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ABSTRACT Polymyxins are increasingly used as a last-resort class of antibiotics
against extensively drug-resistant (XDR) Gram-negative bacteria. However, resistance
to polymyxins can emerge with monotherapy. As nephrotoxicity is the major dose-
limiting factor for polymyxin monotherapy, dose escalation to suppress the emer-
gence of polymyxin resistance is not a viable option. Therefore, novel approaches are
needed to preserve this last-line class of antibiotics. This study aimed to investigate
the antimicrobial synergy of polymyxin B combined with enrofloxacin against Pseu-
domonas aeruginosa. Static time-kill studies were conducted over 24 h with poly-
myxin B (1 to 4 mg/liter) and enrofloxacin (1 to 4 mg/liter) alone or in combination.
Additionally, in vitro one-compartment model (IVM) and hollow-fiber infection model
(HFIM) experiments were performed against P. aeruginosa 12196. Polymyxin B and
enrofloxacin in monotherapy were ineffective against all of the P. aeruginosa isolates
examined, whereas polymyxin B-enrofloxacin in combination was synergistic against
P. aeruginosa, with �2 to 4 log10 kill at 24 h in the static time-kill studies. In both
IVM and HFIM, the combination was synergistic, and the bacterial counting values
were below the limit of quantification on day 5 in the HFIM. A population analysis
profile indicated that the combination inhibited the emergence of polymyxin resis-
tance in P. aeruginosa 12196. The mechanism-based modeling suggests that the syn-
ergistic killing is a result of the combination of mechanistic and subpopulation synergy.
Overall, this is the first preclinical study to demonstrate that the polymyxin-enrofloxacin
combination is of considerable utility for the treatment of XDR P. aeruginosa infections
and warrants future clinical evaluations.
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Extensively drug-resistant (XDR) Gram-negative pathogens are a major burden on
the global health care system (1–5). Pseudomonas aeruginosa is at the top of the

2017 World Health Organization Priority Pathogens List, which describes the utmost
needs for novel antibiotic treatments (6). Treatment options for this problematic
pathogen are sparse due to the dry antibiotic discovery pipeline and the lack of new
antibiotics with novel modes of action (7). Polymyxins are an old lipopeptide antibiotic
class that are increasingly used as a last-line therapy for life-threatening infections
caused by XDR P. aeruginosa (8, 9). Polymyxins are natural products from Paenibacillus
polymyxa, and polymyxin B (PMB) and colistin (i.e., polymyxin E) are the only two
clinically available polymyxins, differing by only an amino acid at position 6 (D-Phe and
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L-Leu, respectively) (10–13). Although polymyxin B and colistin remain effective against
these Gram-negative pathogens, recent pharmacokinetic/pharmacodynamic (PK/PD)
studies suggested that polymyxin monotherapy is associated with increased polymyxin
resistance (12, 14–20). Worryingly, there have been increasing reports of infections
caused by polymyxin-resistant XDR P. aeruginosa, which are essentially untreatable by
conventional antibiotic monotherapy (21). As nephrotoxicity is the dose-limiting ad-
verse effect of polymyxins, simply increasing the dose is not feasible (22). To preserve
the efficacy of polymyxins while minimizing the emergence of resistance, novel ap-
proaches are urgently needed (23–26).

Combination therapy has been proposed as a novel strategy to maximize the
antimicrobial efficacy against XDR pathogens and suppress the spread of resistance (24,
27–32). Enrofloxacin is a fluoroquinolone with broad-spectrum activity against Gram-
positive and Gram-negative bacteria, and it was originally developed for veterinary use
(33–36). We hypothesized that enrofloxacin displays antimicrobial synergy with poly-
myxin B based on the disruptive action of the latter on the Gram-negative outer
membrane, thereby allowing more enrofloxacin molecules to cross the membranes and
reach their intracellular DNA gyrase or topoisomerase targets. Accordingly, the primary
objective of this study was to investigate the pharmacodynamics of polymyxin B and
enrofloxacin alone and in combination against XDR P. aeruginosa in an in vitro static
time-kill, in vitro one-compartment PK/PD model (IVM) and hollow-fiber infection PK/PD
model (HFIM). This is the first preclinical study to examine the clinical potential of novel
polymyxin-enrofloxacin combination for the treatment of XDR P. aeruginosa infections.

