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Abstract: As antimicrobial resistance continues to grow, one of the biggest threats includes
the members of the Enterobacterales order presenting with carbapenem resistance (CRE).
Meropenem-vaborbactam, along with other beta-lactam/beta-lactamase agents, has been
developed to help combat this growing concern and is currently approved to treat compli-
cated urinary tract infections (cUTI), as well as acute pyelonephritis (AP), in the USA.
Vaborbactam is a novel beta-lactamase inhibitor designed specifically to optimize and restore
the activity of meropenem against resistant Enterobacterales. Vaborbactam inhibits a number
of beta-lactamases, including in vitro activity against extended-spectrum beta-lactamases
(ESBL) and the Klebsiella pneumoniae carbapenemase (KPC) group. KPC represents one of
the most clinically relevant carbapenemase in the USA, accounting for the majority of
carbapenemase-producing CRE. Meropenem-vaborbactam has been studied in the two
Phase 3, noninferiority trials, TANGO I and TANGO II. TANGO I compared meropenem-
vaborbactam against piperacillin-tazobactam in patients with cUTIs and was found to be
noninferior for overall success and microbial eradication. TANGO II expanded to other
disease states (bacteremia, hospital-acquired/ventilator-associated bacterial pneumonia
[HAP/VAP], complicated intra-abdominal infection [cIAI], cUTI/AP) and was found to be
noninferior against best available therapy (BAT) with respect to clinical cure at the end of
treatment and the test of cure. Meropenem-vaborbactam maintained the established safety
profile of meropenem alone, with headache as the most common adverse event in both phase
3 studies. Overall, clinical efficacy has been demonstrated and suggests the use of merope-
nem-vaborbactam for the treatment of cUTI is an option.
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Introduction

In the era of significant antimicrobial resistance spanning across the globe, the
human species is in a constant arms race against microbes as they continue to
develop mechanisms to routinely render our therapies ineffective." One of the most
common bacterial infections whose etiology stems from resistant organisms is the
urinary tract infection (UTI).? These infections are commonly treated in sympto-
matic patients with a range of antibiotics including cephalosporins, aminoglyco-
sides, fluoroquinolones and carbapenems.” Many institutions rely upon local
susceptibility data to empirically select an appropriate agent, yet with the emer-
gence of increasingly resistant organisms, that is oftentimes a broader agent such as
a carbapenem.” As the widespread use of broad-spectrum agents continues, organ-
isms commonly causing UTIs, such as the Enterobacterales, develop resistance.’
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As the first carbapenem/beta-lactamase inhibitor com-
bination, meropenem-vaborbactam finds its utility in this
era.® It offers an antibacterial choice with a broad spec-
trum of activity, rendering some of the most resistant
organisms inactive.° Meropenem-vaborbactam is cur-
rently indicated for adult patients (> 18 years of age)
with complicated urinary tract infections (cUTI) includ-
ing pyelonephritis caused by Escherichia coli, Klebsiella
pneumoniae, and Enterobacter cloacae species complex
when susceptible.” The introduction of the novel beta-
lactamase inhibitor vaborbactam to the already US Food
and Drug Administration (FDA)-approved carbapenem,
reduced the MIC for

K. pneumoniae carbapenemase (KPC) producing strains

meropenem,  significantly
of Enterobacterales when studied in vitro.® This is pro-
mising data as KPC-producing organisms are a common
threat across many institutions, with few treatment
options currently available as recognized by the Centers
for Disease Control and Prevention as well as the World
Health Organization.® With this expansion of coverage to
the original carbapenem, there are still notable excep-
tions to other organisms already harboring carbapenem
resistance including carbapenem-resistant Acinetobacter
Pseudomonas and

baumannii, aeruginosa,

Stenotrophomonas maltophilia.” The purpose of this
review is to evaluate the evidence to date for the treat-
ment of urinary tract infections with meropenem-

vaborbactam.

Search Strategy/Methods

A literature search was conducted on MEDLINE and
PubMed from 1950 to January 2021 using the following
terms: Vabomere OR (meropenem OR RPX-2014) OR
(vaborbactam OR RPX-7009) AND (complicated urinary
tract infection OR acute pyelonephritis). A search was also
conducted for abstracts and posters at the following pro-
fessional conferences: European Congress of Clinical
Microbiology and Infectious Diseases (ECCMID),
IDWeek, American Society for Microbiology (ASM)
Microbe, and Making a Difference in Infectious Diseases
(MAD-ID). The literature was limited to English language
studies that described clinical efficacy, safety, in vitro
activity, pharmacokinetics and pharmacodynamics.
Literature on Phase 1 and Phase 2 studies, case reports
and those with no data representing cUTI patient popula-
tion were not included. There were 150 results identified

of which 91 were excluded with above criteria.

Mechanism of Action

Meropenem binds to penicillin-binding proteins (PBPs),
which prevents bacterial transpeptidation of peptidogly-
can, which ultimately inhibits cell wall synthesis.'®'" Its
highest binding affinity is for PBP2 followed by PBP3 in
E. coli and P. aeruginosa, and to PBP1 in Staphylococcus
aureus.'*"> Meropenem remains stable against most beta-
lactamases from Gram-negative or Gram-positive organ-
isms such as penicillinases and cephalosporinases, but is
not stable against carbapenemases.” Vaborbactam forms
a reversible, covalent bond between its boronate moiety
and the catalytic serine in serine beta-lactamases, and its
affinity is highest for serine carbapenemases in Amber
class A and C.'"* With this bond, vaborbactam protects
meropenem from hydrolysis by these enzymes.

In vitro Activity

The combination of meropenem and vaborbactam has
shown in vitro activity against Citrobacter freundii,
Citrobacter koseri, E. cloacae species complex, E. coli,
Klebsiella  oxytoca,
Spp-»
Proteus mirabilis, Providencia spp., P. aeruginosa, and

E. aerogenes, K. pneumoniae,

Morganella morganii, indole-positive Protecae
Serratia marcescens, but not against A. baumannii or
S. maltophilia.”

