes a rapid decline of HCV RNA during the first 1-2 days of treatment.
However, when the nucleoside polymerase inhibitor mericitabine (RG7128) was given to 32
patients as monotherapy for 14 days, a much slower viral decline was observed (Fig. 4A)
[50]. Further about 40% of the patients in this study did not show the typical biphasic
pattern, but rather had a monophasic viral decline, regardless of dosing group (Fig. 4A).
Because mericitabine, as all nucleoside polymerase inhibitors, needs to be triphosphorylated
in order to become an active drug, one can ask whether the observed slow viral decline is
related to the rate at which active drug is generated intracellularly.

Guedj et al. [50] showed that a slow viral decline can be reproduced in the standard viral
dynamic model by allowing the drug effectiveness, &, to gradually increase over time until
some final effectiveness is reached, and that such a model agrees well with the viral kinetic
data obtained during mericitabine monotherapy [50]. Using this model the final
effectiveness reached by mericitabine with BID dosing was found to be high (mean 750-mg
and 1500-mg: 98.0% and 99.8%, P=0.018).

The observation that the pyrimidine nucleotide PSI-7977 induces a more rapid first phase of
viral decline [51] than mericitabine, even though the active species of PSI-7977, a uridine
triphosphate, is the same uridine triphosphate produced by mericitabine suggests that the
first phosphorylation may be the step limiting the rapid buildup of mericitabine’s antiviral
effectiveness. Interestingly, ribavirin, which also needs to be triphosphorylated, when given
as monotherapy, also induces a monophasic viral decline [52]. Thus, the assumption that
ribavirin needs time to become fully effective might also explain why, in combination with
IFN, ribavirin was found to enhance the second but not the first phase of viral decline [32].

Mode of action of silibinin using viral kinetics modeling

Because of the high cost and toxicity of the currently approved anti-HCV drugs, finding a
low cost natural product that has anti-HCV activity would be highly desirable. Silymarin, an
extract made from the seeds of the milk thistle plant, has been used since the time of the
ancient Egyptians for the treatment of liver aliments. More recently silibinin (SIL), the
major active component of silymarin has undergone clinical trials to assess its activity
against HCV. In a pivotal study led by P. Ferenci, SIL monotherapy demonstrated a strong
antiviral effectiveness against HCV genotype 1 or 4 in 25 patients that were administered
10, 15 or 20 mg/kg over 4 hr infusions each day for seven days [53].

To understand the MOA of SIL, Guedj et. al. [54] modeled HCV RNA Kinetics measured in
the Ferenci et al. study using the standard model of viral kinetics. Viral load data could be
well fitted (Fig. 4B) by assuming that SIL blocks viral production only with a dose-
dependent effectiveness e=0.69 for 10+15 mg/kg/day and £=0.91 for 20 mg/kg/day [28].

A rapid second phase between day 2 and 7 was observed in all patients (mean 0.29 loglU/
mL/day), which is comparable to estimate made from the early decline seen with telaprevir
(0.25 loglU/mL/day) [29]. This demonstrates that a drug can generate a rapid second phase

Antivir Ther. Author manuscript; available in PMC 2013 October 05.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chatterjee et al.

Page 8

decline even if it has a modest first phase decline. Thus, the relationship that was established
[28, 29] between the amplitude of the first phase decline and the slope of the second phase
decline in patients treated with telaprevir may be drug specific.

Further, 40% of patients exhibited a monophasic viral decline with a rate of viral decline
over the first 2 days that led to a < 1 log decline and which was roughly similar to the rate of
decline after day 2 seen in all patients (Fig. 4B). This observation contradicts the hypothesis
that SIL only blocks viral production, as the absence of a profound first phase of viral
decline should in this case result in a large number of new cell infections that should hamper
the second phase of viral decline. Indeed assuming that SIL inhibits both viral production
and viral infection yielded a statistically improved fit to the patient data. This suggested that
SIL potentially acts via both these modes of action, though blocking viral production was
the more pronounced effect, which is consistent with /n vitro experimental data [55-58].
However, the fact that blocking viral infection has a much less pronounced effect than
blocking viral production did not make it possible to estimate this effect precisely.
Moreover, although SIL concentrations in serum did not increase over time, the hypothesis
that the monophasic viral decline results from a gradual increase in drug effectiveness
intracellularly, as predicted for mericitabine, could not be ruled out.

