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Abstract: Imipenem-relebactam (I-R) is a novel beta-lactam/beta-lactamase inhibitor com
bination given with cilastatin. It is indicated for the treatment of complicated urinary tract 
infections, complicated intra-abdominal infections, and hospital-acquired or ventilator- 
associated bacterial pneumonia. A literature search was completed to evaluate the evidence 
to date of I-R. I-R has in vitro activity against multidrug-resistant organisms including 
carbapenem-resistant Pseudomonas aeruginosa and extended-spectrum beta-lactamase and 
carbapenem-resistant Enterobacterales. It was granted FDA approval following the promis
ing results of two phase II clinical trials in patients with complicated urinary tract infections 
and complicated intra-abdominal infections. The most common adverse drug events asso
ciated with I-R were nausea (6%), diarrhea (6%), and headache (4%). I-R is a new beta- 
lactam/beta-lactamase inhibitor combination that will be most likely used for patients with 
multidrug-resistant gram-negative infections in which there are limited or no available 
alternative treatment options. 
Keywords: MK-7655, carbapenem-resistant Enterobacterales, extended-spectrum beta- 
lactamase, multidrug-resistant Pseudomonas

Introduction
The increasing rate of infections due to multidrug-resistant organisms is a critical 
public health issue and has led to serious therapeutic challenges. The Centers for 
Disease Control and Prevention has named carbapenem-resistant Acinetobacter and 
carbapenem-resistant Enterobacterales as urgent threats to public health and 
extended spectrum beta-lactamase-producing (ESBL) Enterobacterales and multi
drug-resistant Pseudomonas aeruginosa as serious threats to public health.1 

Infections due to multidrug-resistant bacteria has been associated with significant 
morbidity and mortality.2,3

Carbapenems are beta-lactam antibiotics that have maintained activity against 
pathogens many resistance mechanisms. Carbapenems are stable against many 
beta-lactamases including AmpC-producing beta-lactamases and ESBLs, but not 
carbapenemases.4 Unsurprisingly, there has been emerging resistance to carbape
nems. These mechanisms of resistance include production of other beta-lactamases, 
decreased cell membrane permeability, and overexpression of efflux pumps.5

In order to overcome resistance among gram-negative bacteria, relebactam was 
combined with imipenem-cilastatin to create a novel beta-lactam/beta-lactamase 
inhibitor combination. Relebactam, a novel non-beta-lactam beta-lactamase inhibi
tor, maintains activity against a range of beta-lactamases. It is structurally related to 
the beta-lactamase inhibitor avibactam and has in vitro activity against class A and 

Correspondence: Jason C Gallagher  
Temple University School of Pharmacy, 
3307 N. Broad Street, Philadelphia, PA 
19140, USA  
Tel +1 215-707-2573  
Fax +1 215-707-8326  
Email jason.gallagher@temple.edu

submit your manuscript | www.dovepress.com Infection and Drug Resistance 2020:13 4297–4308                                                         4297

http://doi.org/10.2147/IDR.S224228 

DovePress © 2020 Campanella and Gallagher. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www. 
dovepress.com/terms.php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). 

By accessing the work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is 
properly attributed. For permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Infection and Drug Resistance                                                              Dovepress
open access to scientific and medical research

Open Access Full Text Article

http://orcid.org/0000-0002-0912-4515
http://orcid.org/0000-0001-8532-0887
mailto:jason.gallagher@temple.edu
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php
http://www.dovepress.com


class B beta-lactamases.6–8 I-R was FDA-approved in 
July 2019 for the treatment of complicated intra- 
abdominal infections (cIAIs) and complicated urinary 
tract infections (cUTIs) in patients 18 years of older in 
which there are limited or no alternative treatment options 
available. I-R was also FDA-approved in June 2020 for the 
treatment of hospital-acquired and ventilator-associated 
bacterial pneumonia in patients 18 years of older in 
which there are limited or no alternative treatment options 
available. This article will review the evidence to date of 
I-R, including results from in vitro studies, clinical effi
cacy, and safety and tolerability.

Materials and Methods
A PubMed search was conducted for data using MeSH 
terms relebactam, MK-7655, and imipenem-relebactam. 
An internet search was conducted for unpublished clinical 
research. The literature search was limited to English- 
language studies that described clinical efficacy, safety, 
pharmacodynamics, and pharmacokinetics. There were 
122 results identified and screened up until March 2020 
and 60 of them were excluded (see Figure 1).

