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ABSTRACT

Vaborbactam is a novel boron-based beta-lac-
tamase inhibitor developed to be effective
against Klebsiella pneumoniae carbapenemase
(KPC)-producing bacteria. This enzyme is a key
driver in the global spread of b-lactam resistance
among carbapenem-resistant Enterobacterales.
Alone, vaborbactam has no antibacterial activ-
ity; however, the combination of meropenem-
vaborbactam has enhanced activity against
gram-negative organisms, particularly Enter-
obacterales with class A and C carbapenemases.
Multiple in vitro studies evaluating isolates
from various geographic regions, and over dif-
ferent time periods, have demonstrated the
high potency of meropenem-vaborbactam
against organisms containing KPC2 and KPC3.
However, meropenem-vaborbactam does not
have activity against OXA-48 or metallo-beta
lactamases. This review covers the in vitro
studies of meropenem-vaborbactam performed
to date, which evaluated both large cohorts of
clinical isolates and engineered isolates, to

determine efficacy in various settings, including
the presence of porin mutations and efflux
pump upregulation.

PLAIN LANGUAGE SUMMARY

Meropenem-vaborbactam is a new combination
antibiotic that was designed specifically for
efficacy against bacteria that produce the Kleb-
siella pneumoniae carbapenemase (KPC)
enzyme, which enables resistance to beta-lac-
tam antibiotics. The global spread and increase
of difficult-to-treat infections caused by car-
bapenem-resistant Enterobacterales (CRE) is in
part because they produce KPC enzymes. The
authors review the in vitro studies of mer-
openem-vaborbactam activity, which have
included isolates from different geographic
regions, time periods, and settings, showing
that it has high potency against organisms
containing KPC enzymes-KPC2 and KPC3.
Meropenem-vaborbactam was tested against
globally sourced isolates that carried different
resistance mechanisms, including carbapenem
resistance, multidrug resistant (MDR), and
resistance to colistin and/or tigecycline; it
inhibited activity of 99.1% Enterobacterales
isolates tested at B 1 lg/ml, and at B 8 lg/ml it
inhibited 96.5% of MDR isolates and 82% of
XDR isolates. Against OXA-48 or metallo-beta
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lactamase enzymes, meropenem-vaborbactam
has limited or no activity, so in the Asia-Pacific
region where MLBs are prevalent it was least
effective, but and was most effective against US
strains where KPC is prevalent. In multiple
studies, meropenem-vaborbactam showed
strong in vitro activity against E. coli, Enter-
obacter spp., and K. pneumoniae. Compared to
available antibiotics, against both clinical and
engineered isolates, as well as engineered E. coli
strains with KPC, SHV, and TEM enzymes,
meropenem-vaborbactam demonstrated lower
MIC values. Overall, in vitro studies of mer-
openem-vaborbactam have shown enhanced
activity against CRE and KPC producers com-
pared to other antibiotics, which is needed in
the current CRE environment where KPC is
dominant.

Keywords: B-lactam; B-lactamase inhibitor;
CRE; Meropenem-vaborbactam

Key Summary Points

Meropenem-vaborbactam as a
combination has demonstrated enhanced
in vitro activity against gram-negative
organisms, particularly Enterobacterales
with class A and C carbapenemases.

KPC is the most dominant strain of
carbapenemase-resistant Enterobacterales
(CRE). Meropenem-vaborbactam has been
shown in multiple in vitro studies of
globally sourced isolates to be a potent
inhibitor of Enterobacterales with KPC
enzymes.

Meropenem-vaborbactam does not have
activity against OXA-48 or metallo-beta
lactamases, thus was least effective in
strains from the Asia-Pacific region where
MLBs are prevalent and was most effective
against strains from the US.

Compared to currently available
antibiotics, meropenem-vaborbactam
demonstrated lower MIC values against
both clinical and engineered isolates,
including engineered E. coli strains that
had KPC, SHV, and TEM enzymes.

Sub-analysis in the TANGOII trial
demonstrated meropenem-vaborbactam
had a lower potential for resistance to
develop.

DIGITAL FEATURES

This article is published with digital features,
including a summary slide and plain language
summary to facilitate understanding of the
article. To view digital features for this article go
to https://doi.org/10.6084/m9.figshare.
12937256.