Conclusions

Mathematical modeling of HCV kinetics during IFN-based therapy has provided significant
insights. In the new era of DAA based therapy, mathematical models continue to hold the
potential to provide biologically relevant explanations of HCV kinetics under therapy. In the
future, the goal for HCV treatment is to eliminate both IFN and RBV and generate SVR
rates approaching 100% as well as shorten treatment duration. The most likely treatment
will entail the use of DAA combination therapy. A major emphasis of such treatment
regimens would be to reduce drug resistance and toxicity, as well as having a
pharmacokinetic profile that would allow once a day dosing of an all oral combination. To
achieve this goal would require optimizing drug combinations. Mathematical models may
offer a convenient method for rationally designing therapy based on the properties of single
agents. As far as we are aware this has not yet been achieved, but studies as the ones
reported here on single DAAs are the first step in understanding the properties of drug
combinations.

Although the conceptual framework of the biphasic model brought valuable insights into the
origin of viral declines observed during treatment with high daily doses of standard IFN [11]
and in combination with RBV [12], extensions of this model are needed to understand the
patterns of viral decline during DAA therapy. Here we have shown that under telaprevir
monotherapy and in combination with peg-1IFN/RBV second phase slopes are up to four
times faster than seen with IFN-based therapies. Further, the second phase slope increases
with increasing drug effectiveness, as measured by the magnitude of the first phase log
decline. Patients treated with the NS5A inhibitor daclatsvir (BMS-790052) show a first
phase decline that is 4-fold faster than that seen with IFN-based therapies, suggesting that
the HCV half-life in serum may be 45 minutes rather than the 2-3 hrs previously estimated.
Also, the analysis of viral declines seen with daclatasvir suggest that the standard first phase
viral decline seen over the first two days of therapy may have two parts, a phase 1la decay
due to virion clearance and a phase 1b decay due to loss of intracellular viral RNA. Viral
kinetics observed during a 14 day study with the nucleoside polymerase inhibitor
mericitabine and in a 7 day study with the natural product silibinin are frequently
monophasic rather than biphasic. Data on other DAAS is needed to provide a more complete
picture of viral kinetics with the different agents that might be combined into novel
therapies.
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In the future, we expect to see more sophisticated and detailed models being developed that
take into consideration both intracellular HCV dynamics (such as key biological steps
involved during viral entry, replication, and viral assembly and release) as well as the
kinetics of serum HCV RNA change. A better understanding of replication space is needed
in order to explain the rapid appearance of drug resistant variants as observed during
telaprevir monotherapy. Models of the future will hopefully consider the effects of cell-to-
cell spread of HCV and hence include consideration of how HCV spreads spatially in the
liver. Such models will be needed to accurately assess the effects of entry inhibitors, which
could be another component of a DAA cocktail. Host factors are another potential target of
HCV therapy. For example, the cyclophilin inhibitor alisporivir is in phase 111 trials.
Nonetheless, no models have yet appeared in the literature. Understanding the viral kinetic
aspects of host targeted therapies is another frontier that modelers hopefully will address.
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Fig. 1.

Mathematical modeling of HCV kinetics. (A) Schematic of the standard model for HCV
infection described in the text. (B) Representative example of viral decline observed during
daily IFN (triangle, in [9]) and the corresponding best-fit prediction using the standard
model (black curve). A representative viral decline observed during treatment with
telaprevir +peg-1FN 2a for 14 days (diamond) [29] and best fit prediction using the standard
model (red curve) of the viral kinetic model are shown. Compared to the decline generated
by IFN therapy, telaprevir generates a larger first phase decline and a more rapid second
phase decline.
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Fig. 2.

