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Abstract

Drug resistance is a common problem in the fight against infectious diseases. Recent studies have shown conditions (which
we call antiR) that select against resistant strains. However, no specific drug administration strategies based on this property
exist yet. Here, we mathematically compare growth of resistant versus sensitive strains under different treatments (no drugs,
antibiotic, and antiR), and show how a precisely timed combination of treatments may help defeat resistant strains. Our
analysis is based on a previously developed model of infection and immunity in which a costly plasmid confers antibiotic
resistance. As expected, antibiotic treatment increases the frequency of the resistant strain, while the plasmid cost causes a
reduction of resistance in the absence of antibiotic selection. Our analysis suggests that this reduction occurs under
competition for limited resources. Based on this model, we estimate treatment schedules that would lead to a complete
elimination of both sensitive and resistant strains. In particular, we derive an analytical expression for the rate of resistance
loss, and hence for the time necessary to turn a resistant infection into sensitive (t.eq). This time depends on the
experimentally measurable rates of pathogen division, growth and plasmid loss. Finally, we estimated t..,, for a specific
case, using available empirical data, and found that resistance may be lost up to 15 times faster under antiR treatment when
compared to a no treatment regime. This strategy may be particularly suitable to treat chronic infection. Finally, our analysis
suggests that accounting explicitly for a resistance-decaying rate may drastically change predicted outcomes in host-

population models.
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Introduction

Drug resistance is an important problem during infection
treatment, particularly in intensive care units [1]. Cases of
resistance have been described in infections caused by different
types of pathogens, such as viruses, bacteria, fungi and protozoa
[2-5] and the increasing incidence has made resistance a major
public health issue [6]. This fact can be exemplified by, but it is not
exclusive to, infections caused by the methicillin-resistant Staphy-
lococcus aureus (MRSA), whose incidence rate has almost doubled
(city of Atlanta) or tripled (city of Baltimore) in a period of three
years, from 2002 to 2005 [6]. The relevance of those numbers is
evident when compared to infectious diseases that are caused by
other bacteria also common in the human respiratory tract and
skin, such as Streptococcus pneumonia and Haemophilus influenzae. The
number of MRSA infection cases was about twice and 30 times the
numbers for S. pnewmonia and by H. influenza, respectively, in the
calendar year of 2005 and was associated with about 18000 deaths
[6]. Also, MRSA is associated with over 20% of S. aureus infections
in Europe [7]. This alarming situation highlights the need for
alternatives to reduce the incidence of resistance. Two common
potential strategies for this purpose are drug restriction and
multiple-drug therapy. However more work is required to
determine the potential effectiveness of these strategies in reducing
or fighting drug resistance and to gain a quantitative understand-
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ing of their mechanisms, both at the single-host and the host-
population level.

Drug restriction consists of suspending a given class of
antibiotics for some period of time, while other classes of
antibiotics are still available for treatment. It is based on the
principle that resistance can decrease in the absence of a specific
antibiotic treatment, due to the cost of resistance [8-11]. For
example, an early clinical study at the host-population level
reported a reduction in the proportion of Vancomycin-resistant
bacteria from 47% to 15% using a Vancomycin restriction strategy
[12].

A special case of restriction is drug cycling, in which restrictions
to specific classes of drugs are alternated over some time interval.
A review on the topic identified only four references rigorously
investigating drug cycling [13]. Three of them reported cycling to
be effective in reducing the incidence of resistance and one did not
find any statistical significance. They also reported lack of standard
procedures, which makes it hard to obtain a conclusive evaluation
of policies. A parallel review was less stringent and observed that
thirteen out of fourteen studies related to drug cycling reported
positive results, such as decrease of either resistance, infection rate
or mortality rate, while only one reported purely negative results
[14]. Subsequent studies reported positive outcomes for drug
cycling [15-21]. While one case reported a combination of
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positive and negative results [21], and another discussed draw-
backs of this approach [17], all of them agreed that more research
is needed to identify useful strategies to combat resistance.

Another option to deal with drug resistance is using multi-drug
therapy. The properties of drug combinations have been studied
for more than 100 years [22-24]. The nature of drug interactions
can be classified in two main groups: synergistic and antagonistic.
An interaction is classified as synergistic (antagonistic) if the
combined use of two drugs increases (decreases) their activity, such
as growth inhibition, relative to a null expectation based on
individual drug effects [25]. In using drug combinations for
therapeutic purposes, most research until recently has been
focused on synergistic interactions [26-29]. Drug synergy reduces
the amount of drug necessary to reach the same activity,
consequently reducing costs and presumably toxicity to patients
[26]. However, new studies have shown that synergistically
interacting drugs tend to increase the emergence of drug
resistance, indicating that it would be useful to pursue the
potential role of antagonistic interactions in affecting the evolution
of resistance [26,30-32].

Resistant strains would not be so alarming if we were able to
control them. In order to do so, one would have to find conditions
(which we call antiR) in which sensitive strains are able to grow
faster than resistant ones. Under these conditions, resistant strains
would have a selective disadvantage and decrease in population
size. The antiR conditions can be applied to reduce resistance,
turning an infection susceptible to antibiotic treatment. The
effectiveness of this strategy depends on a precise timing schedule
for the application of antiR and antibiotic treatment.

The existence of antiR conditions have been demonstrated by
experimental measurements [33,34]. Chait and colleagues used
suppressive interaction to favor the growth of a wild type, sensitive
strain over the growth of a resistant one [33]. Suppressive
interactions are a special case of antagonism, and occur when the
combined effect of two drugs is weaker than the effect of each drug
individually. A suppressive drug attenuates the effect of an active
drug in the sensitive strain, but not in the one carrying the genes
for resistance to the suppressive drug. Thus, it creates a condition
that favors the growth of sensitive strains.

A second antiR mechanism is possible when resistance is
acquired through the use of efflux pumps [34]. This machinery
keeps the antibiotic outside the cell and is activated by the
presence of the antibiotic. It is an expensive process, in which the
antibiotic is actively transported against its gradient of concentra-
tion at expenditure of free energy. Modifications caused by
chemical decay may cause an antibiotic to be no longer effective,
while maintaining its capacity to activate the genes for resistance.
Under these conditions, the modified antibiotic is not effective and
the activation of the efflux pumps is not associated with any benefit
for the bacteria. Thus, it only increases the cost of carrying and
expressing the genes for resistance, favoring growth of sensitive
strains.