Results
History of Beta-Lactam/Beta-Lactamase 
Inhibitor Combinations
Beta-lactam antibiotics have been a mainstay of treatment for 
a multitude of infectious diseases. Beta-lactamase inhibitors 

(BLIs) were developed as a strategy to restore activity of 
beta-lactam antibiotics due to the production of beta- 
lactamases, a common mechanism of bacterial resistance. 
Beta-lactamase enzymes attack the amide bond of beta- 
lactams resulting in acylation at the carbonyl moiety render
ing beta-lactam antibiotics ineffective. Beta-lactamases are 
most commonly organized by the Ambler classification, 
which is based on overall protein structure and amino acid 
sequences. The Ambler classification includes class 
A enzymes (eg, KPCs, ESBLs), class B metallo-beta- 
lactamases (eg, NDM, IMP), class C enzymes (AmpC-type) 
, and class D enzymes (OXA type). Beta-lactamases have 
been reviewed extensively elsewhere in the literature.9–11

Similar to penicillins and cephalosporins, carbapenems 
possess a beta-lactam ring but also contain an alpha- 
hydroxyethyl side chain. Imipenem was the first available 
carbapenem antibiotic. In the kidney, the beta-lactam ring is 
hydrolyzed by the dehydropeptidase-1 (DHP-1) enzyme, 
causing necrosis of the proximal convoluted tubule of the 
kidney at high doses.12 The addition of cilastatin, a DHP-1 
inhibitor, inhibits the renal metabolism of imipenem, increas
ing concentrations and decreasing toxicity. Imipenem has 
a broad spectrum of activity including against Gram- 
positive, Gram-negative, and anaerobic bacteria.13 

Imipenem is inactive in vitro against Enterococcus faecium, 
Stenotrophomonas maltophilia, methicillin-resistant strains 
of Staphylococcus aureus (MRSA), and some isolates of 
Burkholderia cepacia.14 All carbapenems have MIC90 values 

Articles identified through database searching

(n = 122)

Articles screened for inclusion

(n = 60)

Articles excluded, with reasons

(n = 60)

Commentary or discussions: 39

Irrelevant: 18

Studies in children: 2

Meta-analysis including 

repetitive data: 1

Figure 1 PRISMA flow diagram. Of the 122 articles identified, 60 articles were excluded. The majority of articles were excluded as they were commentary or discussions or 
they were irrelevant to the purpose of this review article. Two articles were excluded as they included data for pediatric patients and one excluded as it was a meta-analysis 
with repetitive data. Sixty articles were screened for inclusion for this review article. 
Notes: PRISMA figure adapted from Liberati A, Altman D, Tetzlaff J, et al. The PRISMA statement for reporting systematic reviews and meta-analyses of studies that evaluate 
health care interventions: explanation and elaboration. Journal of clinical epidemiology. 2009;62(10). Creative Commons.
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≤ 1 against most isolated Gram-positive aerobic bacteria, 
excluding Enterococcus spp. and MRSA.4 Imipenem demon
strates slightly lower MICs against Enterococcus faecalis.4 

Although still susceptible, the MICs for imipenem are higher 
against Gram-negative bacteria including Enterobacterales 
and Haemophilus influenzae.4 Both demonstrate similar 
activity against anaerobic bacteria.

Resistance to carbapenems is due to either carbapene
mase enzymes or a combination of mechanisms including 
the production of other beta-lactamases, decreased cell 
membrane permeability, and overexpression of efflux 
pumps. P. aeruginosa expresses resistance to imipenem 
via loss of outer membrane porin proteins (OprD) and 
increased AmpC production, whereas P. aeruginosa resis
tance to meropenem is a result of membrane impermeabil
ity and overexpression of efflux pumps.5

Most beta-lactamase inhibitors have minimal antibac
terial activity alone, but when administered with a beta- 
lactam antibiotic they bind to beta-lactamases and protect 
the active antibiotic. In the United States, there are six 
available BLIs including clavulanate, sulbactam, tazobac
tam, avibactam, vaborbactam, and relebactam. Each dif
fers in its level of inhibition against various enzymes. 
Relebactam, formerly known as MK-7655, is a non-beta- 
lactam, bicyclic diazabicyclooctane beta-lactamase inhibi
tor similar to avibactam with the addition of a piperidine 
ring at C2.1–13,15

