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About 170 million people worldwide are infected with hepatitis C virus (HCV). The current standard therapy leads
to sustained viral elimination in only ~50% of the treated patients. Telaprevir, an HCV protease inhibitor, has
substantial antiviral activity in patients with chronic HCV infection. However, in clinical trials, drug-resistant var-
iants emerge at frequencies of 5 to 20% of the total virus population as early as the second day after the
beginning of treatment. Here, using probabilistic and viral dynamic models, we show that such rapid emergence
of drug resistance is expected. We calculate that all possible single- and double-mutant viruses preexist before
treatment and that one additional mutation is expected to arise during therapy. Examining data from a clinical
trial of telaprevir therapy for HCV infection in detail, we show that our model fits the observed dynamics of both
drug-sensitive and drug-resistant viruses and argue that therapy with only direct antivirals will require drug com-
binations that have a genetic barrier of four or more mutations.
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INTRODUCTION

Current therapy for hepatitis C virus (HCV) infection consists of
treatment with pegylated interferon (IFN), which acts both as an
antiviral and as an immunoregulatory cytokine, and ribavirin (RBV),
an antiviral prodrug that interferes with RNA metabolism (1, 2). How-
ever, <50% of patients infected with HCV genotype 1 treated in this
way achieve a sustained inhibition of the virus or a cure of the infection
(1, 2). Potential treatments currently in development include drugs that
target the HCV-encoded NS3-4A serine protease and the NS5B RNA-
dependent RNA polymerase (RdRp) (3, 4). These drugs have been
evaluated in early-phase clinical trials alone and in combination with
pegylated IFN and RBV (5, 6).

Several protease inhibitors appear to be effective in suppressing
viral replication (7–9). One agent in this group, telaprevir, has been
well studied (10–12). In a phase I trial, 750 mg telaprevir given orally
every 8 hours induced a large decline (median of 4.4 log10 IU/ml) in
plasma HCV RNA concentrations in patients infected with genotype
1 HCV after 2 weeks of treatment (10). Some patients, however,
experienced viral breakthrough during treatment that was associated
with selection of HCV variants with decreased susceptibility to telaprevir
(10). Amino acid substitutions in the HCV NS3-4A protease catalytic
domain conferred different levels of drug resistance to telaprevir (13).
Selection of these resistance substitutions was further confirmed in a
subsequent kinetic analysis of HCV variants in patients treated with
telaprevir alone or telaprevir plus PEG-IFN-a-2a for 14 days (11). The
four genotype 1a patients treated with telaprevir alone had viral
breakthrough during therapy (fig. S1). Virus isolated from these pa-
tients 2 days after the initiation of treatment contained drug-resistant
variants with single-nucleotide mutations at a frequency of 5 to 20% of
the total virus population, which increased at days 6 and 10, and by
day 13, the viral population consisted mainly of high-level resistant
double-nucleotide variants (11). The appearance of these HCV var-
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87545, USA. 2Department of Mathematics and Statistics and Center for Biomedical
Research, Oakland University, Rochester, MI 48309, USA. 3Department of Medicine,
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iants at high frequencies such a short time after the start of therapy
was not expected especially because such rapid phenotypic drug
resistance has not been seen with monotherapy for HIV, hepatitis B
virus (HBV), or any other tested pathogen (14).

Here, we analyze the emergence of drug-resistant HCV variants
in patients treated with telaprevir, using published data (11), and de-
velop a model to inform future treatment paradigms. By calculating
the generation rates of HCV variants, we show that the preexistence
and selection of drug-resistant variants is expected and estimate the
number of substitutions a combination of direct antivirals would need
to overcome to be successful. We also develop a model to examine the
dynamics of telaprevir-resistant virus during drug administration and
show that the model fits patient data well.
RESULTS

Preexistence of drug-resistant variants in HCV patients:
An inevitable consequence of HCV biology
A large number of HCV virions (on the order of 1012) are produced
each day in an infected, untreated patient (15). Each HCV RNA mol-
ecule is made by the NS5B RdRp, which has an error rate (m) estimated
to be 10−5 to 10−4 per copied nucleotide (16, 17). The entire HCV
genome has ~9600 nucleotides. If we assume m = 10−5 per copied
nucleotide, the average number of changes per genome is 0.096
per replication cycle. In generating a new virion, at least two rounds
of replication are needed (positive strand to negative strand and neg-
ative strand to positive strand). We use the single-round mutation
rate, which is conservative, to estimate the probabilities of the gen-
eration of HCV variants. According to the binomial distribution or
its Poisson approximation, if a person is infected with wild-type
virus that is fully sensitive to a given drug, when a new virion is gen-
erated it has a probability of 91% to carry an unmutated genome,
8.7% to carry one substitution, 0.42% to carry two substitutions,
0.013% to carry three substitutions, and so on (see Materials and
Methods and Table 1).
.ScienceTranslationalMedicine.org 5 May 2010 Vol 2 Issue 30 30ra32 1
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Thus, of the 1012 virions made per day, on average, 8.7 × 1010 and
4.2 × 109 mutants would be generated with single- and double-
nucleotide changes, respectively. Because the total number of possible
single and double mutants is 2.9 × 104 and 4.1 × 108, respectively, all
possible single and double mutants are predicted to be generated
multiple times each day (Table 1). Because the virus in serum has
an average life span of ~4 hours (15), variants generated more than
six times a day are likely to be constantly present. Many of these
might not be observed because they are lethal or confer reduced
fitness and are eliminated (18). Because a single-nucleotide change
or a number of substitution combinations may be associated with
resistance (13), these calculations would predict that all viable single
and double mutants that confer drug resistance preexist and may
compete with the wild-type virus during therapy.

