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Abstract 

a novel 

strated substantial antiviral 

o virus (HOV) NS3-4A serine nrfHP''''P inhibitor, has demon 

in infected with HOV 1. Some ex-

perience viral breakthrough, which has been shown to be associated with emergence of telaprevir-

resistant HOV variants 

resistant viral variants 

treatment. The exact mechanisms underlying the selection of 

are not understood. In this paper, we a 

two-strain model to prevalence of the mutant virus and derive an 

solution of after administration of the inhibitor. Our sug-

that the increase of the mutant during is not due to mutant growth 

but rather due to the and which uncovers the 

mutant variants. \Ve examine the effects of backward mutation and on 

resistant 

model with multiple viral 

the of the mutant virus and the between 

virus We then extend the 

strains. Mutations do not 

are capable of 

nnrp,,·,pl1 because of fitness 

of various viral 

low levels of HOV variants that would otherwise 

may not affect be 

the 

ks 

frequency of mutant but is able to influence the 

therapy. It is the relative fitness of each mutant strain with that 

determines which 

framewor k for 

resistance 

will dominate the virus Our provides a theoretical 

the of 

treatment with other 

mutant variants and the evolution of 

inhibitors or HeV polymerase inhibitors. 
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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. 'vVe have developed a mathematical model that can explain the rapid selection 

of drug resistance in HCV patients treated with t.elaprevir. 'vVe 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. 
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Introduction 

Chronic viral infection with C virus has caused an with 

170 million infeded worldwide and 3 4 million individuals newly infected each year 

About infected progress to chronic infection [2]. 

infected, a of serious liver disc;l.qrc; such as cirrhosis and 

carcinoma The current standard for HCV infection consists of interferon 

administ,ered once with daily oral ribavirin (RJ3V) for 24 or 48 weeks 

the combination exerts ,,,,,,,,,rrnct-, antiviral effects , it leads to sustained elimination of 

the virus in some treated The HCV appears to be the most factor 

in predicting response. In infected with genotypes 2 and 3, about of achieve 

sustained viral response (SVR), defined as the absence of detectable serum HCV RNA 24 

after of treatment; whereas in infected with 1, the 

affecting North America, and about 40% of treated individuals show SVR 

Lack of a complete response, viral 

due to adverse events that occur 

following treatment, and 

all contribute to this 

rate observed among HCV genotype 1 infected Therefore, new antiviral 

efficacy, shorter treatment and a more favorable side-effect 

in combination with other antivirals are desirable. 

New treatment options are focused on the of inhibitors that 

termination of 

response 

or 

of the HCV life Such antiviral of specifically anti vi-

ral (see reviews in An important is the HCV-encoded 

NS3-4A serine In clinical trials HCV inhibitors have been tested to treat 

HeV have shown an to block the NS3-4A 

of the HCV which is an essential step in viral 

tion replication will be discussed in detail later). The first protease J3ILN 2061 

1 

SCH 503034 

, showed antiviral in infected with HCV 

was halted due to 

another oral HCV nT'l)r.P""P 

also demonstrated substantial antiviral effects when used in combination with 

in HCV who were 

(VX-950; Vertex 

inhibitor of NS3-4A that is effective in 

4 

to 

viral 

and 

pm_<,,"_lVl1 in HCV 



cells . It had a favorable 

several animal models , and in 

with high exposure in the liver in 

decline of plasma HeV RNA 

levels of the order of 3-4 in patients infected with HeV 

l<:rrlPr,[TPTlf'P of resistant mutations a problem ""C"'C;ll1-'.' 

because of 

ated nrr1r;r'r"" 

(see reviews III 17]). Like most RNA 

llL.ctClVll through an error-prone RNA 

As a consequence, the viral 

variants 

whose is subject to continuous 

ated mutants and variants with different 

minor viral with reduced 

1 treated for 14 days 

of 

HeV evolves 

that lacks associ­

mixture of 

gener­

antiviral 

to the administered 

or a growth over and rapidly become the dominant n'o,~r.i·"y", 

[25, The amino acid substitutions that to inhibitors and 

to confer resistance have been characterized in vitro in the HeV system 

Recently, the initial selection and kinetics of HCV variants have been de-

scribed in the inhibitor alone 32] or in combination with PEG-lFN-

14 of treatment resulted in substantial decreases in HeV RNA 

there was evidence of viral in ::lome which 

was believed be associated with the selection of HeV variants with reduced to 

vir Using a highly sensitive assay, Sarrazin et al. identified mutations that 

confer resistance to in the NS3 domain and correlated them with vi-

rologic response. These mutations were further confirmed in a [34] that 

a detailed kinetic HCV variants in patients treated with telaprevir or in combina­

group exhibited 

3 contained 

of virus 

tion wit.h for 14 Four of the 8 

viral load rebound 

low levels 

isolated at 

of dosing) 

period. Virus isolated from these h}CLldt,l",," 

of which increased in the 

tV'",CtU by more resistant double-mutant variants 14 

during the first follow-up week with standard . Why resistant 

viral variants were selected this 

potential mechanisms underlying the 

treatment with remains unclear. The 

emergence of mutant variants and the evolution of 

resistance 

For human 

been ri.,,,,,!!r;n to 

virus (HlV) antiretroviral 

the of 

5 
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resistance treatment evolution of resistant virus 

during therapy. In this study, we address these 

treatment with the inhibitor vVe begin with a 

model in which liver e.g., infected with Wild-type virus are able to 

virus but also a small amount of drug resistant variants. 

that both strains coexist before treatment and the mutant 

on only the mutation rate and the relative viral fitness between resistant and 

With reasonable we develop analytical solut,ion for the mutant 

which the rapid selection of 

resistant variants following t.reatment. \Ve describe the between 

and HIV 

in HeV 

two-strain 

not 

virus, 

in 

resistant virus treatment, We also the effects of backward mutation and hepatocyte 

on the 

two-strain 

mutant and the evolution of viral variants 

a multi-strain model in which resistant 

Hev variants that differ in more than one mutation are We calculate the 

of each viral strain in untreated 

viral variants are also 

can be used to study the 

The results of the between 

Our work offers mathematical framework that 

mutant variants and the evolution of 

[Pt;lstance treatment with other IT'll''P'·l.'-''- inhibit.ors or HeV inhi bi tors. 

