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ABSTRACT Meropenem-vaborbactam (Vabomere) is highly active against Gram-
negative pathogens, especially Klebsiella pneumoniae carbapenemase (KPC)-producing,
carbapenem-resistant Enterobacteriaceae. The objective of these studies was to evalu-
ate the efficacy of meropenem alone and in combination with vaborbactam in
mouse thigh and lung infection models. Thighs or lungs of neutropenic mice were
infected with KPC-producing carbapenem-resistant Enterobacteriaceae, with mero-
penem MICs ranging from �0.06 to 8 mg/liter in the presence of 8 mg/liter vabor-
bactam. Mice were treated with meropenem alone or meropenem in combination
with vaborbactam every 2 h for 24 h to provide exposures comparable to 2-g
doses of each component in humans. Meropenem administered in combination with
vaborbactam produced bacterial killing in all strains tested, while treatment with
meropenem alone either produced less than 0.5 log CFU/tissue of bacterial killing or
none at all. In the thigh model, 11 strains were treated with the combination of
meropenem plus vaborbactam (300 plus 50 mg/kg of body weight). This combina-
tion produced from 0.8 to 2.89 logs of bacterial killing compared to untreated con-
trols at the start of treatment. In the lung infection model, two strains were treated
with the same dosage regimen of meropenem and vaborbactam. The combination
produced more than 1.83 logs of bacterial killing against both strains tested com-
pared to untreated controls at the start of treatment. Overall, these data suggest
that meropenem-vaborbactam may have utility in the treatment of infections due to
KPC-producing carbapenem-resistant Enterobacteriaceae.
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Carbapenem antibiotics are considered first-line agents for serious infections for
Gram-negative bacteria featuring an extended spectrum of resistance to other

agents. While carbapenems have an excellent profile of beta-lactamase stability,
resistance can be mediated by class A serine carbapenemases, especially Klebsiella
pneumoniae carbapenemase (KPC)-type carbapenemases (1, 2). The emergence of
carbapenem-resistant Enterobacteriaceae in U.S. hospitals has prompted the U.S. Cen-
ters for Disease Control (CDC) to issue guidance for infection control procedures to
prevent further spread (3). Widespread dissemination of carbapenemase-mediated
resistance has had serious repercussions for clinical practice, leaving clinicians with few
treatment options for serious Gram-negative infections (4–8). Therefore, the discovery
and development of new treatment options for Gram-negative pathogens are pressing
public health priorities.

Meropenem-vaborbactam (Vabomere) was recently approved by the FDA for the
treatment of complicated urinary tract infections, including pyelonephritis, and a phase
3 clinical investigation of serious infections due to carbapenem-resistant Enterobacte-
riaceae (CRE), including hospital-acquired and ventilator-associated pneumonia
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(ClinicalTrials.gov identifier NCT02168946), is ongoing. Vaborbactam is a new cyclic
boronic acid-based inhibitor of serine beta-lactamases (9). Vaborbactam inhibits mul-
tiple class A and C beta-lactamases but was specifically optimized to inhibit KPC
carbapenemases and restore the activity of carbapenem antibiotics. The objective of
these studies was to demonstrate the in vivo activity of meropenem in combination
with vaborbactam in mouse thigh and lung infection models due to carbapenem-
resistant KPC-producing Enterobacteriaceae.

(This work was presented in part at the 52nd and 54th Interscience Conferences on
Antimicrobial Agents and Chemotherapy in 2012 and 2014, respectively).

RESULTS
Susceptibility studies. The characteristics of the strains used in these studies are

shown in Table 1. All strains produced a KPC beta-lactamase, and some had mixtures
of other non-beta-lactamase-mediated resistance mechanisms known to affect the
potency of carbapenems. Vaborbactam combined with meropenem markedly en-
hanced the in vitro potency of meropenem against these strains of Enterobacteriaceae
by at least 8-fold, and all strains had a meropenem MIC of 8 mg/liter or less when tested
in combination with 8 mg/liter vaborbactam.

Protein binding. Vaborbactam protein binding in mouse and human serum is
shown in Table 2. The average values for protein binding across the range of concen-
trations studied were 6% in mice and 33% in humans. Meropenem protein binding has
been reported to be 10% in mice (10) and 2% in humans (11).