In spite of the growing knowledge about antibiotic resistance,
there is still not a standard way to control it. The use of drug
combinations can lead to multi-resistant strains [35-38]. Specific
strategies to turn antiR conditions into therapeutic plans have not
been proposed yet. Drug restriction is not a well-established
intervention, with limited studies available on the topic [14,36].
Moreover, the implementation of drug restriction policies beyond
a single hospital is challenging. In the case of cycling, lack of
standard procedures and arbitrary definition of cycle duration are
central issues [13,14,17], making strategies inconclusive. Mathe-
matical models could help to improve strategies. However, most
models [39-41] predict that antimicrobial cycling is not helpful in
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reducing resistance while most experimental investigations suggest
benefits for cycling [14]. Such divergence encourages the search
for the principles necessary to develop accurate models and
highlights the importance of more experimental evidence.

In this paper, we use a mathematical model [42] to
quantitatively study antibiotic therapy and the effect of an anti-
resistance treatment in a single-host model (Fig. 1A-B). We
simulate a case where antibiotic treatment is not effective and
show how the application of antiR conditions could provide an
effective treatment. Using the model, we are able to estimate for
how long (time Z,,,) the antiR condition should be applied until
antibiotic treatment is again effective. In particular, we show that
tar depends only on three key parameters: the pathogen division
rate, the rate of plasmid loss and the difference in growth rate
between sensitive and resistant strains. Also, we use available
experimental data to estimate f,,, providing suggestions on how
to manage drug timing in order to clear resistance from a
pathogen load. Finally, our single-host model suggests that
antibiotic resistance may be attenuated over time. We show that
the incorporation of a similar resistance attenuation term into
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Figure 1. lllustration of the infection dynamics model and of a
novel strategy to fight resistance. (A) Schematic representation of
the main dynamical transitions based on the model from [42]. The
arrows represent the possible fates of the populations of sensitive and
resistant pathogen strains. Horizontal gene transfer (rate t) and plasmid
loss (rate p) are the mechanisms responsible for interconverting
between sensitive and resistant strains. The use of an antibiotic can
reduce the sensitive population, but is not effective against the
resistant one. Conversely, the cost of carrying a plasmid causes a
reduction of the resistant population in the absence of antibiotic use.
Also, both strains are susceptible to immune system killing. This model
of infection dynamics can be used to search for optimal treatments. (B)
Schematic representation of the current state of an infection and its
treatment. Regular antibiotic is effective against an infection caused by
the sensitive strain, but is not effective against an infection with high
abundance of resistant pathogens (B-top). Here we show that an
effective control of the infection can be obtained by initially treating
against the resistant strain (antiR condition) [33,34] and subsequently
applying antibiotic treatment (B-bottom).
doi:10.1371/journal.pone.0080775.9001
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host-population models may change the current perspective on
optimal strategies to reduce incidence of antibiotic resistance.

Methods
Background

Our current work builds upon a previous model of bacterial
infection and immune response, originally proposed to identify
strategies to limit the emergence of antimicrobial-resistant
bacterial strains [42]. The pathogens are composed of sensitive
(represented by the subscript S) and resistant (represented by the
subscript R) strains. The abundance of pathogens, B = BgtBg, is
limited to a carrying capacity A-k [43-45], giving rise to a logistic
growth. The growth rate, Ag or Az, is the difference between the
division () and the mortality (x) rate. The model also considers the
effect of the immune system, represented by the number of
phagocytes (P) and their killing rate (y), and assumes that the
populations of pathogens and phagocytes are well mixed. The
presence of the immune system effectively translates into a
threshold of pathogen abundance, above which an infection starts
[46]. The model also assumes that the genes for resistance are
carried by mobile genetic elements (referred to in what follows as
plasmids, see also Discussion). The resistance-carrying mobile
genetic elements can be transferred to a sensitive strain, due to
horizontal gene transfer, at a rate 7, and be lost during replication,
with a probability p [47]. An illustration of the model and
parameters is shown in Figure 1A. Mathematically, the model is
described by the following differential equations:

dBs B P BsBg PR

s _sBs(1--2-) — Bs— orPR B
S S( )LSK) "PyB ST TOR PR "
dBR B BsBg PR
LR o JrBr(1- ) —y——B —orlRp

dr R R( ;,Rx) PPrB RTT TR TORG PR

The values for the parameters used in Equation 1 are described in
Table S1 in File S1. The different conditions described in this
paper (no treatment, antibiotic treatment and antiR) are
distinguished by different values of mortality rate and are also
described in Table S1 in File S1. Throughout this work, we use a
specific fixed value for each parameter and we assume that
antibiotic treatment has equal access to each pathogen cell. These
assumptions make it easier to understand the model principles and
do not affect the conclusions of our analysis. A sensitivity analysis
shows that our results are robust to a varying range of parameters
(Text S4 in File SI and Fig. S2).

Model intuition

The model describes an infection by predicting the dynamical
changes in the population of invasive pathogens. If the population
is low, the immune system is able to control the infection. When
the population is beyond the immune system capacity, the
infection needs to be controlled by antibiotic therapy (Fig.
S1A,B). However, an infection will not be cured if therapy is
mterrupted before the pathogen load is sufficiently reduced (Fig.
S1B) or if the pathogen population is resistant to antibiotic (Fig.
S1D). Also, a time delay in antibiotic application can indicate
whether an antibiotic therapy will lead to a successful treatment
(Fig. S1C) or not (Fig. S1D). In addition, the relative killing rates of
antibiotic and immune system depend on pathogen abundance
(see Text S5 in File S1). More details about the model can be
found in the original paper [42].
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Results

Treating against resistance

We used the model of Equation 1 to predict optimal strategies
for healing infections that involve strains resistant to a single
antibiotic. This is performed by estimating the outcomes of a
therapy based on the application of antiR and antibiotic treatment
with different time schedules (Fig. /B). Antibiotic usage reduces the
population of sensitive pathogens while at the same time favoring
the resistant ones. If the abundance of the resistant population is
too high, antibiotic treatment is ineffective. We explore whether an
appropriate timing of the antiR condition [33,34] could give rise
to alternative avenues to combat resistance.

We studied the effect of an antiR treatment in the infection
dynamics and examined how it could help to fight resistant
infections. The application of an antiR treatment reduces the
abundance of resistant pathogens (Fig. 2). Interestingly, the
mntensity of this resistance attenuation increases when the
abundance of sensitive pathogen is close to the carrying capacity
and indicates a change in fitness when both strains have to
compete for resources. This phenomenon suggests that competi-
tion for resources might also direct resistance attenuation under no
treatment conditions. Notably, resource competition has recently
been shown, both in terms of mathematical simulations and
experimental data, to play a major role in the duration of
inflammatory reaction caused by virulent pathogen [48]. We
simulated infection dynamics when no treatment is applied to
determine the key parameters responsible for resistance attenua-
tion. We observed that the stability of the genes for resistance
(represented by the plasmid loss rate) as well as the parameters
related to growth rate play a key role in resistance attenuation
when the sensitive population is close to carrying capacity (Fig. 3).