RESULTS
MICs and in vitro static time-kill. MICs of polymyxin B and enrofloxacin are

summarized in Table 1. All three studied clinical isolates were resistant to both
polymyxin B and enrofloxacin. The static time-kill kinetics of polymyxin B and enro-
floxacin mono- and combination therapy are shown in Fig. 1, and the corresponding
log10 changes in viable cell counts are summarized in Table S1 in the supplemental
material. Polymyxin B monotherapy achieved moderate bactericidal activity at 1 h
posttreatment, which was followed by substantial regrowth for all polymyxin B con-
centrations examined against P. aeruginosa 12196 (PMB MIC, 64 mg/liter) and P.
aeruginosa LESB58 (PMB MIC, 8 mg/liter) (Fig. 1). Against P. aeruginosa H131300444
(PMB MIC, 128 mg/liter), no killing was evident for polymyxin B monotherapy. Similarly,
enrofloxacin monotherapy resulted in a substantial killing within the first 6 h, followed
by regrowth at 24 h for P. aeruginosa 12196 (ENRO MIC, 4 mg/liter) (Fig. 1). No killing
was observed following enrofloxacin monotherapy for P. aeruginosa H131300444 and
P. aeruginosa LESB58 (ENRO MIC, 4 mg/liter for both isolates). In contrast, all clinically
achievable polymyxin B concentrations in combination with enrofloxacin resulted in
extensive synergistic killing (Fig. 1 and Table S1). The lowest combination concentra-
tions (1 mg/liter polymyxin B plus 1 mg/liter enrofloxacin) displayed synergistic killing
against all strains within the first 3 h but was followed by extensive regrowth. Poly-
myxin B (4 mg/liter) with enrofloxacin (4 mg/liter) yielded at least a �2 log10 kill across
all three isolates within 3 h (Fig. 1). Although the regrowth was observed across several
concentrations of the combination, in general, a significantly reduced bacterial re-

TABLE 1 MICs of PMB and ENRO for polymyxin-resistant XDR P. aeruginosa strains
examined in this studya

Strain

PMB ENRO

Susceptibility MIC (mg/liter) Susceptibility MIC (mg/liter)

P. aeruginosa 12196 R 64 R 4
P. aeruginosa H131300444 R 128 R 4
P. aeruginosa LESB58 R 8 R 4
aEUCAST breakpoints were the following. For polymyxin B (PMB), susceptibility and resistance breakpoints
were defined as MICs of �2 mg/liter and �2 mg/liter, respectively (61). We applied the ciprofloxacin
breakpoints for enrofloxacin (ENRO), i.e., �0.5 mg/liter for susceptibility and �1 mg/liter for resistance (61).
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growth at 24 h was achieved with the combination compared to that for polymyxin B
and enrofloxacin monotherapy (Fig. 1).

In vitro one-compartment PK/PD model. Concentrations of polymyxin B and
enrofloxacin within the IVM and HFIM models were validated via liquid chromatography-
mass spectrometry (LC-MS). Measured polymyxin B was 3.50 � 1.18 mg/liter (n � 10)
for the targeted concentration of 4 mg/liter. Measured enrofloxacin was 2.39 � 0.49
mg/liter (n � 6) for the targeted concentration of 3 mg/liter and 0.67 � 0.089 mg/liter
(n � 6) for the targeted concentration of 0.6 mg/liter. The IVM time-kill curves for
polymyxin B and enrofloxacin mono- and combination therapy against P. aeruginosa
12196 are shown in Fig. 2, and the corresponding log changes in viable cell counts are
documented in Table S2. Polymyxin B and enrofloxacin monotherapy produced rapid
initial bacterial killing during the first 6 h. However, regrowth occurred rapidly, and the
killing activity of both antibiotics was diminished (Fig. 2). Even with the high inoculum
(�108 CFU/ml), the combination of polymyxin B and enrofloxacin was synergistic across
48 h and was able to result in rapid bacterial killing (�4 log10 compared to the control
and �3 log10 better than any monotherapy; Fig. 2) and maintained excellent bacterial
killing until 48 h (Fig. 2). Despite minor regrowth occurring after this time, the
combination maintained 2 to 4 log10 greater killing than either monotherapy over 48
h (Fig. 2). Real-time population analysis profiles (PAPs) demonstrated that polymyxin B
monotherapy was associated with the amplification of resistant subpopulations, and
almost 100% of the remaining posttherapy population developed polymyxin resistance
(Fig. 2). Excitingly, the combination therapy was able to significantly reduce the
amplification of polymyxin-resistant subpopulations.