Only a small fraction (3.4 × 10−5) of all possible triple mutants
are generated each day. Thus, it is unlikely that any particular three-
nucleotide mutant arises spontaneously. However, such mutants can
be selected by sequential mutations when single or double mutants
replicate. Even if therapy is extremely potent and can induce a 5-log10
decrease in HCV RNA after the first day of treatment (that is, decrease
the number of total virions produced per day from 1012 to 107), all
additional one-nucleotide mutations would be generated during
therapy (Table 1), potentially generating drug-resistant variants or com-
pensatory substitutions that improve existing resistant virus fitness.

Whether these generated variants grow during therapy depends
on their fitness relative to other preexisting virions. We have studied
their dynamics with a model (Eq. 1 in Materials and Methods and its
schematic representation in Fig. 1) and examined the prevalence of
drug-resistant variants before therapy and their development during
treatment.

Coexistence of quasispecies variants before therapy
Before therapy, both drug-sensitive (wild-type) virus and mutant
variants resistant to a given class of drugs are expected to coexist
at steady-state concentrations. The pretreatment frequency of single
mutants is determined by mutation-selection balance and is given
by G = m/(1 − r), where m is the mutation rate and r = Rr /Rs, with
Rr and Rs being the basic reproductive ratios of drug-resistant and
drug-sensitive strains, respectively. Further, the frequency of pre-
www
existing i-mutants (mutants with i substitutions) is proportional to
mi (19). When Rr is >1, we expect that the drug-resistant virus will
grow and compete with wild-type virus for target cells (hepatocytes
at risk for HCV infection). The ratio r represents the relative fitness
of drug-resistant to drug-sensitive virions in the absence of treat-
ment, and we expect r < 1 because of resistance-associated loss of
fitness (13). Thus, although both drug-sensitive and drug-resistant
virions coexist before therapy, the frequency of drug-resistant virus
is low because m ≪ 1 (16), in agreement with the results in (20).

Rapid emergence of drug resistance after
treatment initiation
We first assumed that the number of target cells remained at its base-
line value for a few days after initiation of drug administration (15, 21).
Furthermore, we ignored generation of new drug-resistant mutants
during therapy [the term m(1 − es)psIs in Eq. 1] because the mutation
rate m is small and telaprevir is very effective in shutting off produc-
tion of drug-sensitive virus (es is close to 1) (11, 22). Using constant
drug efficacy for each strain (Materials and Methods), we solved the
simplified system for the drug-sensitive and drug-resistant viral loads
and calculated the proportion of mutant virus in the total virus pop-
ulation over time. We considered that different single mutations
confer different levels of resistance to telaprevir (13). For example,
the variant V36A/M (Fig. 2, A and B) confers ~3.5-fold resistance,
whereas A156V/T (Fig. 2, C and D) confers ~466-fold resistance to
telaprevir (13). According to our model, in both cases, the frequency
of the mutant virus underwent a substantial increase from the pre-
existing undetectable low value (<1%) to >5% within days of therapy
initiation (Fig. 2, A and C). This is in agreement with the experimen-
tal observation that single mutants detected at day 2, such as V36A/M
and A156V/T, account for 5 to 20% of the virus population (11)
(fig. S1). Such a rapid and marked increase in the mutant frequency,
however, does not necessarily imply that drug-resistant HCV var-
iants grow rapidly during treatment. Further investigation of the
model showed that during the period in which the number of target
cells remained relatively constant, both drug-sensitive and drug-resistant
virions undergo a two-phase decline (Materials and Methods). The du-
ration of the first-phase decline of drug-sensitive virus (ts) is always lon-
ger than that of drug-resistant virus (tr) (Fig. 2, B and D). It is this
D