Pharmacokinetics. The decline in plasma concentrations for both meropenem and
vaborbactam were best described by a one-compartment model with first-order elim-
ination. The plasma pharmacokinetic parameters for meropenem alone, vaborbactam
alone, or both drugs in combination in uninfected neutropenic mice are shown in
Table 3. The pharmacokinetic parameters of meropenem and vaborbactam were also
similar when administered alone and in combination in uninfected immunocompetent

TABLE 1 MICs and enzymatic production data for the Enterobacteriaceae strains used in the studies

Strain �-Lactamase

Porin mutation(s)a Meropenem MIC (mg/liter)

OmpK35 OmpK36 Alone
With 8 mg/liter
vaborbactam

E. coli EC1007 KPC-3 ND ND 8 �0.06
E. cloacae ECL1004 NMC-A ND ND 16 �0.06
E. cloacae ECL1026 KPC-2, TEM-1 ND ND 8 �0.06
E. cloacae ECL1055 KPC-3, TEM FS aa 287 FL 8 �0.06
K. pneumoniae KP1004 KPC-2, TEM-1, SHV-11 FS aa 42 FL 16 �0.06
K. pneumoniae KP1061 KPC-3, TEM-1, SHV-11 FS aa 42 FL 16 �0.06
K. pneumoniae KP1074 KPC-3, SHV-11, TEM FS aa 42 GD �64 0.5
K. pneumoniae KP1093 KPC-3, SHV-11, TEM FS aa 42 GD 128 0.5
K. pneumoniae KP1094 KPC-2, TEM-1, LEN-17 Stop aa 230 Stop aa 92 512 4
K. pneumoniae KP1099 KPC-2, SHV-11, SHV12, CTX-M-14 FS aa 29 GD 128 1
K. pneumoniae KP1100 KPC-3, TEM, SHV FS aa 42 GD �256 4
K. pneumoniae KP1223 KPC-2, SHV, TEM FS aa 29 GD �64 8
aFL, full length (functional); stop aa, nonsense mutations resulting in a truncated nonfunctional protein; FS aa, frameshift mutation resulting in a nonfunctional
protein; GD, insertion of two amino acids, Gly134-Asp135, resulting in a narrow semifunctional channel; ND, not determined.

TABLE 2 Vaborbactam protein binding in mice and humans

Concn (�g/ml)

Serum protein binding (%)

Human Mouse

1 37 7
5 30 8
15 29 4
50 33 4

Avg 33 6
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mice (data not shown). Based on these data, a dose of 300 mg/kg of body weight
meropenem every 2 h for 24 h produces a free drug time above 8 mg/liter similar to
that with 2 g administered every 8 h by a 3-h infusion in humans (12). A dose of 50
mg/kg vaborbactam every 2 h for 24 h produces a free drug 24-h vaborbactam are
under the concentration-time curve (AUC) similar to that with 2 g administered every
8 h by a 3-h infusion in humans (12) (Table 4).

Thigh infection model. In pilot single-dose studies, mice infected with K. pneu-
moniae KP1074 were treated with meropenem at 100 or 300 mg/kg alone or in
combination with various doses of vaborbactam. Mice treated with either 100 or
300 mg/kg meropenem alone had bacterial counts similar to those of the untreated
controls. Bacterial killing with both doses of meropenem increased with the addition of
vaborbactam in a dose-dependent fashion (Fig. 1 and 2). However, 300 mg/kg mero-
penem combined with 50 mg/kg vaborbactam produced the greatest reduction in
bacterial counts compared to the untreated controls.

The single-dose studies were followed with a 24-h thigh infection model using K.
pneumoniae KP1094. Following infection, mice were treated with either 100 or 300
mg/kg meropenem alone every 2 h for 24 h or in combination with vaborbactam
ranging from 6.25 to 100 mg/kg every 2 h for 24 h. In these studies, meropenem alone
did not reduce bacterial counts compared to the untreated controls at the start of
treatment. The addition of vaborbactam to both meropenem regimens produced

TABLE 3 Pharmacokinetic parameters following a single dose of meropenem and
vaborbactam alone and in combination administered by the intraperitoneal route in
neutropenic mice

Compounds
Dose
(mg/kg)

AUC
(h · mg/liter)