FIG 1 Static time-kill for polymyxin B in combination with enrofloxacin against P. aeruginosa 12916 (A), P. aeruginosa H131300444 (B),
and P. aeruginosa LESB58 (C). The y axis starts from the limit of detection (1.13 log10 CFU/ml). Marks represent observed viable counts,
and lines represent individual fitted viable counts.
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Hollow-fiber infection model. Based on the very promising efficacy of the poly-
myxin B-enrofloxacin combination observed in the static time-kill and IVM, we further
investigated the antimicrobial efficacy of the combination against XDR P. aeruginosa
12196 using an HFIM for 5 days. The HFIM results for the total and polymyxin-resistant
subpopulations are shown in Fig. 3, and the corresponding log changes in viable cell
counts are documented in Table S3. Polymyxin B and enrofloxacin monotherapies were
associated with initial rapid bacterial killing against P. aeruginosa 12196, followed by
substantial regrowth close to the control values by 50 h. From the PAPs, it is evident
that most of the regrowth was due to the emergence of polymyxin-resistant subpopu-
lations (Fig. 3). For the combination regimen, rapid initial killing occurred and the
combination remained synergistic for the entire 5 days. The combination of polymyxin
B and enrofloxacin was able to significantly reduce the regrowth of the polymyxin-
resistant subpopulation (Fig. 3).

MBM. A mechanism-based model (MBM) was developed for three clinical strains to
quantify and evaluate the potential mechanisms of synergy. The MBM consisted of
three preexisting bacterial subpopulations with different susceptibilities (i.e., KC50, the
concentration of drug causing 50% of the maximum rate of killing [Kmax]) to either
polymyxin B or enrofloxacin (Fig. 4). The model-fitted parameters are summarized in
Table S4, and all parameters were estimated with reasonably good precision. The
synergistic combination was modeled as subpopulation and mechanistic synergy for all
three isolates. Mechanistic synergy was expressed as an increase in enrofloxacin killing
of the respective bacterial subpopulations with increasing polymyxin B concentrations
(Table S4, manifested as IC50,Synergy). The proposed MBM simultaneously described the

FIG 2 (A) Killing kinetics of polymyxin B (4 mg/liter as continuous infusion) and enrofloxacin (bolus dose given every 12 h to
achieve a Cmax of 3 mg/liter) alone and in combination against P. aeruginosa 12196 in the IVM with an inoculum of �108

CFU/ml. Population analysis profiles in the presence of 0.5, 1, 2, 4, and 8 mg/liter polymyxin B at 0 h (baseline) (B), 23 h (C),
and 48 h (D) after the first dose. In panel A, lines represent individual fitted viable counts, and marks represent observed viable
counts.
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time course of bacterial killing and regrowth following treatment with polymyxin B and
enrofloxacin mono- and combination therapies. The estimated mutation frequencies
suggested that the initial inoculum consisted of a relatively larger fraction of subpop-
ulation 2 (�10�3 to 10�5 CFU/ml) than subpopulation 3 (�10�7 to 10�10 CFU/ml)
(Table S4). Individual and population predictions were reasonably unbiased and pre-
cise; only the population fits for the static time-kill study for P. aeruginosa 12196 and P.
aeruginosa LESB58 showed slight misspecification (Fig. 5). However, this should not
affect the characterization of the mechanisms of synergy. Data were distributed around
the line of identity, and the coefficients of correlation for the individual fitted models
were �0.95 against all three isolates (Fig. 5).

DISCUSSION

Polymyxin B is increasingly used as a last-line therapy for life-threatening infections
caused by problematic Gram-negative pathogens such as P. aeruginosa (8, 16). How-
ever, emergence of polymyxin resistance after monotherapy has been reported both in
vitro and in vivo (18, 37–39). As the incidence of XDR P. aeruginosa strains continues to
increase, treatment options become very limited and there is an urgent need for
rational polymyxin combination therapy with maximum killing and minimal emergence
of resistance (27). Repurposing veterinary medicines for human use has gained signif-

FIG 3 (A) Killing kinetics of polymyxin B (4 mg/liter as continuous infusion) and enrofloxacin (bolus dose given every 12 h to achieve a Cmax of 3 mg/liter) alone
and in combination against P. aeruginosa 12196 in the HFIM with an inoculum of �107 CFU/ml. Population analysis profiles in the presence of 0.5, 1, 2, 4, and/or
8 mg/liter polymyxin B at 0 h (baseline) (B), 23 h (C), 47 h (D), 71 h (E), 95 h (F), and 120 h (G) after the first dose. In panel A, lines represent individual fitted
viable counts and marks represent observed viable counts.
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icant interest recently, and several potential polymyxin combinations have been iden-
tified (40, 41). To date, the majority of synergistic polymyxin combinations identified
involve carbapenems, rifampin, and penicillin against P. aeruginosa, Acinetobacter
baumannii, and Klebsiella pneumoniae, and a few studies reported synergetic combi-
nations with fluoroquinolones against K. pneumoniae (24, 25, 28, 29, 31, 42, 43).

