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ABSTRACT

Carbapenem-resistant gram-negative pathogens
remain an urgent public health threat, and safe,
effective treatment options are limited.
Although several agents are now available to
combat these infections, meropenem-vabor-
bactam was the first to combine a novel, cyclic,
boronic acid-based, b-lactamase inhibitor with a
carbapenem backbone. Vaborbactam emanated
from a discovery program specifically designed
to identify candidate b-lactamase inhibitors
with biochemical, microbiologic, and pharma-
cologic properties optimized for use in con-
junction with a carbapenem. Meropenem was
selected as the ideal carbapenem given its
broad-spectrum in vitro activity, well estab-
lished safety profile, and proven efficacy in the
treatment of serious gram-negative infections.
The combination has demonstrated potent
in vitro activity against resistant gram-negative
pathogens, particularly KPC-producing Kleb-
siella pneumoniae (MIC50 values

typically B 0.06 mg/l). Importantly, the phar-
macokinetic (PK) profiles of the two agents are
well matched, and the approved optimized
dosing regimen of 4 g every 8 h (Q8h) as a 3-h
infusion provides reliable probability of target
attainment against the majority of commonly
encountered carbapenem-resistant Enterobac-
teriaceae (CRE). Robust in vitro and in vivo PK/
pharmacodynamic (PD) data support the ability
of this dosing regimen to achieve specified PK/
PD targets for both bactericidal activity and
prevention of resistance among pathogens with
MICs up to 8 mg/l. This concerted effort into
optimizing the PK and PD parameters of both
the b-lactam and b-lactamase inhibitor alone
and in combination contributed to the clinical
success of meropenem-vaborbactam demon-
strated in phase 3 trials in patients with com-
plicated urinary tract infections (cUTI),
including acute pyelonephritis (AP), and serious
CRE infections. As the use of meropenem-
vaborbactam increases concomitantly with the
prevalence of KPC-producing CRE, continued
pharmacovigilance and antimicrobial steward-
ship efforts will be of upmost importance to
ensure that these PK/PD efforts translate into
improved patient outcomes.

Digital Features To view digital features for this article
go to https://doi.org/10.6084/m9.figshare.12937460.

E. Wenzler (&)
College of Pharmacy, University of Illinois at
Chicago, Chicago, IL, USA
e-mail: wenzler@uic.edu

P. J. Scoble
PJS Pharma Consulting, Flourtown, PA, USA

Infect Dis Ther (2020) 9:769–784

https://doi.org/10.1007/s40121-020-00344-z

http://orcid.org/0000-0003-3914-8400
https://doi.org/10.6084/m9.figshare.12937460
http://crossmark.crossref.org/dialog/?doi=10.1007/s40121-020-00344-z&amp;domain=pdf
https://doi.org/10.1007/s40121-020-00344-z


PLAIN LANGUAGE SUMMARY

Carbapenem-resistant gram-negative patho-
gens, specifically, Enterobacteriaceae, remain an
urgent public health threat, and safe, effective
treatment options are limited. The antibiotic
agents meropenem and vaborbactam were
selected to be combined to leverage their indi-
vidual properties for efficacy against car-
bapenem-resistant gram-negative pathogens,
the most prevalent being Klebsiella pneumoniae
carbapenemase (KPC)-producing K. pneumoniae.

Infections due to carbapenem-resistant
Enterobacteriaceae (CRE) are associated with
high morbidity and mortality and excess
healthcare costs and have traditionally required
treatment with low-efficacy, high-toxicity
antimicrobials such as the polymyxins.

The authors present a review of the pre-clinical,
clinical, pharmacokinetic (PK), and pharmacody-
namic (PD)dataonmeropenem-vaborbactam,and
data on difficult to treat organisms, and on special
patient populations obtained post-marketing.

Pre-clinical in vitro and in vivo PK/PD data
support this optimized combination of these
agents with meropenem-vaborbactam demon-
strating low MIC50/MIC90 values against KPC-
producing Enterobacteriaceae. Phase 1 PK trials
confirmedthePKparameters, including in subjects
with renal impairment and in target extravascular
body sites such as the pulmonary epithelial lining
fluid. In vitro, the combination of meropenem-
vaborbactam has shown potent activity against
resistant gram-negative pathogens; importantly,
this includesKPC-producingKlebsiella pneumoniae.
The approvedoptimizeddosing regimen [4 g every
8 h (Q8h) as a 3-h infusion] achieves the PK/PD
targets to achieve both bactericidal activity and
prevention of resistance among pathogens with
MICs up to 8 mg/l. Phase 3 trials showed the clin-
ical success of meropenem-vaborbactam in
patients with complicated urinary tract infections
(cUTI), including acute pyelonephritis (AP), and
serious CRE infections.

Keywords: Carbapenem-resistant enterobacteria-
ceae; Meropenem; Pharmacodynamics; Pharma-
cokinetics; Vaborbactam

Key Summary Points

Meropenem-vaborbactam emerged from a
rationale drug development program
designed to combine the first cyclic,
boronic acid-based b-lactamase inhibitor
with a carbapenem backbone to leverage
their individual properties for efficacy
against carbapenem-resistant
Enterobacterales.

The combination of meropenem and
vaborbactam has shown potent in vitro
activity against KPC-producing Klebsiella
pneumoniae and comparable
pharmacokinetic properties between the
two components, even across varying
degrees of renal dysfunction.

Robust pre-clinical and clinical data
demonstrate the ability of the approved
optimized dosing regimen of 4 g every 8 h
as a 3-h infusion to achieve applicable PK/
PD targets for bactericidal activity and the
prevention of resistance against
pathogens with MICs up to 8 mg/l.

Phase 3 trials established the clinical
success of meropenem-vaborbactam in
patients with complicated urinary tract
infections (cUTI), including acute
pyelonephritis (AP), and a small cohort
with serious CRE infections.