CL
(liters/h/kg)a

Cmax

(mg/liter)b

Meropenem alone 100 45.15 2.21 106.00
Meropenem (with vaborbactam) 100 (�50) 49.19 2.03 138.00
Meropenem alone 300 153.03 1.96 244.51
Meropenem (with vaborbactam) 300 (�50) 130.85 2.29 260.44
Vaborbactam alone 50 29.24 1.71 62.45
Vaborbactam (with meropenem) 50 (�100) 27.74 1.80 53.16
Vaborbactam (with meropenem) 50 (�300) 30.15 1.66 44.62
aCL, clearance.
bCmax, maximum concentration of drug in serum.

TABLE 4 Comparison of the pharmacokinetics of meropenem and vaborbactam in mice
and in humans

Compound Species Dosage regimena

24-h free AUC
(mg · h/liters) %T>8 mg/liter

b

Meropenem Human 2 g q8h by 3-h infusion 402 56
Mouse 300 mg/kg q2h 1,572 51
Human 1.5 g q8h by 3-h infusion 282 47
Mouse 200 mg/kg q2h 1,080 47
Human 1 g q8h by 3-h infusion 162 38
Mouse 100 mg/kg q2h 588 39

Vaborbactam Human 4 g q8h by 3-h infusion 686 100
Mouse 100 mg/kg q2h 720 70
Human 2 g q8h by 3-h infusion 343 72
Mouse 50 mg/kg q2h 360 53
Human 1 g q8h by 3-h infusion 172 44
Mouse 25 mg/kg q2h 180 30
Human 500 mg q8h by 3-h infusion 86 24
Mouse 12.5 mg/kg q2h 90 18
Human 250 mg q8h by 3-h infusion 43 0
Mouse 6.25 mg/kg q2h 45 0

aq8h, every 8 h; q2h, every 2 h.
b%T�8 mg/liter, cumulative percentage of a 24-h period that the drug concentration exceeds 8 mg/liter.
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bacterial killing in a dose-dependent fashion, with a maximum of bacterial killing of
2.50 log CFU/thigh (Fig. 3).

Finally, the activity of 300 mg/kg meropenem alone and in combination with 50
mg/kg vaborbactam administered every 2 h over 24 h was assessed against seven
carbapenem-resistant KPC-containing K. pneumoniae, one Escherichia coli, and three
Enterobacter cloacae strains (Tables 5 and 6). Treatment with meropenem alone did not
significantly reduce bacterial counts compared to the untreated controls at the start of
treatment. However, the combination of meropenem plus vaborbactam produced
bacterial killing against all strains tested ranging from 0.82- to 2.37-log CFU/thigh
reductions in bacterial counts.

FIG 1 Activity of 100 mg/kg meropenem alone and in combination with various doses of vaborbactam against K.
pneumoniae KP1074 (meropenem MIC of �64 mg/liter; with 8 mg/liter vaborbactam, 0.5 mg/liter) in a neutropenic mouse
thigh infection model. Treatment was administered as a single intraperitoneal dose at 2 h postinfection.

FIG 2 Activity of 300 mg/kg meropenem alone and in combination with various doses of vaborbactam against K.
pneumoniae KP1074 (meropenem MIC �64 mg/liter; with 8 mg/liter vaborbactam, 0.5 mg/liter) in a neutropenic mouse
thigh infection model. Treatment was given as a single intraperitoneal dose at 2 h postinfection.
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Lung infection model. Similar to the studies in the neutropenic mouse thigh
infection model, treatment with meropenem alone produced 0.35 logs of bacterial
killing against K. pneumoniae KP1074 and allowed for 0.96 logs of bacterial growth
against K. pneumoniae KP1061. In contrast, treatment with the combination of mero-
penem plus vaborbactam produced over 1.5 logs of bacterial killing against both strains
tested (Fig. 4).

DISCUSSION

Meropenem is a carbapenem antibiotic that can be administered at high doses (up
to 2 g every 8 h) and by prolonged infusion (up to 3 h), thus improving the pharma-
cokinetic and pharmacodynamic target attainment compared to lower doses admin-
istered by shorter infusions (13–15).

