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ABSTRACT Optimized dosage regimens of aerosolized colistin (as colistin methane-
sulfonate [CMS]) are urgently required to maximize bacterial killing against multidrug-
resistant Gram-negative bacteria while minimizing toxicity. This study aimed to de-
velop a mechanism-based pharmacokinetic (PK)/pharmacodynamic (PD) model (MBM)
for aerosolized colistin based upon PK/PD data in neutropenic infected mice and to
perform a deterministic simulation with the PK of aerosolized colistin (as CMS) in
critically ill patients. In vivo time-kill experiments were carried out with three differ-
ent strains of Pseudomonas aeruginosa. An MBM was developed in S-ADAPT and
evaluated by assessing its ability to predict the PK/PD index associated with efficacy
in mice. A deterministic simulation with human PK data was undertaken to predict
the efficacy of current dosage regimens of aerosolized colistin in critically ill patients.
In the final MBM, the total bacterial population for each isolate consisted of colistin-
susceptible and -resistant subpopulations. The antimicrobial efficacy of aerosolized
colistin was best described by a sigmoidal E, ,, model whereby colistin enhanced
the rate of bacterial death. Deterministic simulation with human PK data predicted
that an inhalational dosage regimen of 60 mg colistin base activity (CBA) every 12 h
is needed to achieve a =2-log,, bacterial reduction (as the number of CFU per lung)
in critically ill patients at 24 h after commencement of inhaled therapy. In conclu-
sion, the developed MBM is a useful tool for optimizing inhalational dosage regi-
mens of colistin. Clinical studies are warranted to validate and refine our MBM for
aerosolized colistin.

KEYWORDS polymyxin, respiratory tract infections, pulmonary administration,
Pseudomonas aeruginosa, multidrug-resistant Gram-negative bacteria, mechanism-
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espiratory tract infections caused by multidrug-resistant (MDR) Gram-negative
bacteria, such as Pseudomonas aeruginosa, are increasingly worrisome and place a
heavy burden on the global health care system (1, 2). Colistin is a cationic lipopeptide
antibiotic administered as its inactive prodrug, colistin methanesulfonate (CMS) (3-5).
It has been increasingly used as a last-line therapy for difficult-to-treat respiratory tract
infections via intravenous administration or inhalation (2, 3, 5-12). Following intrave-
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nous administration, however, colistin fails to achieve effective exposure in the lungs
owing to poor penetration into the epithelial lining fluid (ELF) (13-20). Pulmonary
delivery of colistin (2.64 mg base/kg of body weight) in neutropenic infected mice can
achieve high colistin exposure in the ELF over 24 h (area under the concentration-time
curve for ELF [AUC (] = 180 mg - h/liter), while following intravenous administration
of the same dose, colistin is undetectable (i.e., it is present at levels below the limit of
quantification [LOQ] of 2.21 mg/liter) in the ELF (14).

The current inhalation dosage regimens for CMS range from 0.5 million to 2 million
international units (MIU; equivalent to 15 to 60 mg colistin base activity [CBA]) twice or
thrice daily (21-24); however, these dosage regimens need to be reevaluated as they
are based on empirical experience rather than contemporary pharmacokinetic (PK)/
pharmacodynamic (PD) studies (15). Recently, Lin et al. identified the PK/PD index for
aerosolized colistin against P. aeruginosa using a mouse lung infection model (14). The
ratio of the AUC over the MIC (AUC/MIC) was the most predictive index that described
the antimicrobial efficacy of aerosolized colistin against P. aeruginosa. The AUC/MIC
targets to achieve bacteriostasis against MDR P. ageruginosa were 684 to 1,050 in ELF
and 2.15 to 3.29 in plasma (14). However, there are several limitations associated with
PK/PD indices, most notably, their determination based on efficacy at a fixed time point
(i.e., 24 h), thereby neglecting the change in bacterial load over time (25, 26).