INTRODUCTION

With the emergence of carbapenem-resistant
Enterobacteriaceae (CRE) organisms, the need
for new compounds with activity against these
resistant isolates has become acute [1]. A suc-
cessful method to overcome resistance medi-
ated by beta-lactamase enzymes is to combine
beta-lactams with b-lactamase inhibitors [2];
commonly used b-lactamase inhibitors are
tazobactam, sulbactam, and clavulanic acid.
The addition of these inhibitors to already
established beta-lactams has produced the fol-
lowing combinations: piperacillin-tazobactam,
ampicillin-sulbactam, and amoxicillin-clavu-
lanate [3]. These combinations maintain the
efficacy of the b-lactam class of antibiotics and
expand the spectrum of activity against gram-
negative pathogens [4, 5]. However, these b-
lactam inhibitors are only active against some
Class A, SHV, TEM, Klebsiella pneumoniae car-
bapenemase (KPC) enzymes; none of these b-
lactamase inhibitors have activity against the
emerging and more resistant Class B (NDM IMP,

758 Infect Dis Ther (2020) 9:757–767

https://doi.org/10.6084/m9.figshare.12937256
https://doi.org/10.6084/m9.figshare.12937256


VIM), C (not true carbapenemase), or D (OXAs)
enzymes [6].

Avibactam is a diazabicyclooctane inhibitor,
which is not based on the beta-lactam class and
uses a urea core. Originally developed to target
class A enzymes, Avibactam was found to have
activity against enzymes in classes A, C, and a
subset of D, specifically against KPC [7]. The
combination of ceftazidime and avibactam is
approved by the Federal Drug Administration
(FDA) for the treatment of complicated intra-
abdominal infections, complicated urinary tract
infections, hospital-acquired bacterial pneumo-
nia, and ventilator-associated bacterial pneu-
monia. Unfortunately, development of resistant
organisms after treatment with ceftazidime-av-
ibactam has already been reported [8–11], fuel-
ing the need for and highlighting the
importance of continued drug discovery and
development.

Vaborbactam is a novel b-lactamase inhibitor
based on a boron ring structure, giving it supe-
rior efficacy compared to older b-lactamase
inhibitors and the recently approved avibactam
[12]. Boronic acid has long been known as a safe
compound with therapeutic potential for treat-
ment of various diseases processes [13, 14].
Thus, it is not surprising that the development
of a b-lactamase inhibitor with a boron core
would be a potent agent. Boronic acids are
unique in that the covalent structures that are
formed with serine hydrolases can take the
tetrahedral structure of either the acylation and
deacylation states.

Vaborbactam contains a cyclic a-acy-
laminoboronic acid, which forms a boronic
ester ring that forces a preferred conformation
for binding structure that results in greater
potency [15]. Fortunately, it does not have any
activity against mammalian serine proteases
[15]. The compound was designed to form an
aromatic ring, which would increase the affinity
for b-lactamases as well as maintain the formed
structure as the bond is reversible. Several can-
didate structures were docked with Classes A, C,
and D b-lactamases and evaluated; the structure
that had favorable pre-covalent and covalent
bonding for Classes A and C enzyme active sites
was selected for further analysis. Subsequently,
analogs of this structure were evaluated to

determine the N-acyl-substituent relationships
to the potentiation of cephalosporins and car-
bapenems. The most potent analog was selec-
ted, and additional testing with crystallography
confirmed visualization of a covalent bond
between the serine residue of enzymes (amp C
and CTX-m-15) with the inhibitor’s boron
atom. The selected analog was initially entitled
RPX7009 and later named vaborbactam.

Of note, vaborbactam tested alone against
Enterobacterales showed no activity with min-
imum inhibitory concentration (MIC)50 and
MIC90 values of[64 ug/ml, indicating a lack of
antibacterial activity [16].

The formulation of vaborbactam was tested
with cephalosporins and aztreonam, but car-
bapenems produced the most potent combina-
tion, and meropenem with vaborbactam proved
to be the most effective with the maximum
potentiation [12, 17, 18]. Meropenem-vabor-
bactam was specifically designed to be effective
against multidrug-resistant organisms, Enter-
obacterales-producing extended spectrum beta
lactamases (ESBL), and carbapenemase-produc-
ing bacteria, such as (KPC) [16, 19–22]. This
meropenem-vaborbactam combination main-
tains the broad spectrum of activity of mer-
openem, which includes many antibiotic-
resistant gram-negative bacteria, and also uti-
lizes the potent carbapenemase and b-lacta-
mase inhibitor actions of vaborbactam,
enhancing its range and potency of antimicro-
bial activity [16, 19]. This article is based on
previously conducted studies and does not
contain any studies with human participants or
animals performed by any of the authors.