Meropenem is stable to hydrolysis by many class A and class C beta-lactamases that
mediate resistance to extended-spectrum penicillins and cephalosporins (16, 17). How-
ever, the dissemination of carbapenemases, particularly the KPC carbapenemases, has
resulted in a loss of activity of carbapenems and of other beta-lactam antibiotics.
Vaborbactam, the first member of a new class of cyclic boronic acid beta-lactamase
inhibitors, has potent inhibition of the KPC carbapenemase and restores the activity of
meropenem against carbapenemase-producing strains (9).

All strains evaluated in these studies produced the KPC beta-lactamase and were
resistant to meropenem alone (i.e., MICs were 8 mg/liter or higher) in vitro. These strains
were selected for study, as they also produced other serine beta-lactamases and had
changes in outer membrane porins that are associated with reduced permeability to
meropenem (12). Thus, these strains represented a subset of clinical isolates with
multiple resistance mechanisms that reduce sensitivity to carbapenems. The addition of
vaborbactam at 8 mg/liter reduced the MICs 8- to 64-fold, reducing the meropenem
MIC to 8 mg/liter or less for all strains.

Single-dose studies with meropenem alone or in combination with various doses of
vaborbactam against K. pneumoniae KP1074 showed that vaborbactam increased the
activity of meropenem in a dose-dependent fashion, with maximum bacterial killing

FIG 3 Activity of meropenem alone and in combination with vaborbactam against K. pneumoniae KP1094 (meropenem MIC, 512 mg/liter; with 8 mg/liter
vaborbactam, 4 mg/liter) in a neutropenic mouse thigh infection model. Treatments were started at 2 h postinfection and continued every 2 h for 24 h by
intraperitoneal route.
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achieved after a single 300-mg/kg dose of meropenem in combination with 50 mg/kg
vaborbactam. Due to the rapid clearance of both compounds in mice, maximum
bacterial killing was observed at 1 h, and all dosage regimens showed regrowth.

In the 24-h neutropenic mouse thigh infection model against K. pneumoniae
KP1094, as was observed in the single-dose study, the addition of vaborbactam
increased the activity of meropenem in a dose-dependent fashion up to 50 mg/kg. In
this study, maximum bacterial killing was achieved with a 300-mg/kg dose of mero-
penem administered in combination with 50 mg/kg vaborbactam every 2 h for 24 h.
This dosage regimen produces meropenem and vaborbactam exposures in uninfected
mice that are similar to those with 2 g of meropenem and 2 g of vaborbactam given
every 8 h by a 3-h infusion in humans. The pharmacokinetics of meropenem and
vaborbactam in infected mice were not determined, which may be a limitation to the
direct comparison of exposures between mice and humans.

The activity of meropenem alone and in combination with vaborbactam against
KPC-producing carbapenem-resistant strains of K. pneumoniae, E. coli, and E. cloacae
was assessed in a 24-h neutropenic mouse thigh infection model. Notably, many of the
strains tested in vivo had mixtures of carbapenem resistance mechanisms, including
multiple beta-lactamases and mutations involving the OmpK35 and OmpK36 porins
that are important for meropenem and vaborbactam entry into K. pneumoniae (18). As
predicted based on the MICs, meropenem alone did not produce bacterial killing, but

TABLE 5 Activity of meropenem alone and in combination with vaborbactam against carbapenem-resistant KPC-containing K.
pneumoniae in a neutropenic mouse thigh infection modela

K. pneumoniae
strain Compound Dose (mg/kg) Log CFU/thigh � SDb P valuec

KP1004 Untreated control at start of treatment 0 7.24 � 0.10
Untreated control at 24 h 0 Not done
Meropenem alone 300.00 7.18 � 0.14 0.298 vs NT; �0.0001 vs combo
Meropenem (with vaborbactam) 300 (�50) 5.55 � 0.18 �0.0001 vs NT; �0.0001 vs alone

KP1074 Untreated control at start of treatment 0 7.06 � 0.25
Untreated control at 24 h 0 Not done
Meropenem alone 300 8.07 � 0.43 0.0002 vs NT; 0.0001 vs combo
Meropenem (with vaborbactam) 300 (�50) 5.85 � 0.25 0.0005 vs NT; 0.0001 vs alone

