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The steady-state concentrations of meropenem and the �-lactamase inhibitor RPX7009 in plasma, epithelial lining fluid (ELF),
and alveolar macrophage (AM) concentrations were obtained in 25 healthy, nonsmoking adult subjects. Subjects received a fixed
combination of meropenem (2 g) and RPX7009 (2 g) administered every 8 h, as a 3-h intravenous infusion, for a total of three
doses. A bronchoscopy and bronchoalveolar lavage were performed once in each subject at 1.5, 3.25, 4, 6, or 8 h after the start of
the last infusion. Meropenem and RPX7009 achieved a similar time course and magnitude of concentrations in plasma and ELF.
The mean pharmacokinetic parameters � the standard deviations of meropenem and RPX7009 determined from serial plasma
concentrations were as follows: Cmax � 58.2 � 10.8 and 59.0 � 8.4 �g/ml, Vss � 16.3 � 2.6 and 17.6 � 2.6 liters; CL � 11.1 � 2.1
and 10.1 � 1.9 liters/h, and t1/2 � 1.03 � 0.15 and 1.27 � 0.21 h, respectively. The intrapulmonary penetrations of meropenem
and RPX7009 were ca. 63 and 53%, respectively, based on the area under the concentration-time curve from 0 to 8 h (AUC0 – 8)
values of ELF and total plasma concentrations. When unbound plasma concentrations were considered, ELF penetrations were
65 and 79% for meropenem and RPX7009, respectively. Meropenem concentrations in AMs were below the quantitative limit of
detection, whereas median concentrations of RPX7009 in AMs ranged from 2.35 to 6.94 �g/ml. The results from the present
study lend support to exploring a fixed combination of meropenem (2 g) and RPX7009 (2 g) for the treatment of lower respira-
tory tract infections caused by meropenem-resistant Gram-negative pathogens susceptible to the combination of
meropenem-RPX7009.

The prevalence of multidrug-resistant Enterobacteriaceae is in-
creasing worldwide, including those that produce carbapen-

emases (CRE) (1–4). Carbapenem-resistant Klebsiella spp. and
Escherichia coli are estimated to cause 9,300 health care-associated
infections each year in the United States (5). The Centers for Dis-
ease Control and Prevention recently designated CRE an urgent
public health threat requiring aggressive monitoring and preven-
tion strategies for effective patient management (5). Since CRE
has become resistant to nearly all available antibiotics (6–8), sev-
eral �-lactamase inhibitors are currently in clinical development,
including potent inhibitors of the Klebsiella pneumoniae carbap-
enemase (KPC) enzyme.

RPX7009 is a novel cyclic boronic acid-based �-lactamase in-
hibitor that restores the activity of �-lactams against strains of
Enterobacteriaceae that produce serine carbapenemases, particu-
larly the KPC enzyme (9). The combination of meropenem and
RPX7009 has demonstrated potent in vitro activity against serine
carbapenemases (10, 11). A fixed-dose, combination product of
meropenem (2 g) and RPX7009 (2 g) (meropenem-RPX7009) is
currently in phase 3 clinical investigation for the treatment of
complicated urinary tract infections, acute pyelonephritis and
serious infections due to CRE, including hospital-acquired
and ventilator-associated pneumonia (NCT02166476 and
NCT02168946). The dose of RPX7009 is supported by non-
clinical toxicology and pharmacokinetic-pharmacodynamic
studies, in addition to the safety and pharmacokinetics ob-
served in phase 1 studies in normal healthy subjects where
single and multiple doses of RPX7009 were assessed alone and
in combination with meropenem (12, 13).

The pulmonary penetration of antimicrobials is considered an
important factor in their ability to be effective agents in the treat-
ment of lower respiratory tract infections (14, 15). Measurement

of drug concentrations in epithelial lining fluid (ELF) and alveolar
macrophages (AM) has become the most practical, reliable, and
reproducible litmus test to gain confidence in the adequate distri-
bution of an antibiotic to the site of infection for the treatment of
pneumonia (14–17). The primary objective of this study was to
determine and compare the plasma, ELF, and AM concentrations
of meropenem and RPX7009 after the intravenous (i.v.) adminis-
tration of multiple doses of meropenem-RPX7009 to healthy male
and female adult subjects. The secondary objective of this study
was to assess the safety and tolerability of meropenem-RPX7009
in healthy adult subjects.

