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Abstract

The emergence of influenza drug resistance has become of particular interest as current
planning for an influenza pandemic involves using massive amounts of antiviral drugs. We
use semi-stochastic simulations to examine the emergence of drug resistant mutants during
the course of a single infection within a patient in the presence and absence of antiviral
therapy. We specifically examine three factors and their effect on the emergence of drug-
resistant mutants: antiviral mechanism, the immune response, and surface proteins. We
find that adamantanes, because they act at the start of the replication cycle to prevent infec-
tion, are less likely to produce drug-resistant mutants than NAls, which act at the end of the
replication cycle. A mismatch between surface proteins and internal RNA results in drug-
resistant mutants being less likely to emerge, and emerging later in the infection because
the mismatch gives antivirals a second chance to prevent propagation of the mutation. The
immune response subdues slow growing infections, further reducing the probability that

a drug resistant mutant will emerge and yield a drug-resistant infection. These findings
improve our understanding of the factors that contribute to the emergence of drug resistance
during the course of a single influenza infection.

Introduction

The annual cost of influenza illness and the ongoing threat of emergence of a pandemic strain
make it all the more necessary to revisit the treatment options currently available. Two classes
of drugs, adamantanes and neuraminidase inhibitors (NAIs), are currently available for treat-
ment of influenza, although resistance to both classes of drugs threatens our ability to effec-
tively treat influenza [1]. Better understanding the processes underlying the emergence of drug
resistance over the course of an influenza infection will enable health authorities to make more
effective use of antivirals on a seasonal basis, or in the context of a pandemic.
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The adamantanes and NAIs exert their antiviral effects by blocking different phases of the
viral replication cycle. Adamantanes, such as rimantadine and amantadine, act at the start of
the replication cycle by blocking the ion channel activity of the matrix M2 protein and pre-
venting viral uncoating, and thus viral replication [2]. When used prophylactically, the effec-
tiveness of adamantanes against influenza A is 61% [3], and their use can reduce the duration
of illness by 1.5 days when treatment is initiated within 48 h of symptom onset [4]. NAIs, such
as oseltamivir and zanamivir, act at the end of the replication cycle by blocking the activity of
the neuraminidase (NA) protein which is responsible for the removal of sialic acids from oligo-
saccharides binding newly produced virus to the surface of the producing cells. By blocking
NA activity, NAIs significantly hinder the ability of newly produced virions (virus particles) to
free themselves from the bounds of the producing cells and the mucins, hence curbing or stop-
ping further infection [5, 6]. The efficacy of oseltamivir and zanamivir in preventing influenza
ranges from 58% to 84% [7], and both can reduce the duration of viral shedding in treated
patients by 2-3 days [8, 9].

Resistance to adamantanes emerges rapidly during treatment [10-12] and experiments
revealed that natural resistance to these drugs has been increasing [4, 13]. In fact, the fraction
of influenza A/H3N2 virus harboring the S31N adamantane-resistant mutation in the United
States increased from 1.9% in 2004 to 92.3% by the early 2005-2006 influenza season [4] and
virtually all circulating influenza strains now harbor mutations conferring adamantane resis-
tance. NAI resistance was thought to develop more slowly than resistance to adamantanes and
virus harboring NAI-resistance are much less frequent, around 0.4%-1% in adults [14]. Oselta-
mivir resistance rose quite dramatically during the early 2008-2009 flu season dramatically,
being detected in 98-100% of infections [15, 16]. However, unlike amantadine for which
annual resistance, once it emerged, has remained high, the annual level of resistance to oselta-
mivir dropped again because the pandemic strain of HIN1 that swept around the world in
2009 is susceptible to oseltamivir [17]. Some of the variability in the level of resistance against
oseltamivir is probably due to the fact that the main mutation conferring resistance against
oseltamivir, the H275Y mutation in the N1 neuraminidase [18-20], can have a variety of
effects on the viral life cycle [21, 22], sometimes causing little change in viral fitness [23, 24],
other times resulting in an important loss of fitness of the strain carrying that mutation [25,
26], unless it also carries compensatory mutation [27].

Previous work on the emergence of drug-resistance in influenza A has focussed largely on
epidemiological models [28-37] which describe the spread of drug-resistant infections across a
population. While such studies are important for developing strategies to prevent the spread of
drug resistance once it emerges, they do not provide insight into how the drug resistant
mutant arises during the course of a single infection, and on what timescale. One early model-
ling study examined the emergence of drug resistance to NAIs during a single infection [38]
finding that NAI-resistance could emerge in the absence of drug treatment, albeit at low levels,
even if the mutant is slightly less fit than the wild-type virus. Several studies have used models
to quantify the fitness difference caused by drug resistant mutations [21, 22, 39-41]. Other
studies have used models to optimize treatment regimens to reduce the emergence of drug
resistant mutants [42-44]. However, no study has yet tried to examine some of the biological
processes that might help or hinder the emergence of drug resistance.

In this paper, the effect of treatment with adamantanes or NAIs on the emergence of drug
resistant mutants is explored using several within-host mathematical models. The models con-
tain several novel features; they allow for the possibility of back mutation (a mutant strain
reverting back to its wild-type form) and they consider the effect of a mismatch between the
viral surface proteins and the RNA contained within the virus. These models will be used to
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determine whether internal/external mismatch, antiviral mechanism, or the immune response
affect how quickly drug resistance emerges during the course of a single infection.

Materials and methods
Establishing the rate of mutation

We are interested in mutations which produce drug resistance. Hence, we define a mutant as a
strain which contains a nucleotide mutation at a specific position within one of the codons
that encode the amino acid positions where drug-resistant mutations have been identified.