Our goal is to explore the potential of resistance attenuation as
an alternative treatment to fight resistant infection. For this
purpose, we simulated infection dynamics under different treat-
ment schedules (Fig. 4). Resistance attenuation can be exploited to
reduce the population of resistant pathogen to low levels, turning
antibiotic therapy effective. The higher the intensity of resistance
attenuation, the faster a resistant infection would become sensitive
to antibiotic treatment. An antiR condition increases the intensity
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Figure 2. Resistance attenuation is boosted when the popula-
tion of sensitive pathogens approaches carrying capacity. This
figure shows the infection dynamics of both resistant (dashed red line)
and sensitive (solid blue line) pathogens under antiR treatment (purple
shade). The decrease in the abundance of resistant pathogen is
relatively small when the sensitive strain is far from carrying capacity
(time t<<8 days), but is strengthened when the sensitive population
reaches carrying capacity. The initial abundances of sensitive and
resistant pathogens are 10° and 10° cells respectively.
doi:10.1371/journal.pone.0080775.g002
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Figure 3. Resistance attenuation occurs in the in the absence of
antibiotic treatment when the abundance of sensitive patho-
gen is saturated. The resistant and sensitive strains have to compete
for resources when the bacterial population approaches carrying
capacity. This competition reduces the abundance of resistant strains
due to the cost of resistance. Under this saturated conditions, both the
probability of plasmid loss (A) and the growth rate (B) affect resistance
attenuation. (A) The intensity of resistance attenuation increases with
the probability of plasmid loss (p). (B) The intensity of resistance
attenuation increases with the difference in growth rate between both
strains. In this analysis, we set up the probability of resistance loss to be
equal to zero to highlight only the effects of growth rate. The left panel
shows a case in which both sensitive and resistant strains have the
same growth rate. In this case, both strains can coexist with high
population abundance. In the right panel, we assume that a plasmid
cost reduces resistance growth rate from 277 to 2 day '. The
abundance of the resistant pathogen decreases over time when the
abundance of the sensitive pathogen is saturated. The intensity of
resistance attenuation is proportional to the difference in growth rate.
Unless otherwise mentioned, all parameters used in this analysis
correspond to the default values described in Table S1 in File S1 for no
treatment condition. Initial abundances of sensitive and resistant
pathogens are 10% and 10° cells respectively.
doi:10.1371/journal.pone.0080775.9003

of resistance attenuation relative to drug suspension and reduces
the time it takes for a resistant infection to become susceptible to
antibiotic treatment. Figure 4 simulates a case in which antiR
treatment leads to an effective treatment that would not be
achievable by suspending antibiotic use. This result illustrates the
potential of antiR conditions to accelerate resistance attenuation.

Surprisingly, the results of our simulations show that the
abundance of sensitive pathogen grows in parallel with the
resistant pathogen under antibiotic treatment (Fig. 4B). This
phenomenon depends on the simple assumption that the resistance
plasmid can be lost: the population of sensitive pathogens could
then spontaneously rise to high levels from a high abundance of
resistant pathogen.

The possible outcomes of treatment can be visualized by a
schematic phase plane representation (Fig. S3). Note that,
according to this schematic representation, no single treatment is
effective at treating an infection for all ranges of pathogen
populations. However, an effective treatment is possible for any
combination of pathogen populations, using a multi-treatment
therapy. The infection dynamics for a multi-treatment therapy can
be visualized by plotting the phase plane for each individual
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treatment in a tri-dimensional representation (Figure 5). This
representation helps choose the correct strategy to combat
infection based on pathogen abundances. It also helps visualize
necessary conditions for an effective treatment. In particular, an
effective treatment for a full range of pathogen populations
requires that the antibiotic treatment is effective even if the
abundance of sensitive pathogen is at carrying capacity (Text S4 in
File ST and Fig. S2). A medically relevant outcome of this analysis
is that it provides a potential explanation for the prevalence of
high-resistant infection in immunosuppressed patients [49,50] (see
Text S4 in File S1).

Estimating the time to lose resistance

An optimal treatment depends on the precise timing of the
application of antibiotic and antiR conditions. If the infection is
already sensitive, antibiotic treatment should be used from the
beginning of therapy. On the other hand, if the infection is
resistant, antiR should be applied first in order to reduce the load
of resistant pathogen. When the abundance of resistance is low
enough, the infection becomes sensitive and an effective treatment
can be achieved after antibiotic application.

The optimal strategy to combat a resistant infection will depend
on how the resistant population varies over time. For example,
assume that, at a given time / a patient is infected by a given
population of resistant pathogen Bg(?). Under antibiotic treatment,
the pathogen carrying the plasmid for resistance will increase in
frequency. However, in the absence of antibiotic selection, the cost
associated with the plasmid will cause the frequency of the resistant
strain to decrease over time (Fig. 4A4,B). What is particularly
noteworthy is that under certain conditions (Fig. 45) the resistant
population can decrease to a level that is low enough, such that the
immune system and the antibiotic are able to completely eliminate
the pathogens. As shown under no treatment or antiR condition
(Fig. 4B) and demonstrated analytically (Text S1, Equation S4 and
S5 in File S1), the decrease in abundance of resistant pathogen can
be modeled by an exponential function, providing the following
phenomenological linear equation:

log Br(t)= —at+1log By 2)

where « indicates the rate at which resistance is attenuated
(resistance-decaying rate) and B, the abundance of resistant
pathogen at a reference time. The resistance-decaying rate is
associated with the cost of resistance and its value increases under
antiR conditions.

The expression shown in Equation 2 enables an estimation of
the time to lose resistance. To compute this time, it is important to
consider the maximum abundance of resistant pathogen that
guarantees an effective antibiotic treatment (which we call /). We
did not find an analytical solution for /%, in terms of the model
parameters, but this value can be estimated numerically and
visualized in the phase plane representation (Fig. S3B). In
addition, a suboptimal estimation of /, satisfies the requirement
for a conservative analysis. In the most conservative scenario, this
threshold corresponds to a single resistant pathogen. From this
estimate, one can evaluate the time necessary to turn the pathogen
population sensitive to antibiotic treatment (Equation 2). In
particular, by imposing that the abundance of resistant pathogen
should be less than the threshold #,, in the form log Br<<log hy, one
obtains:
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Figure 4. AntiR treatment boosts resistance attenuation and leads to total healing. Both antibiotic suspension (no treatment) and antiR
treatment can reduce the abundance of resistant pathogens. However, this reduction is greater under antiR treatment. This figures illustrates the
potential advantage of an antiR treatment in fighting a resistant infection. When no treatment is applied, the fraction of resistant population
decreases slowly (A and B, time window between 16 and 36 hours) and it is followed by an ineffective antibiotic treatment. In (B), the resistance
attenuation is faster due to treatment against resistance (antiR, purple-shaded area), and leads to an effective antibiotic treatment (t>36h). The black
dashed horizontal line marks a single cell, i.e. the level below which the infection is healed. The initial abundance of both sensitive and resistant
pathogens is 10° cells. Note that the period of antibiotic suspension preceding an antiR treatment is not necessary for an optimal therapy and is