(This study was presented in part at the 25th European Con-
gress of Clinical Microbiology and Infectious Diseases, Copenha-
gen, Denmark, 25 to 28 April 2015.)

MATERIALS AND METHODS
Study design and subjects. This was a phase I, randomized, open-label,
multiple-dose study that evaluated the safety, tolerability, and pharmaco-
kinetics of an intravenous, fixed-dose combination of meropenem-
RPX7009 (Carbavance; The Medicines Company, Parsippany, NJ) in
healthy adults. This study was approved by the Quorum Review Institu-
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tional Review Board and conducted in accordance with Good Clinical
Practices at Pulmonary Associates (Phoenix, AZ). Written informed con-
sent was obtained from each subject before study entry.

Inclusion criteria included healthy male or female subjects between 18
and 55 years of age, with body weight between 55 and 100 kg and a body
mass index of 18 to 30 kg/m2. All subjects demonstrated no clinically
significant abnormalities on medical history, vital signs, physical exami-
nation, laboratory tests (chemistry, hematology, coagulation, and urinal-
ysis) and 12-lead electrocardiographs prior to study initiation. Subjects
must not have used tobacco- or nicotine-containing products within the 6
months preceding study day one.

Exclusion criteria included pregnant or lactating females (male sub-
jects with female partners of childbearing potential were required to re-
main abstinent or use protocol-defined birth control methods), acute or
chronic liver disease, known biliary tract abnormalities, test results posi-
tive for HIV antibody, hepatitis B surface antigen, drugs, or alcohol. Sub-
jects with excessive alcohol intake or a history of drug abuse or alcoholism
within 2 years prior to enrollment were excluded. Subjects who could not
undergo a bronchoalveolar lavage (BAL) due to significant pulmonary or
other disease were also excluded. Subjects could not have had a hypersen-
sitivity history or serious adverse reaction to �-lactam agents or lidocaine.
Prescription and nonprescription drugs (including vitamins, herbal, or
dietary supplements) were not allowed within 7 days prior to day 1. Sub-
jects could not have donated blood in excess of 500 ml within a 56-day
period or plasma within a 7-day period before study participation. Sub-
jects with a calculated creatinine clearance �80 ml/min were excluded
(18).

Each subject received i.v. infusions of meropenem (2 g) and RPX7009
(2 g) administered every 8 h for a total of three doses. All doses of mero-
penem-RPX7009 were administered as an i.v. infusion over 3 h. Mero-
penem-RPX7009 doses were infused via a controlled infusion pump and
exact start and stop times of each infusion were recorded. Subjects were
confined to the study center for the duration of drug administration and
pharmacokinetic sample collection.

Pharmacokinetic samples. Blood samples for the measurement of
both meropenem and RPX7009 concentrations were collected before and
after the final (third) dose. Sampling times included before (time zero)
and 1.5, 2.95, 3.08, 3.25, 4, 6, and 8 h after the start of the final dose. All
blood samples (�6 ml) were taken from an indwelling cannula, collected
into EDTA tubes, and immediately placed on ice and centrifuged at 3,000 �
g for 10 min at 4°C. The supernatant plasma layer was carefully removed
and 2 ml of plasma was equally divided between two cryopreservation
vials. An equal amount of 1.0 M morpholinepropanesulfonic acid
(MOPS) buffer (pH 7.0) was added to the cryovials within 20 min of
centrifugation to equal a 1:1 dilution of plasma to MOPS buffer. The
plasma/MOPS aliquots were frozen to �20°C or below until shipment.

Bronchoscopy and bronchoalveolar lavage. Each subject had a single
standardized bronchoscopy with BAL in the outpatient facility at 1.5, 3.25,
4, 6, or 8 h after the start of the last i.v. infusion of meropenem-RPX7009.
A total of five subjects were randomly assigned to each BAL sampling
time. The sampling times were designed to provide intrapulmonary con-
centration-time data over the entire dosing interval.