Further post-marketing studies
investigating the PK/PD properties and
efficacy of meropenem-vaborbactam in
additional special patient populations,
extravascular body sites beyond urine and
the intrapulmonary space, and emerging
mechanisms of resistance are warranted to
fully establish its place in therapy.

DIGITAL FEATURES

This article is published with digital features to
facilitate understanding of the article. To view

770 Infect Dis Ther (2020) 9:769–784



digital features for this article go to https://doi.
org/10.6084/m9.figshare.12937460.

INTRODUCTION

The now widespread dissemination and con-
tinued increase in prevalence of carbapenem-
resistant gram-negative pathogens pose enor-
mous public health concerns both nationally
and internationally [1–3]. The most prominent
of these carbapenem-resistant organisms are the
Klebsiella pneumoniae carbapenemase (KPC)-
producing K. pneumoniae, which comprise [
90% of carbapenem-resistant Enterobacteriaceae
(CRE) in the US [4]. Infections due to CRE are
associated with high morbidity, mortality, and
excess healthcare costs and have traditionally
required treatment with low-efficacy, high-tox-
icity antimicrobials such as the polymyxins [5].
Fortunately, several novel b-lactam/b-lactamase
inhibitor (BL/BLI) agents with potent activity
against class A serine carbapenemases, includ-
ing the prominent KPC enzyme, are now avail-
able and have demonstrated improved efficacy
and safety compared to traditional treatment
regimens [6–8].

Meropenem-vaborbactam was the first of
these BL/BLI agents to employ a carbapenem
backbone in conjunction with a novel cyclic
boronic acid-based inhibitor (Fig. 1). Vaborbac-
tam was the first boronic acid BLI developed
and was specifically designed to inhibit the KPC
enzyme, but also possess activity against other
class A and C b-lactamases [9]. Conversely,
vaborbactam has no appreciable activity against
Ambler class B metallo-b-lactamases or class D
OXA carbapenemases [9, 10]. It acts as a

competitive inhibitor of the KPC enzyme via
formation of a reversible covalent bond,
although the mean residence time in the active
site is[16 h, making it functionally irreversible
and therefore providing potent, long-lasting
inhibition [10]. Additionally, vaborbactam is
not affected by the KPC variant, mutations in
the KPC enzyme, or efflux mechanisms [10].
Given its engineered specificity for the KPC
enzyme, vaborbactam was intended to be paired
with a carbapenem agent stable to hydrolysis by
other class A serine extended-spectrum b-lacta-
mase (ESBL) enzymes (e.g., CTX-M, TEM, SHV)
[11]. Meropenem was chosen from the car-
bapenems given its broad-spectrum in vitro
activity, well-established safety profile, activity
against Pseudomonas spp., and efficacy in the
treatment of serious gram-negative infections
[12]. Furthermore, initial pre-clinical and phase
I pharmacokinetic (PK) studies demonstrated
highly comparable PK profiles between mer-
openem and vaborbactam. Together, vaborbac-
tam at 8 mg/l has been shown to reduce the
MIC of meropenem up to 64-fold against KPC-
producing K. pneumoniae, with the combination
displaying very low MIC50 and MIC90 values
of B 0.06 and 1 mg/l, respectively [13]. These
low MICs, coupled with the optimized PK
stemming from the registered high-dose, ex-
tended infusion dosing scheme, provide[90%
simulated probability of PK/PD target attain-
ment for treating infections and preventing
resistance against pathogens with MICs up to
4–8 mg/l [14]. Accordingly, the clinical MIC
breakpoints for meropenem-vaborbactam
against Enterobacterales set by CLSI and recog-
nized by the FDA are B 4 mg/l, 8 mg/l,
and C 16 mg/l for susceptible, intermediate,

Fig. 1 Chemical structures of meropenem and the novel cyclic boronic acid-based b-lactamase inhibitor vaborbactam. Me2,
dimethyl. Reprinted with permission from [10]
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and resistant [15]. No interpretive criteria are
provided for other pathogens such as non-fer-
menting gram negatives including Pseudomonas
aeruginosa and Acinetobacter baumannii, given
the lack of activity of vaborbactam over mer-
openem alone against these organisms. This
projected efficacy of meropenem-vaborbactam
against susceptible pathogens has been con-
firmed in numerous in vitro and mammalian
PK/PD studies and in patients with cUTI and
serious KPC-producing CRE infections.

Vaborbactam emerged from a development
program designed to discover candidate BLIs
with biochemical, microbiologic, and pharma-
cologic properties optimized for use in con-
junction with a carbapenem. This rationale
design process led to the approval of a potent,
dose-optimized, effective treatment agent for
infections due to resistant gram-negative
pathogens, particularly KPC-producing K.
pneumoniae. The pre-clinical and clinical PK and
PD data that supported the approval of this
novel compound will be reviewed herein along
with relevant post-marketing data against diffi-
cult-to-treat organisms and in special patient
populations. This article is based on previously
conducted studies and does not involve any
new studies of human or animal subjects per-
formed by any of the authors. To gather rele-
vant publications written in the English
language, a literature search was performed
using PubMed, clinicaltrials.gov, and Google
Scholar electronic databases for articles pub-
lished from 2013 to 2019. Search terms included
the following: meropenem, vaborbactam, mer-
openem-vaborbactam, and RPX7009. Informa-
tion was also gathered from referenced papers
and abstracts from the Interscience Conference
on Antimicrobial Agents and Chemotherapy,
the European Congress of Clinical Microbiology
and Infectious Diseases, IDWeek, and the
American Society for Microbiology Microbe
meetings.

PHARMACOKINETICS

A key consideration in the development of BL/
BLI agents is the selection of a b-lactam that has
a comparable PK profile to the inhibitor.

