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Combination Treatment With Meropenem Plus
Levofloxacin Is Synergistic Against Pseudomonas
aeruginosa Infection in a Murine Model of
Pneumonia
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Background. Meropenem plus levofloxacin treatment was shown to be a promising combination in our in vitro
hollow fiber infection model. We strove to validate this finding in a murine Pseudomonas pneumonia model.

Methods. A dose-ranging study with meropenem and levofloxacin alone and in combination against Pseudo-
monas aeruginosa was performed in a granulocytopenic murine pneumonia model. Meropenem and levofloxacin
were administered to partially humanize their pharmacokinetic profiles in mouse serum. Total and resistant bacterial
populations were estimated after 24 hours of therapy. Pharmacokinetic profiling of both drugs was performed in
plasma and epithelial lining fluid, using a population model.

Results. Meropenem and levofloxacin penetrations into epithelial lining fluid were 39.3% and 64.3%, respective-
ly. Both monotherapies demonstrated good exposure responses. An innovative combination-therapy analytic ap-
proach demonstrated that the combination was statistically significantly synergistic (o = 2.475), as was shown in
the hollow fiber infection model. Bacterial resistant to levofloxacin and meropenem was seen in the control arm.
Levofloxacin monotherapy selected for resistance to itself. No resistant subpopulations were observed in any com-
bination therapy arm.

Conclusions. The combination of meropenem plus levofloxacin was synergistic, producing good bacterial kill
and resistance suppression. Given the track record of safety of each agent, this combination may be worthy of clinical
trial.

Keywords. synergy; Pseudomonas aeruginosa; meropenem; levofloxacin; Mathematical Modeling.

Combination chemotherapy is prudent in the face of
ventilator-requiring, hospital-acquired pneumonia
(VRHAP) due to Pseudomonas aeruginosa infection
[1,2]. There are 2 goals of therapy. The first is to obtain
a rapid, multilog reduction in the bacterial burden. The
second is to suppress the amplification of a resistant
bacterial subpopulation.
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Obtaining a rapid reduction in the organism load en-
hances the cell-killing capability of granulocytes. We re-
cently demonstrated in a murine pneumonia model that
early appropriate chemotherapy allows the bacterial bur-
den to decline below the half-saturation point of neutro-
phils [2]. This allows the granulocytes to add 1-1.5 extra
logs of bacterial killing in the second day. This leads to
rapid bacterial clearance in the lungs of mice, which,
for patients with pneumonia, hopefully translates to ear-
lier extubation and transfer out of the intensive care unit.

Recently, Chastre et al examined the outcomes of peo-
ple with ventilator-associated pneumonia who were treat-
ed with a carbapenem [3]. Of 28 patients that started with
a fully susceptible isolate of P. aeruginosa, >50% had a
>4-fold increase in the carbapenem minimum inhibitory
concentration (MIC) during therapy. No differences were
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seen among imipenem, meropenem, or doripenem. Consequent-
ly, use of a regimen that also suppresses amplification of the less-
susceptible populations is important.

In our previous in vitro hollow fiber infection model (HFIM)
study, this combination had a more rapid attainment of mul-
tilog cell killing than the monotherapies and completely
suppressed the emergence of resistance over 14 days [1]. We
speculated that the mechanism was a saturation of the efflux
pumps. We felt it was important to valid the benefit of this com-
bination in a murine pneumonia model.

METHODS

Microorganism

P. aeruginosa strain PAO1 was a kind gift of Drs Bush and
Queenan of Johnson & Johnson (Raritan, New York). Determi-
nation of MICs was performed using microbroth methods pub-
lished by the Clinical and Laboratory Standards Institute [4].
Mutation frequencies for the antibiotics were determined to 3
times the MICs.