The average mutation rate for influenza A is i, = 7.3 x 10~ per nucleotide per replication
[45]. Although several drug-resistant mutations have been found for adamantanes [2, 4, 46,

47] and NAIs [6, 14], we will focus on only the most common drug mutations (S31N in the
M2 protein for amantadine and H275Y in the N1 protein for oseltamivir, for example) and
assume that they occur at the average mutation rate for influenza A. This assumes that a muta-
tion anywhere other than at the specific nucleotide position within our specific codon does not
lead to significant drug-resistance and does not affect viral fitness. Analogously, since a drug-
resistant mutant can only revert to wild-type if there is a mutation at that same specific nucleo-
tide which conferred it its resistance, we set p,, .\ = fn.. Note that a single mutation event dur-
ing replication can give rise to production of many mutant virions since the mutated RNA can
be copied once it appears. Hence, we can express p;_,; the probability with which a cell infected
with viral strain j will produce a virion of strain i, as a simple function of the mutation rate per
nucleotide per replication, y,,, namely

p o 1 - :unt lunt
]Hl Hoe 1- e

Model for early mutation events

We will be using a modified version of the model proposed in [48] with two viral subpopula-
tions or strains: a wild-type, drug sensitive population, and a mutant, drug resistant popula-
tion. The model is depicted graphically in Fig 1, and can be expressed as

dr

—=-T V.

dt Zﬂ] 1
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where T is the pool of uninfected, susceptible target cells. When a target cell is infected, it
enters the eclipse phase, E;, i.e., the cell is infected with viral strain i but is not yet producing
virions. Cells remain in the eclipse phase for an average time 75 before becoming infectious
cells, I. Infectious cells, I;, are cells productively infected with viral strain i, releasing virions of
strain i at constant rate p; with probability p;_.;, and of strain j at constant rate p; with probabil-
ity p;;, where p;; are the elements of p;_.; as described in Section. Infectious cells die after pro-
ducing virus continuously for an average time 7;. While this is a target cell limited model, due
to the short duration of influenza infection and the long regeneration time for cells in the
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Fig 1. Drug resistance model. A mathematical model of influenza infections consisting of two viral strains: a wild-type and a drug resistant
mutant.

https://doi.org/10.1371/journal.pone.0180582.9001

respiratory tract [49], regenerated cells are not likely to play much of a role in infection
dynamics. This model will be referred to as the complete mutation (CM) model.

Adamantanes prevent uncoating of the virus, thus blocking the infection, so their effect in
our model is to reduce the infection rate ;. Note that we assume a cell cannot be infected by
multiple virions, so we apply the effect of the drug only to ; in the equations for eclipse cells,
as described in [10]. In this formulation, target cells disappear at the usual rate, but these cells
do not all appear in the eclipse phase, so some cells are effectively removed from the system.
The biological interpretation of this is that since amantadine does not block cell entry, but
rather blocks uncoating of the virus [2], virions will enter the cells at the same rate in the pres-
ence or absence of amantadine. At some point, however, cells will not be able to absorb any
more virus, so will no longer be target cells, but since none of the absorbed virions are
uncoated, these cells never enter the eclipse phase. NAIs prevent release of newly formed viri-
ons, so their effect is modelled as reducing the virus production rate p; of virus strain i. The
efficacies of adamantanes and NAIs at blocking viral strain i are m; and n;, respectively. In
modelling antiviral therapy, we set and hold m; and »; at a fixed value which means we assume
that drug concentration increases instantaneously to its chosen value and remains constant for
the duration of the infection.

Some parameters were assumed not to depend on the viral strain. Those are 7z, the duration
of the eclipse phase; 15, the infectious cell lifespan; and ¢, the rate at which virions are cleared
by non-specific clearance (e.g. mucus) and immune responses. The values for these parameters
were taken from [48] (see Table 1). Antiviral efficacy against resistant strains was chosen to be
0.005 since antiviral efficacy of resistant strains is known to be 10-10,000-fold less than against
sensitive strains [50, 51]. Four parameters were chosen to depend on the viral strain. Those are
B the rate of infection of target cells per concentration of virus of strain i p;, the production
rate of new virions of strain i; and n; and m;, the efficacies of adamantanes and NAIs on viral
strain i. For simplicity, we assume that a mutation conferring adamantane resistance can lead
to a change in infection rate (i.e., B, # Bwt), but will not affect the production rate. Similarly,
we assume a mutation conferring NAIT resistance can lead to a change in production rate (i.e.,
Pu 7 Pwe)> but will not affect infection rate. In reality, NAI-drug resistant mutations could pos-
sibly leave the mutant virus more “sticky”, i.e. with a reduced ability to cleave the
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Table 1. Default initial conditions and parameter values for models. Unless otherwise indicated, values
are taken from [48].

Symbol Value
7(0) 4.0 x 108 cells
E{0) = I{0) 0
V(0) = V,,(0)+Vint(0) 7.5 x 1072 TCIDgo/mL
TE 6.0h
T 4.6h
c 52d7"
But 3.2x 1075 (TCIDgo/mL) ™" x d™’
Pwt 4.6x 1072 TCIDsg/mL x d"
Pywts Pwty 7.3x107°[45]
Mty Myt 0.6-0.98
Ny, My 0.005'

'Antiviral efficacy against resistant strains is 10-10,000-fold less than against sensitive strains.

https://doi.org/10.1371/journal.pone.0180582.t001

haemagglutinin (HA) receptor and free itself from the surface of the producing cell [5, 26, 51,
52] and a “stickier” virus is likely to be more capable of infecting a cell. In fact, the H275Y
mutation is known to alter several different parameters, although which parameters are
affected appears to depend on the genetic background in which the mutation is introduced
[21, 22, 39]. However, this simplifying assumption allows us to easily quantify the fitness of a
mutant strain; we define the relative fitness of the mutant compared to its wild-type counter-
part as f,/f, for mutations conferring resistance to adamantanes, or p,/p.. for those confer-
ring resistance to NAIs. While other experimentally-derived quantities are used to assess
relative fitness of two viruses [53, 54], since we know the underlying mechanism causing the
fitness difference in this case, it seems natural to use it to quantify fitness. A similar definition
of relative fitness has been used in previous studies [40, 41].

Models for late mutation events

Previous models of resistance emergence in vivo (our model (1), and that proposed in [38]),
assume that when, for example, the H275Y mutation conferring resistance to oseltamivir
occurs stochastically during viral replication within an infected cell, both the external NA
expressed on the surface of the virus, and the internal, core NA RNA segment packed within
the virion’s capsid will carry this mutation. This might not be the case. Studies have found that
surface proteins appear on the apical surface of infected cells soon after infection: HA appears
on the surface in 20-40 min [55, 56], NA in 1-3 h [57, 58], with M2 being the slowest, appear-
ing on the cell’s surface 6-8 h after infection [59]. Synthesis of influenza viral RNA peaks at
5-6 h [60, 61], some time after the surface proteins are synthesized, and remains high over the
remainder of the infected cell’s lifespan. If a mutation occurs early in the replication process,
before the surface proteins have been produced, both the internal proteins and most of the sur-
face proteins would contain that mutation (complete mutation). If, however, the mutation
occurs later in the process, most surface proteins will not contain the mutation, but the inter-
nal core protein in these virions will (internal mutation). These two different models for antivi-
ral resistance emergence are depicted in Fig 2.