Table 1. Probabilities and rates of generation of various HCV mutants.
Time

Number of
nucleotide
changes
Probability

Number of

virions generated
per day
.ScienceTranslationalMedicine.o
Number of
all possible
mutants
rg 5 May 2010 Vol 2 I
Fraction of all
possible mutants
created per day
Before therapy
0
 0.91
 9.1 × 1011
1
 0.087
 8.7 × 1010
 2.9 × 104
 1
2
 0.0042
 4.2 × 109
 4.1 × 108
 1
3
 0.00013
 1.3 × 108
 4.0 × 1012
 3.4 × 10−5
End of first day
of therapy*
0
 0.91
 9.1 × 106
1
 0.087
 8.7 × 105
 2.9 × 104
 1
2
 0.0042
 4.2 × 104
 4.1 × 108
 1.0 × 10−4
3
 0.00013
 1.3 × 103
 4.0 × 1012
 3.4 × 10−10
*Additional drug-resistant or compensatory mutation after a 5-log10 decrease in the HCV RNA production during treatment.
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increased loss of drug-sensitive virus that causes the rapid increase in the
mutant frequency after treatment initiation. Moreover, the higher the
fold increase in resistance of the variants, the shorter the first-phase de-
cline of drug-resistant virus (Fig. 2, B and D).

Comparison of model predictions with viral kinetic data
Our model predicts that there will be some suppression of preexist-
ing mutant virus even if it is very drug-resistant (Fig. 2D). This be-
havior is due to the assumption of a constant target cell number,
which may not remain valid at longer times after drug administra-
tion. If we remove this assumption and describe the dynamics of tar-
get cells as in Eq. 1 in Materials and Methods, then drug-resistant
virus may grow and ultimately dominate the virus population under
certain conditions. The reproductive ratios of the two strains under
treatment are Rs′ = (1 − es)Rs and Rr′ = (1 − er)Rr. Because telaprevir
is very effective against wild-type virus, Rs′ usually becomes <1 during
treatment and wild-type virus is successfully suppressed. Variants
with low-level drug resistance to telaprevir will also be suppressed.
However, for variants with high-level drug resistance (for which er
is small), Rr′ may be >1 and the preexisting drug-resistant virus will
outcompete wild-type virus.

We have applied Eq. 1 to an analysis of the experimental data
from the four patients who had viral breakthrough during the 14-day
telaprevir monotherapy (see data fitting in Materials and Methods).
The model provides excellent fits (Fig. 3) for both the drug-sensitive
and the drug-resistant viral kinetics (fig. S1). Parameter estimates
derived from the fits are listed in Table 2. The estimated efficacy of
telaprevir against drug-sensitive virus is 0.9986 ± 0.0021, which con-
firms the previous estimate of telaprevir effectiveness, 0.9997 (22),
whereas the estimated efficacy against telaprevir-resistant virus is
www
0.011 ± 0.017, supporting the notion that these HCV variants have
significantly reduced susceptibility to telaprevir.

Although our model fits the patient data very well, we looked at
additional predictions that provide further opportunities to disprove
the model. From Table 2, we observed that the estimates of the pro-
ductively infected cell death rate, d, are higher than previous esti-
mates under daily IFN therapy (15), as has been reported by another
group for telaprevir therapy (23). We calculated the percentage of
infected hepatocytes at baseline. About 15% of the hepatocytes are
predicted to be infected before therapy (Table 2), in agreement with
experimental measurements in previous studies (24, 25). After the
2-week treatment, the total number of hepatocytes (T + Is + Ir + N
in Eq. 1) is predicted to increase by 21 ± 13% (Table 2), and consider-
ing that about 30 to 35% of cells in an uninfected liver are nonparen-
chymal (26), the total number of liver cells is predicted to increase by
14 to 15%. This is mainly due to the increase in the number of un-
infected target cells (table S1), which suggests that during effective
therapy uninfected cells replace infected cells. These predictions re-
main to be experimentally confirmed.

We have also examined the effect of combination PEG-IFN-a-2a
and telaprevir. The model provides excellent fits (Fig. 4) to the viral
load data (fig. S2) from eight patients who received combination ther-
apy (11). Parameter estimates are listed in Table 3. For patient 3011,
there appears to be a time period in which HCV RNA declined slowly
or remained constant. Such a triphasic decline can be explained by
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Fig. 1. Schematic representation of the viral dynamic model. There are
five variables: target cells (T), drug-sensitive virus (V ), drug-resistant
s

virus (Vr), cells infected with drug-sensitive virus (Is), and cells infected
with resistant virus (Ir). s, rT, and d are the recruitment rate, maximum
proliferation rate, and death rate of target cells, respectively; b is the
infection rate of target cells by virus; d is the death rate of infected cells;
ps and pr are the viral production rates of the two strains; es and er are
the drug efficacies of telaprevir in reducing viral production; m is the
mutation rate from the drug-sensitive to drug-resistant strain; and c is
the viral clearance rate. The red crosses represent the effect of treat-
ment in blocking viral production.
Fig. 2. Model predictions of the mutant frequency and viral load decay
profiles after drug administration. (A) Predicted frequency of the mutant