KP1099 Untreated control at start of treatment 0 7.03 � 0.02
Untreated control at 24 h 0 9.22 � 0.6
Meropenem alone 300 8.78 � 0.29 �0.0001 vs NT; �0.0001 vs combo
Meropenem (with vaborbactam) 300 (�50) 5.78 � 0.53 0.00132vs NT; �0.0001 vs alone

KP1100 Untreated control at start of treatment 0 6.75 � 0.59
Untreated control at 24 h 0 9.13 � 0.13
Meropenem alone 300 6.36 � 0.17 0.0002 vs NT; �0.0001 vs combo
Meropenem (with vaborbactam) 300 (�50) 5.93 � 0.28 0.043 vs NT; �0.0001 vs alone

KP1093 Untreated control at start of treatment 0 6.76 � 0.10
Untreated control at 24 h 0 8.69 � 0.29
Meropenem alone 300 7.34 � 0.19 0.0017vs NT; �0.0001 vs combo
Meropenem (with vaborbactam) 300 (�50) 4.90 � 0.15 �0.0001vs NT; �0.0001 vs alone

KP1094 Untreated control at start of treatment 0 6.70 � 0.17
Untreated control at 24 h 0 8.76 � 0.31
Meropenem alone 300 6.80 � 0.56 0.733 vs NT; 0.0033 vs combo
Meropenem (with vaborbactam) 300 (�50) 4.33 � 0.89 0.0019 vs NT; 0.0033 vs alone

KP1223 Untreated control at start of treatment 0 6.92 � 0.16
Untreated control at 24 h 0 9.34 � 0.18
Meropenem alone 300 10.12 � 0.11 �0.0001vs NT; �0.0001 vs combo
Meropenem (with vaborbactam) 300 (�50) 5.88 � 0.70 �0.0001 vs NT; �0.0001 vs alone

aTreatment started at 2 h postinfection and continued every 2 h for 24 h. Untreated controls were euthanized at the start of treatment. Treated groups were
euthanized 2 h after the last treatment.

bThose labeled “not done” were due to high mortality rate.
cNT, untreated at the start of treatment.
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when combined with vaborbactam, it showed bacterial killing for strains with
meropenem-vaborbactam MICs of up to 8 mg/liter. The activity of meropenem alone
and in combination with vaborbactam was confirmed in a neutropenic mouse lung
infection model against two KPC-producing strains. As observed in the thigh infection
model, the combination was highly active in this model as well.

TABLE 6 Activity of meropenem alone and in combination with vaborbactam against carbapenem-resistant KPC-containing E. coli and E.
cloacae in the neutropenic mouse thigh infection modela

Strain Compound Dose (mg/kg) Log CFU/thigh � SDb P valuec

E. coli EC1007 Untreated control at start of treatment 0 6.66 � 0.08
Untreated control at 24 h 0 Not done
Meropenem alone 300.00 6.62 � 0.22 0.733 vs NT; �0.0001 vs combo
Meropenem (with vaborbactam) 300 (�50) 5.42 � 0.12 �0.0001 vs NT; �0.0001 vs alone

E. cloacae ECL1004 Untreated control at start of treatment 0 7.21 � 0.12
Untreated control at 24 h 0 Not done
Meropenem alone 300.00 6.89 � 0.32 0.114 vs NT; 0.0001 vs combo
Meropenem (with vaborbactam) 300 (�50) 5.39 � 0.13 �0.0001 vs NT; 0.0001 vs alone

E. cloacae ECL1026 Untreated control at start of treatment 0 6.58 � 0.22
Untreated control at 24 h 0 Not done
Meropenem alone 300.00 6.84 � 0.37 0.261 vs NT; 0.0001 vs combo
Meropenem (with vaborbactam) 300 (�50) 4.52 � 0.38 �0.0001 vs NT; 0.0001 vs alone

E. cloacae ECL1055 Untreated control at start of treatment 0 6.49 � 0.10
Untreated control at 24 h 0 Not done
Meropenem alone 300.00 6.38 � 0.25 0.465 vs NT; 0.0039 vs combo
Meropenem (with vaborbactam) 300 (�50) 5.53 � 0.27 0.006 vs NT; 0.0039vs alone

aTreatments started 2 h postinfection and continued every 2 h for 24 h. Untreated controls were euthanized at the start of treatment. Treated groups were
euthanized 2 h after the last treatment.

bThose labeled “not done” were due to high mortality rate.
cNT, untreated at the start of treatment.