The spectrum of vaborbactam’s beta-lactamase inhibi-
tion was determined with a panel of engineered E. coli and
K. pneumoniae isolates that produced Amber class A-D
enzymes.'> The E. coli strains expressing class A ESBLs
(SHV, TEM, CTX-M) or class C enzymes (DHA, MIR,
FOX, CMY, AmpC) had similar meropenem susceptibility
to a control strain without beta-lactamase expression (MIC
<0.03 ng/mL). The addition of vaborbactam 4 pg/mL
lowered the meropenem MICs in strains producing class
A carbapenemases KPC-2/3 (2 pg/mL), SME-2 (16 ug/
mL) and NMC-A (1 pg/mL) down to the MICs of the
control strain (<0.03 pg/mL), but did not decrease mero-
penem MICs in strains expressing class B VIM-1 (1 ug/
mL) and NDM-1 (16 pg/mL) or class D OXA-48 (0.125
pg/mL) carbapenemases. In K. pneumoniae strains without
strains that produced KPC-2/3
showed increased meropenem MICs (0.5 pg/mL), which

permeability defects,

the addition of vaborbactam 4 pg/mL decreased (<0.06 pg/
mL). In K. pneumoniae strains with permeability defects,
all strains expressing beta-lactamase had an increase in
meropenem MIC, most notably in strains producing
KPC-2/3 and OXA-48 with a 128-fold increase in MIC
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(64 pg/mL). The addition of vaborbactam 4 pug/mL low-
ered meropenem MICs in most trains including those
producing KPC enzymes (2 pg/mL) but did not decrease
the MIC in the strain producing OXA-48 (64 pg/mL).
The
Enterobacterales with a meropenem susceptibility break-
point of <1 pg/mL (established by the Clinical and
Laboratory Standards Institute, CLSI) increased from
2.2% to 93.7% with the addition of vaborbactam 8 pg/
mL in an in vitro study of 315 isolates of genetic diversity
from 2000 to 2013 and multiple countries.'® Of the 315
isolates, 308 were KPC-producers, and the addition of

percent of carbapenemase-producing

vaborbactam 8 pg/mL increased the proportion of isolates
inhibited at the <1 pug/mL meropenem CLSI susceptibility
breakpoint from 0.5% to 93.3% in 208 K. pneumoniae,
from 19% to 100% in 21 E. coli, from 0% to 100% in 14
Klebsiella oxytoca, and 0% to 100% in 12 Citrobacter
freundii.

One of the largest in vitro studies assessed the activity
10,426
Enterobacterales collected in 2014 from 31 countries.”

of meropenem-vaborbactam against
Meropenem alone inhibited 97.3% of isolates at <1 pg/
mL, and 99.1% were inhibited with the addition of vabor-
bactam 8 pg/mL. The MIC5¢/MICyy was 16/>32 pg/mL in
265 carbapenem-resistant Enterobacterales (CRE), 0.06/32
pg/mL in 1210 multi-drug resistant (MDR) isolates, and
0.5/32 pg/mL in 161 extensively drug-resistant (XDR)
isolates with meropenem alone. These MIC5¢/MICy,
decreased with the addition of vaborbactam to 0.5/32 ug/
mL in CRE, 0.03/1 pug/mL in MDR, and remained similar
(0.5/32 pg/mL) in XDR isolates. In this study, it was also
observed that the addition of vaborbactam did not enhance
meropenem activity against isolates producing Amber
class B metallo-beta-lactamases or class D oxacillinases.
An in vitro analysis of 4500 isolates from New York
City hospital between 2013 and 2014 demonstrated that
the addition of vaborbactam 8 pg/mL increased the percent
of meropenem-susceptible isolates at the <1 pg/mL CLSI
susceptibility breakpoint as follows: 99.9% of 2770 E. coli
to 100%; 96.7% of 211 Enterobacter spp. to 100%; and
88% of 894 K. pneumoniae to 99.8%.'" In contrast, the
number of isolates to experience a >4-fold decrease in
meropenem MIC was observed only in 2/84 meropenem-
resistant A. baumannii and in 6/98 meropenem-resistant
P aeruginosa, possibly due to resistance other than KPC

production.
An in vitro study of 991 KPC-producing
Enterobacterales from global surveillance collected

between 2014 and 2015, and demonstrated a decrease in
meropenem MICs, and MICgy, from 32 and >32 pg/mL to
0.06 and 1 pg/mL, respectively, after the addition of
vaborbactam 8 pg/mL.>® The broadest meropenem-
vaborbactam  MIC
K. pneumoniae (<0.03 to >32 pg/mL) and S. marcescens

ranges were observed for
(<0.03 to 2 pg/mL) isolates compared to the other
Enterobacterales species in this study. There were no dif-
ferences in meropenem-vaborbactam activity based on
KPC type or in ESBL or AmpC co-producers, and of the
KPC isolates that only co-produced ESBL CTX-M and/or
SHV, 99.1% (343/346) were susceptible to meropenem-
vaborbactam by the <4 pg/mL FDA criteria at the time.

An in vitro study of 9295 Enterobacterales collected in
2016 and 2017 from hospitals in the United States deter-
mined that the proportion of isolates inhibited at an FDA-
established (at the time) meropenem/vaborbactam suscept-
ibility breakpoint of <4/8 pg/mL was 98.8% with merope-
nem alone and >99.9% with meropenem-vaborbactam.'®
In the case of 105 carbapenem-resistant organisms (53
K. pneumoniae, 19 E. cloacae, 9 S. marcescens), merope-
nem alone inhibited 3.8% of isolates, but meropenem-
vaborbactam inhibited 99.0%.

An in vitro analysis of 6846 Enterobacterales from 40
European hospitals collected from 2014 to 2019 in patients
with pneumonia observed the following proportions of
meropenem-susceptible isolates (CLSI criteria) with mer-
openem alone vs in combination with vaborbactam,
respectively: 94.5% vs 97.% in 6846 Enterobacterales;
75.7% vs 89.5% in 1368 ESBL-phenotype isolates;
98.6% vs 100% in 1045 non-carbapenem-resistant ESBL
isolates; 3.6% vs 56.6% in 362 CRE; 0% vs 100% in
KPC-producing isolates; and 6.4% vs 21% in 157 isolates
with metallo-beta-lactamases (50 NDM, 14 VM) or OXA-
48 carbapenemases.'”

An analysis of 130 K. pneumoniae ST258 from
a surveillance system around the world, a common carba-
penemase-producing type that is frequently associated
with outbreaks, showed meropenem susceptibility (CLSI)
in 23.1% of isolates, but increased to 99.2% with the
addition of vaborbactam 8 pg/mL.?° In this analysis, 98
isolates exhibited KPC production, with the most common
carbapenemases being KPC-2 in 73 isolates followed by
KPC-3 in 25.