The procedures for bronchoscopy and BAL, and methods of sampling
preparation for plasma and intrapulmonary samples have been previously
described (17). Briefly, topical lidocaine was applied to the upper airway
in preparation for bronchoscopy. A fiber optic bronchoscope (models
P-20 or P-20D; Olympus America, Inc., Melville, NY) was inserted into a
subsegment of the right middle lobe. Four 50-ml aliquots of sterile 0.9%
normal saline solution were instilled and immediately aspirated and
placed in ice. The aspirate from the first 50-ml instillation (BAL-1) was
collected and discarded. The aspirates recovered from the second, third,
and fourth instillations were pooled (BAL-2). The volume of BAL-2 was
measured and recorded and an equal amount of refrigerated MOPS buffer
(pH 7.0) was added to make a 1:1 dilution. A 4-ml aliquot was removed
from BAL-2/MOPS fluid and sent to the laboratory for cell count and

differential. A 50-ml aliquot of the BAL-2/MOPS was then centrifuged at
400 � g for 5 min at 4°C, and the supernatant (ELF) was immediately
separated and placed on dry ice. Additional aliquots of up to 50 ml of the
remaining BAL-2/MOPS fluid were added to the pellet (AM), centrifuged,
separated, and placed on ice until the entire volume of BAL-2/MOPS was
used. The remaining supernatant was separated into three 5-ml aliquots
for urea, meropenem, and RPX7009 assay. The cell pellet was also frozen
and stored at �20°C or below until shipped to the analytical laboratory for
assay of AM concentrations. Subjects were monitored continuously dur-
ing the bronchoscopy and BAL procedure.

A blood sample to determine plasma urea concentration was obtained
just before the scheduled bronchoscopy procedure and was kept on ice
until centrifuged. Supernatant plasma was transferred to matrix screw-
cap tubes and stored at �20°C or below until shipped to the analytical
laboratory.

Bioanalytical procedures for determination of meropenem and
RPX7009 concentrations. Concentrations of meropenem and RPX7009
in plasma and pulmonary samples were measured by high-performance
liquid chromatography-tandem mass spectrometry by MicroConstants,
Inc. (San Diego, CA).

The calibration range of the plasma assay for meropenem and
RPX7009 was linear (r2 � 0.999) from 0.2 to 100 �g/ml. A total of 227
unique samples were analyzed in four analytical runs which all met accep-
tance criteria for standard curve and quality control (QC) samples. The
accuracy of the method was determined by comparing the mean mea-
sured concentrations with theoretical concentrations of each analyte in
the QC samples. The deviation of the mean from theoretical values did not
exceed �2.38% and �3.60% for meropenem and RPX7009, respectively.
The precision was determined from the percent coefficient of variation
(%CV) of the QC sample replicates at each concentration level. The %CV
for meropenem and RPX7009 ranged from 2.55 to 5.79% and 1.64 to
3.3.1%, respectively.

The calibration range of the assay for pulmonary samples was linear
(r2 	 1.00) from 0.01 to 5 �g/ml for meropenem and from 0.002 to 1
�g/ml for RPX7009. A total of 25 unique samples were analyzed in two
runs which met acceptance criteria for standard curve and QC samples.
Deviation of the mean for meropenem and RPX7009 in ELF did not
exceed � 5.67% and � 1.50%, while the %CV was 2.44 to 2.93% and 2.06
to 3.52%, respectively. Deviation of the mean and %CV in AM for mero-
penem and RPX7009 were � 6.67% and � 4.80% and 1.56 to 4.95% and
2.49 to 4.86%, respectively.

Urea concentration determination. The calibration range of the assay
for plasma was linear (r2 � 0.999) from 2.5 to 5 �g/ml. A total of 25
unique samples were analyzed in 2 runs which met acceptance criteria for
standard curve and QC samples. Deviation of the mean and %CV was �
10.9% and 3.52 to 6.24%. The calibration range of the assay for ELF was
linear (r2 � 0.999) from 0.150 to 2.50 �g/ml. A total of 25 samples were
analyzed in three runs which met acceptance criteria for standard curve
and QC samples. The deviation of the mean and %CV were � 12.3 and
1.91 to 4.44%, respectively.

Calculation of the ELF volume and drug concentrations in ELF and
AM. The urea dilution method described by Rennard et al. was used to de-
termine the apparent volume of ELF (VELF) (19). Concentrations of mero-
penem and RPX7009 in ELF were estimated using CELF 	CBAL �VBAL/VELF,
where CBAL is the measured concentration of the drug in BAL fluid, VBAL

is the volume of aspirated BAL, VELF is the product of VBAL, and the
concentration of urea in the BAL fluid in relation to the concentration of
urea in plasma.

The concentration of meropenem and RPX7009 in AM was deter-
mined by CAM 	 Cpellet/VAC, where Cpellet and VAC are the measured
concentration of drug in the pellet and volume of alveolar cells in the cell
suspension, respectively. A differential cell count of the BAL fluid was
carried out, and the percentage of macrophages was determined. A mean
macrophage cell volume of 2.42 �l/106 cells was used in the calculations
for VAC (20).