shown in this figure only for highlighting the different slopes.
doi:10.1371/journal.pone.0080775.g004
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Figure 5. Schematic representation of a phase space shows
possible paths for an effective therapy. A phase space shows the
growth direction for different size of the resistant and sensitive
populations (x and y-axes respectively) upon different types of
treatments (different planes on the z-axis). The dark shade in each
plane represents the area in which the population of pathogen has
negative growth (i.e. infection is under control). In this phase space we
display a specific trajectory representative of a therapy that successfully
controls resistant pathogens. Each treatment condition is represented
as a different plane: no treatment (bottom plane, gray), antibiotic
(middle plane, green), antiR (top plane, purple). For the bottom and top
planes, the dark shaded area coincides with the population threshold
controlled by the immune system. Note that, due to log-scale
representation, these areas look like squares. Variations in the
parameters for the immune system would cause an extension or
contraction of the dark area, without affecting major conclusions from
this analysis (see also Text S4 in File S1 and Fig. S2). The use of antibiotic
extends the range of control, allowing the cure of infections caused by
sensitive pathogens. No single treatment is able to provide cure in all
population ranges. However, this can be achieved using multiple
treatment therapy. The points (p;, ..., ps) illustrate an effective path
(which is the same shown in Fig. 4B).
doi:10.1371/journal.pone.0080775.9g005
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Note that 4, 1s inversely proportional to the resistance-
decaying rate. Applying antiR conditions will increase the
resistance-decaying rate, consequently decreasing ¢, (Fig. 4).

An analytical approximation derived from the model (Text S1
in File S1) can be used to estimate the resistance-decaying rate and
is summarized by the following equation:

azéRg +AL (@)

where 44 = Ag - Ag is the difference in growth rate of sensitive and
resistant strains. 44=0 when no treatment is applied and it
increases under antiR conditions. The parameters dx and p are
considered intrinsic to the system [42], but strategies on how to
manipulate them might be a topic of future research. Interestingly,
the parameters described in Equation 4 coincide with the
parameters responsible for resistance attenuation observed under
in vitro measurement [51].

Resistance-decaying rate estimated from real data

The applicability of the outlined strategy to fight resistance
depends on the ability to realistically estimate the resistance-
decaying rate (Equation 4). Experimental measurements of the p
and Jdy parameters can be obtained using the method described in
[52], while the parameter 44 can be measured as shown in [53].
In particular, Gill et al. [52] used quantitative real time PCR to
measure plasmid counts and a mathematical model to estimate the
rate of plasmid loss and i vivo growth and death rate, yielding
estimates of p and Jdx Hegreness et al. [53], conversely, used
fluorescence markers to measure differential growth rate between
resistant/sensitive strains. Starting from an even population, the
intensity of each marker measures the ratio of the abundance of

eixl

each strain, i.e. — =e

ALt
eA‘Rr .
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Empirical data for an antiR condition was obtained from [33].
The authors measured the ratio of doxycycline-sensitive to
doxycycline-resistance Escherichia coli after 24 hours under control
and antiR treatment, which was 7.4 and 750, respectively. From
those values, we obtain AA,;=0.34d ' and Alup=5.01d"",
where the index indicates, respectively, control and antiR
conditions.

Using the values of 42, and A,z we can compute the
resistance-decaying rate (Equation 4) and estimate £, (Equation
3) for different values of plasmid loss rate. We estimate that
resistance attenuation, measured in terms of ., 1s boosted up to
15 times under antiR conditions when compared to control
conditions (Fig. 6). Moreover, resistance attenuation depends on
whether the variation in growth rate is caused by increasing
mortality or division rate (see Text S2 in File SI).

Incorporating resistance attenuation in host-population
models

So far, we have explored the concept of resistance attenuation,
and its consequences for treatment, based on a single-host model.
What would be the implications of introducing the resistance
attenuation concept in host-population models of infection? A
detailed mapping of the parameters of the single-host model onto
those of a host-population model is beyond the scope of the
current work. However, we will show here qualitatively how the
explicit introduction of resistance attenuation in a host-population
model can alter dramatically its predictions, e.g. the effectiveness
of drug cycling.

Consider for example the host-population model proposed by
Bonhoeffer et al. [40]. In this model, sensitive pathogens can
acquire resistance (parameter s in Equation S6 in File SI, or
Equation 3 in [40]), but there is no parameter explicitly
representing the possibility of resistance loss. Rather, in the
original model, the cost of resistance is associated with a faster
recovering rate. We performed a simulation of the Bonhoeffer et
al. model with default parameters and compared it to a modified
version that represents transitions from resistant to sensitive strains
(see Text S3 in File S1, Fig. S4, Fig. 7). Our analysis shows that
adding a term that explicitly refers to resistance attenuation can
yield a drastically different conclusion when compared to the
original model (Fig. 8), i.e. that cycling is the optimal strategy and
that cycling period can be optimized (Fig. 8D and 8H).

Antibiotic Timing Can Help Fight Resistance
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Figure 7. Schematic representation of a host population
models that includes the possibility of resistance loss. A
modified implementation of a previous host population model [40]
under a combination of two drugs a and b (Equation S6 and S7 in File
S1) takes into account the possibility of resistance loss. Hosts can be
infected by pathogens of four different types: wild type, a-resistant, b-
resistant and a,b-resistant. The numbers of individuals infected are
correspondingly represented by variables y,, Ya Yo and y,p. The
original model [40] considered only the possibility of acquiring
resistance (black arrows). In our modified host population model,
motivated by our findings in the single host model, we assume that a
nonzero resistance-decaying rate can cause loss of resistance (red
arrows).

doi:10.1371/journal.pone.0080775.9007

Discussion

Our analysis illustrates a case where a resistant infection could
be potentially cured based on the specific timing of two treatments:
antibiotic and antiR. An antiR condition can reduce the
abundance of a resistant strain by exploiting the cost of resistance.
We show that the optimal duration of the antiR administration
(t.teay) depends on the resistance-decaying rate, a constant that can
be estimated from experimentally measurable parameters [33,52].