Importantly, the BLI needs to have a half-life
that is as long as or longer than the BL ensure
adequate BLI inhibition and to prevent hydrol-
ysis of unprotected meropenem over the course
of the entire dosing interval. Vaborbactam was
initially designed to be combined with bia-
penem [16, 17], but was aborted in favor of
meropenem, in part because of the improved PK
correlation between meropenem and vabor-
bactam. Pre-clinical and phase 1 PK studies
support the approved high-dose, extended-in-
fusion dosing regimen and confirm the PK
comparability between vaborbactam and mer-
openem, including in subjects with renal
impairment and in target body sites, such as the
intrapulmonary epithelial lining fluid (ELF).

Initial pre-clinical, multiple-dose PK studies
of vaborbactam in rats demonstrated linear PK
and dose proportionality [9]. Moreover, the
concentration-time profiles of vaborbactam
generated in these animal studies closely mim-
icked those typical of BL antibiotics, displaying
a high Cmax and AUC combined with a low Vd

and short half-life, confirming the ability to
combine it with a BL agent. Toxicology studies
in dogs did not reveal any dose-limiting toxici-
ties in multiple doses up to the human equiva-
lent of 10 g/day, allowing first-in-human phase
I studies to proceed.

In the first-in-human, single-center phase 1
study conducted in healthy Australian volun-
teers, vaborbactam was administered to 80
subjects in a large single- and multiple-ascend-
ing dose study [18]. Six subjects were random-
ized to receive doses of vaborbactam ranging
from 250 to 2000 mg or placebo administered as
a 3-h infusion across ten cohorts. The first six
cohorts of subjects received single doses of
vaborbactam ranging from 250 to 1500 mg,
while the remaining four cohorts received doses
ranging from 250 to 2000 mg Q8h for 7 days.
Serial blood samples were obtained from 0 to
24 h post-dose, and urine was collected in
intervals up to 48 h post-dose. Additionally,
serum protein binding was determined via
ultrafiltration in spiked serum samples at con-
centrations of vaborbactam ranging from 1 to
50 mg/l. The observed PK parameters after sin-
gle or multiple ascending doses of vaborbactam
are displayed in Fig. 2. The exposure of
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vaborbactam based on Cmax and AUC increased
proportionally to dose after both single and
repeated doses (R2 = 0.91 for the relationship of
dose to AUC), demonstrating linear PK through
the proposed dosing range. Additionally, the PK
parameters and renal clearance of vaborbactam
did not change following repeated dosing over
time suggesting a lack of accumulation in
plasma at an every 8 h administration schedule.
Protein binding was approximately 33%,
regardless of concentration.

In a follow-up, single-center phase 1 study
also in 80 healthy Australian volunteer subjects,
vaborbactam was administered alone and in
combination with meropenem in single and
multiple doses as a 3-h infusion across five
dosing cohorts [29]. Subjects received single
doses on days 1, 2, and 7 and multiple doses on
days 8–14. Meropenem was administered as 1 g
and 2 g doses in combination with vaborbactam
at doses of 250 mg, 1 g, 1.5 g, and 2 g. Serial
blood and urine samples were collected in the
same fashion as in the previous study. When
administered together, both meropenem and
vaborbactam demonstrated linear PK and dose-
proportional increases in AUC across the dosing
range (Table 1). Importantly, this study
demonstrated that the geometric mean half-life
of meropenem and vaborbactam was 0.9–1.3 h
and 1.1–1.9 h, respectively, confirming the
comparability of their PK profiles in humans.
Furthermore, plasma clearance and AUC were
similar when administered alone, or in combi-
nation, establishing the lack of any drug-drug
interactions between the components. Both
agents alone and in combination were well

tolerated and demonstrated virtually superim-
posable PK profiles at doses up to 2 g Q8h.

Given the predominant renal elimination of
both meropenem and vaborbactam, the PK and
tolerability of the combination was studied in a
phase 1, multicenter (DaVita Clinical Research,
USA) trial of 41 subjects with chronic renal
impairment including those with end stage
renal disease (ESRD) on hemodialysis (HD) [20].
In this study, subjects received only a single
fixed dose of 1 g meropenem plus 1 g vabor-
bactam as a 3-h infusion, except for the ESRD
subjects on HD, who received a dose both on
and off dialysis. Subjects were enrolled into five
study cohorts based on renal function as asses-
sed by estimated glomerular filtration rate
(eGFR) according to the modification of diet in
renal disease (MDRD) equation: groups 1, 2, and
3 had mild (eGFR 60–89 ml/min/1.73 m2;
n = 8), moderate (eGFR 30–59 ml/min/1.73 m2;
n = 8), and severe renal impairment
(eGFR\30 ml/min/1.73 m2; n = 8), respec-
tively, while group 4 consisted of subjects with
normal renal function (creatinine clear-
ance C 90 ml/min; n = 8) matched to groups 1,
2, and 3 on age (± 10 years), sex, and body mass
index (± 20%). Group 5 were subjects receiving
HD (n = 9) and were not matched to the other
cohorts. These subjects received a dose of study
drug prior to and after a 5-h dialysis session on
separate occasions. Serial blood and urine sam-
ples were collected to 24 and 48 h post-dose,
respectively, along with hourly dialysate sam-
ples during the 5-h HD session for subjects in
group 5. As expected, overall exposure of both
meropenem and vaborbactam increased as renal
function declined (Fig. 3). The average AUC0-?

for meropenem increased approximately 4.5-
fold from 87.1 mg/l in subjects with normal
renal function to 397 mg/l in subjects with
several renal impairment, whereas for vabor-
bactam, the exposure increased almost 8-fold
from 99.4 to 781 mg/l across the same renal
groups (Table 2) [20]. Although equally pro-
portional changes in exposure across renal
impairment groups would be ideal, it is crucial
for efficacy that vaborbactam is cleared more
slowly than meropenem during renal impair-
ment and not vice versa, which could poten-
tially leave meropenem vulnerable to KPC

Fig. 2 Mean (± SD) vaborbactam plasma concentration-
versus-time profiles following 3-h intravenous infusions of
250–2000 mg in healthy volunteer subjects. Reprinted
with permission from [18]

Infect Dis Ther (2020) 9:769–784 773



T
ab
le

1
Ph

ar
m
ac
ok
in
et
ic
pa
ra
m
et
er
s
of

m
er
op
en
em

an
d
va
bo
rb
ac
ta
m

fo
llo
w
in
g
si
ng
le
or

m
ul
ti
pl
e
do
se
s
in

he
al
th
y
vo
lu
nt
ee
r
su
bj
ec
ts

C
oh

or
t/
do

se
an
d
tr
ea
tm

en
t

n
C
m
ax
(l
g/
m
l)

t 1
/2
(h
)

A
U
C
0
–
?