In-vitro Activity
Enterobacterales
There are numerous studies in which I-R has been evaluated 
against Enterobacterales (Table 1).5–7,16–28 The FDA- 
approved and EUCAST breakpoints are represented in 
Table 2. The European Committee on Antimicrobial 
Susceptibility Testing (EUCAST) and the Clinical and 
Laboratory Standards Institute (CLSI) are the two leading 
organizations that set standards for antimicrobial susceptibil
ity testing. Major differences include their respective defini
tions for intermediate susceptible and susceptible dose 
dependent.30 Susceptibility rates for Klebsiella pneumoniae, 
Escherichia coli, Citrobacter spp., and Enterobacter spp. are 
above 95%. Serratia marcescens and Proteus mirabilis are 
less susceptible overall at 87% and 66%, respectively. 
Carbapenem-resistant Enterobacterales exhibit variable sus
ceptibility. For KPC-producing K. pneumoniae, specifically 
KPC-2 and KPC-3 type, I-R is active against 100% of iso
lates in several studies.16,20,31 I-R demonstrated a lack of 
activity when evaluated against K. pneumoniae expressing 

OXA-48 type carbapenemases, therefore relebactam did not 
restore susceptibility of these K. pneumoniae strains.20,31,32 

The MIC of imipenem for four isolates of K. pneumoniae 
expressing OXA-48, no ESBL, wild-type porins was 4 µg/ 
mL compared to I-R which was 2 µg/mL.20 Of 20 isolates 
expressing OXA-48 type, 17 isolates (15%) were susceptible 
to I-R, compared to 90% susceptibility to ceftazidime- 
avibactam.31 Additionally, I-R lacks activity against class 
B metallo-beta-lactamases, including VIM, IMP, and 
NDM.22,23

Pseudomonas aeruginosa
There are several in vitro studies that evaluated activity 
of I-R against Pseudomonas aeruginosa (Table 
1).5–8,17,21,22,33–37 Rates of susceptibility were approxi
mately 90% for all P. aeruginosa isolates tested. 
Relebactam restored susceptibility to imipenem to 80% 
of imipenem-non-susceptible isolates of P. aeruginosa. 
P. aeruginosa demonstrates resistance to imipenem via 
downregulation of porin protein synthesis in combination 
with AmpC overproduction. Relebactam inhibits AmpC, 
therefore lowering the MIC and improving imipenem 
activity against P. aeruginosa.38 The MIC90 of 
I-R (2 mg/L) was decreased four-fold compared to imipe
nem alone in two studies (16 mg/L).6,7 Only 5% of 
P. aeruginosa isolates remained non-susceptible to I-R, 
which were found to contain MBL or GES 
carbapenemases.

Relebactam has the greatest impact on carbapenem- 
resistant P. aeruginosa that downregulate OprD porin 
expression and upregulate AmpC beta-lactamase produc
tion. Amikacin was the only agent that demonstrated simi
lar in vitro activity to I-R with 95% active compared to the 
other agents tested which were less than 80% active. One 
unique study evaluated combination therapy of I-R with 
colistin and amikacin for 10 isolates of P. aeruginosa.35 

By 24 hours, additivity or synergy was observed in 7 of 
the isolates with the combination of I-R and amikacin. The 
3 isolates that did not demonstrate synergy were highly 
resistant to amikacin with MICs ≥64 µg/mL. The combi
nation of I-R with colistin was synergistic at 24 hours in 8 
of 10 isolates.

Acinetobacter Spp
Against Acinetobacter baumannii isolates, relebactam did 
not increase susceptibility to imipenem.7,17,21 Rates of 
resistance were more than 30% and imipenem MICs with 
and without relebactam were similar.
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Table 1 Studies of I-R Susceptibilities of Select Gram-Negative Bacteria. MIC50 and MIC90 are the Minimum Inhibitory Concentrations 
for 50% and 90% of Isolates, Respectively. Imipenem Susceptibility is Based on FDA-Approved MIC Breakpoints as Follows: 
Enterobacterales, Susceptible (S) ≤1 µg/mL, Intermediate (I) 2 µg/mL, Resistant (R) ≥4 µg/mL; P. aeruginosa, S ≤2 µg/mL, I 4 µg/mL, 
R ≥8 µg/mL; A. baumannii, S <2 µg/mL, I 4 µg/mL, R >8 µg/mL; Anaerobic Bacteria, S ≤4 µg/mL, I 8 µg/mL, R ≥16 µg/mL