A future potential application of our time-scheduled therapy
may be to treat chronic infections, in which resistance turns
antibiotic treatment alone unsuccessful [54-56]. For example,
long-term antibiotic treatment is often ineffective in the treatment
of chronic sinusitis [56]. Strategies taking advantage of antiR
conditions could be especially useful under conditions in which ¢,
is small relative to the timescale of infection progress and a
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Figure 6. Resistance attenuation is influenced by the nature of antiR treatment and by the plasmid loss rate. The nature of the antiR
treatment (whether bactericidal or bacteriostatic, see Text S1 in File S1) and the rate of plasmid loss influence the dynamics of resistance attenuation.
We illustrate the resistance decaying rate (A) and t .4, (B) as a function of the rate of plasmid loss and the nature of treatment. At low rates of plasmid
loss (p=0), antiR treatment increases the resistance attenuation by a factor ~15, independently of the nature of antiR treatment. Values are estimated

according to data published in [33].
doi:10.1371/journal.pone.0080775.g006
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Figure 8. A host population model that takes into account resistance loss leads to different conclusions on the strategies to combat
resistance. In the original host population model [40] (see also Fig. 7), drug mixing (panel B) and drug combination (panel C) outperform drug
cycling strategies (panel A and D), however, different conclusions can be reached by our modified model (panels E-H). The gain (<G>) of therapy is
measured by the integral of the curve for uninfected patients (x) in each plot. The original model suggests that drug combination provides the best
strategy, while the modified model suggest potential gain for cycling. In addition, one can see that cycling periods can be improved to increase gain
(compare A vs D or E vs H). Cycling 5/5: drugs a and b are alternated at every 5 time units; Drugmix 0.5: of patients receive treatment with drug a and
0.5 with drug b; Drug combination: all patients receive both drugs; Cycling 1/1: drugs a and b are alternated at every 1 time unit. Parameters are

taken from the original publication [40], with r,, =0, ry_r,-0.1, rg»-0.2.
doi:10.1371/journal.pone.0080775.g008

sustained drug suspension or antiR treatment would not threaten
the health of the host.

The insight derived from the present analysis is limited by the
capacity to effectively implement antiR conditions, and by the
assumptions made by the model (Equation 1). For example, an
antiR condition obtained through the use of a suppressive
interacting drug occurs only at a limited range of drug
concentrations, which might not be easily controllable for
treatment application. In addition, a pathogen could adapt to an
antiR treatment by developing a second resistance. Further
important aspects of the way pathogens may cope with antibiotics,
such as persistence, compensatory mutations, the development of
secondary resistance involving alternative biological mechanisms,
as well as a simultaneous application of antibiotic and antiR
treatment, are not part of the current investigation, but would be
interesting subjects for future expansions.

One of the assumptions of the model described in Figure 1 is
that the genes for resistance can be transferred and lost. This
assumption is consistent with the integration and excision
properties of mobile genetic elements [57-60]. De Gelder and
colleagues performed experimental measurements that show that
plasmid loss due to recombination plays a key role in resistance
attenuation [51]; however the rate of transfer and loss of mobile
genetic elements is still an under-explored topic [61,62]. Estimat-
ing the extent to which this assumption is true requires specific
measurements that are not available in current reports [6,7,47,63—
67]. Clinical studies usually identify whether an infection is caused
by antibiotic-resistant bacteria, but do not measure how the
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resistance is carried. In addition, most reports on the topic describe
resistance to be associated with plasmids. For example, -
lactamases, the most common genes for resistance in E. coli, are
usually carried by a plasmid [6,7,47,65,67]. The resistance for
quinolones was initially thought to be only caused by serial
mutations in the chromosome and to be restricted to vertical
transfers. However, 36 years after its introduction, researchers
have detected a resistance carrying plasmid that is associated with
the rise of high-level quinolone resistance, including multi-drug
resistance [7,63]. The methicillin resistance (mecd) in MRSA
strains of S. aureus is carried in gene cassettes that contain
recombinases able to excise and insert them into chromosomal
regions [57,66]. Moreover, most of the resistance to a second class
of antibiotics is carried by a plasmid [66]. Resistance-carrying
plasmids occur for other classes of antibiotics and organisms and
are often the cause for the rise of multi-resistant strains [7,47].

An important general message emerging from our analysis is
that resistance attenuation (which in turns affects ¢.,,) arises as the
population of pathogens approaches its carrying capacity (Fig. 2).
This suggests that resource competition is a key component of
resistance attenuation, in agreement with previous observations of
its role in the selection of resistant strains under antibiotic
treatment [68]. A potential implication of this concept is that the
population of non-pathogens, by influencing the global carrying
capacity [45,48], may significantly affect the dynamics of
pathogens, and should be taken into account for the development
of more accurate models.
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In addition to exploring in detail the behavior of a single host
model under conditions that induce resistance attenuation, we
asked ourselves whether resistance attenuation in host population
models could affect infection dynamics at an epidemiological level.
By introducing a resistance-decaying rate into a previous host
population model [40] we found significant changes in the
predicted optimal strategy. Most notably while the original model
predicts drug mixing or drug combination as the best strategy, our
modified model indicates that drug cycling corresponds to the best
strategy under otherwise equal conditions. This finding, contingent
on further explorations of parameter ranges and assumptions,
offers a potential way of reconciling previous contrasting reports of
experimentally successful, though theoretically unfavorable, drug
cycling therapies [13-21,39-42,69-72]. More investigation is
necessary to make a mechanist connection between experimentally
measurable variables of resistance attenuation and host population
models. We believe that a mechanistic understanding of resistance
attenuation would be useful in predicting the efficacy of a drug-
restriction policy [73,74].

In the battle against antibiotic resistance, the use of mathemat-
ical models is important for transforming the cumulative
understanding of the mechanisms for acquisition and loss of
resistance [27,75,76] into potential strategies to treat infection
caused by resistant pathogens. While our work does not suggest an
immediate and practical protocol to fight resistant infection, it
highlights simple quantitative aspects of resistance attenuation that
could eventually translate into novel strategies to fight resistant
infections. We envisage that further iterations of empirical and
mathematical studies will help understand how specific resistance
mechanisms should be incorporated into models to enable
improved policies for fighting resistance.

Supporting Information

Figure S1 Overview of the main properties of the infection
dynamics models used in this paper. A treatment is successful
when the pathogen population is reduced below the dashed line
and is unsuccessful otherwise. The antibiotic treatment is effective
when the pathogen abundance has a low fraction of resistance.
Panels (4, B) illustrate the intuitive effect of different lengths of
antibiotic treatment in an infection caused exclusively by the
sensitive strain (blue continuous line). The parameters used in this
analysis do not affect the qualitative behavior depicted in the
original model [42]. A 9 days-long antibiotic treatment (green-
shaded region) can reduce infection until the immune system is
able to control it (4). The same infection is predicted to persist if
treatment is interrupted after 6 days (B). Panels C—D simulated
infection dynamics in a mixed population of sensitive (blue
continuous line) and resistant (red dashed line) strains. Immediate
antibiotic treatment can lead to effective treatment (C). However,
for the same initial condition shown in (C), the abundance of
pathogens increases after a 3 days delay under antibiotic use and
antibiotic treatment is ineffective (D). The initial abundance of
sensitive pathogen is 10 for all panels and the initial abundance of
resistant pathogen is 10 in panel C=D and null for panels A-B.
The black dashed line in the y-axis highlights when pathogen
abundance is equal to a single individual.