In the complete mutation model (model (1) in Methods), the mutation occurs early in the
replication process such that the core and surface viral proteins match (either both carry or
neither carries the mutation). In the internal mutation models (models (2) and (3) in Methods),
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Fig 2. Mutation models. The complete mutation model assumes the mutation occurs before surface proteins are produced such that it is
carried by both the surface and core protein. The internal mutation model assumes the mutation occurs after surface proteins have been
produced such that it appears only in the internal, core protein, not in the surface protein. Cells infected by a virion containing a mutated core
protein, irrespective of its surface proteins, will produce virus containing the mutation in both the core and surface protein.

https://doi.org/10.1371/journal.pone.0180582.9002

the mutation occurs after surface proteins have been produced, such that the core and surface
viral proteins will not match: only the former will carry the mutation. In reality, there will
probably be a mixture of wild-type and mutated surface proteins arising from a mutation.
Our models allow us to investigate the two extreme cases which will help determine whether
this variation plays a significant role in the emergence of drug resistance. In both the complete
and internal models, once a virion carrying a mutation (either only in its core or both in its
core and surface protein) infects another cell, this secondary cell will primarily produce viri-
ons carrying the mutation both in their core and surface proteins.

The different mode of action of adamantanes and NAIs require that a different late muta-
tion model be developed for each drug class. For NAIs, the model equations remain largely
unchanged from Eq (1), namely

i—f — B T(Vy+V,)

i _p v 5

dt A

d, E I, (2)
dt 1, 1

av,

d_tl = Z(l - ni)pjpijlj -V,

J

where only the equation for virus has changed (n; — n;and p; — p;), so that a virion’s
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production rate and susceptibility to NAIs will depend on its external, surface NA (j) irrespec-
tive of its internal, core NA (7). Note that since we assume mutations conferring resistance to
NAIs do not affect f3, all virus types will have the same susceptibility to infection regardless of
their core or surface proteins.

For adamantanes, the model is slightly different since we now assume that mutations in M2
conferring adamantane resistance will change S, but not p, such that

dr v ] :
5 = PTIV V) = BTV + V]
dE. . E
— =Ty (1-m)pV, ——=
dt Z( m])ﬁj z Tg
(3)
dIi o E,‘ Ii
dt 1, 1,
dv;, i
E :pwtpzjlj - C‘/i’

where V! corresponds to virions with internal core M2 of type i, and external surface M2 of
type j. We therefore have 4 viral subpopulations whose infectivity and susceptibility to ada-
mantanes depend on their surface M2, j, but whose viral progeny will have surface M2 of type
i, and internal M2 predominantly of type i. These models will be referred to as the internal
mutation (IM) models.

Models with an immune response

We investigate the effects of an immune response by adding a simplified antibody response to
our models. Since we are really only interested in how the immune response will stop the
emergence of a drug-resistant mutant, we consider the growth of antibodies, but neglect the
decay, as suggested by [38]. While not entirely realistic, we must consider whether the details
we are neglecting are likely to substantially alter the dynamics we observe. Antibodies appear
at around 5 dpi for primary infections and around 3 dpi for secondary infections [62]. The
number of antibodies grows quickly eventually reaching a plateau around 10-12 dpi [63].
While the exponential growth assumed by our model reproduces the growth phase of antibod-
ies fairly well, it is clearly incorrect once the antibodies plateau. Influenza infections are largely
resolved by 7-8 dpi and during that time frame, the exponential growth of antibodies is a rea-
sonable approximation. We modify all models with the addition of an equation describing the
growth of antibodies and a slight modification to the equations describing virus. For example,
the complete mutation model becomes

dv;,
ar =(1- ”i)PinijIj -V, =k XV,
j

where we have added a growth equation for antibodies, X, and an antibody-virus binding
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term in the equation for virus. We set the growth rate of antibodies, a = 1 d ", the binding rate,
k,=1d " and the initial number of antibodies X, = 0.34, as in [38]. Note that we assume that
antibodies have an equal affinity and avidity for both the wild-type and mutant strains. Since
our model assumes that wild-type and drug resistant viruses are identical except for the single
mutation causing drug resistance. As such, the antigens on the two virus strains should be
identical and therefore the antibody binding rate should be the same for both.

Basic reproductive number

The basic reproductive number, Ry, is the number of cells infected when a single infected cell
is placed within a homogeneous susceptible population. Interestingly, the basic reproductive
number is the same for both the CM and IM assumptions. R, can be determined through a sta-
bility analysis of the differential equations of our models. For our models, the basic reproduc-
tive number is given by

(1 - my.)(l - mwt)(l - nu)(l - nwt)ﬁﬂﬁwtpupthgdet(iji)
25’

(1 - m;l)(l - nu)ﬂupupmtTO (]‘ B mwt)(]' B nwt)ﬁwtpwlpwthTU

R, =

co co

where det(p;_.;) is the determinant of p;_.
For the models with an immune response, the basic reproductive number is modified by
the immune response and becomes

(1 - m,u)(l - mwt)(l - nu)(l - nwt)ﬁ;lﬁwtpypthgdet(pjﬂi)
(C + ](1/)(())252
(1 —m, (1 B nu)ﬁﬂpupuuTU (1 - mwt)(l - nwt)ﬁwtpwtpwtthO

)
o(c+k,X,) o(c+k,X,)

R, =

Implementing stochasticity

The occurrence of a mutation is a discrete, singular, stochastic event, while our model consists
of continuous differential equations to determine the amount of virus and the number of cells
of each type at a given time. Integration of the differential equations represents the average
behaviour of the system. This is particularly problematic when modelling phenomena that
occur in small numbers, such as the emergence of drug resistant mutants. The differential
equations allow for fractions of virus to infect fractions of cells, so our equations might predict
a serious illness when the infection would die out in reality. In order to correct for this averag-
ing, we use a semi-stochastic numerical implementation of the differential equations.

We modify the standard Euler method to advance the solution at each time step [64]. We
use the Euler method to determine the values of our variables at each time step. However, if
the number of cells or virus is not an integer, we interpret the decimal value as the probability
that there is an additional virion or cell. For example, if at some time step the Euler method
calculates V = 102.67 virions, we interpret this as a 67% chance that there are 103 virions and a
33% chance that there are 102 virions. We draw a random number from a uniform distribu-
tion to determine whether there are in fact 102 or 103 virions and propagate that integer value
forward to the next time step using the Euler method. Since our primary purpose is to study
dynamical differences caused by antiviral mechanisms, surface proteins, and the immune
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response—effects that should be large compared to the effect of stochasticity—this algorithm
provides sufficient stochasticity.

