0L G
LA-UR- O 4/ /O /
Approved for public release;

distribution is unlimited.

Title:

Author(s):

Intended for:

A,
» Los Alamos

NATIONAL LABORATORY
EST.1943 —

The Prevalence of the Pre-Existing Hepatitis C Viral Variants
and the Evolution of Drug Resistance in Patients Treated
with the NS3-4A Serine Protease Inhibitor Telaprevir.

L. Rong, Z # 216571, T-10/T-Division
R.M. Ribeiro, Z # 171295, T-10/T-Division
A. Perelson, Z # 082011, T-10/T-Division

Journal- PLoS Computational Biology

Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by the Los Alamos National Security, LLC
for the National Nuclear Security Administration of the U.S. Department of Energy under contract DE-AC52-06NA25396. By acceptance
of this article, the publisher recognizes that the U.S. Government retains a nonexclusive, royalty-free license to publish or reproduce the
published form of this contribution, or to allow others to do so, for U.S. Government purposes. Los Alamos National Laboratory requests
that the publisher identify this article as work performed under the auspices of the U.S. Department of Energy. Los Alamos National
Laboratory strongly supports academic freedom and a researcher’s right to publish; as an institution, however, the Laboratory does not
endorse the viewpoint of a publication or guarantee its technical correctness.

Form 836 (7/06)



The Prevalence of the Pre-Existing Hepatitis C Viral
Variants and the Evolution of Drug Resistance in
Patients Treated with the NS3-4A Serine Protease

Inhibitor Telaprevir

Libin Rong
Theoretical Biology and Biophysics

Los Alamos National Laboratory, Los Alamos, NM 87545

Ruy M. Ribeiro
Theoretical Biology and Biophysics

Los Alamos National Laboratory, Los Alamos. NM 87545

Alan S. Perelson
Theoretical Biology and Biophysics
Los Alamos National Laboratory, Los Alamos, NM 87545

Running title: HCV Drug Resistance to Telaprevir

Corresponding author:

Dr. Alan Perelson

Mailing Address: MS K710, Los Alamos National Laboratory, Los Alamos, NM 87545.
Phone: 505-667-6829; Fax: 505-665-3493; Email: asp@lanl gov

Author contributions:

LR and ASP conceived and designed the experiments. LR performed the experiments. LR
analyzed the data. LR contributed reagents/materials/analysis tools. RMR and ASP advised

on model structure and analysis. All authors wrote the paper.

Word count:
Abstract: 292; Author summary: 185, Text: 7484



Abstract

Telaprevir (VX-950), a novel hepatitis C virus (HCV) N§3-4A serine protease inhibitor, has demon-
strated substantial antiviral activity in patients infected with HCV genotype 1. Some patients ex-
perience viral breakthrough, which has been shown to be associated with emergence of telaprevir-
resistant HCOV variants during treatment. The exact mechanisms underlying the rapid selection of
drug resistant viral variants during dosing are not fully understood. In this paper, we develop a
two-strain model to study the pre-treatment prevalence of the mutant virus and derive an analytical
solution of the mutant frequency after administration of the protease inhibitor. Our analysis sug-
gests that the rapid increase of the mutant frequency during therapy is not due to mutant growth
but rather due to the rapid and profound loss of wild-type virus, which uncovers the pre-existing
mutant variants. We examine the effects of backward mutation and hepatocyte proliferation on
the pre-existence of the mutant virus and the competition between wild-type and drug resistant
virus during therapy. We then extend the simple model to a general model with multiple viral
strains. Mutations during therapy do not play a significant role in the dynamics of various viral
strains, although they are capable of generating low levels of HCV variants that would otherwise
be completely suppressed because of fitness disadvantages. Hepatocyte proliferation may not affect
the pretreatment frequency of mutant variants, but is able to influence the quasispecies dynam-
ics during therapy. It is the relative fitness of each mutant strain compared with wild-type that
determines which strain{s) will dominate the virus population. Our study provides a theoretical
framework for exploring the prevalence of pre-existing mutant variants and the evolution of drug

resistance during treatment with other protease inhibitors or HCV polymerase inhibitors.



Author Summary

Chronic infection with hepatitis C virus (HCV) still remains an important health-care problem
worldwide despite significant progress in the development of HCV treatment since the discovery of
the virus in 1989. The current standard therapy is effective only in a fraction of treated patients.
Telaprevir, a new HCV protease inhibitor, has demonstrated a promising result in clinical studies.
However, drug resistant HCV variants were detected in the population of virus a few days after
drug administration. We have developed a mathematical model that can explain the rapid selection
of drug resistance in HCV patients treated with telaprevir. We explored the potential influences of
backward mutation and target cell proliferation on the dynamics of both drug sensitive and resistant
viruses. By developing a multi-strain viral dynamic model, we further studied the pretreatment
frequency of viral variants and HCV quasispecies dynamics during therapy. Our work provides a
mathematical framework that can be employed to study the preexistence and the evolution of drug
resistance in HCV patients treated with other protease inhibitors and HCV polymerase inhibitors,

and may have significant implications for the treatment of HCV infection.



Introduction

Chronic viral infection with hepatitis C virus (HCV) has caused an epidemic with approximately
170 million people infected worldwide and 3 to 4 million individuals newly infected each year [1].
About 80% of newly infected patients progress to develop chronic infection [2]. Of those chronically
infected, a proportion of patients develop serious liver diseases such as cirrhosis and hepatocellular
carcinoma {3]. The current standard therapy for HCV inféction consists of pegylated interferon
(PEG-IFN]) administered once weekly, along with daily oral ribavirin (RBV) for 24 or 48 weeks [4-6].
Although the combination exerts synergistic antiviral effects [7], it leads to sustained elimination of
the virus in only some treated patients. The HCV genotype appears to be the most important factor
in predicting response. In patients infected with genotypes 2 and 3, about 90% of patients achieve
sustained viral response (SVR), defined as the ahsence of detectable serum HCV RNA 24 weeks
after completion of treatment; whereas in patients infected with genotype 1, the major genotype
affecting North America, Europe and Japan, only about 40% of treated individuals show SVR
|5, Lack of a complete response, viral relapse following treatment, and premature termination of
therapy due to adverse events that occur during dosing all contribute to this unsatisfactory response
rate observed among HCV genotype 1 infected patients. Therefore, new antiviral drugs with higher
efficacy, shorter treatment duration, and a more favorable side-effect profile as a monotherapy or
in combination with other antivirals are highly desirable.

New treatment options are focused on the development of inhibitors that target different steps
of the HCV life cycle. Such antiviral agents represent the concept of specifically targeted antivi-
ral therapy for HCV (STAT-C) (see reviews in [8]). An important target is the HCV-encoded
NS3-4A serine protease [9). In clinical trials HCV protease inhibitors have been tested to treat
HCV genotype 1 infected patients. They have shown an impressive capacity to block the NS3-4A
protease-dependent cleavage of the HCV polyprotein, which is an essential step in viral replica-
tion (HCV replication will be discussed in detail later). The first protease inhibitor, BILN 2061
{ciluprevir; Boehringer-Ingelheim), showed potent antiviral activity in patients infected with HCV
genotype 1 [10], but clinical development was halted due to drug-induced cardiotoxicity {11, 12].
SCH 503034 {boceprevir; Schering-Plough Pharmaceuticals), another oral HCV protease inhibitor,
also demonstrated substantial antiviral effects when used in combination with PEG-IFN-alpha-2b
in HCV genotype 1 infected patients who were previously nonresponders to PEG-IFN-alpha-2b
+/~ RBV therapy 13]. Telaprevir {VX-950; Vertex Pharmaceuticals) is a reversible, selective, and
specific peptidomimetic inhibitor of NS3-4A that is effective in inhibiting viral replication in HCV



replicon cells [14]. It had a favorable pharmacokinetic profile with high exposure in the liver in
several animal models [15], and in monotherapy induced a profound decline of plasma HCV RNA
levels of the order of 3-4 logs in patients infected with HCV genotype 1 treated for 14 days {16].

Emergence of drug resistant mutations is a problem challenging the development of specifically
targeted antiviral drugs (see reviews in [8, 17]). Like most RNA viruses, HCV evolves rapidly
because of high-level viral replication through an error-prone RNA polymerase that lacks associ-
ated proofreading capacity. As a consequence, the viral population exists as a complex mixture of
genetically distinet, but closely related, variants commonly referred to as a quasispecies [18-21],
whose composition is subject to continuous change due to the competition between newly gener-
ated mutants and existing variants with different phenotypes and fitness [22-24]. During antiviral
therapy pre-existing minor viral populations with reduced susceptibility to the administered drug
or drugs will gain a growth advantage over wild-type and rapidly become the dominant genotype
[25, 26]. The amino acid substitutions that were reported to be selected by protease inhibitors and
to confer drug resistance have been characterized in vitro in the HCV replicon system [27-31].