Mechanism-based PK/PD models (MBMs) that characterize the time course of PK and
PD offer a greater potential for achieving optimal inhalational drug therapy (26-28).
Recently, Khan et al. implemented an MBM that could predict the in vivo PK/PD indices
of systemically administered colistin against P. aeruginosa in a murine thigh infection
model (25). However, MBMs based on in vitro static time-kill data may not be ade-
quately translated to aerosolized colistin due to the heterogeneous colistin distribution
in the lungs following pulmonary administration (17). An MBM that characterizes the
PK/PD relationship for aerosolized colistin in vivo would, therefore, be valuable in
predicting the efficacy of different dosage regimens in humans.

The aims of this study were to develop an MBM that characterizes the time course
of the colistin concentration in ELF and plasma as well as bacterial loads after the
administration of different dosage regimens of colistin in neutropenic infected mice.
Furthermore, we aimed to perform a deterministic simulation using the developed
MBM and a previously developed population PK model of aerosolized CMS and formed
colistin in critically ill patients (17) to predict the efficacy of inhalational dosage
regimens of colistin (as CMS) in humans.

RESULTS

An MBM was developed to quantitatively describe the disposition of colistin in both
ELF and plasma and the time course of bacterial killing in a mouse lung infection
model.

Population PK model. The population PK model offers a more quantitative under-
standing of the disposition of colistin following pulmonary and intravenous adminis-
tration (Fig. 1). The final, fitted model-predicted PK parameters are provided in Table 1.
A two-compartment model with linear elimination from the central plasma compart-
ment (total body clearance [CL,,] = 4.21 liters/h/kg; standard error [SE] = 10.3%;
Table 1) was used to describe the disposition of colistin in plasma. Similarly, a two-
compartment model was required to describe the disposition of colistin in ELF after
inhalation of colistin. The rate of transfer of colistin across the lung epithelium was
described by a first-order process (intercompartmental clearance from ELF to plasma
[CLetr plasmal = 7.01 X 1073 liter/h/kg; SE = 6.49%; Table 1). The visual predictive
check (VPC) showed that the developed PK model fit the data well, with the
majority of the observed concentrations being contained within the 80% prediction
interval (Fig. 2 and 3).

MBM for in vivo time-kill data. The kinetics of bacterial killing and regrowth in
neutropenic mice following aerosolized colistin were reasonably well described by the
developed MBM (Fig. 4). The final model included two subpopulations: the colistin-
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FIG 1 Schematic diagram of the MBM based on in vivo time-kill data. K., natural death rate.

susceptible and the colistin-resistant subpopulations (Fig. 1). The antimicrobial efficacy
of aerosolized colistin was best described by the sigmoidal E,,,, and was assumed to
enhance natural bacterial death. To improve numerical stability, the maximum bacterial
load (the maximum number of CFU [CFU,,..]) and the log,, initial inoculum (the initial
number of CFU [CFU,]) were fixed at their experimental values (Table 2). The natural
death rate (characterized by a first-order elimination rate constant [K,]) of the isolate
was fixed at 0.3. Furthermore, it was observed that the log,, Hill coefficient for bacterial
killing (log,, Hill) was estimated to be a very large value (consistent with a very steep
concentration-effect relationship), and hence, it was fixed at a value of 1.3 (equivalent
to a Hill coefficient of 20 on a linear scale). The rates of natural bacterial growth (the
maximal velocity of bacterial growth [VG,,,,] and the bacterial density at which growth

TABLE 1 Estimated population PK parameters for unbound colistin following intravenous and pulmonary administration of colistin in
neutropenic mice with lung infection caused by P. aeruginosa

Parameter Description Units Estimated value SE (%)
2 ELF 1 vol of distribution (ELF compartment) liters/kg 1.07 X 103 22.1
v, ELF 2 vol of distribution (peripheral lung compartment) liters/kg 8.11 X 1073 15.9
Ve Vol of distribution of central plasma compartment liters/kg 1.50 43.6
Ve Vol of distribution of peripheral plasma compartment liters/kg 1.08 30.5
CLeLF distribution ELF intercompatmental clearance liters/h/kg 3.70 X 1073 17
CLpiasma,distribution Plasma intercompartmental clearance liters/h/kg 1.08 X 10 26.1
Cliotal Total body clearance liters/h/kg 4.21 103
Cletr plasma Intercompartmental clearance, ELF to plasma liters/h/kg 7.01 X 1073 6.49
Clpiasma,eLr Intercompartmental clearance, plasma to ELF liters/h/kg 1.68 X 1074 206
f, Fraction unbound in plasma 8.40 X 1072 (fixed)? NA®
F Bioavailability after inhalation % 95 2.06