In order to use a discrete, semi-stochastic differential equation, however, we must convert
the viral titer measured experimentally in units of TCID5,/mL of nasal wash (V) to the number
of infectious virions at the site of infection, Ny, = aV, where o (number of virions/[TCID5,/
mL]) is this conversion factor. & gives the number of infectious virus particles in one TCIDsy/
mL. This rescaling requires that we also adjust the virus production rate (p) and infection rate
per virion () which both carry units of virus, such that § — f/acand p — pa [10]. It is not
entirely clear what the value of @ should be. Previous estimates suggest that 1 TCID5o/mL of
nasal wash corresponds to 10°~10° [38] or 3 x 10*-3 x 10° [43] virions at the site of infection.

Measuring emergence of drug resistance

We examine several measures to characterize the influence of drug-resistant mutants during
the infection. The fraction of mutants in the cumulative viral titer is the ratio of total number
of drug-resistant mutants produced during the infection to the total amount of virus (both
wild-type and mutant) produced during the infection, or more formally,

v SV, (1)dt

u

Vew (VO +V,(0)dt

(5)

The fraction of mutants in the cumulative viral titer provides a measure of the relative con-
tribution of drug-resistant mutants to the infection. We also measure the total number of
mutants in the cumulative viral titer, ¥V,,. The number of mutants produced during the infec-
tion is related to the probability of transmitting the virus to other individuals [38] —higher
numbers of mutants leads to a greater probability of passing on the mutant virus to other peo-
ple. The last measure we use to characterize the emergence of drug resistance is the time of
detection. We define the time of detection as the time at which the drug-resistant mutants
cross the threshold of detection (defined as 10 TCID5o/mL) in an infection initiated with a
viral inoculum consisting entirely of wild-type virus. This measure will differentiate between
typical rapidly-growing infections and slow-growing infections that are likely to be suppressed
by an immune response.

Results
Efficacy of antiviral treatment

Since the conversion factor of virus from TCIDs,/mL to infectious virus particles (o) might
affect the dynamics of drug resistance, we first assess the impact of o by studying the number
of breakthrough infections. We simulated 1000 infections treated with an adamantane or a
NAI started at ¢ = 0, and inoculated with N(0) = @V(0) virions. We determined the fraction of
patients who developed a symptomatic infection despite having received preventive antiviral
therapy. We defined a symptomatic infection as one in which the viral titer exceeds the symp-
tomatic threshold of 1% of peak untreated viral titer, as defined in [65]. Furthermore, we
assumed that both the wild-type and drug-resistant virions are identical (same fitness), differ-
ing only in their susceptibility to the antiviral (m; or n;). Studies suggest that circulating drug-
resistant strains tend to have fitness equivalent to the wild-type strain [21, 66, 67]. The effect of
fitness will be examined in later sections. Fig 3 shows the number of breakthrough infections
in our 1000 simulated treated infections as a function of the conversion factor, ¢, for increasing
antiviral efficacies.
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Fig 3. Breakthrough infections. Fractions of simulated infections (out of 1000) resulting in breakthrough symptomatic infections despite
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(right column) mutation model as a function of the conversion factor, a. Mutant and wild-type virus are assumed to have equal fitness.

https://doi.org/10.1371/journal.pone.0180582.9003

When breakthrough infections occurred, the viral load consisted almost exclusively of
drug-resistant mutant virus, with wild-type viral titers typically remaining below the symp-
tomatic threshold. When « is small, i.e., when there are few virions per measured TCIDso/mL
of nasal wash, the number of breakthrough infections is small. That is because the rate of virion
production, ap, is small and provides fewer opportunities for resistance to develop. As o is
increased, the number of breakthrough infections increases until it reaches a maximum value.
The production rate is no longer a limiting factor here and the asymptotic value reflects the
balance of a decreasing infection rate and an increasing viral inoculum.

The internal mutation model predicts fewer breakthrough infections for a given drug effi-
cacy than the complete mutation model. This is because an internal mutation will only be car-
ried by the core protein, not the surface protein, giving the antiviral a second chance to
prevent its spread through the drug-sensitive surface protein. Both the internal and complete
mutation models predict adamantanes are better than NAIs at suppressing breakthrough
infections due to resistance emergence. This is because adamantanes act before viral replica-
tion, unlike NATs which act afterwards, leaving little opportunity for a mutation to occur.
Interestingly, the fraction of breakthrough infections under adamantane therapy given a late
mutation is approximately equivalent to that under NAI therapy for an early mutation.
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https://doi.org/10.1371/journal.pone.0180582.9004

To evaluate the effect of the drug-resistant strain’s fitness relative to its wild-type counter-
part, we varied the relative fitness while fixing & = 10* virions/[TCID5o/mL], the value at which
the fraction of breakthrough infections has reached its asymptotic value and consistent with an
estimate of this conversion factor used in [38]. The results are shown in Fig 4. Perhaps the
most prominent feature of these plots is the clear fitness threshold needed to produce any
breakthrough infections. This threshold is determined by the basic reproductive number of
the model, which is the number of secondary infections produced by a single infected cell (see
Methods). Essentially, the basic reproductive number must be greater than one in order for
the infection to grow and when the fitness of the drug resistant mutant is small, this threshold
is not met. When the threshold is surpassed, the number of breakthrough infections rises,
sometimes quite dramatically. We again see that for a given drug efficacy, the IM assumption
produces fewer breakthrough infections than the CM assumption for both adamantanes and
NAIs. Under a particular mutation assumption and for a given fitness and drug efficacy, ada-
mantanes are more effective at suppressing infections than NAIs, but adamantane CM is
equivalent to NAI IM.
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Drug resistance in the absence of treatment

Drug resistance has been known to emerge even in the absence of treatment [68]. This is
because a mutation which confers resistance against an antiviral almost always emerges over
the course of an infection as a result of random mutations [43], but that mutation will only
grow to sufficient levels to be detectable in a patient’s viral shedding if its presence does not
affect the fitness of the virus significantly. Thus, we set out to determine what conditions will
enable a drug-resistant strain to emerge even in the absence of drug pressure.

Fig 5 shows the three measures of drug resistance described in Methods as a function of the
relative fitness of the mutant in the absence of drug treatment. For the fraction of mutants in
the cumulative viral titer (left) and the total number of mutants (center), we also investigated
the effect of infection initiation with different initial virus mixtures consisting of entirely wild-
type, entirely mutant, or a mixture containing 50% of each.