Recently, the initial selection and kinetics of telaprevir-resistant HCV variants have been de-
soribed in patients given the protease inhibitor alone {16, 32] or in combination with PEG-IFN-
alpha-2a {33, 34]. Although 14 days of treatment resulted in substantial decreases in HCV RNA
levels, there was evidence of viral breakthrough in some patients during the dosing period, which
was believed to be associated with the selection of HCV variants with reduced sensitivity to telapre-
vir [16]. Using a highly sensitive sequencing assay, Sarrazin et al. [32] identified mutations that
confer resistance to telaprevir in the NS3 protease catalytic domain and correlated them with vi-
rologic response. These mutations were further confirmed in a subsequent study [34] that provides
a detailed kinetic analysis of HCV variants in patients treated with telaprevir alone or in combina-
tion with PEG-IFN-alpha-2a for 14 days. Four of the 8 patients in the telaprevir group exhibited
viral load rebound during the dosing period. Virus isolated from these patients at day 3 contained
low levels (5%-20%) of single-mutant resistant variants, which increased in the population of virus
isolated at days 7 and 11, and were replaced by more resistant double-mutant variants by day 14
{end of dosing) and during the first follow-up week with standard therapy {34]. Why drug resistant
viral variants were selected this rapidly following treatment with telaprevir remains unclear. The
potential mechanisms underlying the rapid emergence of mutant variants and the evolution of drug
resistance during therapy are the subject of this study.

For human immunodeficiency virus (HIV) antiretroviral therapy, mathematical models have

been developed to investigate the frequency of pre-existing mutant varisnts [35], emergence of



drug resistance following treatment [26, 36-38], evolution of drug resistant virus [39-41] and HIV
quasispecies dynamics [42, 43] during therapy. In this study, we address these issues in HCV
patients during treatment with the protease inhibitor telaprevir. We begin with a simple two-strain
model in which liver cells, e.g., hepatocytes, infected with wild-type virus are able to produce not
only wild-type virus but also a small amount of drug resistant variants. Steady state analysis
suggests that both strains coexist before treatment and the pre-existing mutant frequency depends
on only the mutation rate and the relative viral fitness between resistant and wild-type virus.
With reasonable simplifications, we develop an analytical solution for the mutant frequency in
patients given telaprevir alone, which is capable of explaining the rapid selection of pre-existing drug
resistant variants following treatment. We describe the competition between wild-type and drug
resistant virus during treatment. We also study the effects of backward mutation and hepatocyte
proliferation on the pre-existing mutant frequency and the evolution of viral variants during therapy.
Extending the two-strain model, we then develop a multi-strain model in which drug resistant
HCV variants that differ in more than one mutation are incorporated. We calculate the expected
frequency of each viral strain in untreated patients. The results of the competition between multiple
viral variants during therapy are also provided. Our work offers a mathematical framework that
can be used to study the prevalence of pre-existing mutant variants and the evolution of drug

resistance during treatment with other protease inhibitors or HCV polymerase inhibitors.

Results

A Two-Strain Model

Before describing the model, we use a hypothetical HCV life cycle (Figure 1) as a framework for
discussing cur current knowledge of virus replication {see reviews of the HCV life cycle in [44, 45]).
The exact mechanism by which HCV enters hepatocytes, the primary targets of infection, is still
largely unknown. It is presumably receptor-mediated and possibly involves CD81 [46] and the
human scavenger receptor class B type 1 (SR-B1) [47]. Following fusion of the viral and cellu-
lar membranes, nucleocapsid enters the cytoplasm of the host cell and releases a single-stranded,
positive-sense RNA genome (uncoating). This genome serves, together with newly synthesized
RNAs, multiple roles within the HCV life cycle: as a messenger RNA (mRNA) for translation to
produce a large polyprotein, as a template for HCV RNA replication, and as a nascent genome

that is packaged in progeny virus particles. The generated polyprotein is then cleaved by several

enzymes including the NS3-4A serine protease to produce 10 viral proteins: the structural proteins



{the core protein C, glycoproteins E1 and E2), a small integral membrane protein p7, and the non-
structural (NS) proteins NS2, NS3, NS4A, N5413, NS5A and NS5B. This is followed by HCV RNA
replication that occurs in a specific cytoplasmic membrane alteration, termed the ‘membranous
web’, whose formation is induced by the integral membrane protein NS4B [48]. The process of
RNA synthesis is not fully characterized, but is likely to be semi-conservative and asyvmmetric [49):
the positive-strand genome RNA serves as a template for the synthesis of a negative-strand inter-
mediate; the negative-strand RNA then serves as a template to produce multiple nascent genomes.
Both of these steps are catalyzed by the NS5B RNA-dependent RNA polymerase (RdRp). In the
meantime, structural proteins E1, E2 and C have matured. Together with progeny positive-strand
genomes, they assemble and are ready for vesicle fusion at the host cell plasma membrane, after
which new HCV virions are released into the extracellular milieu by exocytosis.

The viral RdRp is an important enzyme that catalyzes the synthesis of both positive- and
negative-strand RNAs. However, the HCV RdRp has a high error rate, with a misincorporation
rate of 107410 ' per copied nucleotide [50]. Furthermore, since the RdRp is devoid of proofreading
capacity and other postreplicative repair mechanisms, it cannot correct misincorporations that oc-
cur randomly during replication [20]. The high mutation rate, together with rapid HCV replication
[51] and the large viral population size, results in progressive diversification of viral genotypes and
subtypes in geographically or epidemiologically populations, and in the quasispecies distribution of
the virus population in a given infected individual [20].

We adapt a mathematical model, which was developed to study HIV-1 infection [52] and drug
registance [28], to examine the quasispecies dynamics of HCV before and during treatment. Based
on the error-prone nature of the HCV polymerase, hepatocytes infected with wild-type virus are
expected to produce both wild-type and mutant variants. A simple model including two strains,
wild-type and drug resistant {(assuming a single mutation confers a certain level of drug resistance},

is described by the following equations:
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where 7' is the number of target cells; I, and I are the numbers of cells infected with wild-type and
drug resistant virus, respectively; V5 and V, represent the numbers of wild-type and drug resistant
virus, respectively. Target cells are produced at rate s and die at rate d. Cells become infected with
wild-type virus at rate s, and infected with drug resistant virus at rate §,.. Once infected, cells
die with death rate 6. HCV virions are produced at different rates, ps and p,, by infected cells, I
and I, respectively, while the two strains have the same virion clearance rate ¢. Taking a single
mutation into account, we assume that I; has a probability p to produce drug resistant virus. p
is about 107%~107° per copied nucleotide. We note that model (1) is different from the two-strain
model developed during HIV treatment [26] because mutation in HCV occurs during the production
of virus rather than at infection like HIV-1. Thus, an infected cell can produce a spectrum of viral
variants (a model with multiple viral strains is discussed later). Backward mutation from mutant

to wild-type is neglected here, but will be incorporated into the model for comparisons later.

The Frequency of the Mutant Virus before Treatment

With u > 0, there are three possible steady states of model (1): the infection-free steady state (Ey),
the steady state in which only drug resistant virus is present (E;), and the steady state in which
the two strains coexist (E;) (Supporting Information 1). Defining the basic reproductive ratios
[53], Rs = $8sps/(dcd) and R, = sf.p./(dcd), of the wild-type and the drug resistant strains,
respectively, we obtain the conditions for the existence of these steady states: E, is feasible if
and only if R, > 1; E; is feasible if and only if Ry > max(1/(1 — u),R,/(1 — u)). As the basic
reproductive ratio measures the number of progeny virions of the first generation produced by a
single virus in a healthy host, the ratio of R, to Ry, i.e., 7 = R, /Rs = Brpr/(Bsps), represents the
relative fitness of drug resistant to wild-type in the absence of drug pressure.

The above existence conditions also provide threshold conditions for the stability of the steady
states. Indeed, in Supporting Information 1, we show that (i) when Rs < 1/(1—pu) and R, < 1, Eg
is locally asymptotically stable; (ii) when R, > 1 and » > 1 — pu, E, is locally stable; and (iii) when
Rs > 1/(1—p) and r < 1 —pu, E. is locally stable. Considering the predominance of wild-type virus
before treatment (Rs > 1) and resistance-associated loss of fitness (R, < R, l.e., r < 1) [32] as in
HIV-1 [54], the conditions in (iil) are typically satisfied because p is very small. As a consequence,
the solutions of model (1) converge to the steady state ., i.e., both wild-type and drug resistant
viral strains coexist in infected individuals before therapy.