Organism Number of Isolates I-R MIC (μg/mL) Percent Susceptible

MIC50 MIC90

Enterobacterales
Non-proteeae Enterobacterales6 3143 0.12 0.5 99.1
CRE6 130 0.5 2 78.5

CRE29 62 NR NR 71

CRE26 96 0.5 1 100
CRE27 200 ≤0.25 0.5 NR

OXA-48-like CRE30 20 4 ≥32 15

KPC Enterobacterales23 110 0.25 1 90.9
Colistin-resistant Enterobacterales27 97 ≤0.25 ≤0.25 NR

NDM Enterobacterales23 31 32 NR 0

Escherichia coli
E. coli17 10,866 NR NR 99.9

E. coli21 2778 0.25 0.25 100
MDR E. coli17 2020 NR NR 99.2

Klebsiella pneumoniae
K. pneumoniae17 3519 NR NR 94.4

K. pneumoniae21 891 0.25 0.25 99.3

K. pneumoniae7 1591 0.12 1 94.8
KPC K. pneumoniae17 133 NR NR 99.2

KPC K. pneumoniae21 111 0.25 1 97
KPC K. pneumoniae30 92 ≤0.25 0.5 100

KPC K. pneumoniae31 295 0.25 1 98

CR K. pneumoniae7 179 2 >32 54.2

Enterobacter spp.
Enterobacter spp.21 211 0.25 0.5 99
Enterobacter spp.19 96 0.25 1 92

Enterobacter spp.7 772 0.12 0.5 96.8

E. cloacae17 944 NR NR 95.8
CR E. cloacae17 49a NR NR 18.4

CR E. cloacae7 34 4 8 26.5

Serratia marcescens
Serratia marcescens23 9 1 8 67

Citrobacter spp.
Citrobacter spp.19 4 0.25 2 75

P. aeruginosa
P. aeruginosa21 490 0.5 2 98

P. aeruginosa8 845 0.5 2 94.2
P. aeruginosa17 1959 NR 2 93.9

P. aeruginosa7 1705 0.25 2 94.7

P. aeruginosa32 42 NR 1–64 64
P. aeruginosa35 538 0.25 2 91.5

P. aeruginosa36 1445 0.5 1 97.3

CR P. aeruginosa21 144 1 2 92

(Continued)
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Anaerobes
Similar to imipenem alone, I-R is very active against anaerobic 
bacteria with a resistance rate of approximately 0.7% (Table 
1).39,40 The addition of relebactam did not enhance activity of 

imipenem alone against anaerobic bacteria. In vitro studies of 
I-R demonstrated activity against the following Gram-negative 
anaerobic genera: Bacteroides, Prevotella, Fusobacterium, 
Parabacteroides, Porphyromonas, Bilophila, Desulfovibrio, 
and Veillonella and the following Gram-positive 
anaerobic genera: Eggerthelila, Actinomyces, Eubacterium, 
Flavonifractor, Mogibacterium, Slackia, Solobacterium, and 
Clostridioides.

Pharmacokinetics
Characteristics of I-R are presented in Table 3. I-R is 
dosed intravenously (IV) 1.25 g, consisting of 500 mg of 
imipenem, 500 mg of cilastatin, and 250 mg of relebactam, 
administered over 30 minutes every 6 hours. Following 
a single-dose of 250 mg of relebactam, the concentration 
at the end of infusion is 45.4 ± 7.27 μM and the area under 
the concentration-time curve from zero hours to infinity 
(AUC0-∝) is 81.8 ± 9.07 μM*hr.41 The mean AUC0-∝ 

and maximum concentration of drug in serum increased at 
a dose-proportional relationship. The half-life of relebac
tam is similar to that of imipenem at 1.1 hours. Protein 
binding of relebactam is 22% and the apparent volume of 
distribution at terminal phase of relebactam is 20.8 ± 2.77 
liters. The area under the concentration-time curve from 
zero to infinity in epithelial lining fluid relative to that in 

Table 1 (Continued). 