aData are from reference 29.
bNA, Not applicable.
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FIG 2 Visual predictive checks for colistin in ELF following pulmonary administration of 2.64 mg base/kg
(A) and 5.28 mg base/kg (B). P50, median model-predicted bacterial load; P10, model-predicted 10th
percentile bacterial load; P90, model-predicted 90th percentile bacterial load.

rate is half maximal [CFU,,]) and death (K,) were assumed to be the same for both
subpopulations of each isolate. Subpopulations of each isolate were assumed to have
different initial inocula, and the colistin concentration causing 50% E,,.,, (ECs,) for each
isolate were assumed to be different. The parameter estimates of the final model are
listed in Table 2.

Deterministic simulation to predict the PK/PD index in neutropenic infected
mice. The developed MBM was qualified by assessing its ability to predict the PK/PD
indices in neutropenic mice with lung infection caused by P. aeruginosa. The developed
MBM was able to produce similar estimates of the PK/PD targets associated with
bacteriostasis and 1-log,, kill, as previously observed for aerosolized colistin in a mouse
lung infection model (14). The simulated AUC/MICs for the free drug (FAUC/MIC) in
plasma required for bacteriostasis and 1-log,, kill in the lungs for strain PAOT were 3.48
and 5.55, respectively, similar to previously reported values of 3.29 and 4.68, respec-
tively (14) (Fig. 5 and Table 3).

Deterministic simulation with human PK data for aerosolized colistin. The
proposed MBM was combined with a human population PK model of aerosolized CMS
to predict the clinical efficacy of inhaled CMS in humans. Deterministic simulation with
human PK data for aerosolized colistin (as CMS) predicted that an inhalational dosage
regimen of 60 mg CBA every 12 h is required to achieve a =2-log,, bacterial reduction
in critically ill patients infected with P. geruginosa at 24 h after the commencement of
inhaled therapy (Fig. 6).
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FIG 3 Visual predictive checks for colistin in plasma following pulmonary administration of 2.64 mg
base/kg (A) and 5.28 mg base/kg (B) and intravenous administration of 2.64 mg base/kg (C). P50, median
model-predicted bacterial load; P10, model-predicted 10th percentile bacterial load; P90, model-
predicted 90th percentile bacterial load.
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FIG 4 Visual predictive checks for bacterial growth in the lungs for P. aeruginosa ATCC 27853 (A), PAO1 (B), and FADDI-PA022 (C). P50, median model-predicted
bacterial load; P10, model-predicted 10th percentile bacterial load; P90, model-predicted 90th percentile bacterial load.

DISCUSSION

The current inhalational dosage regimens of CMS are empirical and lack scientific
evaluation with well-designed PK/PD studies. Using a mouse lung infection model, our
recent study revealed that AUC/MIC best describes the antimicrobial efficacy of aero-
solized colistin against MDR P. aeruginosa (14). The calculated AUC/MIC targets pro-

TABLE 2 Estimated PD parameters from the 2-subpopulation model based on in vivo time-kill data