An in vitro comparison of beta-lactam inhibitors,
including vaborbactam, tazobactam and clavulanic acid,
assessed their ability to restore the activity of aztreonam,
carbenicillin, ceftazidime and meropenem in isogenic
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strains of P. aeruginosa that expressed Amber class
A serine carbapenemases BKC-1 and FRI-1.2' Only the
addition of vaborbactam 4 pg/mL demonstrated a decrease
in meropenem MIC in these strains producing BKC-1 and
FRI-1 enzymes. Vaborbactam also decreased MICs for
aztreonam, carbenicillin and ceftazidime.

In order to determine the concentrations of meropenem
and vaborbactam needed to prevent the selection of single-
step mutations and characterize any selected mutations, 18
strains of KPC-producing K. pneumoniae with meropenem
MIC values ranging from <0.06 to 32 pg/mL were
assessed in vitro.”” With a resistance mutation frequency
of <1 x 10°® as the threshold for reduced mutant selection,
14/18 this threshold at
a concentration of meropenem 8 pg/mL and vaborbactam

isolates remained under
8 ng/mL, and the remaining 4 isolates were able to remain
under this threshold by increasing the meropenem concen-
tration to 16 pg/mL and vaborbactam remaining at 8
pg/mL.

The in vitro activity of meropenem-vaborbactam was
assessed as the MIC and minimum bactericidal concentra-
tion (MBC) in the presence of various concentrations of
bovine-derived lung surfactant in 12 KPC-producing

cloacae, 1
23

organisms: 7 K. pneumoniae, 1 E.
S. marcescens, 2 P. aeruginosa, and 1 A. baumannii.
Both the MIC and MBC of meropenem alone ranged
from 16 to >256 ucg/mL, and from 0.015 to 8 pg/mL
when in combination with vaborbactam, either in the pre-
sence or absence of surfactant. In this study, activity of
meropenem alone or with vaborbactam was not affected
when tested with lung surfactant.

Susceptibility criteria for Enterobacterales based on
a regimen of meropenem 2 g and vaborbactam 2
g infused over 3 hr every 8 hr have been established for
MIC values (meropenem/vaborbactam) and for disc diffu-
sion zone of inhibition diameters as follows: susceptible
with MIC < 4/8 pg/mL or >18 mm; intermediate with MIC
8/8 pg/mL or 15-17 mm; and resistant with MIC > 16/8

pg/mL or <14 mm.**

Pharmacokinetics and Metabolism

In 295 patients receiving meropenem 2 g and vaborbactam 2
g infused over 3 hr every 8 hr (dose-adjusted for renal
function in 35 patients), the mean maximum plasma con-
centration (C,.x) values for meropenem and vaborbactam
were 57.3 and 71.3 pg/mL, the AUC values from time 0 to
hour24 (AUC, »4) were 650 and 835 pg ¢ h/mL at steady
state, the volume of distribution at steady state (V) 20.2

L and 18.6 L, and half-life (t;,) 2.3 h and 2.25 h,
respectively.” These parameters are summarized in Table 1.

In healthy adults receiving meropenem 2 g and vabor-
bactam 2 infused over 3 hr every 8 hr for 7 days, pharma-
cokinetic parameters were estimated.®* After a single
dose, the parameters for meropenem and vaborbactam
ranged as follows: C.x 45.7-48.83 pg/mL and 50.1-
51.66 pg/mL; AUC from 0 to infinity (AUC,..) was
139.3-142.55 pg * h/mL and 165.3-170.44 pg * h/mL;
Vs was 21.70-21.75 L and 21.84-22.0 L; t;,, was 1.3—
1.5 hr and 1.90-1.98 hr, respectively. Also in healthy
adults, after multiple doses, the parameters for meropenem
and vaborbactam were as follows: C,,, 42.5-43.35 pg/mL
and 54.7-55.61 pg/mL; AUC,.,, was 137.71 pg « h/mL
and 190.43 pg * h/mL; Vi was 20.8-21.0 L and 17.5-19.3
L; ty, was 1.07-1.2 h and 1.37-1.6 h, respectively.

The plasma protein binding is close to 2% for mero-
penem and 33% for vaborbactam.”*® In healthy adults
who received meropenem 2 g and vaborbactam 2
g infused over 3 h for 3 doses, the epithelial lining fluid
penetration relative to unbound plasma concentration was
65% for meropenem and 79% for vaborbactam, and alveo-
lar macrophage concentrations were only detected for
vaborbactam (2.28 to 6.94 pg/mL).*’

Meropenem is hydrolyzed to an inactive metabolite
at about 22% of the dose eliminated in the urine, and
vaborbactam does not undergo metabolism.” Both mer-
openem (40-60%) and vaborbactam (75-95%) are
mainly renally excreted as unchanged drug within 24—
48 h. No drug—drug interactions with meropenem or
vaborbactam were seen in clinical trials with healthy
adults, but since meropenem is a substrate of the organic
anion transporters (OAT) 1 and 3, an increase in sys-
temic exposure and half-life with concomitant OAT
inhibitors such as probenecid is expected. Additionally,
meropenem is associated with a reduction in serum
valproic acid concentrations that can lead to loss of
seizure control, for which anticonvulsant therapeutic
should be
considered.?® 32 Based on in vitro data, vaborbactam is
not an inhibitor of CYP1A2, CYP2B6, CYP2BS,
CYP2C9, CYP2C19, CYP2D6, CYP3A4, OATI,
OAT3, OATP1B1, OATPI1B3, organic cation transporter
(OCT) 1,
(BCRP), or P-glycoprotein (P-gp), and is not an inducer
of CYP1A2, CYP2B6, or CYP3A4.” Vaborbactam is not
a substrate of OAT1, OAT3, OCT2, BCRP, or P—gp.7

drug monitor and/or supplementation

OCT2, breast cancer resistance protein
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Table | In vitro Activity of Varying Meropenem Concentrations Combined with Vaborbactam 8 pg/mL Against Common Gram-
Negative Organisms in Different Analyses: Multiple Countries, 20 I4;9 Multiple Countries, 2000201 3;'6 New York City, 201 3—20I4;I7
Multiple Countries, 2014-2015;%8 US, 2016;>® Multiple Countries 2016-2019%°