Organism Number of Isolates I-R MIC (μg/mL) Percent Susceptible

MIC50 MIC90

CR P. aeruginosa8 251 2 4 80.5
CR P. aeruginosa7 477 2 32 81.1

CR P. aeruginosa6 227 2 8 78

A. baumannii
A. baumannii21 158 2 >16 51

A. baumannii8 72 4 >32 45.8
A. baumannii7 486 32 >32 10.3

Anaerobic bacteria
B. fragilis39 38 0.125 2 NR

B. fragilis38 220 0.25 0.5 99.1
Bacteroides non-fragilis spp.38 231 0.25 1 99.6

B. cacae38 10 0.25 0.25 100

B. vulgatus38 22 0.5 1 100
B. uniformis38 22 0.25 0.5 100

B. ovatus38 43 0.25 0.5 100

B. thetaiotaomicron38 103 0.25 0.5 99
Parabacteroides distasonis38 24 0.5 1 100

Note: a81.6% (40/49) of isolates carried MBL and/or OXA-48-like carbapenemases. 
Abbreviations: CR, carbapenem-resistant; CRE, carbapenem-resistant Enterobacterales; NDM, New Delhi metallo-beta-lactamase; NR, not reported.

Table 2 I-R Breakpointsa. There are Both FDA-Approved 
Breakpoints and EUCAST Breakpoints for I-R. For FDA- 
Approved Breakpoints: Enterobacterales is Susceptible (S) at ≤1 
µg/mL, Intermediate (I) at 2 µg/mL, and Resistant (R) at ≥4 µg/ 
mL; P. aeruginosa is S at ≤2 µg/mL, I at 4 µg/mL, and R at ≥8 µg/ 
mL; Anaerobic Bacteria is S ≤4 µg/mL, I at 8 µg/mL, and R at ≥16 
µg/mL. For EUCAST Breakpoints, Enterobacterales, P. aerguinosa, 
Anaerobic Bacteria, and A. baumannii are All S at ≤2 µg/mL and 
R at >2 µg/mL. Relebactam Concentrations are Fixed at 4 µg/mL

Pathogen FDA-Approved 
Breakpoints

EUCAST 
Breakpoints

S I R S R

Enterobacteralesb ≤1 2 ≥4 ≤2 >2

P. aeruginosa ≤2 4 ≥8 ≤2 >2
Anaerobesc,d ≤4 8 ≥16 ≤2 >2

Acinetobacter NR NR NR ≤2 >2

Notes: aMinimum inhibitory concentrations (µg/mL). The concentration of relebactam is 
fixed at 4 µg/mL. bIncludes Klebsiella aerogenes, Enterobacter cloacae, Escherichia coli, 
Klebsiella pneumoniae, Citrobacter freundii, Klebsiella oxytoca. Excludes Morganella spp. 
cIncludes Bacteroides caccae, Bacteroides fragilis, Bacteroides ovatus, Bacteroides stercoris, 
Bacteroides thetaiotaomicron, Fusobacterium nucleatum, Parabacteroides distasonis. dAgar dilu
tion method. 
Abbreviations: S, susceptible; I, intermediate; r, resistant; NR, not reported.
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plasma for relebactam and imipenem is 54% and 55%, 
respectively.42

Relebactam is minimally metabolized and imipenem is 
metabolized in the kidneys by dehydropeptidase-1, which 
cilastatin inhibits. The mean percentage of a single dose of 
relebactam was excreted unchanged in the urine ranging 
from 94.7% to 100%.41 Utilizing population pharmacoki
netics models, the most significant covariate identified for 
the clearance of both imipenem and relebactam is renal 
function by estimated creatinine clearance.43

Given that relebactam is predominately eliminated renally, 
Chan and colleagues sought out to identify the transporters 
involved in the renal elimination of relebactam and therefore 
identify possible drug-drug interactions (DDIs).44 Relebactam 
is shown to be a substrate of organic anion transporter (OAT) 
3, OAT4, and multidrug and toxin extrusion (MATE) proteins 
MATE1 and MATE2K. Relebactam is not an inhibitor of 
major drug transporters, including OATP1B1, OATP1B3, 

OAT1, OAT3, organic cation transporter 2, MATE1, 
MATE2K, or breast cancer resistance protein. These in vitro 
data suggest that relebactam is safe to administer with medi
cations that are substrates or inhibitors of major drug trans
porters. Bhagunde and colleagues administered I-R with the 
OAT inhibitor probenecid and found no clinically meaningful 
changes in plasma exposure or renal clearance of imipenem or 
relebactam identified, suggesting a lack of clinically relevant 
interactions with OAT inhibitors.43