Enrofloxacin is a veterinary antibiotic that is active against a wide range of Gram-
negative bacteria (33–36). Enrofloxacin is metabolized to ciprofloxacin via cytochrome
P450 enzymes in the liver (33, 34, 44). Both enrofloxacin and its metabolite, ciprofloxa-
cin, are pharmacologically active (45, 46). Enrofloxacin exerts its bactericidal activity by
binding to topoisomerase II (DNA gyrase), thereby inhibiting the unwinding and
duplication of bacterial DNA. In the present study, we evaluated the in vitro PD of
polymyxin B and enrofloxacin in combination against three P. aeruginosa isolates.
Enrofloxacin was selected as a potential secondary antibiotic over other fluoroquino-
lones, as our pilot study showed that it is synergistic against a wide range of XDR P.
aeruginosa isolates. The concentrations of polymyxin B employed in this study were
chosen to mimic clinically achievable unbound plasma polymyxin concentrations in

FIG 4 Mechanism-based model of the synergistic killing of polymyxin B and in combination with enrofloxacin against P. aeruginosa. The parameters are
presented in Table S4.

FIG 5 Observed bacterial counts versus individual (upper) or population (lower) fitted bacterial counts for polymyxin B and enrofloxacin alone or in combination
against P. aeruginosa isolates. The solid red lines represent the line of identity.
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critically ill patients following the currently recommended dosage regimens (47, 48).
Given that enrofloxacin is partially metabolized into ciprofloxacin in vivo (33–36) and
that its PK in humans is currently unknown, we employed clinically achievable cipro-
floxacin concentrations in critically ill patients for enrofloxacin (49). To the best of our
knowledge, this is the first preclinical study to examine polymyxin and enrofloxacin
combination against XDR P. aeruginosa.

As monotherapies, neither polymyxin B nor enrofloxacin was effective against any
strain of P. aeruginosa in the static time-kill studies over 24 h, while the combination
substantially enhanced the antibacterial activity against all isolates, regardless of
polymyxin B MICs (Fig. 1; see also Table S1 in the supplemental material). Importantly,
synergy was observed even at the lowest concentrations of polymyxin B (1 mg/liter)
and enrofloxacin (1 mg/liter) (Fig. 1 and Table S1). This is of clinical significance, given
that nephrotoxicity is the dose-limiting adverse effect of polymyxins and dose escala-
tion is not an option (50). Since enrofloxacin is metabolized to ciprofloxacin in vivo, the
synergistic effect of polymyxin B and ciprofloxacin was also evaluated. Importantly,
polymyxin B and ciprofloxacin also displayed synergy against XDR P. aeruginosa.
Notably, the extent of synergy was inferior to that of enrofloxacin in most cases (Fig.
S1), suggesting that enrofloxacin is a candidate for combination therapy with poly-
myxins. A limitation of static time-kill experiments is that the concentrations remain
constant, and they do not reflect the PK of antibiotics in patients (51). Therefore, the
static time-kill results (Fig. 1 and Table S1) may not truly reflect the bacterial killing of
both antibiotics in humans. To investigate the therapeutic potential of the polymyxin
B-enrofloxacin combination, in vitro PK/PD models IVM and HFIM were utilized to
simulate the PK of both antibiotics in humans for a longer duration (2 days for IVM and
5 days for HFIM) against an XDR clinical isolate, P. aeruginosa 12196. Considering the
inoculum effect of polymyxins (52), in vitro PK/PD experiments were conducted at �107

to 108 CFU/ml to mimic the high bacterial burden in severe bacterial pneumonia (53).
In agreement with the observation in static time-kill studies with a low inoculum (�106

CFU/ml), the polymyxin B-enrofloxacin combination was synergetic in the dynamic
PK/PD models (Fig. 2 and 3 and Tables S2 and S3). The HFIM experiment was run for
5 days, as the viable counting values with the combination were below the limit of
detection on day 5. A recent clinical PK/PD study revealed that the clinical efficacy and
toxicity of polymyxin B are independent of the dosing regimen (e.g., continuous
infusion versus intermittent dosing) (54). Therefore, it is unlikely that the continuous
infusion employed in the present study has a major impact on the overall pharmaco-
logical implication of the polymyxin-enrofloxacin combination, and future PK/PD stud-
ies are warranted.