ATCC 27853 PAO1 FADDI-PA022
Estimated Estimated Estimated
Parameter Abbreviation value SE (%) value SE (%) value SE (%)
Colistin concn causing 50% E,,,,, for susceptible ECgq 1 Fixed 1 Fixed 1 Fixed
subpopulation (mg/liter)
Colistin concn causing 50% E,,,,, for resistant- ECsor 51.6 8.99 187 457 229 11.2
subpopulation (mg/liter)
Maximum colistin-induced killing rate constant maxcolistin 5.56 43.2 23.2 3.72 389 18.5
(1/h)
Natural bacterial death rate (1/h) 0.3 Fixed 0.3 Fixed 0.3 Fixed
Bacterial density at which growth rate is half Log,q CFU,, 8.98 0386 938 0.278  9.30 0.539
maximal (CFU/lung)
Maximum bacterial population (CFU/lung) Log, CFU, .« 9.33 Fixed  9.65 Fixed  9.56 Fixed
Hill coefficient for bacterial killing Log;, Hill 13 Fixed 1.3 Fixed 1.3 Fixed
Log,, initial inoculum for total bacterial Log,q CFU, 4.18 Fixed  6.29 Fixed  7.09 Fixed
population (CFU/lung)
Log,, initial inoculum for CFUg? Log,, (initial inoculum for CFUg) —1.16 45.1 -1.75 16.9 -1.07 283

aCFUg, bacterial density for resistant subpopulation.
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vided a good prediction of aerosolized colistin efficacy and the required magnitude of
bacterial kill in treating respiratory tract infections. Regrowth was observed in the in
vitro and in vivo time course studies (Fig. 4; see also Fig. S2 in the supplemental
material), indicating that bacterial susceptibility may rapidly change over time follow-
ing exposure to aerosolized colistin. It was thus necessary to utilize an MBM to evaluate
the efficacy of inhalational dosage regimens of colistin. In this study, an MBM was
developed to describe the disposition of colistin following intravenous and pulmonary
administration, the growth of bacterial subpopulations, and the mechanism of colistin-
induced killing.

In general, the observed ELF and plasma colistin concentration-time profiles were
adequately described by the developed population PK model (Fig. 1 to 3), even though
model misspecification existed in the ELF profile (for times of <15 min). The values of
the parameters estimated by the model (Table 1) are close to those previously reported
from studies performed using noncompartmental analysis (14), with the majority of the
observed concentrations being within the 80% prediction interval (Fig. 2 and 3).

Previously, Khan et al. developed an MBM using in vitro time-kill curves to predict
the PK/PD indices of colistin observed in a mouse thigh infection model (25). In the
current study, a similar approach was utilized to evaluate whether an MBM based on in
vitro static time-kill data could be used to predict aerosolized colistin activity against
respiratory tract infections in a mouse lung infection model. The proposed static
time-kill MBM consisted of two to three preexisting bacterial subpopulations (Fig. S1
and Table ST). On the basis of in vitro static time-kill data, the proposed MBM predicts
that a single inhalational dose (2.64 mg base/kg) of colistin would result in the
complete eradication of bacteria (data not shown). In clinical practice, a single dose is
unlikely to clear all bacteria without regrowth. One proposed reason for the discrep-
ancies between the in vivo and in vitro results is that bacteria are exposed to a constant
colistin concentration over time in static time-kill experiments, while the in vivo drug
distribution is not constant and the concentrations achieved at the respiratory tract and
infection site vary (17).

To develop an in silico model that can be translated into the clinical setting, we built
an MBM based on in vivo time-kill data in neutropenic infected mice. The proposed
MBM shares a structure similar to that of the static time-kill model. Furthermore, only
two subpopulations were fitted for in vivo time-kill data, instead of the three subpopu-
lations in the model used for the in vitro time-kill data for isolates PAO1 and FADDI-
PA022. This was most likely due to the inherent nature of our data set, i.e., destructive
sampling and live animal data with an inherent variability higher than that in the in vitro
data; the available data could support only the simpler parameterization. Further
investigation enabling direct quantification of the different bacterial subpopulations is
needed to determine their relative contribution to the total inoculum. Since a narrow
dose range (2.64 and 5.28 mg base/kg) was tested due to toxicity concerns, it was
important to qualify our model by assessing its ability to predict the PK/PD indices in
neutropenic mice with lung infection caused by P. aeruginosa (14). The predicted values
closely resembled the observed data, with some minor differences (Fig. 5). Through
simulation, we observed that the PK/PD targets for bacteriostasis and 1-log,, kill are
similar to those reported previously in a lung infection model in neutropenic mice
(Table 3) (14). Here, for the first time, we have shown that an MBM based on in vivo
time-kill data can be utilized to calculate the PK/PD indices for dose optimization of
aerosolized colistin.