Clinical Trials
Complicated Intra-Abdominal Infections
I-R received FDA approval for complicated intra- 
abdominal infections (cIAIs) following the favorable 
outcomes of a prospective, multicenter, double-blind, ran
domized controlled phase 2 trial (Table 4).45 The objective 
of the study was to evaluate the safety, tolerability, and 
efficacy of I-R compared to imipenem 500 mg alone in the 
treatment of cIAI. Patients were randomized 1:1:1 to 
receive relebactam 250 mg plus imipenem 500 mg, rele
bactam 125 mg plus imipenem 500 mg, or imipenem 
500 mg alone intravenously over 30 minutes every 6 
hours. The primary efficacy endpoint was the proportion 
of patients in the microbiologically evaluable (ME) popu
lation who achieved a favorable clinical response at dis
continuation of IV therapy. Favorable clinical response 
was defined as the resolution of all or most presenting 
signs and symptoms of intra-abdominal infection without 
the need for additional antibiotic therapy. Patients included 
were 18 years of age or older with clinically suspected or 
bacteriologically documented cIAI requiring hospitaliza
tion and treatment with IV antibiotic therapy with 
a minimum duration of therapy for at least 96 hours.

There were 118 patients randomized into the 
500–250 mg I-R group, 116 patients in the 500–125 mg 
I-R group, and 117 patients in the imipenem only group. 
The most common diagnosis was complicated appendicitis 
and the most common pathogens identified at baseline 
were E. coli (171 isolates), K. pneumoniae (38 isolates), 
and P. aeruginosa (37 isolates). There were 277 patients in 
the microbiological intention-to-treat (MITT) population 
and 255 patients in the ME population. Rates of favorable 
clinical response at the discontinuation of IV therapy in 
the ME population was 96.3%, 98.8%, and 95.2% in the 
500–250 mg I-R group, 500–125 mg I-R group, and imi
penem alone group, respectively (p < 0.001). Interestingly, 
there were 34 patients in the ME group at the discontinua
tion of IV therapy visit with imipenem-resistant isolates 

Table 3 Characteristics of I-R. Pharmacokinetics of I-R are 
Similar to That of Imipenem-Cilastatin. It is an Intravenous 
Antimicrobial Dosed at 1.25 g Every 6 Hours and is Renally 
Dose-Adjusted for Patients with CrCl Less Than 60 mL/Min. 
I-R is Minimally Metabolized and 90% is Excreted in the Urine 
Unchanged

Formulation Intravenous

Dosing 1.25 g (imipenem 500 mg, cilastatin 500 mg, and 

relebactam 250 mg) infused over 30 minutes 
every 6 hours

Renal dose 
adjustments

Estimated 
CrCl (mL/min)

Recommended dose

60–89 1 g every 6 hours

30–59 0.75 g every 6 hours

15–29 0.5 g every 6 hours
ESRD on HD 0.5 g every 6 hours

< 15 Not recommended unless 

HD within 48 hours

Cmax Imipenem: 104.3 μM 

Relebactam: 64.0 μM

AUC0-24hr Imipenem: 573.9 μM-hr 

Relebactam: 427.3 μM-hr

Protein binding Relebactam: 22%

Volume of 

distribution

Imipenem: 24.3 L 

Cilastatin: 13.8 L 

Relebactam: 19.0 L

Metabolism Relebactam: minimal

Excretion 90% unchanged in urine
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who demonstrated favorable clinical response. Though 
they met the primary endpoint, this outcome may be 
attributed to adequate surgical intervention as relebactam 
did not seem to restore susceptibility in vitro for most of 
the imipenem-resistant isolates. Rates of drug-related 
adverse events were similar among all treatment groups 
at 13.7%, 13.8%, and 9.6% in the 500–250 mg I-R group, 
125 mg I-R group, and imipenem alone group, respec
tively. The most common adverse events in all three treat
ment groups were diarrhea, nausea, and vomiting. These 
results suggest both doses of I-R are well tolerated and 
noninferior to imipenem alone in the treatment of cIAI.