In the absence of drug treatment, the fraction of drug-resistant mutants (Fig 5, left) is negli-
gible when their relative fitness is low (<0.2)—even if the initial viral inoculum consists
entirely of drug-resistant mutant. When the viral inoculum consists entirely of wild-type virus,
the fraction of drug-resistant mutants remains negligible unless the drug resistant mutants
have a high relative fitness. When the initial viral inoculum consists of both wild-type and
mutant virus, the infection switches from predominantly wild-type virus to predominantly
drug-resistant mutant near a relative fitness of 1. There are, however, some dynamical differ-
ences caused by the mutation assumptions and mechanism of drug action. When the initial
viral inoculum consists of 100% mutant virus, IM adamantane-resistant mutants become
dominant at slightly lower fitness than the other models and the CM NAI-resistant mutants
become dominant at slightly higher fitness. The order is reversed when the initial viral inocu-
lum is 100% wild-type virus. In the case of a 100% mutant inoculum, the IM models, which
we've seen lower the effective rates of mutations, also lower the rate of reverse mutations from
mutant to wild-type such that when there are already large numbers of mutant virus, the IM
models prevent growth of the wild-type virus. For a particular mutation assumption, adaman-
tanes require a lower fitness to dominate the infection than NAIs when the initial inoculum
consists of mutant virus. This is because the fitness cost for adamantane resistance is assumed
to affect the infection rate  which reduces the chances of infecting a cell, whereas the fitness
cost for NAIs is assumed to affect the infection rate p which means that the few virions that
escape the cell can easily infect new cells and continue the infection.
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Even in the absence of drug treatment, we still see the total number of drug resistant
mutants produced during the infection (Fig 5, center) rising to very high levels at relative fit-
ness less than 1. The total number of mutants also shows some interesting dynamical differ-
ences between the two drug treatments and mutation assumptions. This can be seen
particularly at the extremes of viral inoculum (initial inoculum consisting entirely of mutant
or entirely of wild-type), where the adamantane-resistant mutants are a slightly larger fraction
of the total viral titer than the NAI-resistant mutants at low relative fitness (<0.5), and a
slightly smaller fraction of the total viral titer at high relative fitness (>1.5). This difference is
due to the small (or large) value of p,, of NAI-resistant mutants. At low relative fitness, the pro-
duction of NAI-resistant mutants is suppressed and so NAI-resistant mutants are not detected.
As the relative fitness increases, p, increases without bound, as does the number of NAI-resis-
tant mutants produced and released over the course of the infection, so the mutants become a
large fraction of the population at lower relative fitness than the adamantanes. We also finally
see a difference in the dynamics of adamantane CM and NAI IM models. The NAI IM behaves
like the adamantane CM model at low relative fitness where the internal mutation incurs an
extra fitness cost. At high fitness, however, the few virions with mismatched RNA and surface
proteins are far outnumbered by conventionally packed virions, so their effect on infection
dynamics is minimal and we see little difference between the IM and CM models for both ada-
mantanes and NAIs.

The time of detection (Fig 5, right) of drug resistant mutants ranges between 1.7-2.3 days
post-infection (dpi) at low relative fitness and 1.3-1.5 dpi at high relative fitness. Not unexpect-
edly, there is a steady decrease in the time of detection as mutant fitness increases because the
mutants can spread more easily as their fitness increases and they are therefore detected earlier
in the infection. Interestingly, there are differences in the time of detection of NAI-resistant
and adamantane-resistant mutants. When the relative fitness is less than 1, the NAI CM
mutants are the slowest to emerge because of the drastically reduced production rate of these
mutants. NAI IM mutants will not have production suppressed when they are initially pro-
duced as they are packed in with the wild-type surface proteins and so emerge a little sooner.
The adamantane IM mutants are the fastest to emerge because when initially produced, they
have the wild-type surface proteins and so can easily infect cells which will then produce drug-
resistant mutants. The situation is reversed once the relative fitness is greater than 1. The NAI
CM mutants now have increased production causing them to emerge rapidly and the adaman-
tane AP mutants have a reduced infection rate causing them to emerge later.

Drug resistance in the presence of treatment

In the presence of drug treatment, the drug-resistant mutants have a competitive advantage
and are expected to emerge sooner and at lower relative fitness than in the absence of drug
treatment. We examine our three measures of drug resistance during treatment initiated at

t =0 in order to understand the nature of this competitive advantage. The results are shown in
Fig 6, which shows the fraction of mutants in the viral titer (left column), total number of
mutants (center column), and time of detection (right column) for infections treated at 60%
(top row), 70% (second row), 80% (third row), and 90% (bottom row) efficacy.

In the presence of drug treatment, the relative fitness at which drug-resistant mutants begin
to dominate the infection shifts to lower relative fitness. Not surprisingly, drug resistant
mutants rise to high levels at low fitness in the presence of drug treatment. We still see dynam-
ical differences between the two drug treatments and the two mutation models, particularly
for infections initiated with an inoculum consisting entirely of wild-type virus. These differ-
ences, however, diminish as the drug efficacy increases. It seems that the competitive

PLOS ONE | https://doi.org/10.1371/journal.pone.0180582 July 10, 2017 13/26


https://doi.org/10.1371/journal.pone.0180582

@' PLOS | ONE

Modelling emergence of drug resistance

Fraction of mutants in total viral titer

Fraction of mutants in total viral titer

Fraction of mutants in total viral titer

Fraction of mutants in total viral titer

1 /’.— T T = - - T 4 T T T
# Adamantane CM Eo sl e eras — Adamantane CM
# Adamantane IM 210 P =2 S ol Ea e 3.5k — Adamantane IM
0.8-  NAICM a e T a2 — NAICM
 NAIIM J S s L Adamantane CM] & — NAIIM
o ; = 10 Fr' e Adamantane IM3 T 3 i
0.6 i ] =] NAICM _--3 &
’ i 8 NAI M-~~~ 2
Fomofimmmmmmmmmmmmm A 3 LT 225 -
0.4+ i i /7 Initial fraction - % = . -
lis ! of mutants 2 Initial fraction § © o o
,"',' K | of mutants 2
. £ ; =
021 g . 1 E1s ‘H‘H
i 3
% o 310 I 1 L 1 I 1
% = 10 05 1 Is 2 05 I Is 2
Relative fitness, [’)H/BWt or p,/py, Relative fitness, ﬁM/BW‘ orp,/p,,
1 _ 5 T T T
T4 E T T T — Adamantane CM
- X — Adamantane IM
L~ Adamantane CM| A €_4 — NAICM
Adamantane IM | O Adamantane CM] Z 4 — NAIIM h
NAICM =) Adamantane IM3 ¢
NAI IM =] NAICM 9
5] NAI IM k31
...................... 3 323
I3 S
Initial fraction 4 & “
of mutants g Initial fraction 3 o
s of mutants g2
- =
g )
=
°
F