virus (V36A/M) that induces ~3.5-fold increase in IC50 from wild type
and has a relative fitness of r ≈ 0.98 (13). (B) Two-phase decrease of both
drug-sensitive virus (green dashed) and resistant V36A/M (blue dashed)
after drug dosing. ts and tr represent the time at which drug-sensitive
and drug-resistant virions start the second-phase decline, respectively, and
tr is always smaller than ts. (C) Predicted frequency of the mutant virus
(A156V/T) that induces ~466-fold increase in IC50 and has a relative fitness
of r ≈ 0.45 (13). (D) As for (B), except with the variant A156V/T. Parameters
used are c = 6.2 day−1 (15), d = 0.14 day−1 (15), m = 10−4 per copied
nucleotide (16), es = 0.9997 (22), and the Hill coefficient h = 2 (63).
.ScienceTranslationalMedicine.org 5 May 2010 Vol 2 Issue 30 30ra32 3
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incorporating proliferation of infected cells into our model (fig. S3).
With combination therapy, the estimated total drug efficacy against
telaprevir-resistant variants is 0.82 ± 0.11 (Table 3), significantly
greater than (P = 0.006) that of telaprevir alone (0.011 ± 0.017) (Table
2). Thus, HCV variants with reduced susceptibility to telaprevir still
remain sensitive to pegylated IFN.
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DISCUSSION

The NS3-4A protease of HCV is essential for generating components
of the viral RNA replication complex (27) and is a popular drug tar-
get (3). Telaprevir and boceprevir are protease inhibitors that have
shown promise in clinical trials (6). For both agents, however, HCV
variants emerge rapidly when monotherapy is used (11, 28). A num-
ber of variants with mutations confer resistance to protease inhibitors
(29), particularly for genotype 1a HCV (30).

The selection speed of drug resistance in HCV is strikingly faster
than that seen in HIV or HBV. We calculated in untreated patients
the numbers of various HCV variants that would be produced per
day and their fraction of all possible mutants. The genome sizes are
similar for HCV and HIV. The fidelity of reverse transcriptase (RT)
for HIV is higher than that of RdRp for HCV (18), and thus, the
intrinsic HCV mutation rate may be higher than that of HIV. To
be conservative, we used an HCV mutation rate of 10−5 per copied
base, although the rate may be as much as 10-fold higher (18). Still,
we calculated that all possible single and double HCV mutants can
be generated each day, whereas only ~0.74% of all possible double
HIV mutants are generated daily (31). We can also calculate the av-
erage waiting time before a specific mutant is generated. Because
mutations in HCV can occur each time a viral RNA is copied by the
RdRp, whereas in HIV most mutations occur during reverse transcrip-
tion, drug-resistant variants with changes at particular nucleotides
are generated more rapidly in HCV than in HIV and, hence, have
a higher probability of preexisting. This can explain the faster ap-
pearance of drug resistance in HCV patients than in HIV patients
during treatment.

The speed of drug resistance selection can also be affected by the
turnover of the viral nucleic acid that serves as a source of new viral
genomes (14). The viral genetic material of HBV (covalently closed
circular DNA) can persist as long as the life span of infected hepa-
tocytes [several weeks to months (32, 33)]. This also applies to the
proviral DNA of HIV integrated into the chromosomes of infected
CD4+ T cells [with a half life of ~1 day in most productively in-
fected cells (34), weeks to months in long-lived infected cells (35),
and 6 months or more in latently infected cells (36, 37)]. In con-
trast, there is no such genetic reservoir for HCV. The HCV RNA
strands, with a half life on the order of 11 to 19 hours (38, 39), act
.ScienceTranslationalMedicine.org 5 May 2010 Vol 2 Issue 30 30ra32 4
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Table 2. Best-fit parameter values obtained from comparisons of model predictions (Eq. 1) with data from the HCV genotype 1a–infected patients
who were given telaprevir alone.
Patient

rT

(day−1)

d

(day−1)

m

(10−6)

es
 er
b
(10−8 ml
day−1

virion−1)
ps
(virions
cell−1

day−1)
r

Infected
cells at
baseline
(%)*
Increase in
total

hepatocytes
(%)
1002
 1.91
 0.52
 2.68
 0.99943
 0.001
 4.30
 44.4
 0.80
 16
 32
1018
 2.38
 0.41
 13.91
 0.99982
 0.036
 0.58
 131.1
 0.70
 16
 11
3006
 2.50
 0.50
 5.98
 0.99548
 0.003
 11.21
 6.6
 0.97
 11
 7
3017
 1.21
 0.32
 1.99
 0.99965
 0.002
 19.41
 6.2
 0.84
 16
 32
Mean±SD
 2.00±0.59
 0.44±0.09
 6.14±5.46
 0.99860±0.00210
 0.011±0.017
 8.88±8.29
 47.1±58.8
 0.83±0.11
 15±2.5
 21±13
*During data fitting, we assumed that half the maximum number of hepatocytes are not targets of HCV infection (N = Tmax/2). With this assumption, ~15% of hepatocytes were infected before
treatment, consistent with the experimental results in (24, 25). Using a smaller N (for example, N = Tmax/4), we will have a higher percentage of infected cells at baseline and an unrealistic increase
in the total number of hepatocytes after 14-day treatment. Using a larger N (for example, N = 3Tmax/4), we could not obtain good fits because of limited replication space for drug-resistant virus.
Fig. 3. Comparison between model predictions and patient data during
telaprevir monotherapy. We used the pretreatment steady-state values