(EPS)

Figure 82 Sensitivity analysis of antibiotic treatment effective-
ness is illustrated by a schematic phase plane representation. This
figure follows the same representation used for the antibiotic plane
shown in Figure 5. The dark shaded areas represent regions of the
pathogen population that are susceptible to antibiotic treatment,
which we refer to as treatable region. For panel (A) and (B), these
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areas are represented for the reference values, as from Table S1 in
File S1. Dashed lines represent the boundary edges of the treatable
region for different parameter values. The intersection at the y-axis
indicates the population limit for immune-system control. P, and
Up indicate reference values, according to Table S1 in File S1. (4)
Increasing the mortality rate of sensitive strains, pgs, will expand
the treatable region. Notice that the immune-system threshold
limits the expansion for the abundance of resistant pathogen. This
1s visualized by observing that the dark shaded area expands
horizontally, but not vertically. Reducing the values of ug will
shrink the treatable area. At very low mortality rate, it will
converge towards the limits for immune-system control. (B)
Expansion or contraction of the treatable region as a function of
the number of Phagocytes, P. (B—C) Notice that at low values of P,
the boundary of the treatable region does not touch the right side
edge of the figure. This indicates the treatable region contracts to a
level below the carrying capacity. In this case, under antibiotic
treatment, the presence of a single resistant pathogen cell will be
enough to drive highly abundant sensitive population towards high
resistance (C, dashed arrow). (D) Therapy strategies should
consider how drug concentration varies under antibiotic treat-
ment. The treatable region will vary according to (i, and .,
the minimum and maximum values of pu¢ during antibiotic
treatment. The varying area is represented by vertical hatched
area. A conservative strategy should consider the values of u,,;, to
plan a successful antibiotic treatment.

(EPS)

Figure 83 Schematic representation of infection dynamics
depicts success or failure of infection treatment. An infection
treatment can typically lead to two possible outcomes: the first is
complete healing of the infection, the second persistence of the
infection. Each panel shows a schematic representation of
infection dynamics under different type of treatment. A successful
treatment reduces the total pathogen abundance and directs
infection towards the origin (attractor 1). An ineffective treatment
is not able to contain infection and pathogen abundance grows
towards attractor 2. The dark and light shaded areas represent the
regions of pathogen abundance where treatment is effective and
ineffective, respectively. (4) When no treatment is performed, the
immune system is able to control infection of low pathogen
abundance. In case of high pathogen abundance, infection ensues
and pathogen abundance converges towards a high sensitive
population. (B) Antibiotic treatment extends the region under
which infection can be controlled towards highly sensitive
pathogen abundance and moves the position of attractor 2 to a
highly resistant infection. Note that the top right corner of the dark
shaded area indicates the maximum abundance of resistant
pathogen that guarantees an effective antibiotic treatment (fg,
Equation 2). (C) An antiR treatment slightly extends the region of
pathogen abundance where infection can be controlled towards
the population of resistant pathogen. However, in this conservative
representation, antiR treatment is not able to control a fully
resistant infection. Note that none of the three options of treatment
would be successful to treat infection in all range of pathogen
abundance. However, our analysis predicts that an effective
treatment could be possible for all range of pathogen population in
a multi-treatment representation (see figure 5).

(EPS)

Figure S4 Our modified host population model considers a rate
of resistance loss that is exponentially proportional to the antibiotic
usage. We represent the rate of resistance loss (Equation S7 in File
S1) as a function of drug usage. This shape is inspired on the
exponential rate of resistance loss suggested by our analysis and
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also supported by the observed values measured by De Gelder and
colleagues [51]. Note that at high-antibiotic usage, this rate is close
to null.

(EPS)

File S1 Combined supporting information, containing Table S1,
Text S1, Text S2, Text S8, and Text S4.

(PDF)

References

1.

20.

21.

Snitkin ES, Zelazny AM, Montero CI, Stock F, Mijares L, et al. (2011) Genome-
wide recombination drives diversification of epidemic strains of Acinetobacter

baumannir. Proc Natl Acad Sci U S A 108: 13758-13763.

. Gubareva L (2004) Molecular mechanisms of influenza virus resistance to

neuraminidase inhibitors. Virus research 103: 199-203.

. Ghannoum MA, Rice LB (1999) Antifungal agents: mode of action, mechanisms

of resistance, and correlation of these mechanisms with bacterial resistance.
Clinical microbiology reviews 12: 501-517.

. Welch T, Fricke F, McDermott P, White D, Rosso M-L, et al. (2007) Multiple

Antimicrobial Resistance in Plague: An Emerging Public Health Risk. PLoS
ONE 2: e309.

. Klokouzas A, Shahi S, Hladky S, Barrand M, van Veen H (2003) ABC

transporters and drug resistance in parasitic protozoa. International journal of
antimicrobial agents 22: 301-317.

. Klevens M, Morrison M, Nadle J, Petit S, Gershman K, et al. (2007) Invasive

Methicillin-Resistant Staphylococcus aureus Infections in the United States. JAMA:
The Journal of the American Medical Association 298: 1763-1771.

. Control ECfDPa. Antimicrobial resistance surveillance in Europe 2009. Annual

report of the European Antimicrobial Resistance Surveillance Network (EARS-
Net); 2010; Stockholm. ECDC.

. Dagan R, Barkai G, Givon-Lavi N, Sharf AZ, Vardy D, et al. (2008) Seasonality

of antibiotic-resistant Streptococcus pneumoniae that causes acute otitis media: a clue
for an antibiotic-restriction policy? The Journal of infectious diseases 197: 1094—
1102.

. Levin BR, Lipsitch M, Perrot V, Schrag S, Antia R, et al. (1997) The population

genetics of antibiotic resistance. Clinical infectious diseases : an official
publication of the Infectious Diseases Society of America 24 Suppl 1: S9-16.

. Rieux V, Carbon C, Azoulay-Dupuis E (2001) Complex relationship between

acquisition of beta-lactam resistance and loss of virulence in Streptococcus
preumoniae. The Journal of infectious diseases 184: 66-72.

. Rozen DE, McGee L, Levin BR, Klugman KP (2007) Fitness costs of

fluoroquinolone resistance in Streplococcus pneumoniae. Antimicrobial agents and
chemotherapy 51: 412-416.