Organism MICs (ug/mL) MICyo (ug/mL) MIC Range (ug/mL)
Escherichia coli® <0.015 <0.015 <0.015 to 32
Escherichia coli®® <0015 0.03 <0.015 to |
KPC-producing E. coli'® <0.06 <0.06 <0.06
KPC-producing E. coli®® <0.03 <0.03 <0.03 to 0.12
Klebsiella pneumoniae9 0.03 0.12 <0.015 to >32
Klebsiella pneumnoniae®’ 0.03 0.03 <0.015 to 2
KPC-producing K. pneumoniae'® <0.06 | <0.06 to >64
KPC-producing K. pneumoniae'” 0.03 0.5 <0.004 to 264
KPC-producing K. pneumoniae®® 0.12 | <0.03 to >32
K. pneumoniae ST258%° 0.06 I <0.015 to 4
Klebsiella oxytoca’ 0.03 0.03 <0.015 to 16
KPC-producing K. oxytoca'® <0.06 0.5 <0.06 to 2
KPC-producing K. oxytoca®® <0.03 0.25 <0.03 to 0.25
Enterobacter cloacae spp. complex’ <0.015 0.03 <0.015t0 8
KPC-producing E. cloacae spp. complex”® <0.03 0.12 <0.03 to 0.12
Enterobacter aerogenes’ 0.03 0.03 <0.015to 2
Citrobacter freundii spp. complex’ <0.015 0.03 <0.015to 8
KPC-producing Citrobacter freundii (not spp. complex)'® <0.06 0.12 <0.06 to 0.25
KPC-producing Citrobacter spp. (including C. freundii and C. koseri)®® <0.03 0.06 <0.03 to 0.12
Citrobacter koseri (not KPC-producing)’ <0.015 0.03 <0.015 to 0.03
Proteus mirabilis’ 0.06 0.12 <0.015 to |
Indole-positive Proteeae spp.’ 0.06 0.06 <0.015 to >32
Serratia marcescens’ 0.03 0.06 <0.015 to 32
KPC-producing S. marcescens®® 0.06 | <0.03 to 2
Pseudomonas aeruginosa’ 0.5 8 <0.015 to >32
Carbapenem-R P. aeruginosa'” 8 32 0.25 to 64
Acinetobacter spp. (including A. baumannii)’ 32 >32 0.03 to >32
Carbapenem-R A. baumannii'’ 32 64 | to >64
Stenotrophomonas maltophilia9 >32 >32 <0.015 to >32
All Enterobacterales® 0.03 0.06 <0.05 to 4
All CR Enterobacterales®® 0.03 [ <0.05 to 4
All KPC-producing Enterobacterales’ 0.12 0.5 <0.015to 8
(Continued)
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Table | (Continued).

Organism MIC;, (ug/mL) MICy (ug/mL) MIC Range (ug/mL)
All KPC-producing Enterobacterales® 0.03 I <0.015 to 2

All OXA-48-like-producing Enterobacterales’ 16 >32 0.5 to >32

All MBL-producing Enterobacterales’ 32 >32 | to 32

Abbreviations: KPC, Klebsiella pneumoniae carbapenemase; MBL, metallo-B-lactamase; MICso, minimum inhibitory concentration to inhibit 50% of isolates; MICgp, minimum
inhibitory concentration to inhibit 90% of isolates; OXA-48, oxacillinase-48; R, resistant; CR, carbapenem-resistant.

Pharmacodynamics

The percent of time the unbound concentration remains
above the MIC (%/T > MIC) is associated with merope-
nem activity, with a goal of 20% for bacteriostatic activ-
ity and 40% for bactericidal activity.>* 3¢ For
vaborbactam, the 24 h unbound AUC (fAUCj.,4) of
vaborbactam-to-meropenem/vaborbactam  MIC  ratio
describes its effect when administered with meropenem
the best.”” Both in vitro and in vivo models demonstrated

that pharmacokinetic and pharmacodynamic parameters

correlated with bactericidal activity and suppression of
resistance are attained with simulated human doses of
meropenem 2 g and vaborbactam 2 g infused over 3 hr
every 8 hr.***° In Monte Carlo simulations, meropenem-
vaborbactam doses adjusted to varying degrees of renal
impairment (see Table 2 for dosing) with MIC values of
8/8 png/mL,
pharmacodynamic target attainment were >90% for
KPC-producers)

the probabilities of pharmacokinetic-

Enterobacterales and

40

(including

P. aeruginosa.

Table 2 Dosing and Pharmacokinetic Parameters of MeropenemNaborbactam7'26

eGFR (mL/min/1.73 m?)

Recommended Dosing in Adults =18 Years of Age

250 2 vials (meropenem 2 g /vaborbactam 2 g) IV infused over 3 h every 8 h up to 14
days

30 to 49 | vial (meropenem | g /vaborbactam | g) IV infused over 3 h every 8 h

15 to 29 | vial (meropenem | g /vaborbactam | g) IV infused over 3 h every 12 h

Less than 15 0.5 vial (meropenem 0.5 g /vaborbactam 0.5 g) IV infused over 3 h every 12 h

How supplied Vial with sterile powder for constitution containing | g of meropenem, | g or
vaborbactam, and 0.575 g of sodium carbonate

Pharmacokinetic parameter in patients, mean £ SD | Meropenem Vaborbactam

Crnax (ug/mL) 57.3£23.0 71.3 £286

AUC_,4, steady state (ug * h/mL) 650 * 364 835 + 508

Cly (L/h) 10.5 + 6.4 795 %43

Vs (L) 20.2 18.6

ti2 (h) 230 £25 225+ 2.1

Plasma protein binding 2% 33%

Excretion 40-60% unchanged in urine 75-95% unchanged in urine
22% hydrolyzed metabolite in urine

Abbreviations: eGFR, estimated glomerular filtration rate; C,,x, maximum concentration in plasma; AUCy_.., area under the curve from time 0 extrapolated to infinity;

Cly, total systemic clearance; Vg, volume of distribution at steady state; t/, half-life.
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Therapeutic Efficacy in
Complicated Urinary Tract
Infections

Tango |

The phase 3, international, double-blind, randomized
Non-
Susceptible Gram-Negative Organisms (TANGO I) was

clinical trial termed Targeting Antibiotic
a head-to-head analysis on the effect of meropenem-
vaborbactam vs piperacillin-tazobactam in patients with
complicated urinary tract infections.*' The objective of
this study was to assess the efficacy of meropenem/
vaborbactam in subjects with cUTI including AP.
with
a documented or suspected cUTI or AP, 185 kg or

Patients included were >18 years of age
less, and needing at least 5 days of antibiotics. Patients
were excluded from the trial if they required either an
antibiotic in addition to meropenem-vaborbactam or
antifungal therapy. They were also excluded if they
had received an antibiotic within 48 hr prior to rando-
mization (a single dose of short acting oral or intrave-
nous antibiotic was allowed) and had an estimated
creatinine clearance <30 mL/min. Patients receiving
more than 48 hr of an antibiotic could still be enrolled
if they failed treatment or if further developed cUTI
or AP.