A Model 

Before the model, we use a hypothetical HeV life 1) as a framework for 

our current of virus III 45]), 

The exact mechanism which HeV enters of is still 

unknown. It is presumably and possibly involves eDS1 [46] and the 

human scavenger class B type 1 (SR-Bl) fusion of the viral and celIu­

lar of the host cell and releases a 

RNA genome This genome serves, with 

RNAs, multiple roles within the HeV life a messenger RNA (mRNA) for translation to 

UL 'Ju<:;lU. as a. for HeV RNA and a nascent genome 

that is o,"'''''I'.'='U in progeny virus polyprotein is then cleaved several 

enzymes the NS3-4A serine to 10 viral the structura.l 
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core E1 and small membrane , and the non-

structural NS4B, NS5A and NS5I3. This followed HCV RNA 

replication that occurs in a membrane termed the 'membranous 

web', whose formation is induced the The process of 

RKA is not fully but is to be semi-conservative and 

the genome RNA serves as a template for the of a inter-

RN A then serves as a multiple nascent genomes. 

Both of these by the NS5B (RdRp). In the 

structural E2 and C have matured. Together with progeny 

genomes, assemble and are for vesicle fusion at the host cell after 

which new HCV virions are released into the extracellular milieu by 

The viral is an enzyme tha.t the and 

rate of ., per copied nucleotide . Furthermore, since the 

iaUll':"ll" , it cannot correct mISll1.corp()ra.LI that oc-

cur mutation rate, with rapid HCV 

and the large viral IJV~>U"~L diversification of viral and 

in LllO.uiV'll;), a.nd in distribution of 

the virus population in infected individual 

We a mathematical model, which was ..,,,,,,,,,"),,,,,,, to HIV-l infection [52] and drug 

re~i~tance , to examine of HCV before and treatment. Based 

on the error-prone nature of the HCV t()C'vt"" infected with wild-type virus are 

to both and mutant variants. A model two 

is described the 

d
1 dt S 

mutation confers a certain level 

dT ~ 

8£.5) 
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where T is the number of target cells; Is and IT are the numbers of cells infected with wild-type and 

drug resistant virus, respectively; Vs and 17,. 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 (35' and infected with drug resistant virus at rate (3T' Once infected, cells 

die with death rate 6. HCV virions are produced at different rates, Ps and PT, by infected cells, Is 

and In respectively, while the two strains have the same virion clearance rate c. Taking a single 

mutation into account, we assume that Is has a probability p, to produce drug resistant virus. IL 

is about 10-4-10-5 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-l. Thus , an infected cell can produce a spectrum of viral 

variants (a model with multiple viral strains is discussed later). I3ackward 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 p, > 0, there are three possible steady states of model (1): the infection-free steady state (Eo), 

the steady state in which only drug resistant virus is present (ET ), and the steady state in which 

the two strains coexist (Ee) (Supporting Information 1). Defining the basic reproductive ratios 

[53], Rs = s sPs / (dc6) and Rr = S(3TPT/(dc6) , of the wild-type and the drug resistant strains, 

respectively, we obtain the conditions for the existence of these steady states: ET is feasible if 

and only if RT > 1; Ee is feasible if and only if Rs > max(l/(l - IL), R r/(l - IL)). 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 RT to Rs, i.e., r = RT/Rs = (3TPT / ((3SPS) , 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- p,) and RT < 1, Eo 

is locally asymptotically stable; (ii) when Rr > 1 and r > 1 -IL, ET is locally stable; and (iii) when 

Rs > 1/(1-1L) and r < 1- p, Ee is locally stable. Considering the predominance of wild-type virus 

before treatment (Rs > 1) and resistance-associated loss of fitness (Rr < R s, i,e" r < 1) [32] as in 

HIV-1 [54], the conditions in (iii) are typically satisfied because IL is very small. As a consequence, 

the solutions of model (1) converge to the steady state Ee, i.e. , both wild-type and drug resistant 

viral strains coexist in infected individuals before therapy, 

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

lation from the coexistence steady state Ee, The mutant frequency is given by <I> = v,./CVs + VT ), 

8 



where and are the states of and resistant virus, 

the results in Supporting Information 1, 1> can be simplified to iP f-L/(1 r'), where T 

the mutant before only on the mutation rate and the relative 

fitness between mutant and virus. This is consistent with the result of of 

resistant mutant HIV -1 before antiretroviraJ treatment 

remains a very low 

also note that the mutant 

it coexists with 

obtained as above is 

Since f-L is small, the mutant variant 

before treatment. vVe 

to the result in 

where the mutant is derived the mutation-selection balance the 

of a deleterious allele is to the mutation rate divided by the 

selection coefficient to 1 T in the of 

of the Mutant Frequency following 

The HeV NS3-4A serine protease an role in viral polyprotein 

at the NS3-4A and all downstream sites. a new has been 

,,,,,,,,,,,,,,,,.,,., to block this in the viral life and has been shown to profoundly reduce 

the viral load in infected individuals 32]. This is not of 

are needed to mediate viral RNA and virion 1) . 