Murine Pneumonia Model

The model and detailed methods have been previously de-
scribed [5]. All animal experimentation was approved by the
University of Florida Institutional Animal Care and Use Com-
mittee. Female, 24-26-g, outbred Swiss-Webster mice (Taconic
Farms, Taconic, NY) were rendered transiently neutropenic
with 150 mg/kg of cyclophosphamide given intraperitoneally
4 days before infection plus 100 mg/kg given intraperitoneally
1 day before infection. Anesthetized mice were infected via
the intranasal route with 5 x 107 colony-forming units (CFU)
of P. aeruginosa. The bacterial inoculum was confirmed by
quantitative cultures. Two hours after bacterial inoculation,
and before therapy initiation, 5 mice were euthanized, and
lungs were obtained for baseline quantitative cultures of lung
homogenates. Seventeen animal cohorts were administered
meropenem or levofloxacin alone or in combination. There
was also an untreated control group. Twenty-four hours after
treatment initiation, all mice were humanely euthanized, and
lungs were aseptically collected, homogenized, and washed.
The homogenates were quantitatively cultured onto drug-free
agar to characterize the effect of each regimen on the total bac-
terial population. For groups that were treated with meropenem
or levofloxacin alone, homogenates were also quantitatively cul-
tured onto agar supplemented with 3 times the baseline MIC of
the respective drug to define the extent to which the regimens
selected for an antibiotic-resistant subpopulation. For mice that
were treated with both antibiotics, tissue homogenates were
quantitatively cultured onto agar plates supplemented with 3
times the MIC of meropenem and separate plates containing
3 times the MIC of levofloxacin. After incubation of the plates
at 35°C for 48 hours, the colonies were enumerated.

Meropenem was administered every 4 hours to partially hu-
manize its serum pharmacokinetic profiles. To humanize the
serum pharmacokinetic profile of levofloxacin, this drug was
administered twice daily, with 75% of the total dose adminis-
tered at time 0 and the remaining 25% administered at hour
12. The levofloxacin humanization scheme was derived from
earlier single-dose pharmacokinetic studies [6]. Meropenem
dosing as a single agent was 5, 8, 12.5, and 50 mg/kg every
4 hours. For single-agent levofloxacin, total daily doses of
25, 63, 126, and 256 mg/kg/day were evaluated. In addition,
63 mg/kg/day of levofloxacin was administered in a nonhuman-
ized fashion, as a single injection, to assess differences in out-
comes with different dosing algorithms. For the drugs in
combination, doses of 25 or 63 mg/kg/day of levofloxacin (human-
ized) were administered with 5, 8, or 12.5 mg/kg of meropenem
every 4 hours. In another cohort, 12.5 mg/kg of meropenem
was administered every 4 hours in combination with a single
nonhumanized dose of levofloxacin. Finally, there was a no-
treatment control.

Pharmacokinetic Studies
To correlate the doses of drug administered to mice with mea-
sures of exposure, pharmacokinetic studies for meropenem
and levofloxacin were conducted in mice with P. aeruginosa
pneumonia.

Briefly, neutropenic mice were infected under anesthesia with
P. aeruginosa via the intranasal route. Two hours later, single
doses of 50, 100, 200, and 400 mg/kg of meropenem and single
doses of 2.39, 17.08, and 150 mg/kg of levofloxacin were given
intraperitoneally to mice. Previous work had shown no drug in-
teraction for the combination (data not shown). Plasma and
bronchoalveolar (BAL) fluid were collected from 3 mice per
time point (and dose) over 5-6 hours and were stored at
—80°C until they were assayed for drug content by liquid chro-
matography/dual mass spectrometry (LC-MS/MS). The predi-
luted concentration of antibiotic in the BAL fluid (epithelial
lining fluid [ELF]) was calculated by comparing the ratio of
the amounts of urea measured in simultaneously collected plas-
ma and BAL fluid.

Meropenem, Levofloxacin, and Urea Assays

For mouse plasma samples, an aliquot of 0.050 mL per sample
was deproteinated with 0.150 mL acetonitrile. The resulting
mixtures were centrifuged, and 0.100 mL of the supernatant
was added to 1.00 mL of high-pressure liquid chromatography
(HPLC)-grade water. Samples were analyzed by HPLC-MS/
MS for meropenem and levofloxacin concentrations [6, 7].
For mouse BAL fluid samples, an aliquot of 0.050 mL was di-
luted with 0.100 mL of HPLC water and analyzed. The LC-
MS/MS system was composed of a Shimadzu Prominence
HPLC system and an ABSciex API5000 triple quadrupole
mass spectrometer.
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Chromatographic separation was performed in isocratic
mode, using a Thermo Scientific Hypersil Gold column
(150 x 4.6 mm; 5-pm particle size) and a mobile phase consist-
ing of 85:15 0.1% formic acid in water:methanol at a flow rate of
0.75 mL/minute.