Intrapulmonary Pharmacokinetics of Meropenem-RPX7009
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Pharmacokinetic analysis. Noncompartmental analyses (WinNon-
lin, version 6.3; Pharsight Corp., Cary, NC) were used to generate phar-
macokinetic parameters of each subject for meropenem and RPX7009 in
plasma. Reported parameters included the peak plasma concentration
(Cmax), the volume of distribution at steady-state (Vss), the clearance
(CL), and the elimination half-life (t1/2). The area under the plasma con-
centration-time curve over 8 h (AUC0 – 8) after the last dose of mero-
penem-RPX7009 was calculated with the linear trapezoidal method. The
ratios of ELF and AM concentrations to the simultaneous plasma concen-
trations were calculated for each subject and summarized for each group
at each BAL sampling time. The concentrations at the 8 h (trough) sam-
pling time were also used as a time zero value for determining the AUC in
ELF relative to plasma. Penetration of meropenem and RPX7009 was
estimated from the ratios of the AUC0 – 8 for ELF or AM to the corre-
sponding AUC0 – 8 in plasma. The AUC0 – 8 for total plasma concentra-
tions was also transformed to those based on unbound drug concentra-
tions by factoring in plasma protein binding of 2% for meropenem and
33% for RPX7009.

Laboratory and safety assessment. Safety was monitored by clinical
laboratory tests, physical examination, 12-lead ECGs, vital signs, and
monitoring of adverse events. The investigators assessed subjects for the
occurrence of adverse events throughout the study. Subjects were tele-

phoned after being discharged from the study center to check on their
status and inquire about any new or existing adverse events or concomi-
tant medications. An adverse event was defined as any untoward, unde-
sired, unplanned clinical event in the form of signs, symptoms, disease, or
laboratory or physical observations, regardless of causal relationship to
the study drug.

RESULTS

Twenty-six healthy adult male and female subjects were enrolled
in this study. One subject discontinued the study due to an adverse
event of chest discomfort, dizziness, and dyspnea, which were
considered by the investigator to be possibly related to study drug.
The pharmacokinetic phases for this subject (e.g., blood sample
collection to measure drug concentrations in plasma and bron-
choscopy with BAL) were not performed.

The characteristics of the 25 study subjects receiving mero-
penem (2 g) and RPX7009 (2 g) every 8 h for three doses and
completing all phases of the pharmacokinetic study are listed in
Table 1. The fixed combination of meropenem-RPX7009 was well
tolerated in these 25 subjects, and no serious adverse events were

FIG 1 Mean (� the SD) concentration-versus-time profile of meropenem and RPX7009 in plasma (A) and epithelial lining fluid (B) before and after the third
dose meropenem (2 g) and RPX7009 (2 g) administered as a 3-h i.v. infusion. In plate A, meropenem is illustrated by the filled circles and a solid line, and
RPX7009 is illustrated by open circles and a dashed line. In plate B, meropenem is illustrated by the filled triangles and a solid line, and RPX7009 is illustrated by
open triangles and a dashed line. Shaded region represents the 3-h infusion period. The y axis is in the log scale.

TABLE 1 Characteristics of healthy adult subjects receiving meropenem and RPX7009

Subject category
No. of male
subjects (%)

Mean � SD

Age (yr) Ht (cm) Wt (kg) CLCR (ml/min)a

Total cell count in BAL
fluid (cells/mm3)

Macrophages
(%)

All subjects (n 	 25) 18 (72) 39.0 � 10.6 173.9 � 9.5 80.3 � 9.4 93.9 � 22.8 141.1 � 100.8 85.4 � 9.2

BAL sampling time (h)b

1.5 5 (100) 32.2 � 8.9 180.9 � 7.0 83.2 � 5.5 113.1 � 12.5 113.6 � 46.3 89.4 � 7.0
3.25 3 (60) 39.6 � 11.5 173.6 � 10.3 80.5 � 11.9 86.5 � 15.1 92.2 � 52.3 82.6 � 13.1
4 5 (100) 40.4 � 9.4 178.6 � 10.1 80.8 � 13 105.7 � 34.8 172.6 � 80.4 91.0 � 4.0
6 3 (60) 43.0 � 12.4 168.5 � 9.1 80.9 � 8.3 84.8 � 19.5 197.2 � 186.1 79.6 � 9.7
8 2 (40) 39.8 � 11.8 168.1 � 5.2 76.2 � 9.2 79.3 � 8.9 129.8 � 76.0 84.6 � 7.9

a CLCR, calculated creatinine clearance.
b n 	 5 at each bronchoalveolar lavage (BAL) sampling time.