2 . I s 2 o 05 I 5 2
Relative fitness, B“/BWt orp/p,, Relative fitness, BH/BW‘ orp,/p,,
~ 6 T T T
{ E ¢ T T T - ﬁgamantane g\l}\[/l
/ I10°F T T T — Adamantane
08F | I Adamantane CM| Qo r DOt = 5 — NAICM
: | e Adamantane IM | ,‘ P ) — NAIIM
i ¥ NAICM e 10F 7 1 z4f .
0.6 1 3 f’! ','ff;'l Adamantane CM] 2
1 S 10°F L Adamantane IM] 3 3k
- 3 ¢ H NAI CM 3
0.4r : Initial fraction B 2 NAIIM S 3
i of mutants 2 10°Fj Initial fraction 3 ¢ 2[ %P‘
{ g B of mutants £ [T
i T B
” 17
o5 05 i I3 2 & 107 03 I 5 > % 05 1 rs 2
Relative fitness, Bu/Bwl or pp/pWl Relative fitness, Bu/[iw‘ or p/p,, Relative fitness, BH/BW‘ or pu/pWl
1 2 T T T = 1 - - 20 T T T
rly», i o'k ] — Adamantane CM
0.8 | ;;,' ﬁgamamane ICI\I/}/J. a’ A etestaaagy = - I/\\]dAaImCaI{l/[tane M
G amantane O | g Adamantane CM| ©' 15 — NAI IM B
! E NAICM =) 10"F I('f Adamantane IM§
06 NAI IM b= I NAICM g
: S e[ NAI IM 8
-------------------------------------- S 10F "f | £ 10f
0.4 Initial fraction 4 &, 5 Lfl =
of mutants 2z 10 ’ﬂi' Initial fraction 3 & l
§ ; ll of mutants £ sf L
02 1 E 10°y 1T
=1
0, 1 L ﬁ 1 03 2] L | 1 0 1 1 !
2 0 0.5 1 1.5 2 0 2

0.5 1 .
Relative fitness, Bu/|3wl orp/p,,

Relative fitness, Bu/Bw( or pu./pWt

05 1 15
Relative fitness, BMIBW‘ orp,/p,,
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https://doi.org/10.1371/journal.pone.0180582.9006

advantage conferred by high efficacy drug treatment trumps any small additional competitive
advantage incurred by drug mechanism or viral surface proteins.

Perhaps more important than the number of mutants produced is the time at which the
mutants will become detectable during the infection. As the drug efficacy increases, the time to
detection of mutants also increases. While this seems somewhat contradictory in the face of
the competitive advantage of the drug-resistant mutants, we must remember that we are
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considering infections initiated entirely with wild-type virus. As the drug efficacy increases,
the growth rate of the wild-type infection slows and it takes longer to produce that first drug-
resistant mutant. Once that first mutant appears, it has the competitive edge and will grow
quickly, but it is the long wait for that first mutant virus that increases the mean time to detec-
tion. Unfortunately, this highlights a potential problem with our model. Slow-growing infec-
tions that fester for 5-10 d before producing detectable levels of mutant virus are unlikely to
occur in most humans. The human immune response will likely clear a slow-growing infection
before it has the opportunity to produce a drug-resistant mutant.

Delayed treatment

Another short-coming of the previous section is the assumption of treatment initiated at the
onset of infection. While both adamantanes and NAIs are occasionally used prophylactically
to prevent influenza outbreaks from spreading, they are more often given to patients who are
not only already infected, but are most likely experiencing symptoms [69]. The delay in treat-
ment allows the wild-type virus to grow unimpeded for some time affording the opportunity
for a drug-resistant mutant to arise stochastically in the absence of antiviral pressure. Initially,
this drug resistant mutant will not have a competitive edge, but once antiviral therapy begins,
whatever drug-resistant mutants have been produced suddenly have a competitive advantage
and will begin to grow. In order to determine what effect delayed treatment might have on the
emergence of drug-resistant mutants, we simulated infections with treatment at 98% efficacy
initiated at 0, 12 and 48 h post-infection. The results are shown in Fig 7.

An efficacy of 98% is sufficient to suppress all breakthrough infections in three of the four
models when applied at the onset of infection. Even with a 12 h delay, the adamantane IM
model predicts suppression of the infection, while the remaining models predict that there will
be breakthrough infections. The only model for which there is no risk to treatment is the ada-
mantane IM model, since even treatment delayed by 48 h does not result in mutant virus rising
to detectable levels. For the remaining models, treatment, while potentially beneficial to the
patient, presents the risk of encouraging a drug-resistant infection. This is particularly evident
for the adamantane CM and NAI IM models which predict that treatment initiated at t =0
will suppress infections, but when treatment is delayed by even as little as 12 h, which is still
before symptoms usually appear, many patients will develop drug-resistant infections. Another
potential risk is seen in the predictions made by the two NAI models, which show long-lasting
drug-resistant infections when treatment is initiated at 48 h.

Effect of an immune response

To evaluate the effect of an immune response, we first examine the number of breakthrough
infections (Fig 8). When we use the same drug efficacies as for the model without an immune
response, we see that for all models except the NAI CP, the number of breakthrough infections
falls to less than 10%. Even for NAI CP, the number of breakthrough infections is reduced in
the presence of an immune response, although it still remains quite high—about 50% of
treated patients will become symptomatically infected when the mutant fitness is equal to the
wild-type fitness. We again see that there is a minimum fitness needed to produce break-
through infections. Since the immune response has changed the basic reproductive number of
our model, the minimum fitness threshold for breakthrough infections to occur is slightly
higher than in the absence of an immune response (~ 15% with the immune response com-
pared to ~ 10% without).

The addition of an immune response also alters the infection dynamics both in the presence
and absence of drug treatment. Fig 9 shows the fraction of mutants, the total number of
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https://doi.org/10.1371/journal.pone.0180582.9007

mutants and the time of detection for infections in the absence of treatment (top row) and in
the presence of treatment at 60% (center row) and 70% (bottom row) drug efficacy. In the
absence of drug treatment, the fraction of mutants, total number of mutants and time of detec-
tion in the presence of an immune response look quite similar to those found without the
immune response (Fig 5). Careful inspection, however shows that the mutants need a slightly
higher fitness to dominate the infection and will take slightly longer to reach detection levels
when an immune response is present. When there is an immune response, the mutants need
to not only successfully compete for resources with the wild-type virus, but they also need to
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https://doi.org/10.1371/journal.pone.0180582.9008

evade the immune response making it even harder for them to multiply. In the presence of
drug treatment, the effect of the immune response is more evident. With 60% drug efficacy,
the mutants must have a relative fitness of at least 0.2 in order to produce an infection; with a
70% drug efficacy, the mutants need to have a relative fitness of at least 0.5 in order to produce
an infection. This minimum threshold was not observed in the absence of an immune
response because mutant virus could linger and slowly grow over long periods of time, so that
even mutant virus with very low fitness could eventually multiply to high numbers. The
immune response puts an end to these slow-growing infections so that if a mutant virus is not
fit enough to multiply to large numbers before the immune response kicks in, there will not be
an infection. Since these slow-growing infections have been eliminated, the time of detection
is substantially reduced in the presence of drug treatment, with the average time of detection
remaining below 4 dpi.