Our recent PK/PD study showed that pulmonary administration of colistin is superior
to systemic administration in treating respiratory tract infections (14). The fAUC/MIC in
plasma required to achieve bacteriostasis in the lungs following pulmonary adminis-
tration is approximately 11-fold lower than that required following subcutaneous
administration (2.99 versus 34.1, respectively) (14, 29). The MBM developed in the
current study provided an explanation for the superiority of pulmonary delivery in
treating respiratory tract infections. The more resistant subpopulation was estimated to
have a relatively large EC;, across the three strains (Table 2, EC5,g). These high ECs,
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FIG 5 Log,, CFU per lung of P. aeruginosa ATCC 27853 (A), PAO1 (B), and FADDI-PA022 (C) at 24 h versus
the colistin exposure in plasma (FAUC/MIC) in neutropenic infected mice. The observed bacterial load in
neutropenic infected mice (14) and the simulated bacterial load obtained using the developed MBM are
shown. Broken lines, the initial inoculum at the start of the experiment.

values were most likely due to the binding of colistin to mucin in the mucus (30) and
surfactants in ELF (31), as well as the heterogeneous distribution of colistin aerosol in
the lung (19). Such high values imply that the so-called resistant subpopulation is
unlikely to respond to the range of ELF concentrations obtained following systemic
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TABLE 3 Observed and model-simulated fAUC/MIC targets in plasma associated with bacteriostasis and 1-log,, kill against three strains

of P. aeruginosa in neutropenic infected mice?

fAUC/MIC

ATCC 27853 PAO1 FADDI-PA022
Kill level Observed value Simulated value Observed value Simulated value Observed value Simulated value
Stasis 2.99 (2.47-4.17) 3.62(2.00-4.10) 3.29(2.90-3.91) 3.48(1.52-10.4) 2.15(1.90-2.45) 2.85(0.80-4.12)
1-log,, kill ND ND 4.68 (3.48-5.23) 5.55(1.99-14.82) 2.60 (2.25-3.50) 4.36 (0.88-4.55)

aData for observed values are from reference 14. Values in parentheses represent the 10th to 90th percentile range generated from the Monte Carlo simulation. ND,

not determined.