Wenzler et al.
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reported. One subject experienced treatment-emergent adverse
events of headache and vomiting, which were considered to be
unrelated to the study drug. No meaningful laboratory, vital sign,
ECG, or physical examination findings were observed during the
study.

Mean (� the standard deviation [SD]) plasma concentrations
of meropenem and RPX7009 before and after the start of the third
i.v. 3-h infusion are displayed in Fig. 1A. The mean (� the SD)

pharmacokinetic parameters of meropenem and RPX7009 from
the serial plasma concentration-time profiles are summarized in
Table 2. Mean (� the SD) ELF concentrations of meropenem and
RPX7009 after the start of the third i.v. 3-h infusion are displayed
in Fig. 1B. The magnitude and time course of meropenem and
RPX7009 concentrations in ELF are nearly identical.

The individual concentrations of meropenem in plasma and
ELF at the bronchopulmonary lavage sampling times are dis-
played in Fig. 2A and B, respectively. The mean (� the SD) con-
centrations of meropenem after the last dose in plasma, ELF, and
AM at the five bronchopulmonary sampling times are reported in
Table 3. Mean concentrations of meropenem in plasma and ELF
ranged from 1.36 to 41.2 �g/ml and from 2.51 to 28.3 �g/ml,
respectively. The concentrations of meropenem in the AM were
below the quantifiable limit for all samples.

The individual concentrations of RPX7009 in plasma and ELF
at the bronchopulmonary sampling times are displayed in Fig. 2C

TABLE 2 Pharmacokinetic parameters of meropenem (2 g) and RPX
(2 g) in plasma infused over 3 h

Treatment

Mean � SD

Cmax

(�g/ml)
AUC0–8

(�g·h/ml) Vss (liters)
CL
(liters/h) t1/2 (h)

Meropenem 58.2 � 10.8 186 � 33.6 16.3 � 2.6 11.1 � 2.1 1.03 � 0.15
RPX7009 59.0 � 8.4 204 � 34.6 17.6 � 2.6 10.1 � 1.9 1.27 � 0.21

FIG 2 Individual concentrations of meropenem in plasma (A; �) and epithelial lining fluid (ELF) (B; Œ) and RPX7009 in plasma (C; Œ) and ELF (D;o) at 1.5,
3.25, 4, 6, and 8 h after the third dose of meropenem (2 g) and RPX7009 (2 g) administered as a 3-h i.v. infusion. The shaded region represents the 3-h infusion
period. Solid and dashed lines represent the median concentrations in plasma and ELF, respectively. The y axis is in the log scale.

Intrapulmonary Pharmacokinetics of Meropenem-RPX7009
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and D, respectively. The mean (� the SD) concentrations of
RPX7009 after the last dose in plasma and ELF at the five bron-
chopulmonary sampling times are reported in Table 4. The mean
concentrations of RPX7009 in plasma and ELF ranged from 2.74
to 51.1 �g/ml and from 2.61 to 26.1 �g/ml, respectively.

Alveolar macrophage concentrations of RPX7009 were mea-
surable in all BAL cell samples and ranged from 1.26 to 93.9 �g/
ml. The individual concentrations of RPX7009 in AM at the bron-
chopulmonary sampling times are displayed in Fig. 3. The median
and range for AM concentrations of RPX7009 at the five broncho-
pulmonary sampling times are reported in Table 4.

Figures 4A and B illustrate the time course of mean (� the SD)
plasma and ELF concentrations for meropenem and RPX7009,
respectively. The mean ratios of ELF to simultaneous plasma con-
centrations for meropenem during the 8-hour period after drug
administration ranged from 0.525 to 2.13. The AUC0 – 8 values
based on mean and median ELF concentrations were 111.7 and
102.4 �g·h/ml, respectively. The ratio of ELF to total plasma
meropenem concentrations based on the mean and median
AUC0 – 8 values were 0.63 and 0.58, respectively. The ratios of ELF
to unbound plasma meropenem concentrations (protein bind-
ing 	 2%) based on the mean and median AUC0 – 8 values were
0.65 and 0.59, respectively.