. Quale J, Landman D, Saurina G, Atwood E, DiTore V, et al. (1996)

Manipulation of a Hospital Antimicrobial Formulary to Control an Outbreak of
Vancomycin-Resistant Enterococci. Clinical Infectious Diseases 23: 1020-1025.

. Brown E, Nathwani D (2005) Antibiotic cycling or rotation: a systematic review

of the evidence of efficacy. Journal of Antimicrobial Chemotherapy 55: 6-9.

. Masterton R (2005) Antibiotic cycling: more than it might seem? Journal of

Antimicrobial Chemotherapy 55: 1-5.

. Bonten M, Weinstein R (2006) Antibiotic cycling in intensive care units: the

value of organized chaos? Critical care medicine 34: 549-551.

. Franceti¢ I, Kaleni¢ S, Hui¢ M, Mercep I, Makar-Ausperger K, et al. (2008)

Impact of aminoglycoside cycling in six tertiary intensive care units: prospective
longitudinal interventional study. Croatian medical journal 49: 207-214.

. Kollef M (2006) Is Antibiotic Cycling the Answer to Preventing the Emergence

of Bacterial Resistance in the Intensive Care Unit? Clinical Infectious Diseases

43: S82-S88.

. Hedrick T, Schulman A, McElearney S, Smith R, Swenson B, et al. (2008)

Outbreak of resistant Pseudomonas aeruginosa infections during a quarterly cycling
antibiotic regimen. Surgical infections 9: 139-152.

. Martinez J-A, Nicolas J-M, Marco F, Horcajada J-P, Garcia-Segarra G, et al.

(2006) Comparison of antimicrobial cycling and mixing strategies in two medical
intensive care units. Critical care medicine 34: 329-336.

Martinez J (2007) Advantages and drawbacks of antibiotic cycling in the critical
care setting. Antibiotiques 9: 25-33.

Cadena J, Taboada CA, Burgess DS, Ma JZ, Lewis JS, et al. (2007) Antibiotic
cycling to decrease bacterial antibiotic resistance: a 5-year experience on a bone
marrow transplant unit. Bone marrow transplantation 40: 151-155.

. Yeh P, Kishony R (2007) Networks from drug-drug surfaces. Molecular systems

biology 3.

. Bliss CI (1939) The toxicity of poisons applied jointly. Annals of Applied Biology

26: 585-615.
Ehrlich P (1913) Address in Pathology, ON CHEMIOTHERAPY: Delivered
before the Seventeenth International Congress of Medicine. BM]J 2: 353-359.

. Yeh P, Tschumi A, Kishony R (2006) Functional classification of drugs by

properties of their pairwise interactions. Nature Genetics 38: 489-494.

PLOS ONE | www.plosone.org

Antibiotic Timing Can Help Fight Resistance

Acknowledgments

We would like to thank Thomas Abeel, Elham Azizi, Irina Glotova, Varun
Mazumdar and Edward Reznik for helpful feedback on the manuscript.

Author Contributions

Conceived and designed the experiments: ALCG DS. Performed the
experiments: ALCG. Analyzed the data: ALCG JEG DS. Wrote the paper:
ALCG DS.

26. Hegreness M, Shoresh N, Damian D, Hartl D, Kishony R (2008) Accelerated
evolution of resistance in multidrug environments. Proc Natl Acad Sci U S A
105: 13977-13981.

27. Yeh P, Hegreness M, Aiden A, Kishony R (2009) Drug interactions and the
evolution of antibiotic resistance. Nat Rev Microbiol 7: 460-466.

28. Ankomah P, Levin B (2012) Two-Drug Antimicrobial Chemotherapy: A
Mathematical Model and Experiments with Mycobacterium marinum. PLoS
pathogens 8: e1002487.

29. Greco WR, Bravo G, Parsons JC (1995) The search for synergy: a critical review
from a response surface perspective. Pharmacological reviews 47: 331-385.

30. Torella J, Chait R, Kishony R (2010) Optimal Drug Synergy in Antimicrobial
Treatments. PLoS Comput Biol 6: ¢1000796.

31. Bollenbach T, Quan S, Chait R, Kishony R (2009) Nonoptimal Microbial
Response to Antibiotics Underlies Suppressive Drug Interactions. Cell 139: 707
718.

32. Michel J-B, Yeh P, Chait R, Moellering R, Kishony R (2008) Drug interactions
modulate the potential for evolution of resistance. Proc Natl Acad Sci U S A 105:
14918-14923.

33. Chait R, Craney A, Kishony R (2007) Antibiotic interactions that select against
resistance. Nature 446: 668-671.

34. Palmer A, Angelino E, Kishony R (2010) Chemical decay of an antibiotic inverts
selection for resistance. Nature chemical biology 6: 105-107.

35. Canton R, Coque T, Baquero F (2003) Multi-resistant Gram-negative bacilli:
from epidemics to endemics. Current opinion in infectious diseases 16: 315-325.

36. Kollef M (2005) Bench-to-bedside review: antimicrobial utilization strategies
aimed at preventing the emergence of bacterial resistance in the intensive care
unit. Critical care (London, England) 9: 459-464.

37. Koul A, Arnoult E, Lounis N, Guillemont J, Andries K (2011) The challenge of
new drug discovery for tuberculosis. Nature 469: 483-490.

38. Dijkshoorn L, Nemec A, Seifert H (2007) An increasing threat in hospitals:
multidrug-resistant Acinetobacter baumannii. Nature reviews Microbiology 5: 939—
951.

39. Bergstrom C, Lo M, Lipsitch M (2004) Ecological theory suggests that
antimicrobial cycling will not reduce antimicrobial resistance in hospitals. Proc
Natl Acad Sci USA 101: 13285-13290.

40. Bonhoeffer S, Lipsitch M, Levin B (1997) Evaluating treatment protocols to
prevent antibiotic resistance. Proc Natl Acad Sci USA 94: 12106-12111.

41. Kouyos R, Abel zur Wiesch P, Bonhoeffer S (2011) Informed Switching Strongly
Decreases the Prevalence of Antibiotic Resistance in Hospital Wards. PLoS
Comput Biol 7: e1001094.

42. D’Agata E, Dupont-Rouzeyrol M, Magal P, Olivier D, Ruan S (2008) The
Impact of Different Antibiotic Regimens on the Emergence of Antimicrobial-
Resistant Bacteria. PLoS ONE 3: ¢4036.

43. Dall’Antonia M, Coen PG, Wilks M, Whiley A, Millar M (2005) Competition
between methicillin-sensitive and -resistant Staphylococcus aureus in the anterior
nares. The Journal of hospital infection 61: 62-67.

44. Lipsitch M, Dykes JK, Johnson SE, Ades EW, King J, et al. (2000) Competition
among Streptococcus pneumoniae for intranasal colonization in a mouse model.
Vaccine 18: 2895-2901.