(l
g
h/
m
l)
,

si
ng
le

do
se

A
U
C
0
–
t

(l
g
h/
m
l)
,

m
ul
ti
pl
e
do

se

V
ss
(l
it
er
s)

C
L
T
(l
it
er
/h
)

Si
ng
le

do
se

M
ul
ti
pl
e

do
se

Si
ng
le

do
se

M
ul
ti
pl
e

do
se

Si
ng
le

do
se

M
ul
ti
pl
e

do
se

Si
ng
le

do
se

M
ul
ti
pl
e

do
se

M
er
op
en
em

PK

1/
10
00
:2
50

M
er
op
en
em

al
on
e

32
16
.9

(4
4.
7)

16
.5

(5
8.
0)

1.
0
(4
2.
8)

1.
0
(5
5.
5)

51
.6

(4
3.
3)

49
.3

(5
5.
7)

24
.9

(5
2.
7)

25
.7

(7
7.
3)

19
.4

(4
3.
3)

20
.3

(5
5.
6)

C
om

bi
na
ti
on

16
18
.6

(3
2.
4)

15
.7

(3
4.
5)

1.
0
(2
8.
8)

1.
0
(3
3.
4)

56
.1

(3
0.
5)

47
.1

(3
2.
5)

25
.2

(4
9.
5)

29
.4

(6
2.
8)

17
.8

(3
0.
5)

21
.2

(3
2.
8)

2/
10
00
:1
00
0

M
er
op
en
em

al
on
e

13
18
.6

(4
7.
4)

16
.4

(3
8.
4)

1.
0
(3
5.
3)

0.
9
(2
0.
3)

58
.1

(4
7.
7)

49
.9

(3
9.
3)

23
.2

(4
9.
1)

23
.2

(3
4.
4)

17
.2

(4
7.
7)

20
.1

(3
9.
2)

C
om

bi
na
ti
on

10
19
.9

(4
6.
6)

17
.0

(3
2.
1)

1.
1
(4
5.
2)

0.
9
(2
4.
0)

64
.1

(5
1.
0)

53
.9

(3
6.
5)

20
.8

(5
0.
7)

23
.1

(4
4.
2)

15
.6

(5
1.
0)

18
.5

(3
6.
2)

3/
10
00
:1
50
0

M
er
op
en
em

al
on
e

19
20
.9

(3
4.
8)

23
.3

(5
9.
1)

0.
89

(3
1.
5)

0.
87

(3
3.
2)

64
.6

(3
8.
2)

67
.(
55
.9
)

18
.9

(4
0.
1)

17
.2

(5
1.
5)

15
.5

(3
8.
2)

14
.9

(5
5.
9)

C
om

bi
na
ti
on

14
20
.9

(3
4.
8)

23
.3

(5
9.
1)

0.
89

(3
1.
5)

0.
87

(3
3.
2)

64
.6

(3
8.
2)

67
.(
55
.9
)

21
.3

(4
7.
8)

18
.5

(5
2.
7)

15
.6

(4
8.
4)

15
.5

(4
8.
0)

4/
10
00
:2
00
0

M
er
op
en
em

al
on
e

19
17
.3

(3
7.
4)

15
.9

(4
3.
9)

1.
0
(4
7.
5)

1.
0
(5
2.
6)

53
.7

(4
3.
0)

50
.7

(3
2.
7)

25
.0

(4
7.
0)

25
.2

(4
2.
4)

18
.6

(4
3.
0)

19
.7

(3
2.
7)

C
om

bi
na
ti
on

14
17
.5

(2
3.
7)

15
.8

(2
9.
2)

0.
9
(4
5.
5)

1.
1
(3
9.
8)

55
.0

(2
7.
0)

47
.9

(2
0.
7)

23
.8

(2
9.
7)

25
.5

(3
1.
8)

18
.2

(2
7.
0)

20
.9

(2
0.
7)

5/
20
00
:2
00
0

M
er
op
en
em

al
on
e

20
40
.9

(5
3.
6)

46
.0

(5
9.
6)

1.
1
(5
4.
90

1.
0
(4
6.
0)

12
5.
7
(4
8.
9)

13
3.
7
(5
6.
4)

22
.2

(5
2.
8)

20
.2

(4
7.
9)

15
.9

(4
8.
9)

15
.0

(5
6.
4)

C
om

bi
na
ti
on

16
45
.7

(3
5.
7)

42
.5

(4
8.
5)

1.
3
(8
2.
6)

1.
2
(5
6.
5)

13
9.
3
(4
5.
8)

13
5.
7
(4
6.
8)

21
.7

(3
8.
2)

21
.0

(4
2.
5)

14
.4

(4
5.
8)

14
.9

(4
5.
8)

V
ab
or
ba
ct
am

PK

1/
10
00
:2
50

774 Infect Dis Ther (2020) 9:769–784



T
a
b
le

1
co
n
ti
n
u
ed

C
oh

or
t/
do

se
an
d
tr
ea
tm

en
t

n
C
m
ax
(l
g/
m
l)

t 1
/2
(h
)

A
U
C
0
–
?