The investigators in TANGO 1 defined cUTI and AP
based on the FDA criteria.*'** Indwelling catheters were
removed or replaced within 12 hr of randomization if
possible. With 550 patients being randomized (274 rando-
mized to receive meropenem-vaborbactam and 276 rando-
this
noninferiority trial set a margin of —15% when comparing
the two. This trial set out to satisfy both the FDA as well

as the European Medicines Agency (EMA) criteria for

mized to receive piperacillin-tazobactam),

approval.***
The primary endpoint per the FDA was defined as the

overall success as a composite outcome of clinical cure
(complete resolution or significant improvement of base-
line signs and symptoms of cUTI or AP) and microbial
eradication (baseline pathogens reduced to <10* Colony
Forming Units (CFU)/mL of urine) at end of intravenous
treatment in the microbiologic modified intent-to-treat
(m-MITT) population.*’ The primary endpoint per the
EMA was defined as microbial eradication (baseline patho-
gens reduced to <10 CFU/mL of urine) at a test-of-cure
visit in the m-MITT and microbiologic evaluable popula-
tions (ME).

Randomization was 1:1, went by geographic region
(North America, Europe, Asia Pacific and the rest of the
world) and type of infection (AP, cUTI with removable
focus, and cUTI with non-removable focus).*' Patients in
the meropenem-vaborbactam arm of the study received 2
g/2 g via 3-hour intravenous infusion every 8 hr, while
patients in the piperacillin-tazobactam group received 4 g/
0.5 g over 30 minutes every 8 hr for up to 10 total days of
treatment (receiving at least 5 days of therapy). Patients in
both groups were able to transition to oral therapy with
levofloxacin 500 mg every 24 hr if they had received 15 or
more doses of intravenous therapy and met prespecified
criteria for improvement with respect to fever, urinary
symptoms, nausea, vomiting, abdominal pain. If levoflox-
acin was contraindicated, the patients may have received
trimethoprim-sulfamethoxazole, cefdinir, cefixime or cef-
podoxime. The end of treatment (oral + intravenous) was
evaluated at day 10 unless the patient was bacteremic, and
the test of cure was evaluated from day 15 up to day 19.

The patient population was made up of 60 different
sites from 17 countries with baseline characteristics with
no significant differences between the two study groups.*!
In patients who received >1 dose of study drug (MITT
population), the mean age was approximately 53 years and
a majority of the patients were female (approximately
66%) and White (approximately 93%). The primary indi-
cation for treatment in the meropenem-vaborbactam group
was AP in 59.2%, and cUTI making up 40.8% of this
The
a similar proportion of patients with AP (59%) and cUTI

population. piperacillin-tazobactam group had
(41%). On average, patients presented with 3.5 symptoms
and the most common baseline pathogen was E. coli in
both groups (65.1% vs 64.3%, respectively) followed by
K. pneumoniae (15.6% vs 15.4%). The mean treatment
duration of intravenous therapy was 8 days in each group.
After intravenous therapy, 93.6% of patients in the mer-
openem-vaborbactam group and 95.1% of those receiving
piperacillin-tazobactam switched to oral levofloxacin with
a total duration of intravenous and oral therapy of approxi-
mately 10 days in each group. Baseline resistance to
meropenem was present in 3/192 (1.6%) of the m-MITT
isolates treated with meropenem-vaborbactam, and base-
line resistance to piperacillin-tazobactam was present in
19/182 (10.4%) of the m-MITT isolates treated with piper-
acillin-tazobactam.*!**

At the end of the study, in the m-MITT population, the
FDA primary endpoint of overall success occurred in
98.4% who

of the patients received meropenem-
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vaborbactam vs 94.0% with piperacillin-tazobactam (dif-
ference of 4.5% [95% CI, 0.7% to 9.1%]; P<0.001 for
noninferiority).*' The EMA endpoint was also met with
microbial eradication in the m-MITT population occurring
in 66.7% of the meropenem-vaborbactam group and
57.7% in the piperacillin-tazobactam group (difference of
9.0% [95% CI, —0.9% to 18.7%]; P<0.001 for noninfer-
iority). Thus, the study met noninferiority when comparing
the two agents. Although the study was not powered to
evaluate secondary endpoints between the two groups, key
secondary endpoints included noninferiority for overall
success, clinical cure, and microbial eradication and are
reported as part of the study publication.*!

Of note are outcomes by pathogen in TANGO I, which
were presented at a conference but were not part of the
peer-reviewed publication.®' Clinical cure rates at end-of-
treatment visit in the m-MITT population for meropenem-
vaborbactam compared to piperacillin-tazobactam were
123/125 (98.4%) vs 110/117 (94.0%) for E. coli; 19/30
(96.7%) vs 28/28 (100.0%) for K. pneumoniae; 6/6
(100.0%) vs 12/12 (100.0%) for P. mirabilis; 10/10
(100.0%) vs 5/5 (100.0%) for E. cloacae species complex;
and 5/5 (100.0%) vs 10/10 (100.0%) for P. aeruginosa.
Microbial eradication rates at the test-of-cure visit, also in
the m-MITT populatio, were 89/125 (71.2%) vs 68/117
(58.1%) for E. coli; 19/30 (63.3%) vs 14/28 (50.0%) for K.
pneumoniae; 3/6 (50.0%) vs 9/12 (75.0%) for P. mirabilis,
9/10 (90.0%) vs 3/5 (60.0%) for E. cloacae species com-
plex; and 5/5 (100.0%) vs 3/10 (30.0%) for P. aeruginosa
in the meropenem-vaborbactam group compared to pipear-
cillin-tazobactam, respectively.