We calculate the frequency of the pre-existing drug resistant variants in the total virus popu-

lation from the coexistence steady state E.. The mutant frequency is given by ® = V;/(V, + V,.),



where V, and V, are the steady states of wild-type and drug resistant virus, respectively. Using
the results in Supporting Information 1, € can be simplified to @ »= p/(1 — 7), where 7= R, /R,.
Therefore, the mutant frequency before therapy depends only on the mutation rate and the relative
fitness between mutant and wild-type virus. This is consistent with the result of the frequency of
resistant mutant HIV-1 before antiretroviral treatment [35]. Since p is small, the mutant variant
remains at a very low level, although it coexists with wild-type in patients before treatment. We
also note that the mutant frequency obtained as above is equivalent to the result in population
genetics where the mutant frequency is derived by the mutation-selection balance [53], i.e., the

frequency of a deleterious allele is approximately equal to the mutation rate {u) divided by the

selection coefficient {equivalent to 1 — r in the expression of @).

Increase of the Mutant Frequency following Treatment

The HCV NS3-4A serine protease plays an tmportant role in viral polyprotein processing, cleaving
at the NS3-4A junction and all downstream sites. Telaprevir, a new protease inhibitor, hag been
developed to block this step in the viral life cycle [15] and has been shown to profoundly reduce
the plasma viral load in infected individuals [16, 32]. This is not surprising since the products of
polyprotein cleavage are needed to mediate viral RNA replication and virion assembly (Figure 1).
Assuming €; and €, are the drug efficacies of telaprevir in blocking viral production for wild-type
and drug resistant virus, respectively, where 0 < €4, ¢ < 1 with ¢ = 1 being a 100% effective drug,

the model under treatment with the protease inhibitor reads
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Assuming T" remains at a constant level, T, over a period of several days following treatment,
and ignoring the term p{1—¢;)psJ; in the V,. equation (because p is ~ 10741075 [50] and ¢, is close
to 1 [58]), we can reduce (2) to a solvable system and develop an analytical sclution of the mutant
frequency, ®(t) = V. (8)/(VL(t) + Vo(t)), after drug administration {see Materials and Methods).

&(t) depends on ¢, §, u, €5, €, and the relative fitness r.
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To study the change of the mutant frequency ®(#) after drug administration, we have to deter-
mine the drug efficacy of telaprevir for each strain. The effectiveness of a drug against wild-type
virus can be approximated by a simple function [57, 58]: e,(t) = C(#)"/(ICs¢" +C(£)"), where C(#)
is the drug concentration, ICsg is the concentration of drug needed to inhibit viral production by
50%, and h is the Hill coefficient. Based on the pharmacodynamics of telaprevir, the drug efficacy
for the wild-type strain was calculated to be 0.9997 (median) [59], which is consistent with the 3-4
log first-phase drop of plasma HCV RNA levels when telaprevir was administered in monother-
apy {16]. Similarly, for the mutant virus with n-fold resistance, i.e., an n-fold increase of ICsq,
we have ¢.(t) = C(t)"/[(n - 1Cs5)" + C(£)*]. From the above two equations, we obtain the drug
efficacy for an n-fold resistant mutant strain based on the drug efficacy for the wild-type strain:
(1) = es(t)/]es(t) + (1 ~ fs(ﬂ)nhy

Plotting ®{t) with typical parameter values and constant drug efficacy (median) shows that the
mutant frequency increases substantially from the pre-existing low level (< 1%) to > 5% within
~ 2 days following treatment {Figure 2). However, the rapid increase of the mutant frequency does
not necessarily mean that the drug resistant viral variant grows this rapidly following the telaprevir
treatment. In fact, taking a close look at the eigenvalues of the system, we find A3 < A1 < Ay <
A < O {Supporting Information 2), which implies that both wild-type and drug resistant viruses
experience a two-phase decline when we assume 7' = T over a period of several days following
treatment {see below). Furthermore, the drug resistant strain decreases slightly more rapidly than
wild-type strain during the first phase because Ay < A; < 0 and the difference between A; and Az is
small (Supporting Information 2} as ¢; is close to 1, whereas it decreases slightly slower than wild-
type strain in the second-phase viral decline (Ay < Ay < 0 and Aq — Ao is small). An interesting
result is that the duration of the first-phase viral decline of drug resistant virus is shorter than
that of wild-type virus (Figure 2). Dencting by ¢, the time at which the second-phase decline of
wild-type virus begins and £, the time at which the second-phase decline of drug resistant virus
begins, we show that £, < ts in Supporting Information 2. Consequently, the increase of the mutant
frequency following treatment is not due to the rapid growth of drug resistant viral variant. Rather,

it is due to a longer first-phase decline of wild-type virus, unveiling the pre-existing mutant variant.

Competition between the Two Strains during Therapy

Suppression of the pre-existing mutant virus regardless of its drug resistance level, as shown in
Figure 2, is due to the assumption that the number of susceptible target cells remains at a constant

baseline level, Ty == ¢d/[(1 - u)psFs|, following the telaprevir treatment. If we describe the dynamics
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of target cells as in the model given by Eq. (2}, then drug resistant virus is able to emerge and
ultimately dominate the virus population under certain conditions.

Considering the model given by Eq. (2}, we define the reproductive ratios under treatment,
Ry = (1l — €5)Rs and R = (1 — &, )R,. Before treatment, both strains coexist, but resistant virus
remains at a very low level (R, > R, > 1). During treatment, R} becomes less than 1 because
of the efficiency of the protease inhibitor in blocking production of wild-type virus. Consequently,
wild-type virus is usually successfully suppressed. If mutation only confers a low level of drug
resistance (e, is large), then drug resistant virus will also be suppressed (Figure 3, left column).
However, if mutation confers high-level drug resistance (e, is small), R] may be greater than 1.
Therefore, following the steady state analysis in Supporting Information 1, the pre-existing drug
resistant virus will outcompete wild-type and dominate the virus population under this condition
{Figure 3, right column). In this case, however, the increase of drug resistant virus to a high level
takes more time than the increase of the mutant frequency derived in the last section {compare

Figures 2¢ and 3e).

The Effect of Backward Mutation

We compare model (1) (no backward mutation) with the following model (before treatment, ie.,
€s = ¢ = 0} including backward mutation from resistant to drug sensitive virus, Here we are
assuming a single nucleotide change confers resistance, such as the G— A change that mediates the
V36M mutation (i.e., the codon changes from GTG to ATG), so that back mutation occurs at the

same rate as forward mutation.

d
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Before drug therapy {¢; = & = 0), the above model remains at the infected steady state, in
which the two viral strains coexist. In Supporting Information 3, we derive the steady states and
calculate the mutant frequency before treatment. The mutant frequency can be approximated by

® = p/{l — v+ p(l+ 7)], which is less than the mutant [requency in the absence of backward
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mutation, ® = u/(1 - r). However, the difference between them is miniscule. Numerical results
also suggest that including backward mutation in model (1) only has minor effects on the steady
state viral load and the pre-treatment mutant frequency (see Table 1).

It is interesting to study the contribution of mutation to the dynamics of the pre-existing
drug resistant virus during therapy. Supposing that wild-type and mutant virus are both at their
pretreatment baseline levels, we compare virus dynamics of the model given by Eq. (3) with the
model in which both forward and backward mutations are ignored (z = 0 in (3)).

Figure 4 shows the dynamics of both wild-type and drug resistant viruses during therapy. For
a mutation that confers a low level of drug resistance (for example, the mutant V36M/A confers
3.5-fold resistance [32]), inclusion of mutation has a negligible effect on the dynamics of both viral
strains {Figure 4, left column). Even if mutation confers high-level resistance (for example, the
A156V /T mutant confers 466-fold resistance [32]), the contribution of mutation to the level of the
drug resistant viral variant is still minor. However, in this case, wild-type virus can be maintained by
backward mutation at a low level rather than being completely suppressed (Figure 4, right column).
These observations are not surprising because in the presence of effective therapy targeted against
wild-type virus the mutation from wild-type to drug resistant strain makes a negligible contribution
to the mutant viral load since it occurs at rate pu(l — €;). Therefore, mutations only play a minor
role in the dynamics of drug resistant virus during treatment.

Without mutation (= 0), Eq. (3) represents a standard two-strain model in which the two
strains of virus compete for the same resource (susceptible target cells). Thus, the competitive
exclusion principle applies—when the drug resistant strain has a higher fitness under treatment
(Rl > RY,), it outcompetes the wild-type strain. On the contrary, if R}, > R, then wild-type virus

dominates the virus population (see Supporting Information 1, u = 0).

The Model with Hepatocyte Proliferation

Hepatocyte proliferation, which is important in liver regeneration [60], can also compensate for
loss of hepatocytes during HCV infection, and thus has been included in mathematical models
[61]. Models with proliferation can explain complex HCV RNA profiles, such as the triphasic
viral decay observed during treatment of some patients [62]. Here we incorporate proliferation of
both uninfected and infected hepatocytes into model (1) and study the effects on the pretreatment

mutant frequency and the evolution of drug resistance during therapy. The model with hepatocyte
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proliferation is

T I
L) = s+ prrt - Lty _ar_pvir - v,
dt Tmax
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where uninfected hepatocytes (i.e., target cells), hepatocytes infected with wild-type virus, and
hepatocytes infected with drug resistant virus can proliferate with maximum proliferation rates pr,
ps, and p,, respectively. T4, is the maximum level of the total hepatocyte population. It should
be noted that the value of the target cell recruitment rate, s, is different from the previous one in
model (1) because of the inclusion of proliferation in the T equation. Also, s < dTym,, S0 that in
the uninfected liver T' < Thiaz.