FIG 4 Activity of meropenem alone and in combination with vaborbactam against carbapenem-resistant, KPC-containing K. pneumoniae in strains in a
neutropenic mouse lung infection model. Treatments were administered every 2 h for 24 h by intraperitoneal route.
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In conclusion, these data demonstrate that meropenem-vaborbactam has excellent
activity against carbapenem-resistant KPC-containing strains of Enterobacteriaceae.
These data also show that vaborbactam has low serum protein binding and a phar-
macokinetic profile that is well matched for use in combination with meropenem.
Therefore, further development of meropenem-vaborbactam for the treatment of
infections due to carbapenem-resistant KPC-containing Enterobacteriaceae is war-
ranted.

MATERIALS AND METHODS
All studies using animals were performed under protocols approved by an Institutional Animal Care

and Use Committee (IACUC).
Antimicrobial agents. Meropenem for injection (Sandoz) was purchased from commercial sources.

Vaborbactam was synthesized at The Medicines Company, San Diego, CA.
Bacterial strains and MIC testing. Eight clinical isolates of K. pneumoniae, three clinical isolates of

E. cloacae, and one E. coli isolate were used in these studies. Meropenem MICs were determined using
a broth microdilution assay according to CLSI reference methods (19). The MICs of meropenem were
determined alone and in combination with a fixed concentration of 8 mg/liter vaborbactam. Assays were
performed using a final volume of 100 �l. The inocula were adjusted to yield a final cell density of ca.
5 � 105 CFU/ml. Meropenem was diluted directly into 96-well microtiter plates by serial 2-fold dilution,
and then vaborbactam was added at a fixed concentration. Microtiter plates were read using a plate
reader (Molecular Devices, Sunnyvale, CA) at 600 nm (optical density [OD] value of less than 0.065 � no
growth), as well as by visual observation using a reading mirror. The MIC was defined as the lowest
concentration of antibiotic at which the visible growth of the organism was completely inhibited.

Protein binding. Vaborbactam protein binding in pooled mouse and human serum (BioreclamationIVT,
Baltimore, MD) was determined using ultrafiltration at concentrations of 1, 5, 15, and 50 �g/ml. Protein
binding was measured in duplicate at each concentration. Briefly, serum was spiked with vaborbactam
and incubated at 37°C for 15 min. Five-hundred-microliter aliquots of spiked serum or spiked prefiltered
serum was added to the upper reservoir of a Centrifree cartridge (YM-30; Millipore, Bedford, MA) and
centrifuged at 2,000 � g for 15 min at room temperature. The filtrates were analyzed by liquid
chromatography-mass spectrometry (LC-MS). The peak areas were used to calculate serum protein
binding as follows: % serum bound � 100 � (ASF/ASWF � 100), where ASF is the peak area of vaborbactam
from spiked serum after ultrafiltration, and ASWF is the peak area of vaborbactam from spiked prefiltered
serum after ultrafiltration.

Pharmacokinetics. Female Swiss Webster mice (5 to 6 weeks of age) were obtained from Envigo
Laboratories (Livermore, CA). The pharmacokinetics of meropenem alone, vaborbactam alone, and both
drugs in combination were determined in both immunocompetent and neutropenic mice. For neutro-
penic mice, neutropenia was achieved by the administration of 150 mg/kg cyclophosphamide (Baxter,
IL), by the intraperitoneal route, 4 days and 1 day prior to the start of the study. Mice were administered
meropenem (100 and 300 mg/kg) and vaborbactam (50 mg/kg) alone or in combination by the
intraperitoneal route. At the designated time points, mice were euthanized, and their blood was
collected by cardiac puncture and transferred to EDTA-containing tubes. Blood samples were centrifuged
within 5 min of collection at 12,000 � g for 5 min to obtain plasma. An equal volume of 3-(N-morpholino)
propanesulfonic acid (MOPS) buffer (pH 7) was added to plasma samples that contained meropenem,
which were then stored at �80°C until analyzed.