This study demonstrated that when treating patients
with cUTIs, including pyelonephritis, where the pathogen
has been identified, meropenem-vaborbactam resulted in
an improvement or resolution of symptoms and microbial
eradication.*! It is important to note, however, that base-
line resistance to treatment was lower in the meropenem-
vaborbactam arm, which makes the value of vaborbactam
more difficult to ascertain.

Tango |l

After TANGO 1 had established the safety and effective-
ness of meropenem-vaborbactam in cUTI and AP,
researchers sought to expand the use of this agent and
evaluate its effectiveness against the best available therapy
(BAT) for CRE infections. This trial, TANGO 1I, was
a phase 3, multinational, open-label, randomized con-

trolled trial including patients with cUTI, AP, HAP/VAP,

bacteremia or cIAL* For all types of infections, efficacy
endpoints were evaluated for clinical cure at the End of
Treatment (EOT) and Test of Cure (TOC) occurring 7 days
after EOT. Primary efficacy endpoints were also evaluated
for each disease based on FDA guidelines in the micro-
biologic-CRE-modified (mCRE-MITT)
populations. Specifically, for the cUTI/AP subgroup,

intent-to-treat

a composite endpoint of clinical cure and microbiologic
eradication was used at the TOC visit.

Seventy-seven patients were randomized in this trial in
a 2:1 ratio to either meropenem-vaborbactam or BAT
stratified by infection type and region (North America,
Europe, Asia Pacific, rest of world).*> Of note, principal
investigators and staff were not blinded to treatment
assignments, but a blinded adjudication committee was
used to assess clinical outcomes. Patients were included
if >18 years of age, with confirmed or suspected CRE
pathogen requiring >7 days of intravenous therapy.
Suspected CRE pathogen included evidence in culture or
molecular testing within the previous 90 days. Patients
could also be enrolled if the isolated organism was not
susceptible to their initial treatment, if they had received
<24 hr of therapy before enrollment or had clinical dete-
rioration/failure after >48 hr of therapy. Exclusion criteria
consisted of hypersensitivity to beta-lactam antibiotics,
confirmed CRE infection producing New Delhi metallo
(NDM)-, Verona integron-encoded metallo-, imipenemase-
metallo-, or oxacillinase-encoded beta-lactamases. Patients
with Acute Physiology and Chronic Health Evaluation II
(APACHE) score of >30 or immediately life-threatening
disease were excluded along with those on continuous
renal replacement therapy. Patients were included into
the cUTI and AP cohort with similar criteria as those
enrolled in TANGO I.

Patients received meropenem-vaborbactam for 7-14
days of treatment as monotherapy (2 g-2 g) via intravenous
infusion over 3 hr every 8 hr.*> The best available therapy, at
the discretion of the investigator, included monotherapy or
combination of polymyxins, carbapenems, aminoglycosides,
or tigecycline, or monotherapy with ceftazidime-avibactam.
For those with severe renal impairment (estimate creatinine
clearance <50 mL/min), dose modifications were made
based on the study protocol (meropenem-vaborbactam) or
the local institution protocols (BAT).

A total of 32 patients received meropenem-
vaborbactam and 15 received BAT in the mCRE-MITT
population.*’ A total of 16 patients (34.0%) in the study
were treated for cUTI or AP, 12 (37.5%) with meropenem-
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vaborbactam and 4 (26.7%) with BAT. The mean age in
the cohort was 62.5 years and 70.2% of the population had
a creatinine clearance >50 mL/min. The baseline patho-
gens identified in the cUTI/AP population included
K. pneumonia (12/16), E. coli (2/16), E. cloacae sp. (2/
16), P. aeruginosa (1/16).** Overall in the study, 78.7% of
patients were enrolled as confirmed CRE, 72.7% of
K. pneumoniae were KPC producers, and 17% of the
patients were in the intensive care unit (ICU).*

In patients with cUTI/AP in the mCRE-MITT popula-
tion, overall success rates at EOT were numerically higher
among patients who received meropenem—vaborbactam
(75.0% or 9/12) than those who received BAT [75.0%
(50.0% or 2/4); overall success rates at TOC were 33.3%
(4/12) for meropenem—vaborbactam and 50.0% (2/4) for
BAT].* This resulted in relative differences in overall suc-
cess of 50% at EOT and —33.4% at TOC (EOT + 7d), and
absolute differences in overall success of 25% at EOT and
—16.7% at TOC, respectively. Clinical cure rates and micro-
bial cure rates were consistent with overall success rates.*°

A post hoc analysis of patients without prior antimi-
crobial failure in the mCRE-MITT population with all
infection types also showed improved clinical cure and
microbiologic cure rates in patients at EOT and TOC.*’
The meropenem-vaborbactam 28-day all-cause mortality
was 4.3% (1/23) vs 33.3% (5/15) in BAT in this population
without prior antimicrobial failure. However, no 28-day
all-cause mortality has been reported in patients with
cUTI/AP specifically.

Primary endpoints in TANGO 1 are discussed earlier,
and Table 3
TANGO II. There were no other available prospective

summarizes cUTI/AP endpoints from
trials found outside of these phase 3 studies. A case series
of patients with CRE bacteremia treated with meropenem-
vaborbactam described 1/5 patients with UTI as their

infectious source.*® The patient in this case series was
not included in the evaluation of overall clinical efficacy
of meropenem-vaborbactam evaluated in this review.

Safety and Tolerability

During the phase 3 clinical trial TANGO I, patients in the
MITT population receiving meropenem-vaborbactam vs
patients receiving piperacillin-tazobactam experienced
treatment-related adverse events (TAEs) in 15.1% vs
12.8%, TAEs leading to study drug discontinuation were
reported in 2.6% vs 5.1%, TAEs leading to study disconti-
nuation were 1.1% in each arm, and serious AEs (SAEs)
were reported in 4.0% vs 4.4%, respectively.*' The most
frequently reported adverse reactions leading to disconti-
nuation were hypersensitivity (1.1% or 3/272) and infu-
sion-related reactions (0.7% or 2/272).” The most common
side effect in the meropenem-vaborbactam group was
headache (8.8% vs 4.4%) with all instances falling in the
mild to moderate category and no cases of headache lead-
ing to trial disenrollment of a patient. Adverse effects
overall were similar across both treatment groups.