and Er are the efficacies of in blocking viral production for wild-type 

and resistant virus, where 0 ::; [s, 1 with E = 1 a effective 

the model under treatment 

d 

the protease inhibitor reads 

s dT 

= (1 f-L)(1-

= 11(1 - + (1 

T remains at a constant level, , over a period of several days 

and 

to 

the term p.( 1-- in the 

), we can reduce to a solvable 

1> ( t) = V;. ( t ) / (V, ( t) + v,. ( t ) ), after 

and develop an 

administration 

iP(t) on c, 0, f-L, cS 1 En and the relative fitness 

9 

and Cs is close 

solution of t,he mutant 
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To 

mine the 

virus can be 

the of the mutant frequency after we have to deter-

for each strain. The effectiveness of a drug "');(Lllli)" 

function 

is the drug is the concentration of 

+ 
needed to inhibit viral 

h is the Hill coefficient. Based on the of the 

the wild-type strain was calculated to be 0.9997 consistent with the 3-4 

was administered in monother­

an n-fold increase of 

drop of HeV RNA levels when 

for the mutant virus with n-fold 

we have + From the above two we obtain the 

for an n-fold resistant mutant based on the efficacy for the wild-type strain: 

values and constant shows that the 

mutant frequency increases from the low level > within 

does '" 2 treatment 2). the rapid increase of the mutant 

not UC:'.C00O,! 

treatment. In 

A4 < 0 

treatment 

the resistant viral variant grows this rapidly 

a close look at the of the we find ).3 < < ).2 

Informat.ion 2), which that. both resistant viruses 

decline when H"sume T over a of several days 

the resistant strain decreases more than 

because < Al 0 and the difference between 

small Information 2) as Es is close to 1, whereas it decreases slightly slower than wild-

type strain in the viral decline < 0 and is An 

result is that the duration of the viral decline of resistant virus is shorter than 

that of 2). Denoting ts the time at which the decline of 

and tr the time at which the Se(;OnlO-pn,ase decline of resistant virus 

we show that t,. < (, in Information 2. 

t.reatment is not due to t,he 

it is due to a first-phase decline of wild-type 

the increase of the mutant 

resistant 

the U!'O-CA10 

variant. 

mutant variant. 

Competition Two during Therapy 

mutant virus of its resist.ance as shown in 

2, is due to the that the number of cells remains at a constant 

baseline c6/[(1-- the treatment. If we describe the 

10 



of target cells as in the model Eq. , then resistant virus is able to emerge and 

ultimately dominate the virus population under certain conditions. 

we define the 

(1 

the model 

and Before both strains 

ratios under treatment, 

but resistant virus 

remains at a very low level 

of the efficiency of the nrr,t""""", inhibitor in 

virus is usually 

resistance IS 

if mutation confers 

state 

If mutation 

will also be 

R~ becomes less than 1 because 

of virus. 

confers a low level of drug 

resistance is small), 

Information 1, the 

than 1. 

In 

resistant virus will "v''',,'C"'. wild-type and dominate the population under this condition 

3, In this case, n"'L"(.),,,"r the of resistant virus to a level 

takes more time than the increase of the mutant frequency derived in the last section 

2c and 

The of Backward Mutation 

WI' compare model backward with the model treatment, 

tr = 0) backward mutation from resistant to sensitive virus. Here we are 

a 

V36M mutation 

same rate as forward mutation. 

d 

dt 

d 
d/,(t) 

confers that mediates the 

from GTG to so that back mutation occurs the 

s -dT 

d 
dt 

d 

(t) = 

dt 

d T T ( • 

dt Vr t) 

-= (1 

+ (1-

Before therapy 0), the above model remains at the infected state, in 

which the two viral strains coexist. In Information 3, we derive the steady states and 

calculate the mutant before treatment. The mutant can be ap])rc!xlIna1Ged 

T + JL( 1 which is less than mutant frequency in the absence of backward 

11 



mutation, cI> = J1)(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- trea.tment 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 dyna.mics of the model given by Eq. (3) with the 

model in which both forward and backward mutations are ignored (J.L = 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 Y35M I 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 

A155Y IT mutant confers 455-fold resistance [32]), the contribu tion 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 J.L(1 - fs). Therefore, mutations only playa minor 

role in the dynamics of drug resis tant virus during treatment. 

Without mutation (J.L = 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 

( R~ > R~), it outcompetes the wild-type strain. On the contrary, if R~ > R~ , then wild-type virus 

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

The Model with Hepatocyte Proliferation 

Hepatocyte proliferation, which is important in liver regeneration [50], can also compensate for 

loss of hepatocytes during HCY infection, and thus has been included in mathematical models 

[51]. Models with proliferation can explain complex HCY RNA profiles, such as the triphasic 

viral decay observed during treatment of some patients [52]. 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 

12 



proliferation is 

d r T + Is + IT r 

-d T(t) = s + PTT(l - T ) - dT - f3s VsT - f3T v,.T, 
.t max 

(4) 

d 
dt Vs(t) = (1 - J..l)psfs - cVs , 

d 
dt VT(t) = J..lPsI s + PrIT - cVr, 

where uninfected hepatocytes (i.e., target cells), hepatocytes infected with wild-type virus, and 

hepatocytes infected with drug resistant virus can proliferate with m&'Cimum proliferation rates PT, 

Ps, and Pr, respectively. Tmax is the maximum level of the total hepatocyte population. It should 

be noted that the value of the target cell recruitment rate, 5, is different from the previous one in 

model (1) because of the inclusion of proliferation in the T equation. Also, s <::: dTmax so that in 

the uninfected liver T <::: Tmax. 