as the initial conditions of the model. We fitted Vs (green dashed) and Vr
(blue dashed) in Eq. 1 to the drug-sensitive (green triangle) and drug-
resistant (blue diamond) viral load data simultaneously, where Vr is the
sum of viral loads of all drug-resistant strains. Because we ignored the
drug-sensitive viral load data when they were below the detection limit
of the sequencing assay (<5%) (11), we included fitting Vs + Vr (red solid)
to the total viral load data (red square). The best-fit parameter values for
each patient are listed in Table 2. Note that day 0 is the time of initiation
of telaprevir therapy, whereas in the original study telaprevir therapy
was started at day 2 (11, 12).
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as templates for generating new HCV virions. In addition, unlike
HBV and HIV, the HCV genome does not use overlapping reading
frames. Thus, changes at one position do not affect the structure or
function of other viral proteins, resulting in a lower frequency of
deleterious mutations in HCV.

We developed a viral dynamic model to examine the change in
the frequency of resistant mutants after treatment initiation. The
model is different from those used in HIV in that hepatocyte regen-
eration is included, which provides the replication space needed for
mutant virus expansion. Assuming that the number of target cells
www
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remains at the baseline value over a short time period after treatment
is started, we found that the mutant frequency undergoes a substan-
tial increase within a few days of drug administration, consistent with
the results in clinical studies (10, 11). This observation may simply be
a consequence of a rapid and profound decline of wild-type virus
(Fig. 2, B and D), unveiling preexisting HCV variants (11). Over a
longer time interval, the trade-off between the reduced susceptibility
to protease inhibitors and resistance-associated fitness loss deter-
mines whether HCV mutants can dominate the virus population.

The model can also be used to investigate the development of
drug resistance during treatment with polymerase inhibitors. The
HCV NS5B RdRp is crucial for viral RNA synthesis (27) and is another
attractive drug target (3). Many polymerase inhibitors have been de-
veloped, including the nonnucleoside inhibitors HCV-796 and VCH-
759 and nucleoside inhibitors NM283 (prodrug of NM107), R1626
(prodrug of R1479), and R7128 (prodrug of PSI-6130) (6). Drug-
resistant variants emerged as rapidly in HCV-796–treated (40) or VCH-
759–treated (41) patients as in those treated with telaprevir (11) or
boceprevir (28). However, there was no evidence of drug resistance
with the nucleoside polymerase inhibitors NM283 (42), R1626 (43),
and R7128 (44). The lack of resistance to these nucleoside inhibitors
can be explained by the fitness disadvantage they induce. Dynamics
of the mutant virus are determined by its fitness during therapy [Rr′ =
(1 − er)bprT0/(cd)], which depends, among other parameters, on the
drug sensitivity (er) and viral production capacity (pr). The active site
of the NS5B polymerase is highly conserved (4), and thus, any mu-
tations in this region may inhibit the ability of the virus to replicate.
Although many NS5B mutations, such as S282T for PSI-6130 and
S96T or S96T/N142T for R1479, confer a three- to fivefold loss in
sensitivity to the nucleoside polymerase inhibitors in the replicon
system, they also result in a >85% reduction in replication capacity
(corresponding to a significantly reduced pr) (45). If this is also true
in vivo, then these viral strains would not have enough fitness ad-
vantage over wild type, even in the presence of therapeutic agents,
to be selected from the preexisting quasispecies. In contrast, tela-
previr and HCV-796 resistance generally incurs a lower replication
capacity cost (45), which gives the variants a relatively higher fit-
ness and thus makes them easier to be selected during treatment. In-
deed, nucleoside polymerase inhibitors seem to have a higher genetic
barrier (the number of mutations required to overcome drug-selective
pressure) to resistance than either protease or nonnucleoside poly-
merase inhibitors in the replicon system (45), which highlights the
clinical importance of nucleoside polymerase inhibitors in future
HCV therapies. The fitness disadvantage induced by resistance muta-
tions may also explain the hierarchy in the emergence of detectable
drug-resistant variants during HIV treatment, with less costly mu-
tants appearing first. For example, resistant variants to nonnucleoside
RT inhibitors such as nevirapine are very likely to exist before therapy
(46) and can be detected as early as 1 week after treatment initia-
tion (47). However, when the nucleoside RT inhibitor lamivudine is
used as monotherapy for HIV or HBV, drug resistance develops
after 2 to 3 weeks (48) or after several months to years of therapy
(49), respectively.