The mean ratios of ELF and AM to simultaneous plasma con-
centration for RPX7009 during the 8-hour period after drug ad-
ministration ranged from 0.45 to 1.01 and 0.062 to 2.58, respec-
tively. The AUC0 – 8 values based on mean and median ELF
concentrations were 105.1 and 96.7 �g·h/ml, respectively. The
ratio of ELF to total plasma RPX7009 concentrations based on the
mean and median AUC0 – 8 values were 0.53 and 0.48, respectively.
The ratios of ELF to unbound plasma RPX7009 concentrations
(protein binding 	 33%) based on the mean and median AUC0 – 8

values were 0.79 and 0.72, respectively.

DISCUSSION

The fixed-dose combination of meropenem (2 g)/RPX7009 (2 g)
administered every 8 h, as a 3 h i.v. infusion, demonstrated a
similar time course and magnitude between meropenem and
RPX7009 concentrations in plasma and ELF. The intrapulmonary
penetration of meropenem and RPX7009 based on AUC0 – 8 values
of ELF and total plasma concentrations were ca. 63 and 53%,
respectively. When unbound plasma concentrations were consid-
ered, penetration was 65 and 79% for meropenem and RPX7009,
respectively.

The plasma pharmacokinetic parameters observed in the pres-

ent study were comparable to previous analyses of single-dose and
dose-escalation studies of meropenem-RPX7009 in healthy sub-
jects (12, 13). In addition, the plasma concentrations of mero-
penem were also similar to those previously described for healthy
subjects (21, 22) administered 3 h i.v. infusions. The fixed-dose
combination of meropenem (2 g) and RPX7009 (2 g) adminis-
tered as a 3-h i.v. infusion was well tolerated and demonstrated a
safety profile similar to that seen in other healthy subject studies,
as well as in the clinical use of meropenem over several decades
(12, 13, 23).

This study is the first report of the intrapulmonary disposition
of RPX7009. After 2-g doses administered every 8 h as 3-h i.v.
infusions, maximum ELF concentrations were observed at the
3.25-h intrapulmonary sampling time and ranged from 19.9 to
36.7 �g/ml. The mean ELF concentration of RPX7009 ranged
from 2.61 to 26.1 �g/ml, with individual ELF concentrations be-
ing greater than 1 and 2 �g/ml in 100 and 92% of subjects, respec-
tively. The individual and median concentrations for RPX7009
and meropenem in ELF were nearly identical (Fig. 2B and D).

The concentrations of RPX7009 were measurable in all alveo-
lar cell samples collected and the median AM concentrations
ranged from 2.28 to 6.94 �g/ml. Of note, two subjects in the 6 h
BAL sampling time had the highest reported concentrations of

TABLE 3 Meropenem concentrations in plasma (total), epithelial lining
fluid, and alveolar macrophages at sampling time of bronchoscopy and
bronchoalveolar lavagea

BAL sampling time (h)

Mean concn (�g/ml) � SD of meropenem
in:

Total plasma ELF AM

1.5 41.2 � 5.02 21.4 � 3.96 BQL
3.25 47.7 � 7.28 28.3 � 6.69 BQL
4 23.8 � 4.30 16.1 � 4.77 BQL
6 7.24 � 2.79 7.51 � 5.29 BQL
8 1.36 � 0.51 2.51 � 1.13 BQL
a ELF, epithelial lining fluid; AM, alveolar macrophages; BAL, bronchoalveolar lavage;
BQL, below the quantitative limit of detection (0.01 �g/ml).

TABLE 4 RPX7009 concentrations in plasma (total), epithelial lining
fluid, and alveolar macrophages at sampling time of bronchoscopy and
bronchoalveolar lavagea

BAL sampling time (h)

Mean concn � SD or median concn (range) of
RPX7009 in �g/ml in:

Total plasma ELF AM

1.5 42.1 � 5.00 18.6 � 3.76 2.28 (1.29–4.69)
3.25 51.1 � 6.78 26.1 � 7.12 4.68 (2.08–25.1)
4 28.2 � 5.32 15.7 � 3.36 6.94 (1.26–8.36)
6 10.8 � 2.82 8.04 � 5.81 3.85 (2.32–95.9)
8 2.74 � 1.12 2.61 � 1.35 2.35 (2.22–11.7)
a ELF, epithelial lining fluid; AM, alveolar macrophages; BAL, bronchoalveolar lavage.