\iVe 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 Ps = PT' 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 Ir. In fact, the two strains can coexist under certain conditions during t.reatment 

(see Materials and fl/lethods). 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 ET · 

A Multi-Strain Model 

During treatment with telaprevir, mutations mainly occur at 4 positions in the HeV 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. \iVe ignore backward 

mutation and assume that the probability of a mutation occurring at each amino acid is identical, 

denoted by /1.. A schematic diagram of the mutations between these viral variants is given in Figure 

13 



5. The multi-strain model and the pretreatment 

in Materials and Methods. 

of drug resistant viral variants are 

The multi-strain model includes possible viral strains that bear mutations at the four 

tions. a few mutant strains were detected during treatment with 

of all the strains with two or more mutations, strain 13 and strain 14 

were observed. only these observed the multi-strain 

model is red uced to 

=s I: 
j 

1,2,3,4, 

+ (1 

It+ + (1 

In the first two j belongs to new index set 8 (j E , where e 1, 2, 3,4, 

13, From the calculations in Materials and rdethods (14) and the 

states of mutant strains are 

i = 1,2,3,4, 

where is the state of the II"Lrur<o virus and ri i E 

rPT,rr-""'>1nt" the relative fitness of strain i. 

estimates of relative fitness the of 1) of each 

mutant strain derived from a clinical ,ve obtain the mutant 

viral variants before therapy 2). For the 011I"-lC;-1l,LU is determined 

by its relative fitness the the relative fitness, the the For the strain 

with two mutations, the frequency also relies on the relative fitness of those strains 

that can mutate to the double-mutant strain. various mutant variants may exist before 

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

14 



1l1l'Vl'-'l'."~" such as [63] may allow one to determine their but to our 

this has not been done 

Dynamics Therapy 

As mutation during treatment does not have a effect on the 

evolution of viral variants, lVlutation is of 

otherwise be 

determine which 

the mutations 

becomes 

THyr"",'''v; due to their fitnes;; 

will dominate the virus 

low levels of viral variants that would 

",,,,,,;1M", but mutation alone cannot 

where i E e 
The 

therapy, Here we all 

in (5). Then the multi-strain model under treatment 

1, 2, 3, 4, 1:3, 

d 

dt 

=8 dT L 

(1 

ratio for each strain under is; R: 

(7) 

i E e. The 

above model TPY,rp"pn a multi-strain system. The f"{)'rY1T',ptl exclusion principle also 

two viral strains cannot coexist unless they have the same 

ratio. following the similar arguments in Supporting Information 1, it can be shown 

that the viral strain with the ratio will if all the 

ratios are different from each other. All the other strains with lower 

ratios will die out. Rj), for any j E e and j =I- i, then solution 

of the will converge to the state in which 

strains have the then they can coexist 

reproductive ratios are greater than 1 and than the 

A few issues need to be kept in mind when one discusses the 

strain i is nrc,Qo,.,t If two or more 

their 

ratios of other strains. 

First, only of all variants are 

of va.rious viral varia.nts 

detected in clinica.l 

treatment does not that a.re 

not 

observe the other viral strains 

even if certain viral strains are to die out from the above 

in may be nr.o",,,,.,,t because are mutations. 

should remain at very low levels and may exist below the detection limit of assays. 

we say a viral strain will die out or we are to its state level 

15 
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the short of in clinical even the viral variant with 

the lowest fitness might be observed. 

Discussion 

NT uch of the recent HCV effort has been focllsed on new for 

HCV 1 infection becallse of its and relatively poor response to current standard 

em·'nll'" for HCV to be an treatment. 

attractive is to achieve a with shorter treatment 

r.nm<mr of drug resistance has been a duration and better 

limitation for such treatment options. The HCV rate and the error-prone nature 

of viral RKA number of mutant viral termed a 

from which variants resistant to 

resistant viral variants have a fitness 

used can be selected treatment. Since these 

I.L"v"" virus in the presence of 

pressure, they are able to evolve and dominate the virus 

The HCV NS3-<lA serine involved in viral but also 

contributes to HCV HCV escape the interferon (IFN) antiviral response 

its to block retinoic acid-inducible gene I and toll-like rr:){'t>"t(")r_ 

has become an ideal target for the development of new anti-HCV 

has demonstrated substantial antiviral 

in clinical studies [16, Administration of telaprevir even in monotherapy resulted 

in '" 4-log red uction of the !JW("Uo. viral load in HCV 1 infected 14 

resistant viral variants were detected within several the 

The exact mechanisms emergence of viral variants such a short time after initiation of 

therapy is still not characterized. 

This paper studies the of the 

resistance in treated with a 8TAT-C 

model two viral strains: 

HCV variants and the evolution of 

We began with a 

resistant. The host cell infected with wild-

virus can both virus and a small fraction of drug resistant virus due to 

mutations. The two strains coexist before resistant virus accounts 

for a very small proportion of the virus The mutant defined as 

the ratio of the number of the mutant virus to the total virus before is cP 

which is on r l the relative fitness between drug resistant and wild-type and 

16 



11, the mutation rate. the two-strain we an 

follo\ving treatment with We showed that the of the mutant 

the mutant may not reflect the of the 

solution 

increase of 

viral 

but rather could be a consequence of the rapid and decline of 

which uncovers the mutant virus. 