Four genotype 1b patients receiving telaprevir monotherapy had
a continuous decline in HCV RNA throughout the 14-day therapy
(11). One explanation could be that for genotype 1b two nucleotide
changes are required to create the V36M (GTC to ATG) (50) and the
R155K (CGG to AAG) variants (51). In contrast, for genotype 1a,
Fig. 4. Comparison between model predictions and patient data during
combination therapy. We fitted the model (eq. S1) to the viral load data

from patients receiving both PEG-IFN-a-2a and telaprevir for 14 days.
This model generalizes Eq. 1 by incorporating an effect of IFN in partially
blocking viral production. The fitting procedure and the symbols used
are the same as those in Fig. 3. The best-fit parameter values for each
patient are listed in Table 3. Note that the two fits of the drug-sensitive
(green dashed) and total viral load (red solid) overlap in a few patients.
.ScienceTranslationalMedicine.org 5 May 2010 Vol 2 Issue 30 30ra32 5
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only one nucleotide change is required to create the V36M (GTG to
ATG) or R155K (AGG to AAG) mutation (50, 51). Thus, the prob-
ability of generating the same amino acid change for genotype 1b
(10−8 to 10−10) is much lower than that for genotype 1a (10−4 to 10−5).
Also, the frequency of variants with two-nucleotide changes at
baseline is very low (on the order of m2), and the one-nucleotide
mutant intermediates should have no fitness advantage in the pres-
ence of the drug, which together may explain why no or few resistant
variants were observed in genotype 1b patients during the 14-day mono-
therapy with telaprevir (11).

The rapid appearance of HCV drug resistance suggests that treat-
ment failure during monotherapy with a protease inhibitor or a non-
nucleoside polymerase inhibitor is likely inevitable, especially in genotype
1a infection. The lessons from HIV infection treatment indicate that
combinations of drugs with different mechanisms of action can be
an attractive strategy (4). Data from in vitro studies (45, 52), animal
models (53), early-stage clinical trials (54), and the present modeling
efforts suggest that combinations of direct antivirals should also be
beneficial to HCV patients. Extension of Eq. 1 to analyze data from
patients on therapy with telaprevir and pegylated IFN also supports
the utility of combination therapy of direct antivirals with IFN for
HCV, in agreement with recent clinical trials (28, 55, 56). On the
basis of our estimation that all viable single and double mutants pre-
exist before treatment and that one additional mutation is expected
to arise during therapy, we predict that combination therapy of direct
antivirals will require drug combinations with a genetic barrier of four
or more mutations. The number of drugs needed in a combination need
not be four and would depend on the number of mutations required to
generate high-level resistance to each component of the drug combi-
nation. Some drug-resistant variants may be nonviable, replication-
deficient, or immunogenic variants rapidly eliminated by the immune
system. Thus, in some circumstances, the genetic barrier could be
lower. Further, other factors, such as the baseline viral load before
treatment (57), infection with genotype 1b HCV (11), genetic varia-
tion in IL28B (58, 59), and differences in the potency of drugs chosen
for a treatment regime (11, 60), can also affect viral suppression and the
development of drug resistance.
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Pegylated IFN and RBV can be used in a lead-in period before
treatment with direct antivirals with the goal of reducing the frequency
of preexisting direct antiviral-resistant variants (61, 62). Our calcula-
tions can be used to make predictions about the possible success of
lead-in strategies. For example, a patient who responds well to the
lead-in treatment and in whom viral load drops 3 logs from 107 at
baseline to 104 RNA IU/ml is expected to produce ~109 virions per
day at the start of therapy with direct antivirals (15). Extrapolating
from Table 1, on average, 8.7 × 107 and 4.2 × 106 mutants would be
generated with single- and double-nucleotide changes, respectively,
suggesting the preexistence of all possible viable single mutants
and only 1% of the double mutants after the lead-in phase. Thus,
for this patient, a combination of two potent direct antivirals with
different resistance patterns, such as a protease and polymerase in-
hibitor, might be able to suppress drug resistance. (However, if we
assume that the mutation rate of the HCV RdRp is 10−4 per base
copied rather than 10−5, then >40% of all possible double mutants
would still be generated daily at the end of the lead-in phase, and
therapy with a higher genetic barrier for resistance development
would be required.) For patients who do not respond as well, who,
for example, only have a 1-log drop during lead-in, all possible single
and double mutants would still be generated daily and, thus, lead-in
would provide little or no benefit. Thus, lead-in may need to be
followed by individualized treatment with direct antivirals, an idea
that remains to be tested in clinical trials.

Overall, this study predicts that rapid emergence of HCV protease
inhibitor resistance in patients, particularly those with genotype 1a
infection and with high viral loads, is expected. Combination therapies
of direct antivirals with and without pegylated IFN ± RBV may be
useful in combating drug resistance. However, as with HIV, the anti-
virals need to be chosen carefully and with regard to both preexisting
and on-treatment–generated drug-resistant variants.