(l
g
h/
m
l)
,

si
ng
le

do
se

A
U
C
0
–
t

(l
g
h/
m
l)
,

m
ul
ti
pl
e
do

se

V
ss
(l
it
er
s)

C
L
T
(l
it
er
/h
)

Si
ng
le

do
se

M
ul
ti
pl
e

do
se

Si
ng
le

do
se

M
ul
ti
pl
e

do
se

Si
ng
le

do
se

M
ul
ti
pl
e

do
se

Si
ng
le

do
se

M
ul
ti
pl
e

do
se

V
ab
or
ba
ct
am

al
on
e

40
5.
2
(4
1.
8)

4.
9
(3
7.
0)

1.
1
(5
7.
2)

1.
1
(5
0.
3)

17
.2

(4
2.
7)

16
.2

(4
6.
8)

22
.2

(4
8.
6)

23
.2

(4
6.
0)

14
.5

(4
2.
7)

15
.3

(4
5.
9)

C
om

bi
na
ti
on

16
5.
3
(4
0.
2)

4.
6
(3
9.
5)

1.
1
(5
2.
0)

1.
2
(3
8.
6)

17
.0

(3
8.
3)

14
.6

(3
9.
8)

24
.3

(4
9.
8)

27
.0

(6
6.
1)

14
.7

(3
8.
3)

16
.9

(3
9.
4)

2/
10
00
:1
00
0

V
ab
or
ba
ct
am

al
on
e

5
21
.7

(4
2.
3)

1.
5
(6
9.
6)

75
.4

(4
8.
0)

21
.9

(5
9.
0)

13
.3

(4
8.
0)

C
om

bi
na
ti
on

10
23
.3

(4
6.
1)

19
.9

(2
9.
7)

1.
5
(4
9.
8)

1.
3
(6
1.
8)

79
.4

(4
6.
2)

68
.4

(3
9.
0)

20
.2

(4
1.
8)

22
.5

(2
9.
3)

12
.6

(4
6.
2)

14
.8

(3
7.
4)

3/
10
00
:1
50
0

V
ab
or
ba
ct
am

al
on
e

7
36
.3

(4
1.
0)

1.
2
(4
9.
3)

11
7.
8
(3
6.
6)

21
.1

(6
8.
4)

12
.7

(3
6.
6)

C
om

bi
na
ti
on

14
36
.9

(3
7.
0)

32
.6

(3
2.
5)

1.
3
(4
4.
7)

1.
4
(6
1.
2)

12
4.
2
(4
0.
4)

11
4.
7
(3
8.
4)

19
.9

(3
8.
2)

19
.4

(3
6.
7)

12
.1

(4
0.
4)

13
.3

(3
7.
3)

4/
10
00
:2
00
0

V
ab
or
ba
ct
am

al
on
e

7
38
.0

(2
8.
8)

1.
3
(5
4.
8)

12
5.
8
(3
5.
1)

22
.8

(2
8.
3)

15
.9

(3
5.
0)

C
om

bi
na
ti
on

14
40
.0

(2
2.
7)

34
.7

(3
4.
6)

1.
4
(4
6.
7)

1.
5
(5
6.
3)

13
2.
8
(2
9.
2)

11
3.
2
(2
9.
8)

23
.8

(2
6.
3)

26
.8

(3
5.
0)

15
.1

(2
9.
2)

17
.9

(2
8.
7)

5/
20
00
:2
00
0

V
ab
or
ba
ct
am

al
on
e

8
49
.5

(5
7.
4)

1.
4
(3
7.
7)

15
1.
9
(5
4.
5)

21
.8

(4
3.
5)

13
.2

(5
4.
5)

C
om

bi
na
ti
on

16
50
.1

(4
2.
6)

54
.7

(4
7.
1)

1.
9
(6
1.
9)

1.
6
(5
0.
5)

16
5.
3
(4
5.
2)

19
2.
6
(4
5.
0)

22
.0

(4
1.
0)

19
.3

(3
6.
8)

12
.1

(4
5.
2)

10
.7

(4
3.
1)

A
U
C
0–

t
ar
ea

un
de
r
th
e
pl
as
m
a
co
nc
en
tr
at
io
n-
ti
m
e
cu
rv
e
fr
om

ti
m
e
ze
ro

to
th
e
la
st
m
ea
su
ra
bl
e
co
nc
en
tr
at
io
n,

A
U
C
in
f
ar
ea

un
de
r
th
e
pl
as
m
a
co
nc
en
tr
at
io
n-
ti
m
e

cu
rv
e
fr
om

ti
m
e
ze
ro

to
in
fin

it
y,
C
L
T
to
ta
lc
le
ar
an
ce
,C

m
ax
m
ax
im

um
dr
ug

co
nc
en
tr
at
io
n
in

se
ru
m
,f
e
fr
ac
ti
on

of
ad
m
in
is
te
re
d
do
se
ex
cr
et
ed

ov
er
th
e
ur
in
e
co
lle
ct
io
n

in
te
rv
al
,e
xp
re
ss
ed

as
a
pe
rc
en
t,
t 1
/2
te
rm

in
al
ha
lf-
lif
e
ov
er

th
e
sa
m
pl
in
g
pe
ri
od
,V

ss
st
ea
dy
-s
ta
te

vo
lu
m
e
of

di
st
ri
bu
ti
on

R
ep
ri
nt
ed

w
it
h
pe
rm

is
si
on

fr
om

[1
9]

a
D
os
es

ar
e
ex
pr
es
se
d
as

m
er
op
en
em

(m
g)
:v
ab
or
ba
ct
am

(m
g)

b
V
al
ue
s
sh
ow

n
ar
e
ge
om

et
ri
c
m
ea
ns

(g
eo
m
et
ri
c
co
ef
fic
ie
nt

of
va
ri
at
io
n)