The most predictive PK/PD index for polymyxin B against P. aeruginosa after
parenteral administration and inhalation is the ratio of the area under the unbound
concentration-time curve over 24 h divided by the MIC (fAUC0 –24/MIC) (16, 55).
Applying the PK/PD index targets obtained from the thigh infection model, an fAUC0–24/
MIC of �10.4 � 2.98 would result in a 1- to 2-log10 reduction (16), and the mono-
therapy was in agreement with the fAUC0 –24/MIC for polymyxins. In the present study,
the calculated fAUC0 –24/MIC for polymyxin B against P. aeruginosa 12196 was �1.5,
smaller than the target of 10.4 � 2.98, and not surprisingly, a 1- to 2-log10 reduction
was not achieved with polymyxin B monotherapy at 24 h (Fig. 2 and 3). Combining
polymyxin B with enrofloxacin produced substantially enhanced bacterial killing at 24
h, and even an fAUC0 –24/MIC of �1.5 of polymyxin B was able to achieve a �4-log10

reduction for P. aeruginosa 12196 at 24 h and remained synergistic over 120 h in the
dynamic PK/PD models. Unfortunately, the PK/PD index of enrofloxacin activity against
P. aeruginosa remains unknown; hence, the antimicrobial efficacy of enrofloxacin could
not be interpreted based on PK/PD index targets.

The real-time PAPs showed that even at the upper end of polymyxin B concen-
tration achieved clinically (4 mg/liter), polymyxin B monotherapy led to rapid
emergence of polymyxin resistance in P. aeruginosa 12196 in both IVM and HFIM
(Fig. 2 and 3). Despite enrofloxacin monotherapy being ineffective, the addition of
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enrofloxacin suppressed the emergence of polymyxin resistance, unlike polymyxin
B monotherapy, in IVM and HFIM (Fig. 2 and 3). The synergistic combination was
able to suppress the emergence of polymyxin resistance by day 5 (Fig. 3). Trans-
lation of the in vitro PD data into the clinical setting remains challenging due to the
lack of enrofloxacin PK in patients. Well-designed clinical studies are needed to
validate and confirm findings.

Two models have been proposed to explain the enhanced antibacterial activity
achieved with the polymyxin combination therapy (24, 28–31). Subpopulation synergy
involves the killing of a subpopulation resistant to polymyxins by the second antibiotic
and vice versa. Meanwhile, mechanistic synergy involves polymyxin and enrofloxacin
acting on different complementary pathways to increase the rate and extent of
bacterial killing. An MBM was developed for three clinical strains to quantify and
evaluate the potential mechanisms of synergy. The proposed MBM well characterized
the time course of bacterial growth and killing due to monotherapy and combination
therapies against P. aeruginosa (Fig. 4 and 5), even though some minor misspecification
existed (Fig. 1 to 3). In general, our MBM provides a satisfactory fit (overall R2 of �0.95).
The MBM was developed based on the hypothesis that the disruption of the bacterial
outer membrane by polymyxin B enhances the uptake and intracellular concentration
of enrofloxacin. Mechanistic synergy was incorporated in the MBM as a decrease in the
KC50,ENRO of respective subpopulations (Table S4). This mechanism of synergy is
necessary, since bacteria were resistant to both antibiotics when polymyxin B (1 to 4
mg/liter) or enrofloxacin (1 to 4 mg/liter) was given as monotherapy. The increased
permeability of the outer membrane is supported by our fractional inhibitory concen-
tration results (Tables S5 to S7), in which the enrofloxacin MICs decreased in the
presence of polymyxin B and vice versa. Additionally, the mechanistic data from
polymyxin-doripenem combination against A. baumannii also showed a similar mech-
anism of synergy (56). The exclusion of either aspect of the synergy mechanism from
the MBM resulted in a model that could not be estimated, as the simplified model
provided poor curve fits (R2 of �0.50; data not shown). Interestingly, our MBM also
suggested that less susceptible subpopulations (i.e., subpopulations 2 and 3) have a
longer mean generation time, possibly related to the decreased biological fitness (57).
Notably, our proposed MBM lacks the effect of the host immune system (58). To
account for this, in vivo animal infection studies are warranted to validate and refine our
MBM for the mono- and combination therapy. Once the proposed MBM is validated
with future preclinical data (including those from intermittent dosing) and a population
human PK model is available for enrofloxacin, our MBM can be employed in a Monte
Carlo simulation to rationally optimize the dosage regimens for the combination
therapy in patients (59, 60).