Bioanalytical assay. Vaborbactam and meropenem standard curves were prepared in plasma at
concentrations of 0.04 to 50.0 �g/ml. Twenty-five-microliter aliquots of sample were placed in 1.5-ml
microcentrifuge tubes containing 200 �l of 4.0 �g/ml doripenem (internal standard for meropenem) and
4.0 �g/ml of RPX7015 (internal standard for vaborbactam) in 10%/45%/45% (vol/vol/vol) water-
methanol-acetonitrile. The samples were mixed using a vortex mixer and then centrifuged for 10 min at
15,000 � g using a tabletop centrifuge. The supernatant (	150 �l) was removed and added to 400 �l
of water in a 96-well plate. The samples were mixed again using a vortex mixer. Twenty microliters of
each sample was injected onto a high-performance LC-mass spectrometer (HPLC-MS) for quantification.
The lower limit of quantitation for both meropenem and vaborbactam was 0.04 �g/ml. Plasma concen-
trations were fitted using a one-compartment first-order model (Phoenix WinNonlin version 6.4; Certara
USA, Inc., Princeton, NJ).

Neutropenic mouse thigh and lung infection models. Female Swiss Webster mice (n � 2 to
5/group) were rendered neutropenic, as described above. Test strains were grown in Mueller-Hinton
broth (MHB) at 37°C under constant aeration (300 rpm) for 20 h. The infecting inoculum was prepared
by removal of an aliquot and subculturing into fresh MHB; this was allowed to regrow at 37°C, under
constant aeration, for 3 h to reach an absorbance at 600 nm of 0.30 to 0.35. The bacterial suspensions
were diluted in fresh MHB to yield 	106 to 107 CFU/ml by correlation of absorbance at 600 nm with
predetermined plate counts. For the thigh infection model, mice were infected by intramuscular injection
of 0.1 ml of inoculum (107 CFU/ml) into both thigh muscles while under isoflurane anesthesia (5%
isoflurane in oxygen running at 4 liters/min) (20). For the lung infection model, isoflurane-anesthetized
mice were infected by intratracheal instillation of 0.05 ml of inoculum (106 CFU/ml) using a curved oral
gavage tip attached to a 1-ml syringe (21).
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Treatment regimens. For the initial experiments, meropenem was administered intraperitoneally at
100 and 300 mg/kg alone or in combination with 6.25, 12.5, 25, or 50 mg/kg of vaborbactam either as
single doses or every 2 h for 24 h for multiple-dose studies.

Treatment regimens were chosen in order to simulate exposures in humans. Briefly, meropenem
administered at 100 mg/kg or 300 mg/kg every 2 h over a 24-h period in mice produces an exposure
equivalent to 1 g or 2 g of meropenem administered every 8 h by a 3-h infusion in humans, respectively
(12, 22). Vaborbactam administered at 6.25 mg/kg, 12.5 mg/kg, 25 mg/kg, 50 mg/kg, and 100 mg/kg
every 2 h over a 24-h period in neutropenic mice produces an exposure equivalent to 0.25 g, 0.5 g, 1 g,
2 g, or 4 g of vaborbactam administered every 8 h by a 3-h infusion in humans, respectively (12, 22).

Following the initial experiments, the meropenem treatment regimen was limited to 300 mg/kg
every 2 h for 24 h, and the meropenem-vaborbactam treatment regimen was limited to 300 mg/kg
meropenem and 50 mg/kg vaborbactam every 2 h for 24 h in order to simulate an exposure of 2 g of
meropenem and 2 g of vaborbactam administered every 8 h by a 3-h infusion in humans. All treatments
were administered by the intraperitoneal route.

Bacterial load in tissues. For each strain, 2 to 5 untreated mice were euthanized prior to the start
of treatment to determine baseline bacterial counts. All treatment and control groups were euthanized
2 h following the last dose by carbon dioxide asphyxiation. The thighs (n � 2) or lungs (n � 5 to 6) were
removed aseptically and homogenized (Pro200 homogenizer; Pro Scientific, Monroe, CT) in ice-cold
sterile saline. Serial 10-fold dilutions of the homogenized thighs and lungs were plated on Mueller-
Hinton agar, and the colonies were counted.

Statistical analysis. Thigh and lung bacterial counts were analyzed by unpaired t test (GraphPad
Prism version 6.03), respectively. A P value of �0.05 was considered statistically significant.
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