We studied the effects of mutation and the mutant 

and the evolution of drug resistance during With the two-strain we 

showed that backward mutation has a effect on the mutant 

Because the inhibitor is both forward and backward 

mutations do not have a impact on the evolution of resistant virus, when 

resistant virus dominates the virus backward mutation is able to maintain the wild-

virus at a very low level. do not contribute 

to the dynamics of HCV variants. cannot determine which strain will dominate the virus 

The of each viral strain are determined its relative fitness, 

When hepatocyte Vlll<:;l<LvJiVll is included in the models, the analysis becomes more 

In a case, we showed that the mutant 

virus will also be 

virus is usually 

nn'rp"',Pri depends on the 

relative fitness of the mutant, as well 

before treatment was not altered. 

the effective vVhether resistant 

of cells infected with resistant 

the 

We also a multi-strain viral model that considers mutations among 

various viral strains. We derived the 

'Without backward 

fewer mutations. Even though 

that would otherwise be 

drug pressure, the 

strain. 

of the "'-"A'C"""'''- mutant variants before 

relative fitness of all strains that have 

all the mutations can generate low levels of viral variants 

because of fitness in the presence of 

are determined the relative fitness of each 

The of the viral variants may be an factor that influences 

how resistant viral strains emerge after administration. Iv1cPhee et aL [66] 

examined the baseline of RCV variants resistant to inhibitors 

a sensitive assay (limit of detection < 

detected the A156T variant at a Cubero et aL a 

similar mutant 

treated with 

of the A156T mutant in a chronic C never 

inhibitors. This is than what we obtained in Table 2, 

17 



The can be mutations considered in our see a 

recent paper modeling how mutations affect the emergence of 

which allow partial fitness recovery of the mutant variants. It has been that three second-

mutations, PS9L, 

in 

inhibitor SCH6 

89 and 86 (P89Q and 

were able to 

fitness without 

of Cubero et aL 

reverse A156T -associated defects 

resistance to the 

, they also detected at 

with the A156T mutant. The presence of these 

mutations 

in untreated 

for the A156T-a.<;sociated fitness loss and result in a 

The contribution 

viral variants and the evolution of 

vivo studies. 

From the calculation in , the 

mutations to the of mutant 

treatment requires more in vitro and in 

state viral level of an m-mutant strain is of the order of 

, which that a mutant variant will have a low if it carries more mutations 

resi::ltance to In in clinical HCY viral variants with three or 

more mutations have seldom been identified so far. This raises the chance of success of an attractive 

"LT'" U'OV that combines several HCY inhibitors different of the HCY life 

The combination treatment in n virus [70] and 

HIY treatment . This idea has been recently confirmed in in vitro studies [72-74]. When 

cells were treated with a nucleoside HCY inhibitor combination wit.h either 

a non-nucleoside 

was reduced 

The data from a 

of combination 

a.nd IFN act 

or , the number of drug resistant viruses 

of lack of cross resistance among the evaluated inhibitors. 

model of chronic HCY infection also further 

of direct antiviral [75]. 

be beneficial to HCY 

combination of these 

More clinical data on 

vitro data indica.te that 

inhibit HCY RNA replica.tion facilitate viral RNA clearance 

in cells In clinical studies , telaprevir was combined with 

and caused a continued antiviral response the period. Even in pV'v'"'''"''' with viral 

following trea.tment with and Rny 

could inhibit of both and resistant variants These results that HCY 

variants \vith reduced sensitivity to teJaprevir may remain sensitive to IFN Rny. Based on 

it that IFN and Rny will not be removed from antiviral for HCY infection in 

the near future. 
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lVlaterials and Methods 

and 

Mutant 

T remains at a constant 

the term fl(1 

d 

dt 

in the Model 

few after 

(2) is reduced to the 

state of cells in model We note where 111 

that the state does not 

resistant to was 

on the drug resistant virus because backward mutation from 

in model 

The solution of the above is 

+ 

where ,\x,i 1,2,3,4, are the ""'''OiLV,eL' 

with 

=(c-r- (1 - (1 -

which can be to 

(c + 

In Information 2, we show 

1,2,3,4. 

The coefficients 1,2,3,4, are 

where 

= (c 

(c 

19 

> 

by 

(c -r-

4co [1 
> 

~~ (1 

> (c o. Ai < 0, 



'iVe show in Supporting Information 2 that O,i 1,2,3,4. 

The mutant treatment then the function of t, 

(9) 

which on c, b, 11, r, and the time t since 

of Model with Hepatocyte Proliferation 

If treatment, then the model with proliferation ""'"''''6'e0 to 

+ PTT(1 
T 

dT-

+ 

+ 

= (1 

This is not a standard two-strain {VHnn,pt model because the two strains can coexist under 

certain conditions. and (1 into the Is and IT 

we obtain 

and 

8lIT O. 

If Ps PTl then it obviolls that the two strains cannot coexist because of (l 

If Ps f:. PT' then it is that the two strains coexist. In this scenario, from (11) and we 

have 

PT 

which 

l' 

Combining or (12) with the T in Eq. (10), we can obtain the states Is and 

Since their ",vr'r"''':~l "We"'''''u', we do not nY'r'''P71t them here. 
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The Multi-Strain Model and the Mutant Frequency 

The full model with 4 

d 
dt 
d 
elt 

(t) 

(t) = 

In the first two 

13, 14, 24,34, 124, 

mutation backward is 

1,2,3, 

+- (1 

i,j 1,2,3, andi<j, 

fl)polo + 

i,j,k = 1,2,3,4 and i j < k, 

+ + 

the strain index j in the Bet n (j E 1,2,3,4, 

234, Strain 0 repreBents viruB; strains 1, 2, 3, 4 

rt:>n.r",,,,,,nt the viral Btrains with mutations at and 

Strains ij, i,J 1,2,3,4 and i < j, are the Btrains with double mutations at 

and j Strains i,j, It: 1,2,3,4 and i < j k, and strain 1234 be defined similarly 

5). 

ratio for each strain is , i E we define the ratio 

ri RdRo, i E rprlU"'C>nt" the relative fitness between mutant and virus. In 

the absence of selective falls within the interval [0,1]. 

A tedious but calculation the mutant of the viral 
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variants before treatment. The viral load of each strain is 

i = 1,2,3,4, 

1 
, i,j 1,2,3, and i j, 

+ k = 1,2,3,4 and i j k, 

+ 

where Vo is the sate of virus before treatment. 