Despite evidence of synergistic activity at clinically relevant concentrations and the
MBM supporting the proposed synergistic mechanisms, the exact mechanisms of the
synergistic killing and resistance remain unknown. System biology studies are currently
conducted in our laboratory to elucidate the mechanisms of synergy and potential
resistance to polymyxin B and enrofloxacin against XDR P. aeruginosa 12196. In-depth
knowledge of the synergistic killing and resistance mechanisms will allow optimizing
the dosage regimen for clinical applications.

With the increasing incidence of infections caused by XDR Gram-negative super-
bugs, rationally designed polymyxin combinations with other antibiotics are of the
utmost importance. To the best of our knowledge, this is the first preclinical study to
demonstrate that clinically relevant dosage regimens of polymyxin B in combination
with enrofloxacin significantly enhance the bacterial killing and suppressed the emer-
gence of polymyxin resistance even in XDR isolates. Our data suggest that enrofloxacin
represents a therapeutic option against XDR Gram-negative pathogens, and further
safety and PK/PD investigations in murine models and humans are warranted for
translation into the clinical setting.
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MATERIALS AND METHODS
Chemicals and bacterial strains. Polymyxin B (batch number BCBD1065V; Sigma-Aldrich, Castle Hill,

Australia) solution was freshly prepared in sterile Milli-Q water (Millipore Australia, North Ryde, Australia)
(42). Enrofloxacin was dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich), and then sterile Milli-Q
water was added to a final DMSO level of 10% (vol/vol) (40). Three clinical isolates of P. aeruginosa
(12196 [JML Laboratories Iowa; see Table S8 in the supplemental material for the antibiogram],
H131300444 [Public Health England], and LESB58 [kindly provided by Robert Hancock, from the
British University of Columbia, Canada]) were employed in this study. All strains were stored in
tryptone soy broth with 20% glycerol at �80°C and subcultured onto nutrient agar plates before
each experiment (40, 42).

Measurements of MICs. MICs of polymyxin B and enrofloxacin were determined for all isolates using
broth microdilution in cation-adjusted Mueller-Hinton broth (CAMHB; Mg2� at 12.2 mg/liter and Ca2� at
23.0 mg/liter [Oxoid, Hampshire, England]) (40, 42). The susceptibility and resistance to polymyxin B were
defined as MICs of �2 mg/liter and �2 mg/liter, respectively (42, 61). As CLSI and EUCAST do not
currently provide breakpoints for enrofloxacin, we applied the ciprofloxacin breakpoints of �0.5 mg/liter
for susceptibility and �1 mg/liter for resistance in this study (61).

Static time-kill experiment. Static time-kill studies were conducted to examine the antimicrobial
activity of polymyxin B and enrofloxacin monotherapy and its combination against P. aeruginosa (40, 42).
All experiments were performed with an initial inoculum of �106 CFU/ml in 20 ml of CAMHB in 50 ml
pyrogen-free and sterile polypropylene tubes. Polymyxin B and enrofloxacin mono- and combination
therapies were examined at 1, 2, 3, and 4 mg/liter. Serial samples (50 �l) were collected at 0, 0.5, 1, 2,
4, 6, and 24 h for viable counting on nutrient agar plates, and the limit of detection was 20 CFU/ml
(equivalent to one colony per plate). A ProtoCOL automated colony counter (Synbiosis, Cambridge,
United Kingdom) was used to quantify bacteria after 24 h of incubation at 37°C.

In vitro one-compartment PK/PD model experiment. To further evaluate the synergistic killing of
the combination, an IVM (62) was employed over 48 h to assess the efficacy and the emergence of
polymyxin resistance against P. aeruginosa 12196. Four reservoirs were employed: (i) a control reservoir
with no antibiotic; (ii) polymyxin B monotherapy; (iii) enrofloxacin monotherapy; and (iv) polymyxin
B-enrofloxacin combination therapy. Each reservoir contained 80 ml of CAMHB and was maintained at
37°C. The PK of polymyxin B in critically ill patients was simulated (47, 48). To avoid the difficulty in
simulating two very different half-lives, polymyxin B was added into the diluent reservoirs (4 mg/liter)
and delivered to all reservoirs as a continuous infusion to achieve a central reservoir concentration of 4
mg/liter. Enrofloxacin was added into the central reservoir every 12 h via bolus administration using an
automated syringe pump to achieve a maximum concentration of drug in serum (Cmax) of 3 mg/liter. As
enrofloxacin is used only in animals and no PK information in humans is available, the flow rate of sterile
CAMHB was set to 0.19 ml/min to simulate the ciprofloxacin half-life of 5 h in patients (49). The same
dosage regimen was simulated for the combination therapy. Serial samples were collected from the
reservoirs at 0, 1, 2, 4, 6, 23, 25, 28, and 48 h. At 23 and 48 h, PAPs were carried out by plating 100 �l
of the samples on polymyxin B-containing agar plates (0.5, 1, 2, 4, and 8 mg/liter) to detect the
emergence of polymyxin-resistant subpopulations (42, 63). The limit of detection was 10 CFU/ml
(equivalent to 1 colony per plate) for PAPs.