Meropenem concentrations were obtained using LC-MS/MS,
monitoring the MS-MS transition m/z 384— m/z 141. Analysis
run time was 4.0 minutes. The assay was linear over a range of
0.005 to 10 mg/L (r* =0.993) for meropenem in mouse plasma
and a range of 0.10 to 200 ng/mL (r* = 0.994) for meropenem
in mouse BAL fluid. The interday coefficients of variation for
the quality control samples, which contained meropenem ana-
lyzed in replicates of 3 at 3 concentrations on each analysis day,
ranged from 0.543% to 4.29% for meropenem in mouse plasma
and from 1.87% to 5.08% for meropenem in BAL fluid. Accuracy
(ie, percentage recovery) for these same quality control samples
ranged between 92.7% and 103% for meropenem in mouse plas-
ma and between 96.9% and 102% for meropenem in BAL fluid.

For levofloxacin, concentrations were obtained using the MS/
MS transition m/z 362.2— m/z 261.2. The interday coefficient of
variation for the plasma quality control samples ranged from
3.65% to 6.22%, with the percentage recovery ranging from
102% to 108% at 3 levels (10 ng/mL, 100 ng/mL, and 500 ng/
mL) in 3 replicates, and assay findings were linear over a range
of 5.00 to 1000 ng/mL (r* = 0.994). For BAL samples, the inter-
day coefficient of variation ranged from 4.27% to 5.35%, and the
percentage recovery ranged from 102.0% to 102.5%.

Analysis of urea in murine plasma and ELF was performed
using the BioAssay Systems QuantiChrom urea assay kit
(Hayward, California). The standard curve was linear, from
3.1 mg/dL to 50 mg/dL (r* = 0.999). The range of the interday
coefficient of variation was 3.63%-10.5% for plasma and
5.85%-9.77% for BAL fluid.

Population Pharmacokinetic Modeling Approach

The approach has been described previously [7]. We performed
single-dose pharmacokinetic studies for meropenem and levo-
floxacin in infected mice. For the population modeling ap-
proach, the ELF was its own sampling compartment with its
own volume of distribution. It required 8 parameters, 4 differ-
ential equations, and 2 system outputs (drug concentration in
plasma and drug concentration in ELF) to define this system:

dx;
K, 1
dt ! (1)
Y ke L k] XK X (2)
XK V. 23 2 32 X3
dX;
5~ X - Ko Xs 3)
t
dX,
T Kyy - X5 — Kyp - Xy (4)

The plasma concentration is calculated as X,/[V//F], and the
ELF concentration is calculated as X4/ Vi

The BigNPAG program [8] was used for all population mod-
eling. The weighting used was the inverse of the observation
variance. Bayesian estimates were obtained using the popula-
tion-of-one utility in BigNPAG. Model evaluation was per-
formed by predicted-observed plots. The mean weighted error
served as the measure of bias. The bias-adjusted mean weighted
squared error served as the measure of precision. Because only
single plasma and ELF measurements were available for any an-
imal, the Adaptive v feature for weighting was not used.

Drug Interaction Analysis for Total Bacterial Burden Cell Kill
The approach embeds the Greco Universal Response Surface
Approach (URSA) into the time-dependent framework, in
which total bacterial cell killing is linked to drug concentrations
through the URSA model. Because there was minimal resistance
emergence and no resistant bacteria were recovered from the
combination therapy arms, the full model, as published else-
where [9], was not used. Full model details are found in the Sup-
plementary Materials.

Simulation

We used the ADAPT V package [10] for simple simulation
(concentration-time profile in plasma and ELF). For Monte
Carlo simulation, Pmetrics [11] was used.

RESULTS

MICs and Mutational Frequency to Resistance
The meropenem and levofloxacin MICs for the PAO1 strain
were both 0.5 mg/L.

The mutational frequency for isolates with >3 times the MIC
to meropenem was —6.76 log CFU, and the mutational frequen-
cy for isolates with >3 times the MIC to levofloxacin was —6.77
log CFU.