Unlike HIV and HBV, HCV is a curable disease and clinical studies
will eventually show how many patients can achieve viral elimina-
tion and how many direct antivirals are needed. In addition, the
antiviral activity of the direct acting agents used, the genetic barrier
to resistance of the single compounds, HCV genotype, baseline viral
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Table 3. Best-fit parameter values obtained from comparisons of model predictions (eq. S1) with data from patients treated with telaprevir plus
PEG-IFN-a-2a for 2 weeks.
Patient

rT

(day−1)

d

(day−1)

estotal
 ertotal
b
(10−8 ml

day−1 virion−1)
.ScienceTranslation
ps
(virions

cell−1 day−1)
alMedicine.org 5
Infected
cells at

baseline (%)*
May 2010 Vol 2
Increase in
total hepatocytes

(%)
1001
 0.83
 0.93
 0.99951
 0.68
 4.77
 80.1
 5.4
 49
1005
 0.31
 0.29
 0.99832
 0.82
 7.27
 5.9
 4.2
 8
3007
 1.12
 0.33
 0.99984
 0.77
 8.34
 18.5
 14
 40
3009
 1.76
 0.55
 0.99980
 0.95
 0.57
 132.5
 8.3
 8
3011
 0.92
 0.18
 0.99810
 0.91
 0.76
 38.4
 12
 7
3013
 2.20
 0.51
 0.99950
 0.95
 1.27
 52.2
 8.0
 5
3016
 1.24
 0.46
 0.99961
 0.70
 9.63
 13.3
 13
 28
3019
 1.65
 0.44
 0.99937
 0.78
 11.29
 20.6
 15
 43
Mean±SD
 1.25±0.60
 0. 46±0.23
 0.99930±0.00067
 0.82±0.11
 5.49±4.26
 45.2±42.8
 10±4.1
 24±19
*We assumed that half the maximum number of hepatocytes are not targets of HCV infection during data fitting. Similar sensitivity analysis of data fitting to the choice of N was addressed in the
remarks of Table 2.
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load, host genetic factors, and the duration of therapy will all be im-
portant in determining whether cure will be achieved.
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MATERIALS AND METHODS

Probability of generation of HCV mutants
Assuming that the HCV genome is L nucleotides long and that the
RNA polymerase introduces errors into the genome at rate m, the
probability of having i substitutions (i-mutant) in one replication

event is Pi‐mutant ¼ L
i

� �
mið1� mÞðL�iÞ. Because each of the L nu-

cleotides in HCV can mutate to any of three other nucleotides, there

are a total of
L
i

� �
3i possible sequences with i substitutions.

Modeling the development of HCV protease
inhibitor resistance
We investigate the development of drug resistance during telaprevir
therapy using a model (Fig. 1), which is described by the following
equations:

dT=dt ¼ sþ rTTð1�
T þ Is þ Ir þ N

Tmax
Þ � dT � bVsT � bVrT

dIs=dt ¼ bVsT � dIs
dIr=dt ¼ bVrT � dIr
dVs=dt ¼ ð1� mÞð1� esÞpsIs � cVs

dVr=dt ¼ mð1� esÞpsIs þ ð1� erÞprIr � cVr

ð1Þ

Drug-sensitive and drug-resistant HCV virions, Vs and Vr , infect
target cells, T, to create productively infected cells, Is and Ir, at rates
bVsT and bVrT, respectively. Target cells are generated at rate s, die
at rate d, and can proliferate with maximum proliferation rate rT.
Tmax is the hepatocyte carrying capacity of the liver. Because of the ef-
fect of IFN, lack of receptors needed for viral entry, or other biological
heterogeneity, some hepatocytes (N) may not be targets (27). For sim-
plicity, we assume that N is constant. Effectively, rT(1 – N/Tmax) is the
maximum proliferation rate of target cells and Tmax − N is the target
cell carrying capacity. Is and Ir are lost at per capita rate, d, and are
assumed to produce virions at rates ps and pr , respectively, which are
then cleared with rate constant c. The efficacy of telaprevir in reducing
viral production from cells infected with drug-sensitive and drug-
resistant virus is es and er, respectively, where 0 ≤ es,er ≤ 1, with 0
corresponding to no treatment effect and 1 to 100% effective drug. We
assume that Is with probability m generates drug-resistant virus. Back-
ward mutation is neglected because wild-type virus dominates the
population before therapy. We also neglect proliferation of infected
cells because we estimate that their proliferation rate is small based
on data fitting to a model with proliferation of both uninfected and
infected hepatocytes.

Drug efficacy against each strain
The effectiveness of a drug can be related to its concentration, C(t),
by es(t) = C(t)h/[IC50

h + C(t)h], where IC50 is the drug concentra-
tion needed to inhibit viral production by 50% and h is the Hill
coefficient representing the steepness of the concentration-effect
curve (63). On the basis of the pharmacodynamics of telaprevir,
the median es exceeds 0.999 (22), which is consistent with the 3
to 4 log10 first-phase drop of plasma HCV RNA concentrations
www
in patients undergoing telaprevir monotherapy (10). If mutation
is associated with an n-fold increase of IC50, then the effectiveness
of the drug against the resistant strain is er(t) = C(t)h/[(n·IC50)

h +
C(t)h] = es(t)/[es(t) + (1 − es(t))n

h]. Because telaprevir is dosed
frequently, we assume that es and er are constants, as has been done
previously (23).