We are interested in the pretreatment mutant frequency. In Supporting Information 4, we show
that the mutant frequency is the same as that of model (1) if p; = p,-, which we expect to be the
case since it is unlikely that a drug resistance mutation would affect the growth rate of an infected
cell.

Even when we ignore mutations during treatment, the model with hepatocyte proliferation
is not a standard two-strain competition model because of the individual proliferation of infected
hepatocytes, Is and .. In fact, the two strains can coexist under certain conditions during treatment
(see Materials and Methods). However, wild-type virus is in general successfully suppressed because
the inhibitor telaprevir is very effective against wild-type virus. Whether drug resistant virus will
also be suppressed depends on its reproduction capacity, proliferation potential of cells infected

with resistant virus, and the drug efficacy e,

A Multi-Strain Model

During treatment with telaprevir, mutations mainly occur at 4 positions in the HCV NS3 protease
catalytic domain, i.e., at amino acids: 36, 54, 155, and 156 [32, 34]. Here we consider the mutations
occurring at these 4 positions and develop a multi-strain viral dynamic model. We ignore backward
mutation and assume that the probability of a mutation occurring at each amino acid is identical,

denoted by p. A schematic diagram of the mutations between these viral variants is given in Figure
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5. The multi-strain model and the pretreatment frequency of drug resistant viral variants are given
in Materials and Methods.

The multi-strain model includes all possible viral strains that bear mutations at the four posi-
tions. However, only a few mutant strains were detected during treatment with telaprevir [32-34].
Specifically, of all the strains with two or more mutations, only strain 13 {36/155) and strain 14
{36/156) were frequently observed. Considering only these ohserved strains, the general multi-strain

model is reduced to

d : -
1) =s—dT - ;;3,‘1@7,

d Al
00 =BV,T - 61,

d

V() = (1 - w)polo — Vo,

d ‘ (5)
a%(t) - 3}'(1 . :U)SpGIO + {1 - u)dpili - CV;A 1= 1) 2} 3;4?

d. .

ghs(t) s (1~ w)Ppodn + (1 — 0¥ (oIt + pals) + (1 — p)'pialis — eVis,

d., : .
d—t‘/m(ﬂ = 121~ 1w)?polo + (= w3 (il + pada) + (1 — p)*prafis — cVaa.

In the first two equations, 7 belongs to a new index set © (7 € ©), where © == {0, 1, 2, 3, 4,
13, 14}. From the calculations in Materials and Methods (Eqgs. (14) and (15)), the pretreatment

steady states of mutant strains are

1
V= P vp, i=1,2,3,4,
Il—rl—p
1 JR 7y T3
Vig = — Y41+ Vo,
1 1“?"13(1—M>( 1-n +14r3) o 6)
1

;M 2 1 4
kl—;z>( +]———';r'1+1—~r4> 0

where Vp is the pretreatment steady state of the wild-type virus and r; = R;/Rg, i € ©\{0},
represents the relative fitness of strain 4.

Using estimates of the relative fitness {assuming the fitness of wild-type virus is 1) of each
mutant strain derived from a clinical study [32], we obtain the mutant frequency of the pre-existing
viral variants before therapy {Table 2). For the single-mutant variant, the frequency is determined
by its relative fitness — the larger the relative fitness, the higher the frequency. For the strain
with two mutations, the frequency also relies on the relative fitness of those single-mutant strains
that can mutate to the double-mutant strain. Although various mutant variants may exist before

drug treatment, they only account for a very small fraction of the entire virus population. New

14



technologies such as pyrosequencing [63] may allow one to determine their frequency, but to our

knowledge this has not been done yet.

Quasispecies Dynamics during Therapy

As suggested in previous sections, mutation during treatment does not have a strong effect on the
evolution of viral variants. Mutation is capable of generating low levels of viral variants that would
otherwise be completely suppressed due to their fitness disadvantage, but mutation alone cannot
determine which strain(s) will dominate the virus population during therapy. Here we ignore all
the mutations generated during therapy in Eq. (5). Then the multi-strain model under treatment

becomes d
%T@) = g I — ;ﬁi%ﬁ

da
— Lty == 3 ViT — 81, 7
m (t) = 3V, (7)

d .
-CEVZ(@ = {1 - ¢;)pid; — Vi,

where i € @ = {0, 1, 2, 3, 4, 13, 14}.

The reproductive ratio for each strain under therapy is: R} = [{1 —¢;)Bip;s!l/(dcd), i€ ©. The
above model represents a multi-strain competition system. The competitive exclusion principle also
applies here. Any two viral strains cannot coexist ultimately unless they have the same reproductive
ratio. Furthermore, following the similar arguments in Supporting Information 1, it can be shown
that only the viral strain with the largest reproductive ratio will persist during therapy if all the
reproductive ratios are different from each other. All the other strains with lower reproductive
ratios will die out. Mathematically, if R} > max (1,R}), for any j € © and j # 4, then the solution
of the system will converge to the steady state E;, in which only strain ¢ is present. If two or more
strains have the same reproductive ratio, then they can coexist ultimately during therapy if their
reproductive ratios are greater than 1 and greater than the reproductive ratios of other strains.

A few issues need to be kept in mind when one discusses the dynamics of various viral variants
during therapy. First, although only a few of all possible variants are frequently detected in clinical
studies, failure to observe the other viral strains during treatment does not imply that they are
not present. Indeed, even if certain viral strains are predicted to die out from the above analysis,
in reality they may be present because they are generated by mutations. However, such strains
should remain at very low levels and may exist below the detection limit of assays. Second, when

we say a viral strain will die out or survive, we are referring to its steady state level {a long-term



behavior). During the short dosing period of telaprevir in clinical trials, even the viral variant with

the lowest fitness might be observed.

Discussion

Much of the recent HCV drug discovery effort has been focused on generating new therapies for
HCV genotype 1 infection because of its prevalence and relatively poor response to current standard
treatment. Specifically targeted antiviral therapy for HCV (STAT-C) has been suggested to be an
attractive strategy whose objective is to achieve a greater response rate, with shorter treatment
duration and better tolerability. However, the development of drug resistance has been a major
limitation for such treatment options. The high HCV replication rate and the error-prone nature
of viral RNA polymerases generate a large number of mutant viral variants, termed a quasispecies,
from which variants resistant to specific drugs used can be selected during treatment. Since these
drug resistant viral variants have a fitness advantage against wild-type virus in the presence of drug
pressure, they are able to evolve quickly and dominate the virus population.

The HCV NS3-4A serine protease is not only involved in viral polyprotein processing but also
contributes to HCV persistence by helping HCV escape the interferon (IFN) antiviral response
through its ability to block retinoic acid-inducible gene I and toll-like receptor-3 signaling {64, 65..
Therefore, the NS3-4A protease has become an ideal target for the development of new anti-HCV
agents. Telaprevir {(VX-950), a new protease inhibitor, has demonstrated substantial antiviral
activity in clinical studies [16, 32-34]. Administration of telaprevir even in monotherapy resulted
in ~ 4-log reduction of the plasma viral load in HCV genotype 1 infected patients after 14 days [16].
However, drug resistant viral variants were detected within several days during the dosing period.
The exact mechanisms underlying emergence of viral variants such a short time after initiation of
therapy is still not fully characterized.

This paper studies the prevalence of the pre-existing HCV variants and the evolution of drug
resistance in patients treated with a STAT-C agent such as telaprevir. We began with a simple
model including two viral strains: wild-type and drug resistant. The host cell infected with wild-
type virus can produce both wild-type virus and a small fraction of drug resistant virus due to
mutations. The two strains coexist before treatment, although drug resistant virus only accounts
for a very small proportion of the virus population. The pre-existing mutant frequency, defined as
the ratio of the number of the mutant virus to the total virus before treatment, is @ = p/(1 — 1),

which is dependent only on r, the relative fitness between drug resistant and wild-type virus, and
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1, the mutation rate. Using the simplified two-strain model, we developed an analytical solution
of the mutant frequency following treatment with telaprevir. We showed that the rapid increase of
the mutant frequency during therapy may not reflect the rapid replication of the pre-existing viral
variants, but rather could be a consequence of the rapid and profound decline of wild-type virus,
which uncovers the pre-existing mutant virus.