Murine Pharmacokinetics of Meropenem and Levofloxacin

As previously demonstrated, meropenem murine pharmacoki-
netics were best described by a 3-compartment model [7], and
those for levofloxacin were best described by a 4-compartment
model [6].

The point estimates of the mean and median parameter vectors
and their standard deviations for each agent are displayed in
Table 1. These were concordant with previous investigations [6,7].

The model fit the data well, with the following Bayesian (in-
dividual) observed-predicted regressions for meropenem for
plasma and ELF:

Plasma : Observed = 1.015 x Predicted + 0.255; r* = 0.997;
ELF : Observed = 1.066 x Predicted + 0.010; 2 = 0.990;
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Table 1.

Population Pharmacokinetic Parameters of Meropenem and Levofloxacin in Infected Mice

Drug, Parameter V/F, L CL/F, L/ Kog, h™! Kzz, h™" Ko, h™" Kap, W7 Veur L K, h™!
Meropenem
Mean 0.00348 0.0169 17.30 11.98 0.0141 25.52
Median 0.00342 0.0169 16.57 11.04 0.0131 26.18
SD 0.0002214 0.00159 1.356 1.330 0.00253 3.459
Levofloxacin
Mean 0.0229 0.0810 12.57 10.48 6.546 4114 0.0628 4.823
Median 0.0201 0.0800 10.08 10.49 7.466 3.987 0.0663 4.718
SD 0.00405 0.0019 3.245 1.111 1.629 1.344 0.0138 1.131

Median values were used for Bayesian estimation.

Abbreviations: CL/F, apparent drug clearance; K, first-order absorption rate constant; Kys, Kzp, Koa, Kap, first-order intercompartmental transfer rate constants; SD,
standard deviation; V,/F, apparent volume of the central compartment; Vg g volume of the epithelial lining fluid compartment.

For levofloxacin, the equations were as follows:

Plasma : Observed = 1.252 x Predicted + 0.218; r* = 0.956;
ELF : Observed = 1.327 x Predicted — 0.654; r* = 0.928;

Measures of bias and precision were acceptable for all outputs.
Simple simulations for both agents demonstrated a penetration
into ELF of 39.3% for meropenem and 64.3% for levofloxacin.
The duration of time the concentration of the drug remains
above the MIC for the microbe (Time > MIC) for levofloxacin
or the ratio of the AUC to the MIC (for levofloxacin) for the reg-
imens used for therapy are displayed in Table 2. It should be
noted that these values represent integrated measures. The anal-
ysis performed below is a completely different way of examining
the exposure to drugs, in which time-dependent changes in drug
concentrations and their interaction are accounted for.

Table 2. Time > Minimum Inhibitory Concentration (MIC) in
Epithelial Lining Fluid (ELF) for Meropenem and Ratio of the
Area Under the Receiver Operating Characteristic Curve (AUC) to
the MIC in ELF for Levofloxacin, by Dose, for Treatment of Murine
P. aeruginosa Pneumonia

Variable, Dose in mg/kg Value
Meropenem time > MIC?
5 8.22/24 h
8 9.84/24 h
12.5 11.4/24 h
50 16.1/24 h
Levofloxacin AUC:MIC? ratio
25 10.03
63 25.28
126 50.55
256 102.7

For meropenem, doses were administered every 4 hours. For levofloxacin,
doses indicated are daily doses.

#MIC =0.5 mg/L

The simulated concentration-time profiles over 24 hours for
12.5 mg/kg of meropenem every 4 hours and 63 mg/kg/day of
levofloxacin, fractionated as 75% at time 0 and 25% at hour 12,
are displayed in Figure 1A and 1B from simulation.

P. aeruginosa Killing by Meropenem and Levofloxacin Alone
and in Combination

Cell killing data for the total population are displayed in Fig-
ure 2A. Clear exposure responses were demonstrated for both
meropenem alone and levofloxacin alone. The combination
therapy arms demonstrated good effect. All combination thera-
py arms generated near-maximal bacterial killing at less than
maximal drug doses.

In addition, we administered levofloxacin as a single
nonhumanized dose of 63 mg/kg/day alone, as well as in com-
bination with 12.5 mg/kg of meropenem every 4 hours. The
fractionated, humanized regimen made a significant difference
when levofloxacin was administered alone (P =.007), but this
difference was lost when levofloxacin was administered in com-
bination with meropenem (P =.648).