Infect Dis Ther (2020) 9:769–784 775



hydrolysis. The non-proportional changes in
exposure are likely due to the negligible, non-
renal clearance of vaborbactam, making it more
dependent on renal clearance for elimination
than meropenem. This trend was also observed
in patients on HD where the average AUC0–? of
vaborbactam was almost fivefold higher off HD
vs. on compared to meropenem that was 2.2-
fold higher. HD effectively removed both com-
ponents, with 38% and 53% of the dose of
meropenem and vaborbactam, respectively,
recovered in dialysate. These data support a
proportional dose reduction, and therefore a
fixed-dose combination, of meropenem-vabor-
bactam with the understanding that vaborbac-
tam will accumulate to a greater extent than
meropenem after repeated doses. Importantly,
there was no evidence of increasing adverse
events in frequency or severity correlative to a
decline in renal function attributed to either
agent. These three phase 1 studies helped to
establish the foundation for the dosing recom-
mendations for patients with normal and
impaired renal function that have subsequently
demonstrated success in two phase 3 clinical
trials [21] and led to FDA approval for the
treatment of cUTI and AP in adult patients [22].
It is important to note that meropenem-vabor-
bactam was one of the first antimicrobials
approved with recommendations for the use of
the Modification of Diet in Renal Disease

(MDRD) Study equation for the estimation of
renal function and corresponding dosage
adjustments, in lieu of the more commonly
utilized Cockcroft-Gault equation [23, 24]. As
these equations are not uniformly inter-
changeable, it is important for clinicians to
understand which equation is recommended in
the product labeling and the patient popula-
tions in which these equations may produce the
most discrepant results [25].

As KPC-producing K. pneumoniae frequently
infects the lungs [26] and the phase 3 develop-
ment plan for meropenem-vaborbactam ini-
tially included a trial in patients with hospital-
acquired (HABP) and ventilator-associated bac-
terial pneumonia (VABP) (NCT03006679), it
was critical to ensure that adequate concentra-
tions of each agent reached the intrapulmonary
space after the proposed clinical trial dose of 4 g
(2 g meropenem plus 2 g vaborbactam) every
8 h as a 3-h infusion. As such, the plasma and
intrapulmonary PK of meropenem and vabor-
bactam were evaluated in a single-center phase
1 study of 25 healthy US volunteers after
receiving 2 g of meropenem and 2 g of vabor-
bactam IV Q8h by a 3-h infusion for three doses
[27]. Serial plasma sampling was performed to
8 h post-dose, and a single bronchoscopy and
bronchoalveolar lavage (BAL) were performed at
1.5, 3.25, 4, 6, or 8 h after the start of the last
infusion. Plasma concentrations of meropenem

Fig. 3 Median meropenem (a) and vaborbactam
(b) plasma concentration-vs.-time profiles following 3-h
intravenous infusion of 1 g meropenem/1 g vaborbactam

in subjects with normal renal function and chronic renal
impairment. Reprinted with permission from [20]
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and vaborbactam were comparable to those
observed in the aforementioned phase 1 studies.
The concentration-time profiles of meropenem
and vaborbactam in the epithelial lining fluid
(ELF) were nearly identical (Fig. 4), equating to
mean AUC % penetration ratios from plas-
ma:ELF of 63% and 65% for meropenem and
vaborbactam, respectively. When only
unbound plasma concentrations were consid-
ered, penetration was 65% and 79% for mer-
openem and vaborbactam, respectively.
Importantly, the ELF concentrations of mer-
openem-vaborbactam remained consistently
several fold higher than the MIC90 of KPC-pro-
ducing K. pneumoniae. Meropenem concentra-
tions were consistently unmeasurable in
alveolar macrophages while vaborbactam con-
centrations ranged from 1.26 to 93.9 mg/l.
Taken together, these data supported the pro-
gression of meropenem-vaborbactam into
phase 3 clinical trials of patients with serious
CRE infections, including HABP/VABP.

Finally, many patients infected with CRE are
critically ill and experience acute kidney injury,
necessitating continuous renal replacement
therapy (CRRT) [26], which can further exacer-
bate the already deranged antimicrobial PK
profile of these patients. Consequently, it is

important to understand the extent to which
antimicrobials are removed by the CRRT circuit
to optimize dosing for these patients. Sime et al.
evaluated the effect of different CRRT settings
and filter adsorptions during in vitro simulated
continuous venovenous hemofiltration (CVVH)
on the PK of meropenem and vaborbactam [28].
The model utilized a Prismaflex CRRT system
and a human blood-crystalloid mixture spiked
with meropenem and vaborbactam. Serial blood
and effluent samples were obtained from 30 to
180 min after the drug was added to the system.
Two types of hemofilters were utilized (AN69 ST
hollow fiber acrylonitrile and sodium methallyl
sulfonate copolymer filter), and the point of
dilution of replacement fluid was varied (pre- or
post-filter) along with the flow rate (1, 2, and
4 l/h) to assess the impact on drug removal.
Neither meropenem (7–10%) nor vaborbactam
(2%) was significantly adsorbed to either filter
tested. Sieving coefficients were consistently
higher for meropenem than vaborbactam ([1
vs. * 0.8), corresponding primarily to the dif-
ferences in protein binding between the com-
pounds (33% vs. 2%). Clearance was also
consistently higher for meropenem than for
vaborbactam, similar to that observed in HD
subjects, and was significantly affected by the

Fig. 4 Mean (± SD) plasma (filled and open circles; solid
line) and epithelial lining fluid (ELF) (filled and open
triangles; dashed lines) concentration-versus-time profiles
of meropenem (a) and vaborbactam (b) at 1.5, 3.25, 4, 6,
and 8 h after the third dose of meropenem 2 g/vaborbac-
tam 2 g administered as a 3-h intravenous infusion. The

shaded region represents the 3-h infusion period. The
y axis is in the log scale. Reprinted with permission from
[27]
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effluent flow rate such that doses may be scaled
accordingly, e.g., 1 g (0.5 g meropenem/0.5 g
vaborbactam) Q8h for low effluent flow rates
(1–2 l/h) and 2 g (1 g meropenem/1 g vabor-
bactam) Q8h for high effluent flow rates (3–4 l/
h). These findings were supported by a clinical
report detailing the PK of meropenem-vabor-
bactam in a patient receiving continuous ven-
ovenous hemodialysis (CVVHD), which
demonstrated that a dose of 2 g (1 g mer-
openem/1 g vaborbactam) Q8h over 3 h
achieved minimum plasma concentrations at
8 h of 15.8 mg/l and 31.8 mg/l for meropenem
and vaborbactam, respectively, at an effluent
flow rate of 3 l/h [29].