We studied the effects of mutation and hepatocyte proliferation on the pre-treatment mutant
frequency and the evolution of drug resistance during therapy. With the two-strain model, we
showed that backward mutation has a negligible effect on the pretreatment mutant frequency.
Because the protease inhibitor is highly effective against wild-type virus, both forward and backward
mutations do not have a significant impact on the evolution of drug resistant virus. However, when
drug resistant virus dominates the virus population, backward mutation is able to maintain the wild-
type virus at a very low level. Therefore, mutations during therapy do not contribute substantially
to the dynamics of HCOV variants. They cannot determine which strain will dominate the virus
population. The dynamics of each viral strain are primarily determined by ifs relative fitness.
When hepatocyte proliferation is included in the models, the analysis becomes more complicated.
In a specific case, we showed that the mutant frequency before treatment was not altered. During
treatment, wild-type virus is usually suppressed by the effective agent. Whether drug resistant
virus will also be suppressed depends on the proliferation potential of cells infected with resistant
virus, relative fitness of the mutant, as well as the drug efficacy.

We also developed a general multi-strain viral dynamic model that considers mutations among
various viral strains. We derived the frequency of the pre-existing mutant variants before therapy.
Without backward mutation, the frequency involves the relative fitness of all strains that have
fewer mutations. Even though including all the mutations can generate low levels of viral variants
that would otherwise be significantly suppressed because of fitness disadvantage in the presence of
drug pressure, the quasispecies dynamics are principally determined by the relative fitness of each
strain,

The prevalence of the pre-existing viral variants may be an important factor that influences
how quickly drug resistant viral strains emerge after drug administration. McPhee et al. [66]
examined the baseline prevalence of pre-existing HCOV variants resistant to protease inhibitors
using a highly sensitive assay (limit of detection < 0.1% of the total population). In 3 of 8 patients,
they detected the A156T variant at a frequency of 0.36%-0.75%. Cubero et al. [67] reported a
similar mutant frequency (0.78%) of the A156T mutant in a chronic hepatitis C patient never

treated with NS3-protease inhibitors. This frequency is higher than what we obtained in Table 2.
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The discrepancy can be explained by compensatory mutations (not considered in our models, see a
recent paper [68] modeling how compensatory mutations affect the emergence of drug resistance),
which allow partial fitness recovery of the mutant variants. It has been reported that three second-
site mutations, P89L, Q86R, and G162R, were able to partially reverse Al56T-associated defects
in polyprotein processing and/or replicon fitness without significantly reducing resistance to the
protease inhibitor SCH6 [69]. In the study of Cubero et al. [67], they also detected changes at
positions 89 and 88 (P89Q and Q86P) along with the A156T mutant. The presence of these
mutations might compensate for the A156T-associated fitness loss and result in a higher frequency
in untreated patients. The contribution of compensatory mutations to the pre-existence of mutant
viral variants and the evolution of drug resistance during treatment requires more in witre and n
vivo studies.

From the calculation in (15), the steady state viral level of an m-mutant strain is of the order of
4™, which implies that a mutant variant will have a very low frequency if it carries more mutations
conferring resigtance to multiple drugs. In fact, in clinical trials, HCV viral variants with three or
more mutations have seldom been identified so far. This raises the chance of success of an attractive
strategy that combines several specific HCV inhibitors targeting different steps of the HCV life cycle.
The combination treatment strategy is, in theory, the same as for hepatitis B virus (HBV) [70} and
HIV treatment [71]. This idea has been recently confirmed in in vitro studies [72-74]. When
replicon cells were treated with a nucleoside HCV polymerase inhibitor in combination with either
HCV-798, a non-nucleoside polymerase inhibitor, or telaprevir, the number of drug resistant viruses
was largely reduced [72}, suggestive of a lack of cross resistance among the evaluated inhibitors.
The data from a chimpanzee model of chronic HCV infection also support further investigation
of combination therapy consisting of direct antiviral agents [75]. Therefore, combination of these
specifically targeted antiviral drugs might be beneficial to HCV patients. More clinical data on
toxicity and drug-drug-interactions are needed. In addition, in vitro data indicate that telaprevir
and IFN act synergistically to inhibit HCV RNA replication and facilitate viral RNA clearance
in replicon cells [76]. In clinical studies [34, 77, telaprevir was combined with PEG-IFN-alpha-2a
and caused a continued antiviral response during the dosing period. Even in patients with viral
breakthrough following telaprevir alone, follow-up treatment with PEG-IFN-alpha-2a and RIBV
could inhibit growth of both wild-type and resistant variants [34]. These results suggest that HCV
variants with reduced sensitivity to telaprevir may remain sensitive to IFN plus RBV. Based on

this, it seems that IFN and RIBV will not be removed from antiviral regimens for HCV infection in

the near future.
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Materials and Methods

The Mutant Frequency after Drug Administration in the Two-Strain Model

Assuming 7" remains at a constant level, T, over a period of a few days after drug administration,

and ignoring the term p{l — e,

ypsls in the V. equation, Eq. (2) is reduced to the system

d

E&(ﬂ - ﬁsVSTO - 5Is>

d

—Vs(t) = (1 — p)(1 — es)psls — Vs,

dt

P (8)
g{g‘{r(t) VVVVV 3:VeTy — o1y,

—Vi(t) = (1 - e )p- L — cVi,

where Ty = ¢d/[(1 — p)psf;s] is the pretreatment steady state of target cells in model (1). We note

that the steady state Ty does not rely on the drug resistant virus because backward mutation from

drug resistant to wild-type was ignored in mode! (1).

The solution of the above system is
Vi(t) == Cﬂiht + C’ge’\zi,

where A;, 2= 1,2,3,4, are the eigenvalues of the system, given by

Vi) = Cae™t 4+ Cye™,

with

Ay = (C + "5)2 - 4&6 - (1 —eg)(l — ﬁ‘f)?sﬁsrjb}}

which can be simplified to

Ay ={c+6)°

_C,+§:&\fA_1

¢+ 5k \/’E
2 b3

Azg == 5

ANy = (C + 5)2 — 4[05 - (l - er}prﬁrTg],

- 455()5, Ag = (C 4 (’j)? — dch [.L (1 . ET}RT;{ .

h {1 —pu)R;

In Supporting Information 2, we show that (¢ + §)% > Ay > Ay > (¢ — 8)% » 0. Thus, A < 0,

i=1,2,3,4.

The coefficients Cy, 1 = 1,2, 3,4, are given by

VAL T (c{l C9e) 4 5] VB3 ¥ (a(-l + el e —ré)
C by Rt VS 0 N C = VT‘ 0 3
1.2 2\/-51— < ) 3.4 2\/3‘*2‘ ( )
where
V(0) = " Vi(0)
1= Re



We show in Supporting Information 2 that ¢; > 0, 1= 1,2,3,4.

The mutant frequency following treatment is then the following function of ¢,

Vi () B Cae?st 4 Cyett
V(1) + V() T CreMt 4 Chetet 4 Caetst  Cyetat’

/

D) =

which depends on ¢, 4, p, €, €, 7, and the time ¢ since therapy began.

Steady States of the Model with Hepatocyte Proliferation

If we ignore mutations during treatment, then the model with hepatocyte proliferation changes to

T+ I, + 1
L) =5+ prT(1 - —=2 0 _gr - BT - BT,
dt Loz
d T+1I,+1,
C 1ty = BVl + palo(1 - —2 00y gp
dtl‘s(w B VST'FPL[s(l T ) 81,
d . T+ 1+ 1,
—I.(t) = 8.V, T + p. [, (1 — ) — b1, {10
=8 + peLi( T ) (10)
ﬁV(z‘)—(l— Ypsls — Vi
ap s\ = €5)Psds — CVy,
d

ﬁ\/,.(t) = {1 - e p I V.

This is not a standard two-strain competition model because the two strains can coexist under
certain conditions. Substituting Vi = (1 — e)psfs/c and V, = (1 — ¢.)p, I, /c into the I; and I,

equations, respectively, we obtain

—E :L?‘ f fr 7
FL.&E@£§+Q&1__J;ii_qW5}szo (11)
c Trnox
and _ . .
(1-e)8, - ;
{Mﬁﬁ tp - LAl 5} I =o. (12)
& Tma«az

If ps = pr, then it is obvious that the two strains cannot coexist because of (1—¢,)8s0; < {1—¢ )0, pr.
If ps & py, then it is possible that the two strains coexist. In this scenario, from (11) and (12} we

have _
(1 —€5)BspsT — cd _Ps

‘:1 - G:r}fﬁrprT —c5 3{33"

which yields
{ps = pr)cd
(1 - 6?},135.6:"177' - (1 - 63),97'33173

Combining (11} or (12) with the 7 equation in Eq. (10), we can obtain the steady states [, and

I.. Since their expressions are complicated, we do not present them here.
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The Multi-Strain Model and the Pretreatment Mutant Frequency