Mutants resistant to meropenem or levofloxacin were re-
covered at 24 hours in the no-treatment control cohort. Small
numbers of less susceptible isolates were recovered from levo-
floxacin-treated animals. Mutants were recovered from the lev-
ofloxacin single-drug arm when the drug was administered in a
nonhumanized fashion but not when administered in a human-
ized fashion. No less susceptible mutants were recovered from
the meropenem monotherapy arm or combination therapy
arms. These data are displayed in Figure 2B and 2C.

Drug-Effect Interaction Analysis

All groups were analyzed simultaneously. Because the phar-
macokinetic and pharmacodynamics groups were studied sepa-
rately, we fixed the pharmacokinetic parameters for meropenem
and levofloxacin to the values of their median parameter vec-
tors. The mean, median, and standard deviation of the phar-
macodynamic parameter values are displayed in Table 3. The
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Figure 1.
AUC, area under the curve; MIC, minimum inhibitory concentration.

Dose = 63 mg/kg/day
as 75% at time zero and 25% at time 12 hours

Time (hours)

A, Simulated murine plasma and epithelial lining fluid (ELF) concentration-time profiles for meropenem (A) and levofloxacin (B). Abbreviations:

model fit the data well. For the Bayesian (individual) analysis r*
was 0.990; observed was equal to 0.999 x predicted + 0.012; bias
was —0.110; and precision was 0.209. The maximal kill rate
constant was 3.398 h™'. The drug concentrations at which
the kill rate was half-maximal were 1.763 mg/L and 0.338
mg/L for meropenem and levofloxacin, respectively. Perhaps
most importantly, the value of o (the drug interaction param-
eter, which determines whether the interaction is synergistic,
additive, or antagonistic) was 2.475, with a 95% confidence in-
terval of 2.014-2.710. Because the lower bound of the confi-
dence interval does not cross 0, the drug interaction is
significantly synergistic. It is likely that the synergistic interac-
tion was responsible for the ability to administer levofloxacin

without fractionation (ie, the nonhumanized fashion) without
loss of microbiological activity and without resistance
emergence.

Our group has previously reported [2] that a minimum cell-
killing level of 2 logs is required for obtaining a high likelihood
of reducing the bacterial burden below the half-saturation point
for granulocytes, which enhances cell killing and the rate of bac-
terial clearance in pneumonia. The largest licensed dose of lev-
ofloxacin is 750 mg daily, and the maximal licensed adult dose
of meropenem is 2 g administered every 8 hours. Using human
pharmacokinetic parameter values in which the ELF was mea-
sured [12, 13], we performed Monte Carlo simulation (3 hours
after meropenem infusion) to determine the probability of
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Figure 2. A, Total bacterial cell killing by meropenem (Mero) alone, levofloxacin (Levo) alone, or with Mero plus Levo in combination. B, Bacterial population
resistant to Mero. C, Bacterial population resistant to Levo. ®Levo was administered daily and not in a humanized fashion. Abbreviation: CFU, colony-forming units.

obtaining 2-log cell killing. This target was attained 95.7% of the
time.

DISCUSSION

We had previously studied the combination of meropenem and
levofloxacin in our in vitro HFIM [1], where the regimen dem-
onstrated great promise. The combination demonstrated signifi-
cantly improved cell killing and full suppression of resistance for
the PAO1 isolate of P. aeruginosa and its MexAB-overexpressed
isogenic daughter isolate. We felt it important to validate these
findings in an animal model of Pseudomonas pneumonia.

We used a neutropenic model, to mimic as closely as possible
the HFIM, which lacks an immune system. The findings from
this investigation and our previous investigation are conserva-
tive because granulocytes can contribute to bacterial clearance
when the bacterial burden is below the half-saturation break-
point concentration [2, 5].

The pharmacokinetics of both meropenem and levofloxacin
were concordant with our earlier murine pneumonia studies
(Table 1 and elsewhere [6, 7]). The pharmacokinetic model in-
cluded an ELF compartment, so the actual effect-site concentra-
tions could be directly linked to the antibacterial effect observed.