The above defines a recursive scheme, which allows us to calculate the 

states of the double-mutant variants ) 3-mutant variants and 4-mutant variant 

) I"J 1,2, 4andi .1, 

i,j,k=l, 3,4andi .i k, 

L a,j(l+-ai+ 
,2,3,4 

+- + crl + 
l=i.J.k l,m=i,),k 

l<m 

where ai = E It follows that the state level of an m-

mutant viral variant of the order of The ratio of the m-mutant variant to wild-type 

on the mutation rate ti, the relative fitness 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 of the viral strain i (i E before treatment is then 

where on the mutation rate ti and the relative fitness of 

all mutant Ti, i E n\{O}. 
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The above formulation of the multi-strain model and calculation of the mutant 

can be extended to include n mutations without suppose 

that mutations occur at n and an m-mutant 

occurring at the first m positions. Then the 

has mutations 

state of this strain is 

1 

1 Tm-mutant 

+ ... J. 

In the above {>v·r.r<,,,'" the states of the other viral variants with fewer mutations can 

obtained 

of all the 

as in the scheme of In this way, we can calculate the 

variants in a model with n mutations. 
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Table 1. Effects of backward mutation on the steady states and the mutant frequency before treat­

ment 

Models 

Without backward 

mutation (Model (1)) 

With backward 

mutation (Model (3) ) 

Steady state of the 

wild-type virus Vs 

4.9386 x 106 IU /mL 

4.9386 x 106 IU/mL 

Steady state of the .Mutant frequency 

resistant virus v,. <P = v,. / (Vs + \1,..) 

1.2350 x 103 IU / mL 2.5000 x 10-4 

1.2348 x 10:3 IU/mL 2.4996 x 10-4 

Note: Model parameters used to obtain the steady states of Vs and Vr are: d = 0.01 day-I, 

Ps = 10 virions cell- I day-I, fJ- = 10-4 , C = 6.2 day-I, b = 0.24 day-I. Assuming T(O) is about 

1.5 x 106 cells/mL and Vs(O) is about 5 x 106 IV /mL at the baseline before treatment, we have 

f38 = 10- 7 mL day-I virions- I and s = 7.5 x 105 cells mL -1 day - I. For simplicity, we assume that 

wild-type and resistant viruses differ only in their replication capacities. 'Ve choose f3r = f3s = 10-7 

mL day-I virions- I and Pr = 6 virions cell- I day-l (supposing that a single-mutant variant, for 

example R155K/ T, confers ~ lO-fold resistance and has a relative fitness of ~0.6 compared with 

wild-type virus [32]). 
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Table 2. :'vlutant of the viral variants before 

Mutant viral variants Relative fitness Pretreatment frequency 

V36A/rvl 0.9S 5.00 

T54A 0.81 5.23 x 

R155K/T 0.62 2.62 x 

AI56V/T 0.45 1.81 x 

36/155 0.82 2.85 

:36/156 0.87 1.53 
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HCV 

El _ II""'01I" 

E2 

o 
(3) 

\.. / ,- 0 
Products of cleavage 0 

of polyprotein 

(4) 

Host cell : hepatocyte 

(2) 

.-..JV'-I 
(+) RNA 

Plasma membrane 

Cytoplasm 

(6) 

(-) RNA 

~'" ~ 
(5 ) 

.-..JV'-I (+) RNA 

~ 
Mutation occurs during RNA repl ication due 
to the error-prone nature of Viral polymerase 

Figure 1: HeV life cycle. (1) Following viral binding, receptor-mediated endocytosis and membrane 

fusion, nucleocapsid enters into the cytoplasm of the host cell; (2) U ncoating of nucleocapsid exposes 

a positive-strand RNA genome; (3) Internal ribosomal entry site (IRES)-mediat.ed 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)). ts is the t ime at 

which the second-phase decline of wild-type virus begins, and tT is the time at which the second­

phase decline of drug resistant virus begins. Model parameters are: c = 6.2 day- I, 8 = 0.14 day-I, 

J.1 = 10-4 per copied nucleotide, Es = 0.9997, and the Hill coefficient is h = 2. Left column: the 

mutant, for example V36A/M, confers 3.5-fold resistance and 74 / R s=0.98 [32]. We obtained the 

eigenvalues AI = - 6.2, A2 = -0.14, A3 = -6.2005, A4 = -0.1395, and ts = 1.33 day, tT = 0.92 day. 

Right column: the mutant, for example A156V /T, confers 466-fold resistance and R r/ R s=0.45 

[32]. We obtained the eigenvalues A1 = -6.2, A2 = -0.14, A3 = -6.2628, A4 = -0.0772, and 

ts = 1.33 day, tr = 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 IRs=0 .98. Both wild-type and 

drug resistant virus are suppressed . Right column: assuming the mutant, for example A156V IT, 
confers 466-fold resistance and R r IRs=OA5. 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 105 cells mL -1 day-l, d = 0.01 day- 1, 

/35 = /3" = 10-7 mL day-1 virions - 1, f.l = 10-4 per copied nucleotide, c = 6.2 day-1, 0 = 0.14 

day-1, Ps = 10 virions cell- 1 day-l, ts = 0.9997, and the Hill coefficient is h = 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 das hed line) and there exist 

both forward and backward mutat ions during therapy (thin solid line) . Left column: assuming 

the mutant confers 3.5-fold resistance and R T lRs =0.98. The solid and the dashed lines almost lap 

over, which suggests t hat mutation has a negligible effect on the evolution of both strains when 

the mutat ion confers a low level of drug resistance. Right column: assuming the mutant confers 

466-fold resistance and R r / R s =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: .5 = 7.5 X 105 cells mL -1 day-1, d = 0.01 day- 1, ,Gs = /3,. = 10-7 mL 

day-1 virions- 1, JL = 10-4 per copied nucleotide, c = 6.2 day-1, 8 = 0.14 day- 1, Ps = 10 virions 

cell- I day-I, Es = 0.9997, and h = 2. 
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layer 0 

layer I 

Layer 2 

Layer 3 

layer 4 

Figure 5: Mutation diagram: from the topmost (layer 0) to the bottommost (layer 4) a.re 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 

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

Model 

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

st.ate 

the boundary state (only the ""'H,_V"" strain is present) 

,d) 
1) (3T ' 

and the interior state 

where 
cO 

Here T are the basic reproductive ratios of the 

strain and the the relative fitness 

of resistant to virus. 