The full model with 4 possible mutation positions (without backward mutation) is

Ly =s—dr S BV,

dt
d 7
a[j{f) o ,ﬁ:‘,"}T _ 5[}’3
d.,
%Vo(t) = (1 — p)'poly — Vg,
{
éif’};(t} = (1 — )Py + (1 — w)ipidy — cVi, i=1,2,3,4,
d 2 2 3 4 y
d—tV{:j(t) = p (1= 1)°polo + p(l — @) (pids + pi L) + (1L — p)pis Iy — cViy,
i,7=1,2,3,4 and < J, (13)
d - N
%Vz‘jk(o = u*(1 — wpolo + 2 (1 — 1) (L + p; I, + prdy)

(1 = w3 (pii Ly + puscLis + pidin) + (1= @) pise Lk — Vijis
t,5,k=1,2,3,4and i < 7 <&,
4

d F - -~ N )
—Vigsa(t) = pipolo + (1 — ) D " pidi + 21— ) D pyly

dt il G- 12.3.4
i<y
Fp(l - p)? S pagkdigr + (1= 0 prosadiza — ¢Viosa.
ik, 2,34
il j<k

In the first two equations, the strain index j is in the set £ (7 € Q), where 0={0, 1, 2, 3, 4, 12,
13, 14, 23, 24, 34, 123, 124, 134, 234, 1234}. Strain O represents wild-type virus; strains 1, 2, 3, 4
represent the viral strains with mutations occurring at positions 36, 54, 155, and 156, respectively.
Strains 17, 1,7 = 1,2,3,4 and ¢ < 7, are the strains with double mutations occurring at positions 7
and j. Strains ijk, 4,7,k = 1,2,3,4 and i < j < k, and strain 1234 can be defined similarly {Figure
5).

The basic reproductive ratio for each strain is R; = Gipis/{dcd), i € Q, and we define the ratio
ry s Ry /Rg, i € Q\{0}. r; represents the relative fitness between mutant and wild-type virus. In
the absence of selective drug pressure, r; falls within the interval [0,1].

A tedious but straightforward calculation yields the mutant frequency of the pre-existing viral
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variants before treatment. The viral load of each strain is

Vi = 1_%&@{%, i=1.2,3,4,
Vij = 1 _1”]{ 1 if»ﬂ)g ot 1i (r:Vi .'Tjif})j =1,2,3,4 and i < 4,
Vijk ] 1?4?3&{ - H) Vo -+ ( } (riVid- V5 4+ re Vi)
"'?“ﬁ(rij%ij + 7y Vi + T;‘W}k)} L k=1,234andi<j <k, (14)
%234:;11—234[(1— Vo + ( ——) Zr’v i —_—)2 S gl

Hoo 21034
FE]

b
o > riVie I
T k2,34
igk
where Vj is the steady sate of wild-type virus before treatment.
The above defines a recursive scheme, which allows us to orderly calculate the pretreatment

steady states of the double-mutant variants (V;), 3-mutant variants {V;z), and 4-mutant variant

(Vizaa):
L (oo, i=1,2,3,4and i <,
1-— Ty T—pu’ ’ ’

Vij=

1 .
k= (77— {1? Yoo+ > Uzm(l"%'ﬁg'%*c‘m)JVoy

1—7‘2}& l—

=13,k Lm=i1k
{<m
i,7, k=123 4and i < 7 <k, {15}
1
Vigsg = ———— {1”}*203 S oyll4oi+oy)
1= T1234 1_ ig=1,2,3,4
i ,
by (1 Y ar ¥ amtrate)|i
iJk=1,2,3,4 I=i gk L gk
i<k t<m

where o; = r;/{1 — ), 1 € Q\{0}. It follows that the prefreatment steady state level of an m-
mutant viral variant is of the order of ¢™. The ratio of the m-mutant variant to wild-type virus,
Vin—mutant/ V0o, depends on the mutation rate y, the relative fitness of the m-mutant strain and all
the strains with fewer mutations. The ratio does not depends on the relative fitness of the strains
with more mutations because we did not consider backward mutation in the model.

The frequency of the pre-existing viral strain 1 (¢ € 2) before treatment is then &; = V,/V 1,

where Vigiar = Z Vi. The frequency ®; depends on the mutation rate p and the relative fitness of
€0
all mutant strains, r;, 1 € Q\{0}.
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‘The above formulation of the multi-strain model and the calculation of the pre-existing mutant

frequency can be extended to include 7 possible mutations without difficulty. For example, suppose

tha

t mutations occur mainly at n positions and an m-mutant variant, Viymatans, has mutations

occurring at the first m positions. Then the pre-existing steady state of this strain is

1 B ovmes 12 -1 i I -2

W+ (— )" Vi + m 745 Vij

S e P A
i<

Vm—mumné = 1

In the above expression, the steady states of the other viral variants with fewer mutations can be

obt

ained recursively as in the scheme of equation (14). In this way, we can calculate the frequency

of all the pre-existing variants in a general model with n possible mutations.
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Table 1. Effects of backward mutation on the steady states and the mutant frequency before treat-

ment

Models Steady state of the  Steady state of the = Mutant frequency
wild-type virus V, resistant virus V. &=V, /(V,+ V)

Without backward

mutation (Model (1)) 4.9386 x 10° TU/mL  1.2350 x 10® TU/mL  2.5000 x 10~*
With backward

mutation (Model (3)) 4.9386 x 10% TU/mL  1.2348 x 10° TU/mL  2.4996 x 10~*

Note: Model parameters used to obtain the steady states of Vi and V, are: d = 0.01 day™!,

ps = 10 virions cell™! day™!, p = 1074, ¢ = 6.2 day™!, § = 0.24 day~!. Assuming 7(0) is about
1.5 x 10% cells/mL and V4(0) is about 5 x 10 IU/mL at the baseline before treatment, we have
Bs = 1077 mL day~! virions™! and s = 7.5 x 10° cells mL~! day~!. For simplicity, we assume that
wild-type and resistant viruses differ only in their replication capacities. We choose 3, = 35 = 1077
mL day~! virions™! and p, = 6 virions cell™! day™! (supposing that a single-mutant variant, for
example R155K /T, confers ~10-fold resistance and has a relative fitness of ~0.6 compared with

wild-type virus [32]).
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Table 2. Mutant frequency of the pre-existing viral vartants before therapy

Mutant viral variants Relative fitness Pretreatment frequency

V36A/M 0.98 5.00 x 1073
T54A 0.81 5.23 x 1074
R155K/T 0.62 2.62 % 107
A156V/T 0.45 1.81 x 107
36/155 0.82 2.85 x 1076
36/156 0.67 1.53 % 1078
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Figure 1: HCV life cycle. (1) Following viral binding, receptor-mediated endocytosis and membrane
fusion, nucleocapsid enters into the cytoplasm of the host cell; (2) Uncoating of nucleocapsid exposes
a positive-strand RINA genome; (3) Internal ribosomal entry site (IRES)-mediated translation of
the viral genome generates a large polyprotein, which is then proteolytically cleaved by enzymes
such as the NS3-4A serine protease to produce 10 viral proteins; (4) Viral polymerase, a product
of cleavage, participates in the synthesis of both positive- and negative-strand RNA genomes; (5)
Packaging and assembly of progeny virions; (6) Vesicle fusion at the plasma membrane and viral

release.
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Figure 2: Increase of the mutant frequency (upper panels; see Eq. (9)) and changes of the viral
levels (lower panels; blue solid line is wild-type virus, red dashed line is mutant virus) following
treatment with telaprevir (assuming the target cell level is constant, see Eq. (8)). t, is the time at
which the second-phase decline of wild-type virus begins, and ¢, is the time at which the second-
phase decline of drug resistant virus begins. Model parameters are: ¢ = 6.2 day ™%, § = 0.14 day ™!,
u = 107 per copied nucleotide, ¢, = 0.9997, and the Hill coefficient is h = 2. Left column: the
mutant, for example V36A/M, confers 3.5-fold resistance and R,/R;=0.98 [32]. We obtained the
eigenvalues A\; = —6.2, Ao = —0.14, A3 = —6.2005, Ay = —0.1395, and t; = 1.33 day, t, = 0.92 day.
Right column: the mutant, for example A156V /T, confers 466-fold resistance and R,/Rs=0.45
[32]. We obtained the eigenvalues A\; = —6.2, Ay = —0.14, \3 = —6.2628, \y = —0.0772, and
ts = 1.33 day, t, = 0.03 day. The increase of the mutant frequency following therapy is due to a