Meropenem penetrated into the ELF at approximately 39.3%
of the plasma AUC, while levofloxacin penetrated into the ELF
at approximately 64.3% of the plasma AUC. The ELF concen-
trations over time were the drivers for cell killing.

The ability of the drugs alone and in combination to effect
cell killing and suppress resistance amplification is shown in
Figure 2. Near-maximal cell killing is obtained by combination
therapy at less than maximal doses. Also, no resistant clones
were identified from any combination therapy group. On the
basis of the raw data, the findings previously seen with the
HFIM [5] were recapitulated in this murine system.

Greco et al had previously identified the URSA model for
drug interaction [14]. This model analyzed static concentrations
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Table 3.

Parameters for Bacterial Cell Killing for the Interaction of Meropenem and Levofloxacin

ECso, mg/L Hill's Constant
Parameter  Popmax, CFU/g Ky, h™ K. h™" Meropenem Levofloxacin o Initial Burden,® CFU/g  Meropenem  Levofloxacin
Mean 7.70x 10° 0.464  3.398 1.763 0.338 2.475 5.01x 107 18.96 19.71
Median 7.68x10° 0462  3.384 1.755 0.321 2.522 5.02 x 107 19.65 19.57
SDP o o o 0.135 0.120 1.84 x 10° 0.964 0.139

Mean values were used for Bayesian estimation.

Abbreviations: a, drug interaction constant; CFU, colony-forming units; EC, concentration for which killing is 50% maximal; Ky, growth rate constant; Ky, kill rate

constant; Popmayx, Maximal population density; SD, standard deviation.
@ Initial bacterial burden in the lung.

b Ellipses indicate that all support points had the same point estimates of the parameter values.

in multiwell plates. We have extended this model to allow time-
dependent analysis of combination therapy. We estimated the
maximal kill rate constant, the parameters of a sigmoid-E . ef-
fect model for each drug, and identify a parameter, o, that quan-
tifies drug interaction. When o is positive and the lower bound
of the 95% confidence interval does not cross 0, the drug inter-
action is statistically significant (at the .05 level). When o is neg-
ative and the upper bound of the 95% confidence interval does
not cross 0, the interaction is statistically significantly antago-
nistic. All other interactions are accorded an interaction of
additivity.

In the case of meropenem and levofloxacin, the o was
substantial, at 2.475, with the lower bound of the confidence in-
terval at 2.014, which is interpreted as being significantly syner-
gistic. This explains the performance of the combinations even
at relatively modest doses. In addition, we partially humanized
the administration of levofloxacin, which we have previously
shown enhances its activity when murine pharmacokinetics are
used [15]. In this study, with levofloxacin alone, there was signifi-
cantly less activity when the drug was administered without hu-
manization. However, when administered in combination with
meropenem, the lack of humanization did not have a significant
effect on cell killing. This is likely because of the synergistic
interaction.

A Monte Carlo simulation was performed for meropenem (2
g intravenously as a 3-h infusion every 8 hours [7]) in combina-
tion with levofloxacin (750 mg intravenously daily [13]). This
combination attained 2-log killing 95.7% of the time in a
5000-subject simulation. This is critically important, as such
cell killing will have a high likelihood of reducing the bacterial
burden below the half-saturation point (ie, the bacterial burden
in which granulocyte-mediated bacterial cell killing is half sat-
urated; reducing the burden below this point allows the granu-
locytes to effect net bacterial killing) in patients with VRHABP.
These patients have bacterial burdens exceeding 7.5 logs ap-
proximately 25% of the time [2]. The rapid cell killing also
has the added benefit of reducing the burden to values less
than the inverse of the mutational frequency to resistance,

thus decreasing the probability of amplification of less suscep-
tible bacteria.

Meropenem and levofloxacin have a good safety track record.
This regimen is safe, produces excellent bacterial killing, and sup-
presses resistance. For sites where meropenem and levofloxacin
have good susceptibility profiles, this combination may represent
a reasonable choice. It should be emphasized this is a single iso-
late evaluation with modest MICs for the agents in question. It
should also be noted that the combination also performed well
in the HFIM with an isogenic pump-overexpressed mutant
(the MIC increased 4-fold for meropenem and 2-fold for levo-
floxacin relative to the parent strain). Meropenem plus levoflox-
acin may represent a regimen worthy of clinical evaluation.
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