FIG 3 Individual concentrations of RPX7009 in alveolar macrophages (AM)
(open squares) at 1.5, 3.25, 4, 6, and 8 h after the third dose of meropenem (2
g) and RPX7009 (2 g) administered as a 3-h i.v. infusion. The shaded region
represents the 3-h infusion period. The solid line represents the median con-
centration in AM. The y axis is in the log scale.
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RPX7009 in AM (35.4 and 93.9 �g/ml) which consequently in-
flated the mean (� the SD) concentrations of RPX7009 in AM
(27.6 � 39.6) at this time point. Both of these subjects had ex-
tremely high concentrations of red blood cells in their BAL fluid
(176,000 and 226,250 cells/mm3) which may have contributed to
such high measurements of AM concentrations (Fig. 3). In con-
trast, the concentrations of meropenem in the alveolar cells were
below the quantifiable limit for all samples. The clinical signifi-
cance of AM concentrations of the �-lactamase inhibitor
RPX7009 without measurable concentrations of meropenem is
unknown.

The concentration-time profile of meropenem in plasma and
ELF has been previously studied in healthy subjects. Conte et al.
administered meropenem at a dose of 500 mg, 1 g, or 2 g every 8 h,
as 30-min i.v. infusions, for a total of four doses (24). The mean
meropenem ELF concentrations at 1, 2, 3, 5, and 8 h were 5.3, 2.7,
1.9, 0.7, and 0.2 �g/ml for the 500-mg dose and 7.7, 4.0, 1.7, 0.8,
and 0.03 �g/ml for the 1-g dose. The ratios of ELF concentrations
to total plasma concentrations at the sampling times ranged from
0.49 to 2.3 for the 500-mg dose and 0.32 to 0.53 for the 1-g dose.
The intrapulmonary penetration of meropenem based on
AUC0 – 8 values of ELF and total plasma concentrations were ca. 43
and 28% for the 500-mg and 1-g doses, respectively. For the 2-g
dose, the mean meropenem ELF concentrations and penetration
ratios at 1- and 3-h sampling times were 2.9 and 2.8 �g/ml, and
0.05 and 0.22, respectively. For the 2-g dose, the number of obser-
vations were limited (n 	 8) and calculation of an AUC0 – 8 value
for ELF was not possible.

The findings in our study are not directly comparable to those
of Conte et al. due to differences in study design and methodology
(24). Our study evaluated a 2-g dose of meropenem administered
as a prolonged infusion over 3 h and in combination with the
�-lactamase inhibitor RPX7009. In addition, our study included
more extensive collection of ELF concentrations (n 	 30) during
the 8-h dosing interval, which allowed a more accurate estimation
of the AUC0 – 8 value. We observed higher mean concentrations of
meropenem in both plasma and ELF after prolonged infusion of 2

g (range, 1.36 to 41.2 �g/ml and 2.51 to 28.3 �g/ml, respectively).
The mean ratios of ELF to simultaneous plasma concentrations
for meropenem during the 8-h period ranged from 0.525 to 2.13.
Given more extensive sampling, we are able to characterize pene-
tration more fully than Conte et al. by determining AUC0 – 8 values
for both matrices. The AUC0 – 8 values based on mean and median
ELF concentrations were 111.7 and 102.4 �g·h/ml, respectively.
The ratios of ELF to the total plasma meropenem concentrations
based on the mean and median AUC0 – 8 values were 0.63 and 0.58,
respectively.

Several studies have also evaluated plasma and ELF concentra-
tions of meropenem in patients undergoing diagnostic fiber optic
bronchoscopy or being treated for severe nosocomial pneumonia
(25–27). Plasma and ELF concentrations were measured after a
single i.v. dose of meropenem 1 g infused over 0.5 h in 30 outpa-
tients undergoing a diagnostic bronchoscopy (25). The mean ra-
tios of ELF to simultaneous plasma concentrations ranged from
0.19 to 1.04 between 0.5 and 6 h after the meropenem dose. Using
the mean values of meropenem concentration at each reported
sampling time, our estimation of the AUCELF/AUCplasma ratio was
�0.29 for this study. Lodise et al. described the ELF penetration
and population pharmacokinetics of meropenem in adult patients
treated for ventilator-associated pneumonia (26). A single ELF
concentration was obtained in 17 of 39 patients and the median
AUCELF/AUCplasma penetration ratio of meropenem was 0.26
based on the mean plasma pharmacokinetic parameters from the
population model. Frippiat et al. recently reported a mean
AUCELF/AUCplasma ratio of 0.29 for meropenem in 25 intensive
care unit patients treated for severe nosocomial pneumonia with
3-h infusions of 1 g every 8 h (27). This AUC penetration ratio
using prolonged infusions was significantly higher (P 	 0.047)
than a value of 0.20 observed in a second group of 30 patients
receiving meropenem as 30-min infusions of 1 g every 8 h.
Higher and sustained plasma concentrations may promote en-
hanced penetration of meropenem into ELF. These findings lend
support for the use of extended infusions of meropenem at higher