It is clear exists if and if RT > and Ec exists if and only if Rs > 1 and 
1 fJ 

T < 1- IL We will show below that these existence conditions also threshold conditions for 

the stability of the states. 

the two-strain model about the state E" we 

+ 

1 



The (Y""rp"r,n characteristic is 

-A 0 0 

-8 -,X 0 

0 -8 -,X 0 = 0, 

(1 iJ,)Ps 0 -c A 

iJ,Ps Pr 0 

where A denotes the of the linearized 

(i) The infection-free state Eo is stable if Rs < and 

< 1, and it is unstable if > - 'u) or Rr > L 

the characteristic Eo, we 

+- d) c)('x 0) - (1 = 0, 

solution and all other solutions are determined by either 

(A --,- C)(A + 8) 

solutions have 

shows that is stable under the 

When one of the 

f(,X) (A + c) 

by 

and 

the moduli of both sides of the 

conditions. 

e,g" > 1'/'), we define 

Then J(/\) has at least one 

1, then all the 

This 

f(A) -) a'3 A -; It follows that the 

function 

< 0 and 

has at least 

one 

The 

Rr > 1. It is 

solution, 

state in which 

is unstable, 

resistant virus is nrc'''''',r exists if and if 

stable if r 1 - It and unstable if r < 1 iJ" 

We substitute the into the characteristic: and it to the 

[ (A c) + 0) r (/\ dRr ) c)(A+ 0)- d)C15J O. 

The are determined the 

(/\ + c) (5) 
r 

(SIl-4) 

or 

the moduli of both sides of the we show that all the solutions 

have real if r > 1 iJ" > (l all the solutions of the 

2 



have 

of the characteristic 

used in ,the 

real 

that is unstable when T 1 - fL. 

whenever i.e., Kr >. all the solutions 

real parts when > 1 and KT > (1 J.L)Ks. 

stable if r > fL. By the same 

at least one solution when r < 1 fL. This 

The eoexistence state Ec exists and is stable if and if 

and < 1 - fL. 

the determinant in at E we obtain the characteristic equa· 

tion after tedious calculations: 

b) - (,\ -t- c)(,\ J) - (,\ =0. 

Therefore, the solutions are determined the equation 

c)(,\ (SI1-6) 

or 

c) b) (,\ -'-

It follows from the r 1 - fL that all the solutions of have real 

parts. the moduli of both sides of (SI1-7), ..\ must fall in the left half plane because 

Kg> all the solutions of the characteristic 

and hence stablc. 

On the other if either of the two condit.ions, Ks > 

hold, then Ec not exist. This shows that the state 

whenever it exists. 

3 

are in the left half 

-fL) and l' < 1 fL, does not 

is locally stable 



Supporting Information 2: Several Inequalities Used in the Analy­

sis of the Two-Strain Model 

l. A3 < A1 < A2 < A4 < O. 

From ~1 = (c + 0)2 - 4fs cJ, it is clear that (e + 0)2 > ~1 > (e - 0)2. Thus ; we have A1 = 

- C + 0 + ~ < 0 and A2 = _ C + 0 - ~ < O. Next we show that ~2 > ~1' Calculating the 
2 2 

difference, we obta in 

[ 
(1 - fr)Rr] 

~2 - ~1 = 4fs CO - 4eo 1 - (1 _ J..L)R
s 

= [(1 - fr)Rr ] 
4co(1 - fs) (1 _ J..L)(1 _ fs)Rs - 1 

[ 
1 R' ] 

4eo(1 - fs) (1 _ J..L) R~ - 1 , 

where R~ = (1 - f r )Rr and R~ = (1 - Es)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, ~2 > ~1. Finally, we show 
2 (1 - Er )Rr Rr 1 - J..L . 

that (e + 0) > ~2. It suffices to show that 1 - ( ) > 0, i.e., - < --, whIch holds 
1 - J..L Rs Rs 1 - fr 

because wild-type virus is more fit than drug resistant virus before treatment (Rr < Rs) and J..L is 
. e+ o+JK2 . 

very small. Therefore, (c + 0) 2 > ~2 > ~ 1 > (c - 0) 2 . It follows that A3 = - 2 < 0 and 

c+o- JK2 
A4 = - 2 < O. Furthermore, from JK2 > ~, we have that A3 < Al < A2 < A4 < O. 

2. C i > 0, i = 1, 2,3,4. 
e(I - 2Es) + 0 - ~ 2 

(i) Notice that C1 = - ~ Vs(O) and ~1 = (e+ o) -4€sco. C1 > 0 is equivalent 
2 ~1 

to -e(l - 2Es) - 0 + ~ > O. Thus, for C1 > 0 it suffices to prove that ~ > e(l - 2Es) + o. 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 tha t.6. 1 > (c+8 - 2CEs)2 , which is equivalent to 10 .. < l. 

Hence, ~1 > (e + 0 - 2CEs)2 and C1 > O. 

(ii) I3ecause ~ > e - 0, we have 

c(l - 2fs) + 0 + ~ > c(l - 2Es) + 0 + C - 0 

2c(1 - Es) 

> O. 

Thus, C2 = e(I - 2€;~ + JKl V, (O) > O. 