Discussion

While this is a modelling study, some of the predictions of our models have important implica-
tions that warrant further investigation. Our results indicate that it is particularly crucial to
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Fig 9. Effect of the immune response on emergence of drug resistance. Fraction (left column), total number (center column) and time
of detection (right column) of drug resistant mutants produced in an influenza infection in the presence of an immune response given no drug
treatment (top row) and drug treatment at 60% (second row) or 70% (bottom row). Adamantane CM mutants are in red, adamantane IM
mutants are in maroon, NAI CM mutants in blue, and NAI IM mutants are in green. We show the mean of 1000 simulations with error bars
indicating the standard deviation.

https://doi.org/10.1371/journal.pone.0180582.9009

prevent breakthrough infections as they contain a large fraction of drug-resistant mutants
which can then be spread to other people. Our models indicate that there is a minimum rela-
tive mutant fitness relative to the wild-type strain below which there will be no breakthrough
infections. For the particular parameters used in our model, this threshold is quite low
(mutants need only be 10% as fit as the wild-type virus in the absence of an immune response
and about 15% in the presence of an immune response) and is determined by the basic repro-
ductive number. Beyond this threshold, the fraction of breakthrough infections rises sharply as
the fitness increases, and reaches an asymptotic value that is determined by the drug efficacy.
The lower the drug efficacy, the higher the number of breakthrough infections. This is particu-
larly concerning because there is some evidence that the efficacy of oseltamivir, the most com-
monly stockpiled antiviral [70], can be fairly low (30-80%) [42, 71]. Amantadine also appears
to have a somewhat low efficacy in vitro, between 50-95% [10, 72], although this low value
could be partly due to the emergence of drug-resistant mutants over the course of the infection
[10, 12]. A further exacerbating factor in humans is the person-to-person variability of drug
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efficacy caused by individuals’ variability in pharmacokinetic parameters [73]. This variability
means that some people receiving the standard drug regimen will be receiving treatment at
low efficacies, increasing the possibility of a breakthrough infection. The immune response
helps to mitigate some of these problems, lowering the drug efficacy at which breakthrough
infections rise to high levels. Unfortunately, even with the immune response, the typical effi-
cacy of antivirals is below the efficacy needed to suppress breakthrough infections. These
results suggest that early or preventative antiviral therapy is a risky proposition and that it
might contribute to the emergence and spread of drug resistant mutants.

Even in the absence of any drug treatment, our models predict that drug-resistant mutants
will be present during an infection, potentially in large enough numbers to be transmitted to
other individuals. We have the following potential scenario for the spread of drug-resistant
mutants even in the absence of treatment. An individual is infected with 100% wild-type
virus, and even though the drug-resistant mutant has low relative fitness (let’s say 0.5) and
remains a small fraction of the cumulative viral titer, there are still ~10* TCIDso/mL of drug
resistant mutants produced over the course of the infection. The number of mutants becomes
detectable in the patient’s nasal wash somewhere between day 1.5-2 post-infection, fairly
early in the infection. This patient, then, is shedding a detectable amount of drug-resistant
mutant for some part of his illness. This individual infects a second individual, but now the
viral inoculum contains a small fraction of drug-resistant mutants. The second individual
now produces a slightly larger fraction of mutants in their infection and passes that larger
fraction on to the next individual. In this way, drug-resistant mutants can propagate within
the population even in the absence of the selective pressure of drug treatment. This finding
suggests that some evidence of drug resistance, albeit possibly at low levels, is expected in the
population even in the absence of any drug treatment within the population. This was the
case for both amantadine and oseltamivir, where drug-resistant strains persisted in the popu-
lation at low levels for years in spite of the absence of widespread antiviral treatment [4, 14].
Since we don’t see high levels of drug resistance in the absence of treatment, there must be
mechanisms suppressing growth and transmission of the drug resistant variants. This could
be due to low fitness of the drug resistant mutants [25, 26], or the effect of the immune
response, both of which would lower the amount of drug resistant virus produced during an
infection. Studies also indicate that some drug resistance mutations can also cause
impairment of transmission fitness [74-76], although this is not the case for all drug resis-
tance mutations [23, 75-78].

During treatment, the drug-resistant mutant has a competitive edge and rises to high levels
at lower fitness than in untreated infections. When drug treatment is delayed, the wild-type
virus has some opportunity to grow and possibly produce drug-resistant mutants such that
once drug treatment is applied, the drug-resistant mutant will be able to grow without interfer-
ence or competition from the wild-type virus. We found that even a treatment delay as short as
12 h could result in predominantly drug-resistant infections. This is particularly problematic
because typical treatment delays are 36-48 h since people will not seek treatment until after
they start to experience symptoms. This longer treatment delay also leads to possibly risky sce-
narios, at least for NAIs, where we see that initiation of treatment at 48 h produces a long-last-
ing (>10 d) drug-resistant infection, which provides a longer window for spread of the drug-
resistant virus to other people. Thus, delayed treatment can also encourage the growth and
spread of drug-resistant virus.

Previous work has estimated the total number of virions as well as the number of single
nucleotide mutants produced during an uncomplicated infection [43], estimating that the total
number of virions is between 10'® and 10'* and the number of single nucleotide mutants is on
the order of 10'°. Our models provide a similar estimate, finding that the total number of
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virions produced is on the order of 10* TCIDso/mL or, using our conversion factor of o = 10*
virions/[TCIDso/mL], on the order of 10'? virions, consistent with the previous estimate. For
low relative fitness, our models predict 10°~10° drug-resistant mutants. This is lower than the
previous estimate since they estimated the number of virions with a single nucleotide mutation
at any location, whereas our work counts the number of virions with a single nucleotide muta-
tion at a specific location. Since the number of nucleotides in the influenza genome is

1.4 x 10*, the previous estimate suggests that there should be on the order of 10® mutants with
mutations at a specific location, which is lower than our estimate. The main reason for the dif-
ference between these two estimates is due to the assumed nucleotide mutation rate (7.3 x 107>
per nucleotide per replication used here versus 2 x 10~° per nucleotide per replication used in
[43]), so we expect that our model will predict a higher number of mutants.