delivery. To confirm this finding, the antimicrobial efficacy of systemic colistin was
assessed following the intraperitoneal delivery of colistin in treating respiratory tract
infections. Following treatment with intraperitoneal colistin (2.64 and 5.28 mg base/kg),
no statistically significant reduction in the bacterial load was observed over 24 h (Fig.
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FIG 6 (A) Deterministic simulation of population average ELF concentration-versus-time profile of formed colistin following pulmonary nebulization (I.T.) of CMS
at 30 and 60 mg CBA twice daily in critically ill patients. Deterministic simulation of bacterial growth in the lungs following exposure to aerosolized CMS at 30
and 60 mg CBA twice daily in critically ill patients for P. aeruginosa ATCC 27853 (B), PAO1 (C), and FADDI-PA022 (D).
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S3). Notably, the colistin ELF concentration achieved following the intraperitoneal
delivery of colistin was below the limit of quantitation (<2.21 mg/liter) over the 12-h
sampling period (data not shown). Taken together, our results have clearly demon-
strated the superiority of aerosolized colistin over systemically delivered colistin to treat
respiratory tract infections caused by P. aeruginosa in a mouse lung infection model.
The developed MBM serves as an important pharmacological tool that can be used
in conjunction with Monte Carlo simulation to evaluate the efficacy of clinically utilized
aerosolized colistin dosing regimens. These simulations are performed using a small
population PK model of nebulized colistin (as CMS) in critically ill patients (17). Given
the large degree of variability (i.e., the high interindividual variability [IIV], random
unexplained variability [RUV], and large standard errors [SE] associated with IIV) in the
population PK model of nebulized colistin (as CMS) (17), a deterministic simulation was
performed using the model-predicted median value of formed colistin ELF concentra-
tions without the incorporation of IIV (32, 33). Deterministic simulation with human PK
data predicted that an inhalational dosage regimen of 30 mg CBA every 12 h (equiv-
alent to 1 MIU twice daily) was unable to achieve a =2-log,, bacterial reduction in
critically ill patients infected with P. aeruginosa at 24 h after the commencement of
inhaled therapy (Fig. 6). However, 60 mg CBA every 12 h (equivalent to 2 MIU twice
daily) was able to achieve a =2-log,, bacterial reduction. In line with the previous
recommendation (33), the 60-mg CBA dose should be preferred over the lower doses
(e.g., 15 to 30 mg CBA) for the treatment of respiratory tract infections caused by P.
aeruginosa. However, translation of these findings to critically ill patients remains
challenging, as the lung anatomy and transport mechanisms of mice differ from those
of humans. Importantly, since a naive pooled approach and deterministic simulation
were used, the MBM did not take the variability in PK/PD responses into consideration.
Well-designed clinical studies are needed to characterize the extent of potential
patient- and device-specific differences in the PK of aerosolized colistin for bacterial
killing. As a detailed and robust human population PK model of aerosolized colistin
becomes available, our proposed MBM can be used to evaluate the clinical efficacy of
other commonly used inhalational dosage regimens of colistin (as CMS) in humans (e.g.,
75 to 150 mg CBA every 12 h). Although optimization of inhalational dosage regimens
of colistin remains an important task, the presence of regrowth for some dosage
regimens (e.g., 30 CBA twice daily) suggests that inhalational polymyxin monotherapy
may be inadequate to treat respiratory tract infections. Future clinical studies are
needed to evaluate nebulized colistin as mono- and combination therapy for the
treatment of life-threatening respiratory tract infections caused by MDR P. aeruginosa.
To the best of our knowledge, this is the first in vivo MBM that describes the
disposition of colistin in both ELF and plasma following pulmonary administration and
the antibacterial effect on MDR P. aeruginosa. Deterministic simulations suggest that an
inhalational dose of 60 mg CBA every 12 h may be required to achieve =2-log,,, killing
at 24 h after the commencement of inhaled therapy. The MBM, in combination with a
validated human population PK model, may have significant potential in facilitating the
development of optimal inhalational dosage regimens of colistin in patients to treat
life-threatening respiratory tract infections caused by Gram-negative superbugs.

MATERIALS AND METHODS

Chemicals and bacterial strains. Colistin solution (sulfate; =15,000 U/mg; lot number 08M1526V;
Sigma-Aldrich, St. Louis, MO, USA) was freshly prepared in sterile 0.9% sodium chloride. The solution was
filtered through a 0.22-pum-pore-size filter and stored at 4°C. Three strains of MDR P. aeruginosa (two
reference strains [ATCC 27853 and PAO1] and one MDR clinical isolate [FADDI-PA022]; MIC = 1 mg/liter
for all strains) were examined. All strains were stored in tryptone soy broth with 20% glycerol at —80°C
and subcultured onto a nutrient agar plate prior to each experiment (34).

Population PK modeling. The PK data for intravenous and pulmonary administration of colistin have
been published previously (14). Single-dose PK studies were performed with neutropenic mice after
intravenous (2.64 mg base/kg) and pulmonary (2.64 and 5.28 mg base/kg) administration of colistin.
Animal experiments were approved by the Animal Ethics Committee of the Monash Institute of
Pharmaceutical Sciences, Monash University, and conducted in accordance with the guideline of the
Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. Mice received either
intravenous or pulmonary administration of colistin. For pulmonary administration, mice were briefly
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anesthetized and placed on a Perspex support in a vertical upright position. A Penn-Century Micro-
Sprayer (Penn-Century, Philadelphia, PA, USA) was used to administer colistin solution (2.64 and 5.28 mg
base/kg in 25 ul) to the mouse lungs (14). Blood samples were collected at a total of 6 time points over
a 6-h period. In addition, for PK analysis bronchoalveolar lavage fluid (BALF) was also collected using 0.5
ml of sterile saline (13) at a total of 7 unique time points (n = 3 or more) over a 12-h period.