45. Smith VH, Holt RD (1996) Resource competition and within-host discase
dynamics. Trends in ecology & evolution 11: 386-389.

46. Imran M, Smith H (2007) The Dynamics of Bacterial Infection , Innate Immune
Response , and Antibiotic Treatment. Discrete and Continuous Dynamical
Systems - B 8: 127-143.

47. Tenover FC (2006) Mechanisms of antimicrobial resistance in bacteria. The
American journal of medicine 119: S3-10; discussion S62-70.

48. Diard M, Garcia V, Maier L, Remus-Emsermann MNP, Regoes RR, et al.
(2013) Stabilization of cooperative virulence by the expression of an avirulent
phenotype. Nature 494: 353-356.

49. Jiang J-R, Yen S-Y, Wang J-Y (2011) Increased prevalence of primary drug-
resistant pulmonary tuberculosis in immunocompromised patients. Respirology
(Carlton, Vic) 16: 308-313.

50. Osman AS, Jennings FW, Holmes PH (1992) The rapid development of drug-
resistance by Trypanosoma evansi in immunosuppressed mice. Acta Tropica 50:
249-257.

51. De Gelder L, Ponciano JM, Abdo Z, Joyce P, Forney L], et al. (2004)
Combining mathematical models and statistical methods to understand and
predict the dynamics of antibiotic-sensitive mutants in a population of resistant
bacteria during experimental evolution. Genetics 168: 1131-1144.

December 2013 | Volume 8 | Issue 12 | e80775



52.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Gill W, Harik N, Whiddon M, Liao R, Mittler J, et al. (2009) A replication clock
for Mycobacterium tuberculosis. Nature medicine 15: 211-214.

. Hegreness M, Shoresh N, Hartl D, Kishony R (2006) An Equivalence Principle

for the Incorporation of Favorable Mutations in Asexual Populations. Science
311: 1615-1617.

Hannan TJ, Mysorckar IU, Hung C8, Isaacson-Schmid ML, Hultgren SJ (2010)
Early severe inflammatory responses to uropathogenic FE. coli predispose to
chronic and recurrent urinary tract infection. PLoS pathogens 6: e1001042.

. Hoiby N, Bjarnsholt T, Givskov M, Molin S, Ciofu O (2010) Antibiotic

resistance of bacterial biofilms. International journal of antimicrobial agents 35:
322-332.

Leung RS, Katial R (2008) The diagnosis and management of acute and chronic
sinusitis. Primary care 35: 11-24, v-vi.

Deurenberg RH, Vink C, Kalenic S, Friedrich AW, Bruggeman CA, et al.
(2007) The molecular evolution of methicillin-resistant Staphylococcus aureus.
Clinical microbiology and infection : the official publication of the European
Society of Clinical Microbiology and Infectious Diseases 13: 222-235.
Mahillon J, Chandler M (1998) Insertion Sequences. Microbiol Mol Biol Rev 62:
725-774.

Recchia GD, Hall RM (1997) Origins of the mobile gene cassettes found in
integrons. Trends in microbiology 5: 389-394.

Syvanen M (1984) The evolutionary implications of mobile genetic elements.
Annual review of genetics 18: 271-293.

Frost LS, Leplae R, Summers AO, Toussaint A (2005) Mobile genetic elements:
the agents of open source evolution. Nature reviews Microbiology 3: 722-732.
Sorensen SJ, Bailey M, Hansen LH, Kroer N, Wuertz S (2005) Studying plasmid
horizontal transfer in situ: a critical review. Nature reviews Microbiology 3: 700—
710.

Robicsek A, Jacoby Ga, Hooper DC (2006) The worldwide emergence of
plasmid-mediated quinolone resistance. The Lancet infectious diseases 6: 629
640.

Naimi TS, Ledell KH, Como-Sabetti K, Borchardt SM, Boxrud D], et al. (2003)
Comparison of community- and health care-associated methicillin-resistant
Staphylococcus aureus infection. JAMA : the journal of the American Medical
Association 290: 2976-2984.

PLOS ONE | www.plosone.org

10

66.

67.

68.

69.

70.

71.

72.

73.

74.

Antibiotic Timing Can Help Fight Resistance

. Colomer-Lluch M, Jofre J, Muniesa M (2011) Antibiotic resistance genes in the

bacteriophage DNA fraction of environmental samples. PloS one 6: ¢17549.
Lindsay JA, Holden MTG (2006) Understanding the rise of the superbug:
investigation of the evolution and genomic variation of Staphylococcus aureus.
Functional & integrative genomics 6: 186-201.

Rupp ME, Fey PD (2003) Extended spectrum beta-lactamase (ESBL)-producing
Enterobacteriaceae: considerations for diagnosis, prevention and drug treat-
ment. Drugs 63: 353-365.

Pena-Miller R, Lachnemann D, Jansen G, Fuentes-Hernandez A, Rosenstiel P,
et al. (2013) When the Most Potent Combination of Antibiotics Selects for the
Greatest Bacterial Load: The Smile-Frown Transition. PLoS Biology 11: 13.
Beardmore R, Pena-Miller R (2010) Antibiotic cycling versus mixing: the
difficulty of using mathematical models to definitively quantify their relative
merits. Mathematical biosciences and engineering : MBE 7: 923-933.
Beardmore R, Pefia-Miller R (2010) Rotating antibiotics selects optimally
against antibiotic resistance, in theory. Mathematical biosciences and engineer-
ing : MBE 7: 527-552.

Bonhoeffer S, Wiesch PAZ, Kouyos R (2010) Rotating antibiotics does not
minimize selection for resistance. Mathematical biosciences and engineering :
MBE 7: 919-922.

Chow K, Wang X, Curtiss R, Castillo-Chavez C (2010) Evaluating the efficacy
of antimicrobial cycling programmes and patient isolation on dual resistance in
hospitals. Journal of Biological Dynamics 5: 27-43.

Enne VI, Livermore DM, Stephens P, Hall LM (2001) Persistence of
sulphonamide resistance in Escherichia coli in the UK despite national prescribing
restriction. Lancet 357: 1325-1328.

Gottesman BS, Carmeli Y, Shitrit P, Chowers M (2009) Impact of quinolone
restriction on resistance patterns of Escherichia coli isolated from urine by
culture in a community setting. Clinical infectious diseases : an official
publication of the Infectious Diseases Society of America 49: 869-875.

. zur Wiesch P, Kouyos R, Engelstadter J, Regoes R, Bonhoeffer S (2011)

Population biological principles of drug-resistance evolution in infectious
diseases. The Lancet Infectious Diseases 11: 236-247.

. Chait R, Vetsigian K, Kishony R (2012) What counters antibiotic resistance in

nature? Nature chemical biology 8: 2-5.

December 2013 | Volume 8 | Issue 12 | e80775