Beyond these general findings for the emergence of drug-resistant mutants, our model has
helped elucidate differences between the emergence of adamantane-resistant mutants and
NAl-resistant mutants. In the presence of drug treatment, NAI-resistant mutants emerge
faster and at lower relative fitness than adamantane-resistant mutants. The dynamical differ-
ences we see are because the two drugs act at different points in the replication cycle. NAIs act
at the end of the replication cycle, they prevent the production and release of susceptible viri-
ons [5, 6], but do not interfere with virion entry and RNA replication processes. This means
that the wild-type virus can get into the cell easily and can replicate its RNA, potentially gener-
ating a drug-resistant mutant. While the wild-type virus cannot leave the cell due to the effect
of the NAI, the drug-resistant mutant can escape the cell, allowing NAI-resistant mutants to
dominate the population very rapidly. Adamantanes, on the other hand, act at the beginning
of the replication cycle, blocking infection of the cell [2]. In this case, the wild-type virus can-
not even enter the cell to begin replication and does not have a chance to produce a drug-resis-
tant mutant. Thus, if all else (fitness, drug efficacy, etc.) is equal, it is better in terms of
preventing drug resistance to treat influenza with adamantanes or some antiviral that acts at
the beginning of the replication cycle, than with NAIs or an antiviral that acts at the end of the
replication cycle. This finding should be considered as researchers develop new antivirals for
influenza, with antivirals acting early in the replication cycle being preferable to those acting
later, at least from the standpoint of mitigating drug resistance.

Our model also considered the effect of virion external packing on the emergence of drug
resistant mutants. The internal mutation model, which assumes that there is a mismatch
between the viral surface proteins and the RNA contained within for newly mutated strains,
essentially gives drugs a second chance to prevent the drug-resistant mutant from spreading.
When the drug-resistant mutant is initially created, its RNA is packed in a capsid that contains
the wild-type surface proteins which are sensitive to the drug and will prevent spread of the
mutant. The wild-type exterior, then, acts as a further hindrance to the emergence of drug
resistance in the presence of drug treatment. Dynamical differences between IM and CM mod-
els are evident even in the absence of drugs, although it tends to be less dramatic here. In this
case, the differences are due to the decrease (or increase) of fitness of the surface proteins. In
reality, there is likely to be a mix of surface proteins on the surface of virions created from a
new mutation, although this has not been experimentally examined. Many parts of the viral
replication cycle are still not clearly understood [79], with bud formation and release being
among the least understood processes [80]. In order to develop accurate models of influenza
infection, however, the details of the replication process need to be thoroughly understood. As
our models show, sometimes the details of the process can dramatically affect infection
kinetics.

While there are other modeling studies of the emergence of drug resistance in the literature,
this study does provide new insights. A study by Canini et al. caninil4 uses viral kinetic
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modeling to examine emergence of drug resistance during oseltamivir treatment in both
immunocompetent and immunocompromised patients. Studies by Loverdo et al. [81, 82] do
not specifically examine drug resistance, but do examine the impact of early versus late muta-
tions on emergence of mutants. Neither of these papers examine the effect of antiviral mecha-
nism of action. While amantadine is no longer really in use due to widespread resistance [4],
our finding of differences in emergence of drug resistance for antivirals that act early in the
replication cycle versus those that act late in the cycle will also be true for new antivirals. Our
results, then, will help researchers understand the potential for drug resistance in new antivi-
rals. This is not, however, the only novel insight in this paper. While some aspects of the paper
have been considered separately, this paper examines all of them together, providing insight
into how the different effects interact. For example, while the Loverdo papers examine the
effect of surface proteins, they do not consider the effect of drug pressure or the immune
response. Similarly, the Canini paper does not include the effects of surface proteins or antivi-
ral mechanism. In addition, our study uses endpoints not considered in the other studies, such
as the number of breakthrough infections and the time of emergence, and examines them as a
function of viral fitness, a factor not considered in the previous studies. This allowed us to
identify a threshold fitness needed for emergence of drug resistant mutants, an effect not
observed in previous studies. Thus, our study provides a more complete picture of the factors
that affect the emergence of drug resistance.

Since most of our results examine emergence as a function of viral fitness, it is rather diffi-
cult to experimentally verify some of the specific model predictions. First, while our model
assumptions allow for a simple definition of relative fitness, in practice there are several quan-
tities that can be used to characterize viral fitness [53, 54]. If we found that one of these mea-
sures of fitness corresponds well to the relative fitness used in our model, we would then need
to systematically alter the fitness of a virus, or identify several strains of virus with different fit-
ness in order to verify the model predictions. However, it is possible to experimentally verify
whether amantadine or NAI treatment lead to different amounts of drug resistant mutants
being produced or whether the time of detection changes with different antivirals for a particu-
lar strain of influenza.

Even though we included several biological processes not included in previous mathemati-
cal models of drug resistance, our models are still simplified representations of the infection
process. Our inclusion of an immune response was simplistic, including only antibodies, even
though other components such as interferons and cytotoxic T-lymphocytes will also help to
clear the infection [63]. Interferon does not directly clear virus, and while it shortens the infec-
tion, typically by protecting some target cells from infection resulting in fewer cycles of infec-
tion, it is unable to clear an infection [63, 83]. Interferon also lowers viral load, so we expect
that fewer virions will be produced during the infection, although we would expect the propor-
tion of drug-resistant to wild-type virus to be the same since interferon acts on cells, not virus,
and should affect both strains equally. The time of detection might be delayed in the presence
of an innate response since viral titer is lowered, meaning that it will take longer for virus to
grow to detectable levels. Cytotoxic T-lymphocytes clear infected cells, but in experiments,
they have a similar effect on viral titer as the antibody response [63], so we expect that includ-
ing this immune response would not substantially change our results. We also neglected the
pharmacokinetics of the antivirals and assumed that drug efficacy remained constant through-
out the infection, although a recent study suggests that a constant drug is a good approxima-
tion when studying viral titers [84]. Finally, our study did not examine patient-to-patient
variability, as was done in a previous study [42], and its role in the emergence of drug
resistance.
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Conclusion

Our models present a simplified version of viral dynamics which help to elucidate some of the
mechanisms driving the emergence of drug-resistant mutants during the course of a single
infection. Our models show that the mechanism of drug action as well as the surface proteins
present on the surface of the mutant virus both play a role in how quickly drug-resistant
mutants will emerge and how many mutants will be produced over the course of the infection.
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