longer first-phase viral decline of wild-type virus.
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Figure 3: Competition between wild-type (upper panels) and drug resistant virus (middle panels)
during therapy. The total viral levels are plotted in the lower panels. Left column: assuming the
mutant, for example V36A /M, confers 3.5-fold resistance and R,/R;=0.98. Both wild-type and
drug resistant virus are suppressed. Right column: assuming the mutant, for example A156V/T,
confers 466-fold resistance and R,/Rs=0.45. Wild-type virus is suppressed, whereas drug resistant
virus arises and dominates the virus population, which results in a viral rebound in the total
viral level. The values of parameters used are: s = 7.5 x 10° cells mL~! day™!, d = 0.01 day !,
Bs = B = 1077 mL day~! virions™}, . = 107 per copied nucleotide, ¢ = 6.2 day~!, § = 0.14
day™!, ps = 10 virions cell™! day™!, e, = 0.9997, and the Hill coefficient is b = 2.
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Figure 4: Contribution of mutation to the evolution of wild-type and drug resistant virus during
treatment: assuming there is no mutation during treatment (thick dashed line) and there exist
both forward and backward mutations during therapy (thin solid line). Left column: assuming
the mutant confers 3.5-fold resistance and R, /R.=0.98. The solid and the dashed lines almost lap
over, which suggests that mutation has a negligible effect on the evolution of both strains when
the mutation confers a low level of drug resistance. Right column: assuming the mutant confers
466-fold resistance and R, /R,=0.45. Mutation still does not contribute largely to the evolution of
drug resistant virus, which emerges and dominates the virus population. However, wild-type virus
is maintained at a low level by backward mutation rather than being completely suppressed. The
values of parameters used are: s = 7.5 x 10° cells mL~! day~!, d = 0.01 day ™}, Bs = 3, = 1077 mL
day~! virions™!, p = 10™* per copied nucleotide, ¢ = 6.2 day™*, § = 0.14 day ™!, ps = 10 virions
cell™! day~!, ¢, = 0.9997, and h = 2.
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Figure 5: Mutation diagram: from the topmost (layer 0) to the bottommost (layer 4) are the
wild-type, single-mutant, double-mutant, 3-mutant, and 4-mutant strains. Backward mutation is
not considered. Mutations between strains that lead to transitions beyond one layer are not shown

but are considered in the multi-strain model. For example, the mutation from the wild-type (layer

Strain 12

Strain 0
(WT)

Strain 13

Strain 14

Strain 24

Strain 34

0) to strain 12 (layer 2) or strain 123 (layer 3) is not plotted in the diagram.
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Supporting Information 1: Steady State Analysis of the Two-Strain
Model

There are three possible steady states of the two-strain model before treatment: the infection-free

steady state

ED = (TQITS? VS) }-"7'31?7‘) = (3;030)0\0)7

the boundary steady state (only the drug-resistant strain is present)

65 dc d
E‘,» w (___,.._}O7O$ Rr — l . R«r _ 1\_> ‘
( )ﬁrpr ( B,

Brpr
and the interior steady state (coexistence of both wild-type and drug-resistant strains)

B - (:r 21V, T, %Tm, V,,) ,

where
e 123]

V e s
s 16"3 : ‘-&;s‘ 1_#;,-
N}_ IJ' -
V. =
Tl
. & . S8 . ., , A
Here r = R, /R, where R, = & and R, = Brp are the basic reproductive ratios of the

dcd ded
wild-type strain and the drug-resistant strain, respectively. Thus, r represents the relative fitness

of drug resistant to wild-type virus.

. 1
It is clear that E, exists if and only if R, > 1, and £, exists if and only if Ry > T and

r < 1—u. We will show below that these existence conditions also provide threshold conditions for
the stability of the steady states.

Linearizing the two-strain model about the steady state £, we get

DT = ~(d - 85+ BUIT ~ 5TV, - BTV,

%1,(15) — BT = S, + BTV,

d
%Vs{t} = (1~ pipsds — Vs,

d
5 V() = ppols + prly — i



The corresponding characteristic equation is

------ (d+ BVo+ BV — A 0 0 -3, T 8,71
BV —5— A 0 BT 0
BV, 0 -5 — A 0 3T =0, (S11-1)
0 (1= p)ps 0 —c = A 0
0 [iPs pr 0 —c—A

where A denotes the eigenvalue of the linearized system.

(i) The infection-free steady state Ep is locally asymptotically stable if Ry < 1/{1 — u) and
R, < 1, and it is unstable if Ry > 1/{1 —u) or R, > 1.

Evaluating the characteristic equation (SI1-1) at £ = Ey, we get

A+ d) A+ - (- u);'ascé} [(A LA+ 6 — Rocd| = 0. (ST1-2)

Equation (SI1-2) has one negative solution —d, and all other solutions are determined by either
(A+)A+8) =1~ pwRecd or (A+c)(A+6) =R, ed. TR, < 1/{1 —u) and R, < 1, then all the
solutions have negative real parts by comparing the modult of both sides of the equations. This
shows that Ej is stable under the given conditions.

When one of the inequalities is reversed, e.g., Ry > 1/(1 — u), we define an auxiliary function
FiAY = A+ (A +8) — (1 — u)R.¢. Then f(A) has at least one positive root since f{0) < 0 and
F(A) = boo a8 A — oo, Tt follows that the equation (A + ¢}{(A + 8) = {1 — uyRcd has at least

one positive solution. Therefore, £y is unstable,

(i1} The steady state in which only drug resistant virus is present, E., exists if and only if
R, > 1. 1t is locally asymptotically stable if > 1 — p and unstable if » < 1 — p.
‘We substitute the steady state E,. into the characteristic equation (SI1-1) and simplify it to the

following equation:

A+ o)A+ ) — 1 - pc&} (A AR+ &) (A4 8) — (A + d)cs| =0, (SI1-3)

The eigenvalues are determined by the equation

A e)(A+8) = -1?'_—_%5, (ST1-4)

or

(A+dRIA+ A+ 8) = (A +d)ed. (511-5)

By comparing the moduli of both sides of the equation (SI1-4) we show that all the solutions

have negative real parts if r > 1 — u, te, Ry > (1 — u)R;. Similarly, all the solutions of the



equation (511-5) have negative real parts whenever K, exists, L.e., Ry > 1. Thus, all the solutions
of the characteristic equation {511-3) have negative real parts when R, > 1 and R, > {1 — u)Rs.
Therefore, the steady state E, is locally asymptotically stable if » > 1 -~ u. By the same arguments
as used in {i), the equation (SI1-4) has at least one positive solution when 7 < 1 — u. This implies

that B, is unstable when r <1 — p.

(iii) The coexistence steady state F, exists and is locally asymptotically stable if and only if

Rs>1/(1—p)and r <1 p.

tion after tedious calculations:

(A+e)(A+6) — ’“pca} K)\—%d(l—g)ﬁs/\,ﬁ-&c)(,}\ 48y = (N +d)es| = 0.

1—p

Therefore, the solutions are determined by the equation

A+ )N b)) = b, {S11-6)

or

At d(1 = )R] (A < ) (A = 8) = (A~ d)cd. (S11-7)

It follows from the assumption v < 1 — & that all the solutions of (S11-6) have negative real
parts. Considering the moduli of both sides of (SI1-7), A must fall in the left half plane because
Rs > 1/(1 —p). Therefore, all the solutions of the characteristic equation are in the left half plane,
and hence E; is locally asymptotically stable.

On the other hand, if either of the two conditions, Ry > 1/{1 — u) and r < 1 — p, does not
hold, then E, does not exist. This shows that the steady state E. is locally asymptotically stable

whenever it exists.



Supporting Information 2: Several Inequalities Used in the Analy-

sis of the Two-Strain Model

1 M3 <A <A< A <.
From A; = (¢ + §)% — descd, it is clear that (¢ +6)? > Ay > (¢ — §)%2. Thus, we have \; =

NN —_ JAT
— H(S;—l <0and \g = — # < 0. Next we show that Ao > A;. Calculating the
difference, we obtain
(1- e,.)RT}
Ay — A 4degcd — 4cd |1 — ———F—
2 1 (d 66 65{ (1—,11)715
1-¢e)R, }
4¢d(1 — -1
o8 | T o
1 Rl
= 4c6(1—e){ =L },
YL - )RS

where R.. = (1 — ¢, )R, and R, = (1 — ¢;)Rs are the reproductive ratios of the resistant and
wild-type strains during therapy, respectively. Since we assume that drug resistant virus is more

fit than wild-type virus during therapy, we have that R, > R. Thus, Ay > A;. Finally, we show

1—e)R, . R 1—p .
that (¢ 4+ 6)% > As. It suffices to sh thvtl—(7>0,..,—i< , which hold
at (¢ + 9) 2 suffices to show tha 1= W)R, ie 7. . which holds
because wild-type virus is more fit than drug resistant virus before treatment (R, < Rs) and p is
2 < 2 C + 6 + V AQ
very small. Therefore, (¢+60)* > Ay > A} > (¢c—6)*. It follows that \3 = — —a < 0 and
0 — VA
A= — % < 0. Furthermore, from VA2 > VA, we have that A3 < A1 < Xy < A3 < 0.

2. C;>0,i=1,2,3,4.
(1 —2¢,)+6 - VA ,
(i) Notice that C; = _& 6;)\/1_ le(O) and Ay = (¢+6)%—descd. C > 0is equivalent
1
to —¢(1 — 2e5) — 0 + VA1 > 0. Thus, for Cy > 0 it suffices to prove that VA > ¢(1 — 2¢5) + 6. If

the right hand side is less than 0, then the inequality automatically holds. If the right hand side is

greater than 0, then we only need to show that A} > (¢ + 6 — 2ces)2, which is equivalent to e; < 1.
Hence, A1 > (¢ + 6 — 2ce5)? and Cp > 0.
(i1) Because A > ¢ — §, we have

c(1—2e)+0+vVA > c(1—26)+6+c—6
= 2¢(1—ey)

> 0.