In MITT population of the second phase 3 clinical trial
TANGO II, meropenem-vaborbactam was associated with
fewer TEAEs [84% (42/50) vs 92% (23/25)], severe
TEAEs [24% (12/50) vs 44% (11/25)], and SAEs [34%
(17/50) vs 44% (11/25)] than the
respectively.*> Nephrotoxicity was also associated with

BAT group,

fewer cases in the meropenem-vaborbactam group.
Serum creatinine of>0.5 mg/dL [14.0% (7/50) vs 24.0%
(6/25)] and renal impairment according to RIFLE criteria
[2.1% (1/48) vs 8.3% (2/24)] were less frequent with
meropenem—vaborbactam than with BAT. Of note, side
effects in this study were much higher on a percentage
basis. This is likely attributed to the patients in this study
having a greater severity of illness and a variety of

Table 3 Results from TANGO || Comparing Meropenem 2 g/Vaborbactam 2 g Infused Over 3 Hr Q8h or Adjusted Dose versus Best
Available Therapy for the Treatment of Confirmed CRE Infections in the mCRE-MITT Population in Patients Treated for cUTI or

AP45,46

Absolute Difference Relative Difference

Type of Outcome

Meropenem/Vaborbactam

Best Available Therapy

Overall success at EOT
Overall success at TOC
Clinical cure at EOT
Clinical cure at TOC
Microbial cure at EOT
Microbial cure at TOC

75.0% (9/12)
33.3% (4/12)
72.7% (8/11)
57.1% (417)
72.7% (8/11)
50.0% (4/8)

50.0% (2/4)
50.0% (2/4)
50.0% (2/4)
50.0% (2/4)
50.0% (2/4)
50.0% (2/4)

25.0
—16.7

50
-334

Abbreviations: EOT, end of treatment; TOC, test of cure.
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Table 4 Adverse Reactions in MITT Populations, TANGO | & TANGO [174!4°

TANGO I & 1I TANGO | TANGO II*
Pooled
Adverse Reaction (%) Meropenem- Meropenem- Piperacillin- Meropenem- Best Available
Vaborbactam Vaborbactam Tazobactam Vaborbactam Therapy
(n =322) (n =272) (n =273) (n =50) (n =25)
Headache 24 (7.45) 24 (8.8) 12 (4.40) - -
Phlebitis/Infusion site reaction 11 (3.41) Il (4.0) 5(1.83) - -
Diarrhea 15 (4.66) 9 (3.3) 12 (4.40) 6 (12) 4 (16)
Hypersensitivity 3 (0.93) 3 (1.1 2 (0.73) - -
Nausea 5 (1.55) 5(1.8) 4 (1.47) - -
Alanine aminotransferase 5 (1.55) 5(1.8) 1 (0.37) - -
increased (ALT)
Aspartate aminotransferase 4 (1.24) 4 (1.5) 2 (0.73) - -
increased (AST)
Pyrexia 4 (1.24) 4 (1.5) 2 (0.73) - -
Hypokalemia 8 (2.48) 3(1.1) 4 (1.47) 5 (10) 2 (8)
All Adverse Events 148 (45.96) 106 (39.0) 97 (35.53) 42 (84) 23 (92)
Study Drug Related 53 (16.46) 41 (15.1) 35 (12.82) 12 (24) 11 (44)
Life Threatening 6 (1.86) 3(1L) 0 (0.00) 3 (6) I (4)
All Serious 18 (5.59) 11 (4.0) 12 (4.40) 7 (14) 7 (28)
Deaths 12 (3.72) 2 (0.7) 2 (0.73) 10 (20) 6 (24)
Discontinuation of study drug due 12 (3.72) 7 (2.6) 14 (5.13) 5 (10) 3(12)
to treatment AE

Notes: *TANGO Il did not include headache, phlebitis, hypersensitivity, nausea, ALT, AST, pyrexia.
Abbreviations: MITT, modified intent-to-treat, included patients who received at least | dose of study drug.

comorbidities in comparison to the TANGO 1 population.
The BAT therapy also consisted of regimens including
polymyxins and aminoglycosides, both carrying consider-
able toxicity risk. Adverse events from both TANGO I and
TANGO II are summarized in Table 4.

Clostridioides difficile-associated diarrhea (CDAD)
was noted in one patient in the TANGO II population
while none reported within the TANGO I population.***
It is known that broad-spectrum agents such as the fluor-
oquinolones, later generation cephalosporins, and carbape-
nems all increase the risk of developing CDL.*’ The risk of
CDAD has also been noted with other FDA-approved
extended spectrum beta-lactam/beta-lactamase inhibitor

3051 As use of this agent continues to

combinations.
expand, it will be imperative to assess this risk when

choosing to treat patients with meropenem-vaborbactam.

The development of resistance in a patient population
already at risk for multidrug resistant organisms
(MDRO:s), ensuring a reasonable lack of collateral damage
with the use of newer, broad-spectrum agents is an impor-
tant consideration. A retrospective, multicenter cohort of
adults with CRE infections who received meropenem-
vaborbactam or ceftazidime-avibactam for >72 hr.>?
Secondary endpoints in this study included 90-day CRE
infection recurrence and development of resistance in
those with recurrent infection. Patients with a localized
cUTI were excluded from the analysis, but bacteremia
with cUTTI as the primary source of infection was present
in 3.8% (1/26) in the meropenem-vaborbactam group and
in 12.4% (13/105) in the ceftazidime-avibactam group,
recurrent CRE infection observed in 11% (3/26) vs
14.3% (15/105). Of those with recurrent infection, a drug
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MIC increase was observed in 0% vs 40% (6/15), and
emergence of drug resistance in 0% vs 20% (3/15), respec-
tively. Although a small sample size is not powered to
detect these data
vaborbactam may provide some protection against the

differences, suggest meropenem-
development of furthering CRE resistance patterns in com-
parison to ceftazidime-avibactam.”

A safety summary of these two trials can be found in
Table 4, including a pooled summary of adverse events in
these two phase-3 trials for easy reference. However,
because no meta-analytical techniques were applied, the
pooled data may be subject to Simpson’s paradox bias and
may not reflect the true nature of the adverse reactions
experienced during the independent phase 3 trials.>

Current Place in Therapy

Antibiotics have long been used in treating patients with
urinary tract infections.>* cUTIs have a higher propensity to
harbor resistant organisms than other infectious disease
states,” and continued development and evaluation of agents
with activity against these organisms are needed. Meropenem-
vaborbactam is a promising agent in this era of antimicrobial
resistance. With significantly lower drug MICs when com-
pared to meropenem for KPC-producing Enterobacteriacea,'”
meropenem-vaborbactam will be a key player for practitioners
when seeking treatment for these infections.