Population PK modeling of colistin in ELF and plasma following intravenous and pulmonary admin-
istration was performed using the Monte Carlo parametric expectation maximization algorithm
(pmethod = 4) in the S-ADAPT (version 1.57) program, facilitated by the S-ADAPT TRAN program (35).
PK structural models with one or two compartments were evaluated to fit the plasma concentrations
following intravenous administration. Subsequently, colistin plasma concentrations following adminis-
tration by both routes were simultaneously modeled. Similarly, the concentration of colistin in ELF
following pulmonary administration was comodeled with the plasma concentration. Since a naive pooled
approach was utilized, the IV of the PK parameters was not estimated. A combined additive and
proportional error model was utilized to describe the RUV. The most predictive PK structural model was
selected on the basis of the corrected Akaike information criterion (AIC) value, the objective function
value (reported as —1 X log likelihood in S-ADAPT), the precision of the fitted parameters, the goodness
of fit, and visual inspection of standard visual diagnostic plots (36-38). The final model was evaluated
using a VPC. A decrease in the objective function of 1.92 units (chi-square test with 1 degree of freedom)
was considered statistically significant.

Mouse lung infection model. Female Swiss mice (age, 9 to 10 weeks) were obtained from the
Monash Animal Center (Clayton, Australia). Animals were housed in the animal facility (Monash Univer-
sity, Parkville Campus, Australia) and acclimatized for 3 days prior to each experiment with free access
to water and food.

Mice were rendered neutropenic by intraperitoneal injection of two doses of cyclophosphamide on
day —4 and day —1 before the experiment (14, 29). To establish an infection, a Penn-Century Micro-
Sprayer (model IA-1C; Penn-Century, Philadelphia, PA, USA) was employed to deliver a 25-ul bacterial
suspension (approximately 106 CFU/ml in early logarithmic phase) directly into the lungs (39).

Colistin treatment was initiated at 2 h postinoculation. The bacterial burden in the lungs of the
saline-treated control animals and the colistin-treated animals was determined at 0, 1, 3, 6, 12, and 24 h
posttreatment. At least 3 animals were included per time point. To minimize any potential drug
carryover, lung tissue samples were washed once with 1 ml sterile 0.9% saline solution before harvesting
in 8-ml sterile saline. The lung tissue samples were then homogenized, filtered, diluted accordingly, and
spiral plated on nutrient agar plates to determine the bacterial load (34). The limit of detection was 164
CFU/lung (equivalent to one colony per plate). The bacterial load in the infected lungs was comodeled
with the different PK profiles using mechanistic modeling, as described below.

Mechanism-based pharmacodynamic modeling. A general mechanistic model developed by
Bulitta et al. (40), Cheah et al. (41), and Meagher et al. (42) was used as a starting point for MBM
development in the current study. In our model, bacterial cells were partitioned into two to three
preexisting subpopulations. The number of subpopulations needed to describe the data was tested
using the corrected Akaike information criterion. The subpopulations consisted of colistin-susceptible (S),
intermediately susceptible (I), and mostly resistant (R) populations with capacity-limited (saturable)
growth and first-order rate constants for natural death (see Fig. 1 and S1 in the supplemental material
for in vivo and in vitro data, respectively). The initial inoculum of all subpopulations was estimated. The
subpopulations differed at least in colistin susceptibility (EC,,) and the initial individual inoculum, which
were fitted for all subpopulations. The initial inoculum of the resistant subpopulations was estimated as
a fraction of the total initial inoculum (CFU,). The total bacterial load is represented by equation 1:

CFUy = CFUg + CFU; + CFUy (1)

where CFU,, CFU, and CFU; are the numbers of CFU for the colistin-susceptible, intermediately
susceptible, and mostly resistant populations, respectively. The rate of bacterial replication (K,

replication)

(equation 2) was modeled as capacity limited, dependent on the maximal velocity of bacterial growth