MICROBIOLOGICAL PROPERTIES
OF MEROPENEM-VABORBACTAM

Gram-Positive Organisms

The combination meropenem-vaborbactam has
not been evaluated in vitro against gram-posi-
tive organisms, but retains the gram-positive
activity of meropenem; however, it has limited
coverage against methicillin-resistant Staphylo-
coccus aureus (MRSA), Enterococcus faecalis, and
Enterococcus faecium [23–25].
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Gram-Negative Organisms

Meropenem and vaborbactam individually have
minimal and no activity, respectively, against
KPC isolates [16]; however, the combination
meropenem-vaborbactam is highly effective
against gram-negative Enterobacterales, partic-
ularly those with KPC enzymes. This has been
demonstrated by in vivo animal studies [15].
Moreover, several studies have evaluated mer-
openem-vaborbactam efficacy against clinical
strains using reference broth microdilution
techniques. Vaborbactam is a narrow-spectrum
beta-lactamase inhibitor, which does not infer
any additional protection against Class
C/AmpC hyper production, which tends to
cause resistance in Pseudomonas. However, one
in vitro study suggested that vaborbactam may
enhance activity against Pseudomonas aerugi-
nosa, although the full findings have not yet
been published [26]. Of note, meropenem-
vaborbactam has no improved activity against
Acinetobacter baumannii and is not effective
against the metallo-beta-lactamase (MBL) (Class
B)-containing Enterobacterales [17, 27, 28].

Castanheira et al. evaluated the effectiveness
of meropenem-vaborbactam against 315 clini-
cal isolates of serine carbapenemase-producing
Enterobacterales collected over a period of
13 years from multiple countries [16]. The long
time interval and geographic variety were pur-
posely chosen to diversify the test population.
The majority of the isolates evaluated were K.
pneumoniae (66%), and the most common
resistance genes detected among the Enter-
obacterales were blaKPC-2 (46%) and blaKPC-3
(37%). When the isolates were tested alone
against meropenem, only 2.2% of the entire
collection were susceptible at the CLSI (Clinical
& Laboratory Standards Institute) breakpoint
of B 1 for meropenem [29]. The combination of
meropenem (B 2 lg/ml) with increasing con-
centrations of vaborbactam ranging from 4 to
32 lg/ml inhibited 90.2–98.1% of the isolates
tested. Vaborbactam increased the activity of
meropenem by at least 64 fold. When focusing
on KPC-producing isolates, meropenem-vabor-
bactam with an inhibitor concentration of 8 lg/
ml inhibited 96.6% K.pneumoniae and 100%
Escherichia coli, Enterobacter cloacae, Klebsiella

oxytoca, Serratia marcescens, and Citrobacter fre-
undii isolates. In addition, 98.7% of isolates that
carried additional beta-lactamases were sup-
pressed with the combination. Of the seven
isolates that exhibited intrinsic resistance to
meropenem-vaborbactam MICs C 16 lg/ml,
four carried MBLs for VIM in addition to KPC,
and the remaining three isolates showed alter-
ations in expression of outer membrane
porin (OMP) and efflux pump mechanisms
(Table 1).

Optimal vaborbactam concentration was
8 lg/ml, based on in vitro activity achieving
adequate susceptibility at 97.8% of the tested
isolates. Increasing dose did not achieve signif-
icantly higher susceptibility. More importantly,
this concentration is roughly equivalent to the
concentration of the FDA-approved dose of 2 g
for vaborbactam (Table 2).