Hollow-fiber infection model. An HFIM was employed to further examine the PK/PD of the
synergistic combination against P. aeruginosa 12196 (64, 65). The experiment was conducted over 120
h and maintained at 35°C in a humidified incubator. A total of 4 arms were employed: (i) control, (ii)
polymyxin B alone, (iii) enrofloxacin alone, and (iv) polymyxin B-enrofloxacin combination. For polymyxin
B, continuous infusion was employed to achieve a central reservoir concentration of 4 mg/liter.
Enrofloxacin was administered every 12 h as a bolus to achieve a Cmax of 3 mg/liter. The flow rate (0.58
ml/min) simulated the 5-h elimination half-life of ciprofloxacin in patients (49). The same dosage
regimens were simulated for the combination therapy. Serial samples were taken from the cartridges for
viable counting at 0, 1, 2, 4, 6, 23, 25, 26, 28, 47, 49, 50, 52, 71, 73, 74, 76, 95, 97, 98, 100, and 120 h. At
23, 47, 71, 95, and 120 h, PAPs were carried out on polymyxin B-containing plates at 0.5, 1, 2, 4, and/or
8 mg/liter to detect the emergence of polymyxin resistance (42, 63).

Pharmacokinetics validation. Concentrations of polymyxin B and enrofloxacin in broth samples
from IVM and HFIM were measured using a Waters Acquity H-class ultra high-performance liquid
chromatography (UHPLC) system triple-quadrupole LC-MS/MS system (TQS). Polymyxin B concentrations
were quantified using a previously established method (66). For enrofloxacin, the chromatographic
separation was achieved on a Phenomenex Kinetex C18 column (internal diameter, 3 	 50 mm; 2.6-�m
particle size) with a Phenomenex Krudekatcher guard cartridge. Column temperature was maintained at
40°C. Mobile phases consisted of 0.1% trifluoroacetic acid in water (solvent A) and 0.1% trifluoroacetic
acid in acetonitrile (solvent B). The enrofloxacin was eluted in a step gradient (hold at 2% solvent B for
0.5 min, 2 to 40% solvent B for 0.1 min, 40 to 100% solvent B for 1.4 min) at 0.4 ml/min, followed by a
wash (100% solvent B for 2 min) and an equilibration step (2% solvent B for 3 min) at 0.6 ml/min. The
autosampler temperature was maintained at 4°C, the injection volume was 2 �l, and the run time was
7 min. Clinafloxacin was used as the internal standard (IS), and the analysis was performed in an
electrospray ionization-positive model. The MS settings were the following: capillary voltage, 1 kV;
desolvation temperature, 650°C; desolvation gas flow (nitrogen), 1,000 liters/h; cone gas flow (nitro-
gen), 150 liters/h; nebulizer pressure, 700 kPa; collision gas flow (argon), 0.14 ml/min. Multiple
reaction monitoring (MRM) was used to detect the analytes, and the optimized settings were the
following: the cone voltage was 10 V for enrofloxacin and 20 V for clinafloxacin, and the collision
energies were 20 and 22, respectively. The transitions of m/z 360.29 ¡316.26 and m/z 366.17¡305.18
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were monitored for enrofloxacin and clinafloxacin, respectively. The limit of quantification was 0.10
mg/liter for enrofloxacin. The accuracy and precision of the assays were �1.28% and 7.50%, respectively,
for enrofloxacin.

MBM of monotherapy and combination therapy. An MBM was developed to quantitatively
describe the time course of bacterial killing and synergy by polymyxin B and enrofloxacin mono- and
combination therapy.