When deciding to use meropenem-vaborbactam in clin-
ical practice for treatment of a cUT], it is important to under-
stand where the agent currently falls in therapy and what it is
approved to treat. The FDA has approved meropenem-
vaborbactam for the treatment in patients 18 years of age
and older with cUTI, including pyelonephritis, caused by the
following  susceptible = microorganisms: E.  coli,
K. pneumoniae, and E. cloacae species complex. This indi-
cation stems primarily from the research and data collected
TANGO 1 trial,

vaborbactam was compared to piperacillin-tazobactam for

during the in which meropenem-
treatment of cUTL’*' Of note, piperacillin-tazobactam is
not FDA-approved for the treatment of cUTI, but is used
commonly and effectively for the treatment of these infec-
tions. It is also important to note a different dosing scheme of
4.5 g every 8 hr of piperacillin-tazobactam used in TANGO
I compared to the standard 3.375 g administered every 6 hr
for patients with a creatinine clearance > 40mL/min.

In this study, there were a low number of patients with
resistant organisms as defined by CLSI/EUCAST criteria
(1.6% for meropenem).***'*® The two most common

pathogens harboring gram-negative resistance in the urinary
tract were E. coli and K. pneumoniae. Analyzing the efficacy
of an agent’s activity against a relatively rare incidence is
a common hindrance across many studies. Understandably,
TANGO 1 did not analyze the CRE population as it would
have been unethical to administer piperacillin-tazobactam in
patients identified with a CRE. However, in vitro data along
with pharmacokinetic and pharmacodynamic properties of
the drug suggest that meropenem-vaborbactam will maintain
efficacy in the face of these KPC-producing organisms.

The second phase 3 clinical trial in which meropenem-
vaborbactam was studied, TANGO II, presented a larger num-
ber of enrolled patients with confirmed CRE infections
(>50%).* This study also assessed its efficacy in different
disease states against best available therapy, with 34.0% (16/
47) of indications being cUTI or AP. Greater than 40% of the
population met SIRS criteria and 18% of them were located in
an ICU setting. In comparison to the TANGO I cohort of
patients, these patients were more critically ill (by SIRS defi-
nition) and experienced a higher rate of confirmed CRE infec-
tions. Although the number of cUTIs or AP in this study was
small, its efficacy given the severity of infections with resistant
organisms can be reassuring when treating Enterobacterales
within the urinary tract, particularly KPC producers.

With no significant safety signals stemming from the two
phase 3 clinical trials, meropenem-vaborbactam appears to be
safe to use in the studied patient population. The drug was well
tolerated with low incidence of discontinuation from the stu-
dies due to significant adverse reactions. In addition, decades
of experience with meropenem alone can provide some insight
into its safety profile. However, close vigilance for adverse
events, including the development of CDAD post-treatment,
should remain beyond clinical trials. Close vigilance will also
be important as overuse of this agent may lead to a different
resistance profile. It is also important to note the locations
where these phase 3 trials took place since the potential
advantages of this agent may not hold in other geographic
locations where the populations and resistance patterns are
different.

Since meropenem-vaborbactam was approved in 2017,
other beta-lactam/beta-lactamase inhibitor combinations
have also been studied in the treatment of CRE infections,
and as of this writting, in the United States, meropenem-
vaborbactam has only been approved by the FDA for cUTI/
AP.7*01-3760 This s in contrast to other extended spectrum
beta-lactam/beta-lactamase inhibitor combinations (i.e. cef-
and

tazidime-avibactam, ceftolozane-tazobactam
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imipenem-cilastatin-relebactam), which have additional
FDA indications for HAP/VAP and cIAI (in combination
with metronidazole in the case of ceftazidime-avibactam
and ceftolozane-tazobactam).””*>'>” Based on data in
cUTI/AP, meropenem-vaborbactam only has FDA indica-
tions for E. cloacae species complex, E. coli and K. pneu-
moniae, whereas additional organisms are listed for the
other agents: P. aeruginosa for ceftazidime-avibactam, cef-
tolozane-tazobactam and imipenem-cilastatin-relebactam;
P. mirabilis for ceftazidime-avibactam and ceftolozane-
tazobactam; C. freundii for ceftazidime-avibactam; and K.
aerogenes for imipenem-cilastatin-relebactam.”->*>"->
With respect to carbapenem-resistant organisms, only
meropenem-vaborbactam, ceftazidime-avibactam and imi-
penem-cilastatin-relebactam are expected to have activity
against Ambler Class A serine-carbapenemase-producine
(KPC) organisms, but not ceftolozane-tazobactam; only
ceftazidime-avibactam is expected to have activity against
Class D OXA-type-producine (OXA-48) organisms; and
none of these agents are expected to have activity against
Class B metallo-beta-lactamase-producing organisms.
Additionally, none of these agents are expected to have
activity against carbapenem-resistant 4. baumannii or S.
ceftolozane-

maltophilia. Only ceftazidime-avibactam,

tazobactam and imipenem-cilastatin-relebactam are
expected to have activity against carbapenem-resistant P,
aeruginosa, but not meropenem-vaborbactam.
Additionally, when considering the place in therapy for
meropenem-vaborbactam, factors such as availability, cost,
local antibiograms should all play a key role in that deci-
sion-making process. As discussed earlier, consideration
must be given to the organism’s mechanism of resistance,
and the clinician should keep in mind that organisms with
Amber class B and D resistance will not be appropriately

addressed by meropenem-vaborbactam.’®

Conclusion

Clinical data support the use of meropenem-vaborbactam for
the treatment of complicated urinary tract infections and acute
pyelonephritis. In vitro and clinical data support its role and
utility in the setting of carbapenem-resistant Enterobacterales
due to KPC production. Clinical data also suggest merope-
nem-vaborbactam is well tolerated. Clinicians could consider
meropenem-vaborbactam as an option for the treatment of
complicated urinary tract infections and pyelonephritis, parti-
cularly in patients with documented or suspected KPC-
producing CRE infections. Caution is warranted against

overuse, or use in populations outside of those seen in phase
3 trials as new resistance profiles may emerge.
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