Subsequently, Castenheira et al. published a
larger study that evaluated 14,304 worldwide
contemporary gram-negative clinical isolates
against meropenem-vaborbactam and com-
parator antibiotics [17]. The isolates were col-
lected in 2014 from 82 hospitals as part of the
SENTRY Antimicrobial Surveillance Program
and included isolates that carried different
resistance mechanisms so that some of the iso-
lates were carbapenem resistant while others
were multidrug resistant (MDR), including
resistance to colistin and/or tigecycline. Mer-
openem effectively inhibited activity of 97.3%
of Enterobacterales isolates tested at B 1 lg/ml.
This value increased to 99.1% when the same
isolates were tested against meropenem-vabor-
bactam at the same concentration and 99.6%
for a concentration of B 8 lg/ml. There were
265 CRE isolates in this cohort, of which the
majority (79.6%) were K. pneumoniae. One
hundred thirty-five of the 265 screened CRE
isolates carried blaKPC genes. Meropenem-
vaborbactam had the most activity of the b-
lactam agents tested against these CRE isolates
and inhibited 84.2% of isolates at B 8 lg/ml,
and against comparator agents high suscepti-
bility rates were seen: amikacin (56.2%) and
colistin (70.3%). Only tigecycline had higher
susceptibility at 99.2% (Fig. 1).

The meropenem-vaborbactam MIC50/MIC90

for MDR isolates was 0.03/1 lg/ml and for
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Table 1 In vitro activity of meropenem-vaborbactam against clinical isolates from various cohorts

No. of isolates tested Meropenem-vaborbactam (8 lg/ml) Ref

MIC (lg/ml)

Range 50% 90%

Enterobacterales 10,426 B 0.015 to[ 32 B 0.015 0.06 [17]

Enterobacterales (KPC) 991 B 0.03 to[ 32 0.06 1 [19]

Escherichia coli 4238 B 0.015 to 32 B 0.015 B 0.015 [17]

Escherichia coli (KPC) 35 B 0.03 to[ 32 B 0.03 B 0.03 [19]

Escherichia coli (KPC) 21 B 0.06 B 0.06 B 0.06 [16]

Klebsiella pneumoniae 2010 B 0.015 to[ 32 0.03 0.12 [17]

Klebsiella pneumoniae (KPC) 878 B 0.03 to 0.12 0.12 1 [19]

Klebsiella pneumoniae (KPC) 208 B 0.06 to[ 64 B 0.06 1 [16]

Klebsiella pneumoniae (KPC) 121 B 0.004/8 to[ 64/8 .03 .5 [27]

Klebsiella oxytoca 429 B 0.015 to 16 0.03 0.03 [17]

Klebsiella oxytoca (KPC) 19 B 0.03 to 0.12 B 0.03 0.25 [19]

Klebsiella oxytoca (KPC) 14 B 0.06 to 2 B 0.06 0.5 [16]

Enterobacter cloacae species complex 950 B 0.015 to 8 B 0.015 0.03 [17]

E. cloacae (serine carpbapenemase) 39 B 0.06 to 4 B 0.06 0.25 [16]

Enterobacter aerogenes 355 B 0.015 to 2 0.03 0.03 [17]

Enterobacter species (KPC) 29 B 0.03 to 0.12 B 0.03 0.12 [19]

Citrobacter freundii species complex 276 B 0.015 to 8 B 0.015 0.03 [17]

Citrobacter freundii (KPC) 12 B 0.06 to 0.25 B 0.06 0.12 [16]

Citrobacter koseri 194 B 0.015 to 0.03 B 0.015 0.03 [17]

Citrobacter species 13 B 0.03 to 0.12 B 0.03 0.06 [19]

Proteus mirabilis 525 B 0.015 to 1 0.06 0.12 [17]

Indole-positive Proteeae spp. 585 B 0.015 to[ 32 0.06 0.06 [17]

Serratia marcescens 666 B 0.015 to 32 0.03 0.06 [17]

Serratia marcescens (KPC) 16 B 0.03 to 2 0.06 1 [19]

CRE 265 B 0.015 to[ 32 0.5 32 [17]

CRE 330 B 0.015 to[ 32 0.5 32 [30]

KPC producers 135 B 0.015 to 8 12 0.5 [17]

KPC producers 206 B 0.015 to 32 0.25 1 [27, 30]

Non-KPC-producing CRE 129 B 0.015 to[ 32 4 [ 32 [17]

Non-KPC-producing CRE 121 0.25 to[ 32 16 [ 32

Carbapenemase-negative isolates 63 B 0.015 to 32 1 4 [17]
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extensively drug-resistant (XDR) isolates was
0.5/32 lg/ml. Meropenem-vaborbactam
at B 8 lg/ml inhibited 96.5% of MDR isolates

and 82% of XDR isolates. Similar to the previous
analysis, the study confirmed that meropenem-
vaborbactam has limited activity against MBLs.