(VG,,,,,) and the bacterial density at which the rate of replication is half maximal (CFU,,) (43). Models with

the same growth constant and different growth constants (i.e., different VG, ., and CFU,) were tested.
VGmax

K (2)

replication m

where CFU,,,, is the total number of CFU. VG, ,, may be computed as K, X (CFU,, + CFU, ). The rate

of natural bacterial death was characterized by a first-order elimination rate constant (K_). In the current

model, colistin was assumed to enhance the rate of bacterial killing (natural death) and was described

with E, ., models based on the bacterial subpopulation (41-45), as represented in equation 3:
Emax,colislin X Ccolistin,effectivey

Kcolis(in = (3)
s Y ¥
ECSOi + Ccolislin,cffcclivc

where E_ . oiisin 1S the maximum colistin killing rate constant, K., is the colistin-induced killing rate
constant, and EC,,, is the colistin concentration causing 50% £, for the ith subpopulation, C_, i efrective
is the effective colistin concentration, and v is the Hill coefficient.

The differential equations that describe each bacterial subpopulation are outlined below.

dCFUs  VGyyyy - CFU
dt ~ CFU,, + CFUy

— (CFUg - Ky) - (1 + Kglistin) (4)
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dCFU;  VGpy,, - CEU, (CEUL- K- (14 Koo -
dt - CFUm + CFU[o[al I d. colistin.

dCFUg VG- CFUg
dt  CFU,, + CFU,

- (CFUR : Kd) -1+ Kco]istin) (6)

where t is time.

For the static time-kill data, to account for the competitive displacement of bound divalent cations
from their bacterial target, the lipid A moiety of lipopolysaccharide (LPS), the following equations were
utilized (43):

C,

cations
Faions = Fo— @
dycations colistin

chations + Ccations +
Kd,colislin Mmolecular

EC;O + (1 = Feations)”
is the fractional occupancy of the receptor for the cations Mg?* and Ca?*, K, ions is the
dissociation constant for the cations Mg2* and Ca?*, K, un is the dissociation constant for colistin,
Ceation IS the sum of the molar concentrations of the two cations (Mg2* and Ca?*), C_yjicun IS the colistin
concentration, and M, .c.iar IS the average molecular weight of the two predominant components of
colistin (i.e., colistin A and B).

The time course of the antimicrobial effect on bacterial killing and regrowth was comodeled in
S-ADAPT (version 1.57) (46), facilitated by S-ADAPT TRAN (35, 40), using a Monte Carlo parametric
expectation maximization algorithm (pmethod = 4). All bacterial counts were transformed to the log,,
scale. RUV was described by an additive error model on the log,, scale, and the interexperiment
variability was not estimated. The final model was assessed by the precision of the fitted parameters, the
goodness of fit, visual inspection of diagnostic plots, and VPC (36-38, 42).

Deterministic simulation to derive the PK/PD index in neutropenic infected mice. The final
parameters estimated from the final in vivo MBM for P. aeruginosa were used to simulate the modified
dose fractionation studies outlined in the work of Lin et al. (14) for neutropenic infected mice.
Subsequently, the inhibitory sigmoid dose-effect model was applied to these simulated data to calculate
the PK/PD index for different killing effects (i.e.,, FAUC/MIC).

Deterministic simulation with human PK data. The final parameters estimated from the current in
vivo MBM for all three isolates of P. aeruginosa (ATCC 27853, PAO1, and FADDI-PA022) and a previously
reported PK model for aerosolized CMS in critically ill patients (17) were employed to simulate the time
course of bacterial killing and colistin concentration-time profiles, respectively. Deterministic simulations
were performed using the model-predicted median value of formed colistin ELF concentrations and PD
parameters for each isolate in the Berkeley Madonna (version 8.3.18) program without interindividual or
residual variabilities. The following clinically available inhalational doses were evaluated against each
isolate: (i) 30 mg CBA every 12 h and (i) 60 mg CBA every 12 h. The inhalational dosage regimens were
chosen to represent those that are commonly utilized in humans (47, 48).

X Ccolis(in (8)

Ccolistin,effeclive =

where F,

cations
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