(iii) For simplicity, we introduce a new parameter e, defined as e = 1 - 1 - Er Rr. Thus, e < l. 
1- J..L R s 

1 



Then to 

and 

(c 

which have similar forms to and L':.j) the same as in (i) 

and ) we can prove that > 0 and o. 
3. tT < ts and t,. an function of f r · 

Since is the time at. which two curves and we obtain that 

we have tr the difference between C2 and -, we obtain 

(S12-1) 

1 
1 Er Rr 

where () -

to combine two fractions in , we obtain the numerator 

which can be to 

0)( ~). (812-2) 

Because drug resistant virus is more fit than wild·type virus we have (1 < 
1 

(1 - () 1 - < Cs since /1. is very small. It follows from that 

The last 

virus 

0) ( ~) > 

> O. 

holds because 

is close to 1) and virus has much faster 
C1 
C

2 
> . Also that JK2 > 

2 

of 

than infected 

we have ts > tr · 

v'L':.I) 

» 0). 



we can prove that tr is an function with to Er , the of 

the inhibitor ",",'.'U'JV the drug resistant strain. As Cr decreases to a more 

resistant viral strain), B 
1 tr Rr 

1 - - decreases and 4Bco increases. 
1 ~t 

, we have 

2 
1 1, 

where 

derivative of 1(0) with rp«np('t. to e, we obtain 

The numerator of the above fraction can be simplified to c 0), which is less than 0 

because eo c and eo 0. Thus, as e increases. decreases and 

tr decreases. This shows that tr is an function of f. r . 
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Supporting Information 3: 

with Backward Mutation 

Mutant :E'requency 

Before the model with backward mutation 

s -dT 

the J\1odel 

(8I3-1) 

There two possible states of the above model: infection-free and infected 

states. We are interested the latter one. From the Is and 

obtain 

- (1 

where f', the states of uninfected 

resistant virus, 8imilarly, from the Ie and 

- (1 

the two strains coexist only when 

and 

From (813-2) and 

must 

(1 

which has two solutions: 

, we obtain 

-'--_ .. :-C.-__ < 1. 

that the 

- (1 + 

1 

we obtain 

state of uninfected 

= 0, 

we 

(813-2) 

and 

(813-3) 

(813-4) 



Ignoring J.L, we have two approximate solutions: 

and 

- cD 
Tl ::::; - (choosing "+" in (SI3-6)) 

Pr(3r 

- cD 
T2::::; - (choosing "-" in (SI3-6)). 

Ps(3s 

Because of the conditions for the existence of the coexistence steady state, (SI3-4) and (SI3-5), 

only T2 is feasible. Thus, the mutant frequency before treatment can be calculated based on the 

equation (SI3-3): 

where 

1 

T2 = (1 - J.L)(Ps(3s + Pr(3r) - ) [(1- J.L)(Ps/3s + Pr(3T)J2 - 4(1 - 2J.L)Ps(3sPr(3r cD. 
2(1 - 2J.L)Ps(3sPr(3r 

Using T2, <P can be further simplified to 

<P = J.L 
(1 - J.L)(1 + r) + J[(l - J.L)(1 + r)j2 - 4(1 - 2J.L)r () 

2 -r+J.L1+r 

Rr 
where r = -. It is clear that <P depends only on J.L and r. 

Rs 
It follows from (SI3-7) that <P can be approximated by 

<P = J.L . 
1-r+J.L(1+r)' 

(SI3-7) 

(SI3-8) 

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

In fact, it can proved rigorously that <Pw < <Pwo, where <Pw represents the mutant frequency with 

backward mutation (defined in (SI3-7)) and <Pwo = ~ is the mutant frequency without backward 
1 - r 

mutation. For the proof, it suffices to show that 

(1 - J.L)(1 + r) + J[(l - J.L)(1 + r)]2 - 4(1 - 2J.L)r ( ) 
2 +J.L l+r >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 (RT < Rs). Therefore, <Pw < <Pwo. However, from 

the approximation of <Pw (Eq. (SI3-8)) , we observe that the difference between <Pw and <Pwo is 

miniscule. This shows that backward mutation does not playa significant role in the pre-treatment 

mutant frequency. 
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Supporting Information 4: The Pretreatment Mutant Frequency 

in the Model with Hepatocyte Proliferation 

The model with hepatocyte proliferation is 

d T+L +4 
d
/s(t) = (3s VsT + PsI9(1 - T ) - Ms , 

max 

d T+~+4 
-d IT(t ) = (3"VTT + PTl r (1- T ) - Mr , 

t max 

d 
dt Vs(t) = (1 - J-l)Psls - cVs, 

d 
- VT(t) = J-lPsIs + p,-I,. - c1/,., 
dt 

From the Vs and ll r equations, we have 

- (1 - jJ,)p,!s 
Vs = -'-----'--- and 

c 
Vr = J-lP,!s + p,.l,. 

c 

Substituting into the Is and I,. equations, we obtain 

and 
(3r(jJ,p,!s + p,.J,.)'T ( T + Js + Jr ) _ -' 
'-----'-'--'-'---'-=--'---'-- + Pr 1 - r - u. 

cI,. Tmax 

If P~ = PT' from the above two equations we have 

(1 - J-l)(3sPsT (3,.(J-lp,!s + p,.lr )T 
c cIT 

which yields 

. . . - J-lP,!s + p,.l,. 
Substltutmg mto If,. = , we have 

c 

V; = J-lpJS (l + T ), 

c 1-J-l-r 

where r denotes the ratio 'RrjRs. 

C 'd ' V- (1 - J-l)pJs bt' th t t f onsl enng ,,= , we 0 am e mu an requency 
c 
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which is the same as the mutant in the model without It should 

be noted that is same as that in the model without 

states of and resistant virus are not the same as 

ones. also depend on PT, Ps, pr, and other 
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