Table 1 continued

No. of isolates tested Meropenem-vaborbactam (8 lg/ml) Ref

MIC (lg/ml)

Range 50% 90%

Carbapenemase-negative isolates 38 0.25 to 32 2 16 [30]

MDR 1210 B 0.015 to[ 32 0.03 1 [17]

XDR 161 B 0.015 to[ 32 0.5 32 [17]

MBL producer 41 1 to[ 32 32 [ 32 [17]

MBL producer 52 1 to[ 32 32 [ 32 [30]

Pseudomonas aeruginosa 2604 B 0.015 to[ 32 0.5 8 [17]

Pseudomonas aeruginosa 98 0.25/8 to 64/8 8 32 [27]

Adapted from [16, 17, 19, 27, 30]
KPC Klebsiella pneumoniae carbapenemase, CRE carbapenem-resistant Enterobacterales, MDR multidrug resistant, XDR
extensively drug resistant, MBL metallo-beta lactamase

Table 2 Establish breakpoints for meropenem-vaborbactam against enterobacterales

Minimum inhibitory concentrations (lg/ml) Disk diffusion (zone diameters in mm)

S I R S I R

FDA [36] B 4/8 8/8 C 16/8 C 17 14–16 B 13

CLSI [29] B 4/8 8/8 C 16/8 C 18 15–17 B 14

EUCAST [37] B 8/8 – [ 8/8 * * *

*EUCAST disk diffusion in preparation

Fig. 1 Chemical structures of meropenem and vaborbactam. Me 2 dimethyl [12]. Reused with permission under the
‘Creative Commons CC BY’ license from [12]. Copyright � 2017, American Society for Microbiology
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Among the 15.5% of the CRE isolates that
contained MBLs, approximately two-thirds had
the NDM-1 gene. OXA-48 also accounted for
10.2% of the CRE isolates. Meropenem-vabor-
bactam was most effective in strains from the
US and least effective in strains from
Asia–Pacific countries, likely due to the region’s
higher prevalence of MBLs. There were only
seven isolates carrying carbapenemases from
the Asia–Pacific region.

The same investigators utilized a 2015
worldwide collection of 11,559 Enterobacterales
isolates to evaluate meropenem-vaborbactam
activity, finding that meropenem-vaborbactam
demonstrated enhanced activity against CRE
and KPC producers compared to other antibi-
otics [30]. Meropenem alone inhibited 96.9% of
all the Enterobacterales tested, which increased
to 99.3% when the isolates were tested against
the combination of meropenem-vaborbactam.
Overall, 97% of K. pneumoniae isolates were
inhibited by meropenem-vaborbactam. Of the
330 CRE isolates in the cohort, the majority
(80.6%) were K. pneumoniae, 88.5% had car-
bapenemase genes, 15.7% had MBL genes, and
13.3% had OXA-48 genes. Meropenem-vabor-
bactam at B 4/8 lg/ml inhibited 73.9% of the
CRE Enterobacterales and only 31.4% of the
non-KPC gene CRE isolates. The one KPC isolate
(0.5%) that was not inhibited by meropenem-
vaborbactam contained a porin mutation.

Lapuebla et al. evaluated 4500 gram-negative
clinical isolates from 11 New York City hospitals
against meropenem-vaborbactam, meropenem,
and other antibiotics [27]. Meropenem-vabor-
bactam had strong in vitro activity against
E. coli, Enterobacter spp., and K. pneumoniae and
enhanced activity in KPC-producing CR iso-
lates. Among E. coli isolates blaKPC was the only
carbapenemase gene detected, and all isolates
were susceptible to meropenem-vaborbactam
at B 8 lg/ml. Eighty-eight percent of K. pneu-
moniae isolates were susceptible to meropenem,
and 99.8% were susceptible to meropenem-
vaborbactam (with a vaborbactam concentra-
tion of 8 lg/ml). Meropenem-vaborbactam had
activity against 119/121 (98.3%) of the KPC K.
pneumoniae strains. In addition, 26 K. pneumo-
niae isolates with known resistance mechanisms
expressing blaKPC, acrB, and ompK36 were

tested; only 2 (both with decreased expression
of ompK36) had elevated MIC[64 lg/ml to
meropenem, which decreased to 1 and 2 with
the addition of vaborbactam. All 211 isolates of
Enterobacter species, 7 of which had the blaKPC
gene, were sensitive to the combination of
meropenem-vaborbactam. Evaluation of A.
baumannii and P. aeruginosa revealed no signif-
icant change among the non-susceptible mer-
openem isolates when tested against
meropenem-vaborbactam, which was expected.