FIG 4 Mean (� the SD) plasma (� andŒ; solid line) and epithelial lining fluid (ELF) (Œ ando; dashed lines) concentration-versus-time profiles of meropenem
(A) and RPX7009 (B) at 1.5, 3.25, 4, 6, and 8 h after the third dose of meropenem (2 g) and RPX7009 (2 g) administered as a 3-h i.v. infusion. The shaded region
represents the 3-h infusion period. The y axis is in the log scale.
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doses (e.g., 2 g) to treat patients with severe nosocomial pneumonia
(26, 27).

The concentration-time profiles and pharmacokinetic param-
eters of meropenem in the two studies of critically ill patients were
markedly different than those observed in our healthy subjects.
The large variability and lower plasma concentrations of mero-
penem observed in patients may be due to an increased apparent
volume of distribution and/or wider ranges of meropenem clear-
ance due to altered renal function (e.g., continuous venovenous
hemofiltration, augmented renal clearance). This is in contrast to
our healthy subjects where the coefficients of variation in distri-
bution and clearance parameters were less than 20% (Table 2).
The meropenem concentrations and AUC0 – 8 values in ELF of
critically ill patients were also notably lower during the 3-h infu-
sion period and more variable after the end of the infusion (see
Fig. 1 in Frippiat et al.) (27). In our healthy subjects, the uptake of
meropenem into ELF occurred rapidly and tended to follow the
same time-dependent profile as plasma concentrations (Fig. 1A
and B). The most likely reasons for these observed differences in
ELF concentrations in critically ill patients compared to healthy
subjects likely includes both physiological changes and method-
ological differences in the various studies. Alterations in pulmo-
nary permeability, dilution of intrapulmonary concentrations due
to an increased ELF volume, and/or disruption in transport sys-
tems in the lungs because of injury or infection have been sug-
gested as physiological explanations for lower ELF concentrations
in the critically ill patient (28). Methodological issues that differ
between our study and those conducted in critically ill patients
included the dose of meropenem administered, volume of lavage
fluid instilled (e.g., BAL of 200 ml versus mini-BAL of 40 ml),
analytical assays for urea (to determine dilution factor of pulmo-
nary samples), use of stabilizing solution (e.g., MOPS) for our
sample collection, number and timing of measurable ELF concen-
trations, and reporting of measured versus simulated concentra-
tions (based on population pharmacokinetic analyses). Confir-
mation of our pharmacokinetic findings in critically ill patients
will permit appropriate translation of the observed concentrations
of meropenem and RPX7009 in healthy subjects.

In summary, the results of this study provide critical informa-
tion on the time course and magnitude of plasma and ELF con-
centrations of following the fixed-dose combination of mero-
penem-RPX7009. Intravenous administration of meropenem 2
g/RPX7009 2 g, as a 3-h i.v. infusion for three doses, produced ELF
concentrations that ranged from approximately one-half to two
times the simultaneous plasma concentrations during the 8 h dos-
ing interval. The ratios of ELF to plasma concentrations based on
the mean AUC0 – 8 values were 0.63 and 0.53 for meropenem and
RPX7009, respectively. The in vitro activity against Gram-negative
pathogens, including CRE, and the sustained ELF concentrations
above the current MIC breakpoint value of 1 �g/ml for mero-
penem against Enterobacteriaceae suggest that meropenem-
RPX7009 has the potential to be an effective agent for the treat-
ment of hospital-acquired and ventilator-associated bacterial
pneumonia due to meropenem resistant, mereopenem-RPX7009
susceptible pathogens. The results of the ongoing clinical trials will
provide support to whether meropenem-RPX7009 is a suitable
agent for the treatment of severe lower respiratory tract infections
due to these pathogens.
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