Life cycle model. The proposed MBM consisted of a life cycle growth model that quantitatively
describes the underlying biological processes (57, 59, 60). Bacterial replication was described by two
states: state 1, representing bacterial cells that are growing and preparing for replication, and state 2,
representing bacterial cells immediately before replication. In the proposed model, bacterial cells were
partitioned into three preexisting subpopulations: subpopulation 1 was susceptible to both polymyxin
B and enrofloxacin (CFUS1), subpopulation 2 was more resistant to polymyxin B and intermediately
susceptible to enrofloxacin (CFUS2), and subpopulation 3 was intermediately susceptible to polymyxin B
and more resistant to enrofloxacin (CFUS3). Intermediately susceptible and more resistant subpopulations
were defined for modeling purposes as subpopulations with MICs greater than the resistance break-
points (e.g., MIC of 2 mg/liter for polymyxin B). The number of subpopulations needed to describe the
data was tested using the log-likelihood ratio (reported as �1	 log likelihood in S-ADAPT), with visual
inspection of the fitted function and parameter estimates, especially the mutation frequency. The
subpopulations differed in antibiotic susceptibility (KC50,ii) and initial individual inoculum (CFU0). The
total concentration of bacteria (CFUTotal) was represented by equation 1:

CFUTotal � �
x�1

2

CFUS1,x � CFUS2,x � CFUS3,x (1)

The differential equations for bacterial concentration in state 1 and state 2 were the following:

d�CFUS1_1�
dt

� PREP · K21 · CFUS1_2 � K12SS · CFUS1_1 � �KILLPMB � KILLENRO� · CFUS1_1 �
CL

V
· CFUS1_1

(2)

d�CFUS1_2�
dt

� �K21 · CFUS1_2 � K12SS · CFUS1_1 � �KILLPMB � KILLENRO� · CFUS1_2 �
CL

V
· CFUS1_2

(3)

where CL is the clearance in the IVM, V is the volume of distribution for the IVM, and PRRP is the
probability of replication.

The PRRP was assumed to be 100% successful at low bacterial load. The replication factor (PRRP)
limits the total population (CFUALL) from exceeding the maximum allowable population size (CFUmax) (57,
59). The PRRP is defined as

PRRP � 2 · �1 �
CFUALL

CFUmax � CFUALL
� (4)

where CFUmax is the maximum bacterial load and CFUALL is the total bacterial load in all populations at
a given time.

Killing by polymyxin B and enrofloxacin was described by a sigmoidal Emax model and was assumed
to have the same direct effect on the bacteria in both states 1 and 2 as those described in equations 2
and 3.

KILLPMB �
Kmax,PMB,ii · CPMB

�

KC50,PMB,ii
� � CPMB

� (5)

KILLENRO �
Kmax,ENRO,ii · CENRO

�

SCE · KC50,ENRO,ii
� � CENRO

� (6)

Kmax,PMB,ii and Kmax,ENRO,ii are the maximum polymyxin B and enrofloxacin killing rate constants for the iith
subpopulation, KC50,PMB,ii and KC50,ENRO,ii are the polymyxin B and enrofloxacin concentrations causing
50% of Kmax for the iith subpopulation, and � is the Hill coefficient.

Mechanism-based modeling of the synergy. The mechanistic synergy was modeled as described
previously (57, 58). Polymyxin B is known to permeabilize the outer membrane and thus enhance the
intracellular concentrations of enrofloxacin (60). This synergy was incorporated into the proposed model
as represented equation 7:

SCE � 1 � � Imax,Synergy,PMB · CPMB

CPMB � IC50,Synergy,PMB,ii
� (7)

where SCE is synergistic combination effect.
Initial conditions. The initial inoculum of all subpopulations was estimated. The initial inoculum of

subpopulations 2 and 3 were estimated as a fraction of the total initial inoculum (CFU0). The initial
condition for subpopulation 2 was calculated as MUT,S2 (mutation frequency for subpopulation 2) 	
CFU0, and the initial condition for subpopulation 3 was MUT,S3 (mutation frequency for subpopulation
3) 	 CFU0. The initial condition for subpopulation 1 was (1 – MUT,S2 – MUT,S3) 	 CFU0. All bacteria
were assumed to initialize in state 1, and the initial condition for state 2 for subpopulations was set
to zero (57, 58).

Observation. All bacterial counts were transformed to log10 scale. Residual unexplained variability
was described by an additive error model on the log10 scale, and the interexperiment variability was fixed
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to a very small value (coefficient of variation of 10%) (57). Viable counts below the limit of detection were
plotted as zero on a log10 scale.

Estimation. The time course of bacterial killing and regrowth was comodeled in S-ADAPT (version
1.57) (67) and facilitated by S-ADAPT TRAN (68, 69) using a Monte Carlo parametric expectation
maximization algorithm (MC-PEM) (pmethod � 4). The MBM was extended for P. aeruginosa 12196 by
simultaneously fitting the time course of the bacterial killing in both dynamic PK/PD models (i.e., IVM and
HFIM). The final model was assessed by its precision and the biological plausibility of the fitted
parameters (especially the mutation frequency, initial inoculum, and maximum population size), the
goodness of fit, and the visual inspection of diagnostic plots (70–73).
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