Anaerobic Organisms

Combination meropenem-vaborbactam retains
the anaerobic activity of meropenem [31].

MECHANISMS OF RESISTANCE
AND LOWER POTENTIAL
FOR DEVELOPMENT
OF RESISTANCE

Carbapenem-resistant Enterobacterales often
have multiple mechanisms of resistance, such as
porin-mutations or efflux pumps, in addition to
carbapenemase-producing enzymes. To evalu-
ate its potency in various situations, mer-
openem-vaborbactam was tested against
engineered strains of b-lactamase-producing
E. coli and K. pneumoniae with and without
additional mutations [12]. The study demon-
strated that an E. coli strain without any beta-
lactamase inhibitor had an MIC of B 0.03 lg/ml
for both meropenem and meropenem-vabor-
bactam, which was B 0.125 lg/ml for both
aztreonam ± beta-lactamase inhibitor and cef-
tazidime ± beta-lactamase inhibitor (beta-lac-
tamase inhibitors tested were vaborbactam,
tazobactam, and clavulanic acid). The trend for
lower MIC values with meropenem-vaborbac-
tam was also observed with engineered E. coli
strains that had KPC, SHV, and TEM enzymes.
Moreover, the addition of vaborbactam to cef-
tazidime and aztreonam restored the activity
against strains that contained class A car-
bapenemases with lower MIC values compared
to the other b-lactamase inhibitors. For exten-
ded-spectrum b-lactamase (ESBL) genes TEM
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and SHV, the MIC value was lower with the
addition of vaborbactam to the tested beta-lac-
tam compared to the b-lactam alone; however,
tazobactam and clavulanic acid proved to be
more potent than vaborbactam. In the engi-
neered K. pneumoniae isolates, the investigators
produced isolates that had both a porin muta-
tion and a b-lactamase, resulting in increased
MIC values for meropenem (compared to wild-
type strains), which decreased with the addition
of vaborbactam for KPC (64 lg/ml ? 2 lg/ml),
SHV (0.5 lg/ml ? 0.25 lg/ml), and ampC (4 lg/
ml ? 1 lg/ml), but not for OXA-48 (64 lg/ml ?
64 lg/ml), which was expected. Further evalua-
tion of the effects of mutations of porin proteins
(Ompk35 and Ompk36) and efflux pumps
(AcrAB) revealed that efflux pumps alone had
minimal effect, but the combination of one
porin and efflux pump mutations resulted in a
two- to four-fold increase of MIC, and the
combination of both porin mutations resulted
in 16-fold increased MIC. The study again
demonstrated the lack of potency of mer-
openem-vaborbactam against NDM and VIM
strains.

Another recently published study reported
two newly described loss-of-function mutations
for porin production. KvrA loss reduced
OmpK35 and OmpK36 porin production, again
demonstrating the importance of porin muta-
tions on the effect of reducing susceptibility to
meropenem-vaborbactam in a KPC-3-producing
K. pneumoniae isolate [32].

Another in vitro study utilized CRE geno-
types and laboratory-engineered E. coli isolates
harboring mutant blaKPC genes, which are asso-
ciated with ceftazidime-avibactam resistance, to
identify meropenem-vaborbactam susceptibility
and MICs [33].

Ninety-eight percent (117/120) of CRE iso-
lates were susceptible to meropenem-vaborbac-
tam (MICs B 4 lg/ml), and median MICs were
lower for meropenem-vaborbactam compared
to ceftazidime-avibactam (0.034 lg/ml and 1).
All blaKPC-harboring K. pneumoniae isolates were
susceptible to meropenem-vaborbactam, and
the addition of vaborbactam reduced the MICs
in 78% of isolates (14/18). Both wild-type and
variant KPC enzymes were inhibited by mer-
openem-vaborbactam. However, in KPC-

producing K. pneumoniae isolates, meropenem-
vaborbactam MICs were higher in those isolates
that displayed mutant ompK36 genes (n = 26)
compared to wild-type ompK36 genes (n = 54)
(0.25 versus 0.03 lg/ml; P\0.0001).