Mathematical models for the emergence of drug resistance during treatment with telaprevir.
(A) Schematic representation of the multi-variant viral dynamic model of Adiwijaya et al.
[30]. The model of Rong et. al. [39] is a special case in which only two strains are
considered. In the multi-strain model by Adiwijaya et al. [30], target cells 7; are infected by
viral variant Vj, with a characterized amino-acid substitution with a certain sensitivity to
telaprevir, to form a variant infected cell, /; which produces variants at rate pf;, a fraction of
which mutate at a rate w to generate variant /. Viral production is suppressed by factor 7-e&;
in the presence of telaprevir. In the Adiwijaya et al. model proliferation of target cells is not
considered (p7=0). The two-strain model of Rong et. al. [39] is a specific case of the multi-
variant model, where i=1 and 2 correspond to drug-sensitive (V/s) and drug-resistant virus
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(V) viral populations, and the drug-sensitive (/s) and drug-resistant (/) infected cell
population respectively. Also, the Rong et al. allows proliferation of target cells at maximum
rate pt. (B) The Rong et. al. [39] model predicts a long-term viral decline and viral rebound
when target cells are allowed to expand by proliferation (primary y-axis). Even though both
wild-type and resistant virus levels fall, the more profound and longer fall of the wild-type
uncovers the pre-existing resistant variants and allows them to reach 5-20% of the viral
population by day 2. The dashed grey line is the fraction of resistant virus Vr/(Vr+Vyg) is
shown on the secondary y-axis. (C) Model prediction of evolution of wild-type (WT) and
variant strains with single point mutations (V36M, R155K) and double point mutations
(V36MR155K) (re-drawn from Adiwijaya et al. [30]).
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Fig. 3.

Mathematical model of HCV Kinetics in response to daclatasvir treatment. (A) Schematic
representation of the multiscale model used by Gued;j et al. [49] for fitting the early HCV
viral load decline observed during treatment with daclatasvir (100 mg/day). Here, a
represents the rate of viral RNA production, u represents the rate of degradation of
intracellular viral RNA and p is rate of export of vRNA as virions. The model assumes viral
RNA production is suppressed by factor 7-e, and viral RNA packaging/secretion is
suppressed by factor Z—-esin the presence of daclatasvir. (B) Representative example of
viral decline observed after one dose (100 mg) of daclatasvir (diamonds) and the
corresponding best fit prediction using the multiscale model (red curve) (100 mg/day) [49].
After treatment with a single dose of daclatasvir the usual 1-2 day first phase decline seen
with IFN (triangles, black curve, [11]) is replaced by an early biphasic viral decline with
phases 1a and 1b (diamonds, red curve).

Antivir Ther. Author manuscript; available in PMC 2013 October 05.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Chatterjee et al.

Page 17

>

Treatment duraz‘iorJI

- I |
£ 7 7 ", i Viral rebound 3
S5 6 %,
= 5 5% —
3 %, | Mericitabine | 2 <
= 3 k Varying S
O > , S
T o Viral load ! effectiveness 1 =
§> 1 K

0 : ' 0

0 10 20 30

Time (days)

Mono hasic decline

Biphasic degjjne

Log,, HCV RNA (IU/mL) %
O =~ N W pH» OVVWv0Ooo N

0 1 2 3 4 5 6 7
Time (days)

Fig. 4.

Mathematical models of HCV kinetics in response to DAA treatment. (A) A monophasic
decline of measured HCV RNA (diamond) and best-fit prediction of the viral kinetic model
(blue curve, primary y-axis) [50] during a 14 day treatment with mericitabine monotherapy
(1500 mg-BID). Follow up showed viral rebound as drug was eliminated from the body. In
the model of Gued;j et al. [50] the effectiveness of mericitabine (1500 mg-BID) changes with
time during treatment (black curve, secondary y-axis). It is the slow buildup of effectiveness
that is responsible for the monophasic decay. (B) A biphasic decline of measured HCV RNA
and best-fit prediction of the viral kinetic model during a 7 day treatment with silibinin
monotherapy (20 mg/kg/day) [54]. Patients demonstrated both biphasic (diamonds, red
curve) and monophasic (circles, blue curve) viral declines.
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