PHARMACODYNAMICS

As discussed, vaborbactam was purposefully
designed to be combined with a carbapenem to
provide potent, in vitro activity against KPC-
producing CRE and the PK was optimized to be
almost identical to that of meropenem when
administered as a high-dose, extended infusion
regimen. The specificity of vaborbactam and
long residence time in the active site of the KPC
enzyme, combined with an agent already
stable to hydrolysis by most serine b-lactamases,
give meropenem-vaborbactam potent activity
against KPC-producing Enterobacteriaceae with
typical MIC50 values B 0.06 mg/l. This robust
in vitro activity combined with the almost
superimposable PK profiles and optimized dos-
ing of 2 g Q8h as a 3-h infusion provides mer-
openem-vaborbactam with potent bactericidal
activity and a high threshold for resistance
development. The pre-clinical in vitro and
in vivo pharmacodynamic (PD) data support
this optimized combination and have advanced
our understanding of the mechanism of action
and PK/PD index of efficacy for b-lactamase
inhibitors.

The hollow fiber infection model (HFIM) is
the premier in vitro model for studying the PD
of antimicrobial agents, as it allows for simula-
tion of human PK profiles, precise determina-
tion of exposure-response relationships, and
long simulated durations of therapy. Mer-
openem-vaborbactam has been evaluated in

several HFIM experiments, the first of which
examined its activity against 17 meropenem-
resistant Enterobacteriaceae isolates (1 Escherichia
coli, 3 Enterobacter cloacae, 13 Klebsiella pneumo-
niae) [30], 10 of which were susceptible to the
combination and 7 non-susceptible. Multiple
dosage regimens based on the phase 1 PK data
were simulated, including the approved dose of
4 g Q8h as a 3-h infusion. This simulated dosing
regimen provided meropenem concentrations[
8 mg/l and 16 mg/l for 75% and 40–50% of the
dosing interval, respectively, and a vaborbactam
AUC of 317 mg�h/l. Over the course of the 32-h
HFIM experiment, this simulated dosing regi-
men produced bactericidal activity [6
log10 CFU/ml decrease from the starting inocu-
lum (108 CFU/ml)] and suppressed the devel-
opment of resistance for all strains with MICs
up to 8 mg/l, regardless of bacterial species or
mechanisms of resistance.

The same dosing regimen was further vali-
dated in a tandem, in vitro HFIM/in vivo neu-
tropenic mouse thigh infection model
experiment [31]. In this study, 13 strains of K.
pneumoniae, 3 E. cloacae, and 1 E. coli clinical
isolate were evaluated in the HFIM, and 4 clin-
ical K. pneumoniae and 1 E. cloacae were inclu-
ded in the neutropenic thigh model. The
studied pathogens all produced either KPC-2 or
KPC-3 with or without mutations in the omp-
k35 or ompk36 porin channels and had a range
of phenotypic susceptibility to meropenem-
vaborbactam (MIC range B 0.06–64 mg/l).
Notably in the murine thigh infection model,
the PK/PD index that best correlated with bac-
terial kill was the ratio of the 24-h free vabor-
bactam AUC/meropenem-vaborbactam MIC
(R2 = 0.70; Fig. 5), and the thresholds required
for bacteriostasis, 1 log, and 2 log reduction in
CFU/thigh were 9, 38, and 220, respectively.
This index was also supported by the HFIM
model, which demonstrated thresholds of 12,
18, and 25 required for stasis, 1 log, and 2 log
kill, respectively. As our understanding of the
mechanism of action and PD parameters that
govern BLI continues to improve, it is crucial
that each newly developed BLI undergo a thor-
ough PK/PD evaluation in combination with
several potential BL agents of interest in order
to establish the PK/PD driver of efficacy and
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determine thresholds for bactericidality and
suppression of resistance for that specific BL-BLI
combination. This is highlighted by the discor-
dance in PK/PD drivers observed for avibactam
compared to vaborbactam and relebactam [32]
despite their similar spectrums of activity and
may contribute, in part, to the emergence of
resistance observed, albeit infrequently, during
clinical use of ceftazidime-avibactam [33]. As
use of meropenem-vaborbactam increases,
future real-world clinical outcomes data will
help determine if these PK/PD advantages
translate into improved outcomes for these
difficult-to-treat infections.

As meropenem-vaborbactam was to be stud-
ied in patients with cUTI and AP in the phase 3
trial, a murine model of pyelonephritis was
performed to evaluate its activity against CRE
[34]. Two KPC-producing strains of K. pneumo-
niae and one E. coli were utilized, all of which
had MICs to meropenem-vaborbactam
of B 0.06 mg/l. A total of 16 mice were infected
via transurethral inoculation, which established
confirmed pyelonephritis with average starting

bacterial titers of * 3–7 log CFU/kidney. Mer-
openem-vaborbactam at the human simulated
dose of 4 g Q8h as a 3-h infusion significantly
reduced kidney bacterial titers by 1–2 log CFU
compared to untreated controls and to mer-
openem alone. In addition to cUTI, the efficacy
of meropenem-vaborbactam was established in
a mouse lung infection model to help support
its use in the phase 3 HABP/VABP and CRE trials
[35]. In this study, 2 KPC-producing K. pneu-
moniae clinical isolates were utilized with MICs
to meropenem-vaborbactam of B 0.06, and the
dosing was designed to simulate the 4 g Q8h as
a 3-h infusion dose established in humans.
Similar to the thigh infection model, mer-
openem alone had no activity against either
strain and allowed 0.3–1 log CFU of bacterial
growth, while the combination of meropenem-
vaborbactam achieved 1.8–2.9 log CFU killing
against both strains.