(1 —2€) + 0+ VA, v
9 ,—Al s

(iil) For simplicity, we introduce a new parameter 8, defined as § = 1 —

Thus, Cy = (0) > 0.

1—e R,
—. Th ;

T—iR, us, 6 <1




Then O3, C4, and Ay can be simplified to
{1 -20) 45— Ay

“ A VO,
AAAAAA e(1—20)+6+ VB,
Cy = — o

and
&2 ey (C f 5)2 - 4€C6,

which have similar forms to Cy, Co, and Ay, respectively. Following the same arguments as in (i)
and {ii}, we can prove that C3 > 0 and Cs > 0.

3. 1, < tg and £ is an increasing function of ¢,.

Since t, is the time at which two curves Cheit and Che*?* intersect, we obtain that

& [
p=a N 1
In Ca In T

[ : .
To=A A VA

in %;i
= we obtain

C ¢
Calculating the difference between —L and =3

Y/ AQ‘ CQ (}74)
Ci Oy —cll—2) =6+ VA —c(l—-20)— 6+ /A,

Similarly, we have t, =

—— = - , S12-1)
Gy Ci 240t vB dl—28) 45+ /By (S12-1)
1—¢.R,
where # =1 — l‘ﬁ’}z_s

Using the common denominator to combine two fractions in (SI2-1), we obtain the numerator

which can be simplified to
defes /Ay — 8/AY) = 2(c + 8)(VAg — VAL, (S12-2)

Because drug resistant virus is more fit than wild-type virus during treatment, we have {1 —¢, )Ry <

1~¢ R, ) . : ,
(1—€e )Ry Thus, #==1~— ot €s since p is very small. It follows from (SI2-2} that

1-p R,

defesv/ By — 0/A7) = 2(c+ 6)(VAz — VAL > de(es/ By — e /A1) ~ 2(c + 8)(vV Dz — VAY)
= 2 Ag — /D)[2ces — (¢ + 6)]

> 0.

The last inequality holds because telaprevir is very effective in blocking production of wild-type
virus {¢s is close to 1) and virus has much faster dynamics than infected hepatocytes (¢ » 4).

C b
L 0'3. Also considering that Az > A, we have t, > ...

Cy Gy

Therefore,



Furthermore, we can prove that ¢, is an increasing function with respect to ¢,, the efficacy of

the protease inhibitor against the drug resistant strain. As ¢, decreases {corresponding to a more
I -6 R

resistant viral strain), # =1 — - ’R_r decreases and Ag = {¢+6)? — 40¢d increases. Rearranging
- 5
éi—, we have
Gy —c(1-20)-d0+ Dy 2V A, 2y
Co e{1-20)+d0+ VA;  c(1-20)+6+4 vy 14 f(B)
where

}“{9)—6<1_2§}+§- e(l—28)+4
T VA Vic+ 82 —40cs
Taking derivative of f(6) with respect to 8, we obtain

—2¢ {(e +6)% - 45’65:1 + 2¢d {c(l - 268) + 51
f’{é‘:ﬁ = 3
2

{@«5%-4&%

The numerator of the above fraction can be simplified to 2¢2(268 — ¢ — &), which is less than 0

¥

o C:
because 86 < ¢ and 8¢ < 5. Thus, as # decreases, f{#) increases. Consequently, C—3 decreases and
4
In& 4 o .
ty = \/f decreases. This shows that ¢, Is an increasing function of €.
2




Supporting Information 3: The Mutant Frequency in the Model
with Backward Mutation

Before treatment, the model with backward mutation is

d
ZT(t) = s —dT — VT - 5V, T,

a4
dt
i

Z1o(8) = BV,T - S, (S13-1)

d
d_li%(ﬂ = (1 - ;U')ps[s + uprd, — Vs,

[s<t} = J VT — 61,

d
@VT@ = upels + {1 — wip, I, — Vi

There are only two possible steady states of the above model: the infection-free and infected
{coexistence) steady states, We are interested in the latter one, From the [; and V; equations, we

obtain

ppe 3 TVe = [e6 — (L= p)ps 8,11V, (513-2)

where T, V, and V, represent the steady states of uninfected target cells, wild-type and drug

resistant ‘virus, respectively. Similarly, from the [ and V; equations, we obtain
ppsBsTVs = led — (1 — w)p, BTV (SI3-3)

Thus, the two strains coexist only when

(1- #)psﬁsf

P <1 (S13-4)

and

92%%5%§<1. (SI3-5)

From (S13-2) and {S13-3), we obtain an equation that the steady state of uninfected hepatocytes,
T, must satisfy

(1- 2”)1)5[33371"3?'?2 -{1- li>66(p.s.63 +Pﬂffr:’T ¥ (Cé>2 =0,

which has two solutions:

Tl ) = (1 — w1} {psfs + prBr) £ ‘\/{(1 - fix??sﬁs + Pr*ﬁr)}? — 41 = 22)ps s Pr 6.

2(1 - 2!‘)133185??*?3? <SI3M6>



Ignoring p, we have two approximate solutions:

T = 2 (choosing “+” in (SI3-6))
Prlr

and

Ty~ ¢ (choosing “~" in (SI3-6)).
Dsis

Because of the conditions for the existence of the coexistence steady state, (SI3-4) and (SI3-5),
only T5 is feasible. Thus, the mutant frequency before treatment can be calculated based on the
equation (SI3-3):

o —

Ve b= (1= pp By’

Vv, 1

+

1+ =
1psBsTh

Vs

where

T — (1 - /J')(psﬁs + prBr) — \/[(1 — 1) (ps:ﬁs + prﬂr)]Q - 4(]- — 20)ps Bspr Br 5
- 21 — 2)psBsprBr '

Using Ty, ® can be further simplified to

# , SI3-
(=@t + O AP 202 0 =
2

R, , -
where r = = It is clear that ® depends only on g and 7.

S
It follows from (SI3-7) that ® can be approximated by

: H .
S l-r+p(l+r) (S138)

which is less than 1 = -, the mutant frequency in the model without considering backward mutation.

In fact, it can proved rigorously that &, < ®,,,, where &,, represents the mutant frequency with

backward mutation (defined in (SI3-7)) and ®,,, = : £

—-r

is the mutant frequency without backward
mutation. For the proof, it suffices to show that

(1= +7)+ /[0 — W@+ =41 - 2u)r
2

+p(l4+7r)> 1.

The above inequality is equivalent to r < 1, which holds because resistant virus is less fit than
wild-type virus in the absence of treatment (R, < R). Therefore, ®, < ®,, However, from
the approximation of ®, (Eq. (SI3-8)), we observe that the difference between ®,, and ®,,, is
miniscule. This shows that backward mutation does not play a significant role in the pre-treatment

mutant frequency.



Supporting Information 4: The Pretreatment Mutant Frequency

in the Model with Hepatocyte Proliferation

The model with hepatocyte proliferation is

d b4k
ST) = s+ prT(1L - Tty 4T - BViT - BViT,

Tma:c
d T+1,+ I,
—Ts(t) =+ = ) =
7 s(t) = B VLT + psI5(1 T ) — 01,
d T+1;+ 1,
—I.(t) = 6.V, T I (1 - ——) — 401,
p T() Vel 4 p ( Tnce )
d
Et'vs(t) = (1 - u)psls — cVs,
d
E‘/;'(t) upsls +prly — cVr.
From the V; and V, equations, we have
P e (1-— ,U')psfs I - .U'psfs +Prfr
S c T c *:
Substituting into the I5 and I equations, we obtain
(1 B :U')/BSPST T EX _.s L _r
L BTV Y i e, T
c * plS( Tnax ) g

and B o o ¥
Br(ups s +pTIT)T +p T+ I+ I'r) —5

cl,
If ps = p,, from the above two equations we have

(1 — p)BspsT o= Br(ppsls + p, I)T
¢ ok

which yields

- M,Hrpsjs
’ (1- 1) Bsps — Bror
_ /J'psjs + prfr

Substituting into V; = “——=—"""" we have
c

w #psj,s' T
VI' : ]- + bl
c ( 1—pu— 7‘)

where 7 denotes the ratio R, /Rs.

_ 1— wpsl
Considering V; = w, we obtain the mutant frequency
c

(I):_ — =



which is the same as the mutant frequency in the model without hepatocyte proliferation. It should
be noted that although the mutant frequency is the same as that in the model without hepatocyte
proliferation, the steady states of wild-type and resistant virus are not necessarily the same as the

previous ones. They also depend on pr, ps, pr, and other parameters.