Two-phase viral decay and the mutant frequency
during monotherapy
Assuming the target cell concentration remains at the baseline value,
cd/[(1 − m)bps], for a few days after treatment initiation, and ignoring
m(1 − es)psIs in theVr equation of Eq. 1, we solved the simplified system
and obtained VsðtÞ ¼ C1el1t þ C2el2t , VrðtÞ ¼ C3el3t þ C4el4t , where
Ci, i = 1, 2, 3, 4, are positive constants and li, i = 1, 2, 3, 4, are the
eigenvalues and are all negative. Thus, both drug-sensitive and drug-
resistant viral loads undergo a two-phase decline after treatment initi-
ation. The mutant frequency after drug administration is G(t) = Vr(t)/
[Vs(t) + Vr(t)], which depends on the parameters c, d, m, r, es , er , and
the time t.

Data fitting
We fitted Eq. 1 to experimental data (fig. S1) from patients who re-
ceived telaprevir alone and had viral breakthrough during the 14-day
treatment (Fig. 3). Using Berkeley-Madonna version 8.3.9 (http://
www.berkeleymadonna.com), we fitted Vs and Vr to the drug-sensitive
and drug-resistant viral load data simultaneously. Because of a lack of
data on target cells, we fixed d, Tmax, and s for all patients. The half-
life of uninfected target cells was estimated to be a few hundred days
in animal studies (64). Because of the uncertainty and possible changes
in humans, we chose d as 0.01 day−1 (assuming the half-life of un-
infected hepatocytes is ~70 days). Supposing that there are maximally
2 × 1011 hepatocytes in a normal human liver (65) and that HCV can
distribute throughout the 15 liters of extracellular fluid in a 70-kg
person, we set Tmax = 2 × 1011/15,000 = 1.3 × 107 cells/ml. Some he-
patocytes may not be targets of HCV infection. The proportion of these
nontarget cells is unknown (27), although recent measurements suggest
that only 5 to 20% of hepatocytes are infected in the absence of therapy
(24, 25). We fixed N = 6.5 × 106 cells/ml, that is, half the maximum
number of hepatocytes are not targets of HCV infection. With this as-
sumption, we show that the percentage of infected hepatocytes before
treatment (Tables 2 and 3) is consistent with the experimental results
in (24, 25). If N is chosen to be 25% of the maximum number of he-
patocytes, we can also fit the data well, with a higher percentage of
infected cells at baseline (~25%) and a larger increase in the total num-
ber of hepatocytes (~50% increase after 14-day therapy, which is un-
likely to be realistic). If we choose a larger N (for example, 75% of the
maximum number of cells), we could not obtain good fits because of
limited replication space for drug-resistant virus. Because changing s
does not have a noticeable effect on our fits, we set s = 0. Because
the viral clearance rate c is determined by the first-phase viral decline,
we estimated c as done in (15) using the median change of frequent
plasma HCV RNA measurements during the first several days after
telaprevir treatment (11) and used the estimate c = 6.28 day−1 for all
patients. Note that the estimate of m (Table 2) is smaller than that in
(16) (10−5 to 10−4) because here it represents the average mutation rate
of both single and double mutants.

We also fitted the model with combination therapy of PEG-IFN-
a-2a and telaprevir (eq. S1) to the viral load data (fig. S2) from pa-
.ScienceTranslationalMedicine.org 5 May 2010 Vol 2 Issue 30 30ra32 7
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tients who were treated with combination therapy (Fig. 4). We fixed,
on the basis of the previous fits (Table 2), the following parameters
for all patients: d = 0.01 day−1, Tmax = 1.3 × 107 cells/ml, s = 0, N =
6.5 × 106 cells/ml, m = 6.14 × 10−6, r = 0.83, and c = 6.28 day−1.

Statistical analyses
We calculated the significance of differences between the drug efficacy
of telaprevir alone and combination therapy with a Mann-Whitney
test. We considered a difference as significant when the P value was
<0.05. We used an F test to compare results obtained from fitting Eq.
1 and eq. S2 to the same patient data.
n 
M

ay
 6

, 2
01

0

SUPPLEMENTARY MATERIAL

www.sciencetranslationalmedicine.org/cgi/content/full/2/30/30ra32/DC1
Materials and Methods
Fig. S1. Drug resistance profiles during telaprevir monotherapy.
Fig. S2. Drug resistance profiles during combination therapy of telaprevir and PEG-IFN.
Fig. S3. Comparison between predictions of eq. S2 and viral load data of patient 3011.
Table S1. Changes of the numbers of uninfected, infected, and total hepatocytes during the
14-day telaprevir monotherapy based on data fits in Fig. 3.
Table S2. Changes of the numbers of uninfected, infected, and total hepatocytes during the
14-day combination therapy based on data fits in Fig. 4.
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