In addition to KPC-producing Enterobacte-
riaceae, the fixed 4 g Q8h as a 3-h infusion dose
of meropenem-vaborbactam has been evaluated
in an in vivo neutropenic mouse thigh model

Fig. 5 PK/PD driver of efficacy for meropenem-vaborbactam against five clinical CRE strains in the neutropenic mouse
thigh infection model. Reprinted with permission from [31]
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against six clinical strains of P. aeruginosa and 3
Acinetobacter baumannii [36]. Unlike for Enter-
obacteriaceae, the addition of vaborbactam to
meropenem did not decrease the MIC for these
non-fermenting strains, and MICs ranged from
2 to 8 mg/l. Against P. aeruginosa, meropenem-
vaborbactam produced[ 1.5 log reductions in
CFU/thigh and was significantly more effective
than meropenem alone for 50% of strains.
Against A. baumannii, bacterial killing was
nearly identical between meropenem alone and
meropenem-vaborbactam, with both producing
2–4 log reductions in CFU/thigh. Importantly,
despite the lack of established breakpoints for
non-Enterobacteriaceae species, meropenem-
vaborbactam achieved at least a 1 log reduction
in CFU/thigh against seven of the nine strains
tested, despite having MICs up to 16 mg/l.
Additionally, meropenem-vaborbactam was
more active than meropenem alone against the
six P. aeruginosa strains despite having the same
MIC, suggesting vaborbactam may inhibit a b-
lactamase induced after exposure to
meropenem.

Combining the available PK and PD data,
Bhavnani et al. investigated the probability of
target attainment (PTA) of the 4 g Q8h as a 3-h
infusion dose of meropenem-vaborbactam
using data from the multicenter phase 3 cUTI
study [37]. This included data from 175 micro-
biologically evaluable patients, of which 154
patients had an Enterobacteriaceae-confirmed
isolate at baseline. High percentages of suc-
cessful response were observed across study
visits (93–100% clinical response; 76.3–100%
microbiologic response; 79–100% overall
response). A pre-clinical, free-drug plasma mer-
openem %T[MIC target C 45% was achieved
by 96.6% and 98.7% of all patients with cUTI
and in the subset with Enterobacteriaceae,
respectively. Over 90% of all patients with an
Enterobactericeae cUTI at baseline achieved free-
drug meropenem %T[MIC of 100% and a
median (min–max), day 1, free-drug vaborbac-
tam AUC:meropenem-vaborbactam MIC ratio
of 7567 (17.24–26,033), given that the baseline
meropenem-vaborbactam MIC90

was B 0.06 mg/l. Of the three patients with
KPC-producing Enterobacteriaceae, all achieved
100% T[MIC and a free drug plasma

vaborbactam AUC:MIC of C 2252, far exceed-
ing the necessary threshold determined in pre-
clinical in vitro and in vivo evaluations [37].
Conversely, of the four non-KPC-producing
carbapenem-resistant pathogens with mer-
openem-vaborbactam MICs C 32 mg/l isolated
from three patients with AP, the day 1 free-drug
vaborbactam AUC:meropenem-vaborbactam
MIC ratio stasis target of nine, established in the
murine thigh infection model, was achieved
against only two of four isolates, although all
three patients ultimately achieved a successful
clinical response. In concordance with the high
rates of PK/PD PTA observed in the cUTI trial,
none of the 25 patients who received mer-
openem-vaborbactam monotherapy in the CRE
trial developed resistance during the study per-
iod [8], although this requires continued
surveillance during use outside the clinical trial
setting.

DISCUSSION AND CONCLUSION

CRE continue to threaten our remaining
antibiotic armamentarium and contribute to
excess morbidity, mortality, and healthcare
costs. Fortunately, several new BL/BLI agents are
now available to combat these CRE infections,
including meropenem-vaborbactam. Vaborbac-
tam was designed specifically to inhibit the KPC
enzyme and to be combined with a carbapenem
intrinsically stable to other class A b-lactamases.
Meropenem demonstrated potent in vitro
activity when combined with vaborbactam and
their concentration-time PK profiles were anal-
ogous. The PK/PD of the combination was then
rationally optimized to be delivered as a high-
dose, extended-infusion regimen to maximize
efficacy and minimize the development of
resistance. Pre-clinical in vitro and in vivo PK/
PD data provide initial evidence of this suc-
cessful optimization, with meropenem-vabor-
bactam demonstrating low MIC50/MIC90 values
against KPC-producing Enterobacteriaceae and
correspondingly high % PTA. Phase 1 PK trials
of vaborbactam alone and in combination with
meropenem confirmed the comparable PK
parameters, including in subjects with renal
impairment and in target extravascular body
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sites like the pulmonary ELF. Together, these PK
and PD data were used to justify the 4 g Q8h as a
3-h infusion dosing scheme used in the two
phase 3 clinical trials, which solidified the effi-
cacy and safety of meropenem-vaborbactam for
patients with cUTI or AP and showed promise in
a cohort of those with serious CRE infections.

The development program for vaborbactam
can serve as an example for how to rationally
design a BLI for a specific resistance mechanism
and optimally combine it with a BL that com-
plements its in vitro activity and PK profile. A
deep understanding and appreciation of the
importance of optimizing PK/PD parameters
when treating multidrug-resistant gram-nega-
tive infections was apparent during the devel-
opment of meropenem-vaborbactam as
evidenced by the wealth of robust pre-clinical
and clinical PK and PD data available. These
data along with efficacy in phase 3 trials sup-
ported the approval of meropenem-vaborbac-
tam, and the focus on PK/PD optimization
during the developmental process will hope-
fully extend its lifespan as a viable treatment
option for KPC-producing CRE infections.
Future post-marketing studies should help
establish its specific place in therapy by con-
tinuing to investigate novel mechanisms of
resistance, PK/PD properties in extravascular
body sites beyond urine and ELF and efficacy in
special patient populations.
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