The addition of vaborbactam at 8 lg/ml
against E.Coli isolates containing wild-
type blaKPC or mutant blaKPC lowered the mer-
openem MICs 2- to 512-fold, which resulted in
meropenem-vaborbactam MICs of 0.03 lg/ml.
Thus, meropenem-vaborbactam has demon-
strated in vitro activity against CRE, including
isolates resistant to ceftazidime-avibactam.

The in vitro activity of meropenem-vabor-
bactam against 991 KPC-positive Enterobac-
terales isolates, collected globally from 2014 to
2015 [19], was compared to the activity of seven
other antibiotic agents. Although the overall
susceptibility of the meropenem-vaborbactam
was similar to ceftazidime-avibactam (99% vs.
98.2%), meropenem-vaborbactam achieved
potency at lower MIC90 values of 1 lg/ml com-
pared to ceftazidime-avibactam at 4 lg/ml.
Similar results were seen between meropenem-
vaborbactam and ceftazidime-avibactam when
organisms were evaluated at the species level
using MIC90 values (lg/ml); K. pneumoniae
(1 lg/ml vs. 4 lg/ml), E. coli (B 0.03 lg/ml vs.
1.0 lg/ml), Enterobacter (0.12 lg/ml vs. 2 lg/ml),
K. oxytoca (0.25 lg/ml vs. 4 lg/ml), S. marcescens
(1 lg/ml vs. 2 lg/ml) and Citrobacter spp
(0.06 lg/ml vs. 2 lg/ml), respectively. Interest-
ingly, further evaluation of isolates resistant to
meropenem-vaborbactam and ceftazidime-av-
ibactam revealed only 20.8% cross-resistance.
Meropenem-vaborbactam was also superior to
tigecycline, gentamicin, and polymixin B.

Importantly, the lower potential for resis-
tance to meropenem-vaborbactam to develop
has been demonstrated clinically. In a sub-
analysis of the Targeting Antibiotic Non-sus-
ceptible Gram-negative Organisms (TANGO) II
trial, 1 patient of 25 (4%) with CRE K. pneumo-
niae treated with meropenem-vaborbactam for
6 days failed therapy with an increase in MIC
from 0.25 lg/ml to 1.0 lg/ml, retaining activity
against meropenem-vaborbactam. Of the four
patients treated with ceftazidime-avibactam
monotherapy, one (25%) had an increase in the
MIC value of K. pneumoniae from 0.5 lg/ml
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to[128 lg/ml, resulting in non-susceptibility
[34]. In a different retrospective study of
patients treated for CRE infections, post-hoc
analysis revealed that 3 of 105 patients treated
with ceftazidime-avibactam vs. no patients of
the 26 treated with meropenem-vaborbactam
had a recurrent infection due to development of
a resistance organism [35]. Although these
evaluations are of small cohort of patients, it is
an important observation demonstrating the
lower potential for developing resistance.

In an effort to explore optimal combinations
of antimicrobial agents with activity against
serine and MBL-producing CROs, the activity of
aztreonam plus ceftazidime-avibactam and
aztreonam plus meropenem-vaborbactam
against clinical E. coli and K. pneumoniae strains
coproducing NDM and one or more serine b-
lactamases was evaluated and compared in a
recent in vitro study [6]. The addition of aztre-
onam with each of these combination agents
resulted in synergistic activity against enter-
obacteriaceae strains that co-produce NDM and
at least one serine b-lactamase, with the antici-
pated exception of aztreonam plus meropenem-
vaborbactam having no activity against OXA-
48-like-producing enterobacteriaceae strains.
Future studies are needed to confirm and
expand upon these findings, but these findings
suggest that these combinations could be a
possible treatment in patients with aztreonam-
resistant NDM and serine- b-lactamase-produc-
ing enterobacteriaceae infections.

CONCLUSION

In conclusion, meropenem-vaborbactam is a
potent inhibitor of Enterobacterales with KPC
enzymes. It exhibits lower MIC values with
in vitro testing against both clinical and engi-
neered isolates compared to currently available
antibiotics. Although the combination does not
provide any additional coverage for Pseu-
domonas, Acinetobacter, or Enterobacterales that
have MBL enzymes, it is a welcome and needed
agent in the current CRE environment, which
consists of predominantly KPC-containing
strains.
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