Urinary Tract Infections
I-R was also studied in a significant prospective, rando
mized, double-blind, multicenter, dose-ranging phase 2 
study for the treatment of patients with complicated urin
ary tract infections (cUTIs) or acute pyelonephritis.46 The 

objective of this study was to assess the safety, tolerability, 
and efficacy of 500–250 mg of I-R, 500–125 mg of I-R, 
and imipenem 500 mg alone. The primary endpoint was 
favorable clinical response at discontinuation of IV ther
apy in the ME population. Patients 18 years of age and 
older were included if they were diagnosed with clinically 
suspected and/or bacteriologically documented cUTI or 
acute pyelonephritis, requiring hospitalization and IV anti
biotic therapy.

Two hundred and thirty patients were included in the 
ME population at the discontinuation of IV therapy with 
71 patients in the 500–250 mg I-R group, 79 patients in the 
500–125 mg I-R group, and 80 patients in the imipenem 
alone group. Rates of favorable clinical response at the 
discontinuation of IV therapy was similar across all three 
treatment groups at 97.1%, 98.7%, and 98.8% in the 
500–250 mg I-R group, 500–125 mg I-R group, and imi
penem alone group, respectively. Drug-related adverse 

Table 4 Summary of I-R Clinical Trial Data. There are Four Clinical Trials Evaluating I-R for the Treatment of cIAIs, cUTIs, HABP, and 
VABP. The Two Phase 2 Trials Compared I-R at Two Different Doses to Imipenem Alone. The Primary Outcome of Favorable Clinical 
Response Was Similar Among All Three Treatment Groups for Both Studies for the Treatment of cIAIs and cUTIs. RESTORE-IMI 1 
Compared I-R to Imipenem Plus Colistin for the Treatment of cIAIs, cUTIs, HABP, and VABP. Favorable Overall Response Was Similar 
Between the Groups; However Mortality Was Significantly Lower in the I-R Group. RESTORE-IMI 2 Compared I-R to Piperacillin- 
Tazobactam for the Treatment of HABP and VABP. Preliminary Data Suggests Day 28 All-Cause Mortality Was Lower in the I-R Group 
and Favorable Clinical Response Was Higher in the I-R Group

Trial Study Design Indications Comparator Results

Lucasti et al45 Prospective, multicenter, double-blind, 
randomized controlled phase 2 trial

cIAIs I-R 500–250 mg 
I-R 500–125 mg 

IMI alone

Favorable clinical response 
I-R 500–250 mg: 96.3% 

I-R 500–125 mg: 98.8% 

IMI alone: 95.2%

Sims et al46 Prospective, double-blind, randomized phase 2 

dose-ranging trial

cUTIs I-R 500–250 mg 

I-R 500–125 mg 
IMI alone

Favorable clinical response 
I-R 500–250 mg: 97.1% 
I-R 500–125 mg: 98.7% 

IMI alone: 98.8%

RESTORE-IMI147 Prospective, multicenter, double-blind, 

randomized controlled phase 3 trial

cIAIs 

cUTIs 
HABP 

VABP

I-R 

IMI+CST

Favorable overall response 
I-R: 71.4% 
IMI+CST: 70% 

Day 28 all-cause mortality 
I-R: 9.5% 
IMI+CST: 30%

RESTORE-IMI248 Double-blind randomized, controlled phase 3 
trial

HABP 
VABP

I-R 
TZP

Day 28 all-cause mortality 
I-R: 15.9% 

TZP: 21.3% 

Favorable clinical response at EFU 
I-R: 61% 

TZP: 55.8%

Abbreviations: IMI, imipenem; cIAIs, complicated intra-abdominal infections; cUTI, complicated urinary tract infections; HABP, hospital-acquired bacterial pneumonia; 
VABP, ventilator-associated bacterial pneumonia; IMI+CST, imipenem plus colistin; I-R, imipenem-relebactam; TZP, piperacillin-tazobactam; EFU, early follow-up.
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events occurred similarly among groups with nausea, 
headache, and diarrhea being the most common. These 
data suggest that both dosing regimens of I-R studied are 
noninferior to imipenem alone in the treatment of cUTI 
with a similar safety profile.

Infections Caused by Resistant Pathogens
The RESTORE-IMI 1 trial was a randomized, controlled, 
double-blind phase 3 trial that compared I-R to imipenem- 
cilastatin plus colistin (IMI+CST) in 47 adults with carba
penem-nonsusceptible cIAIs, cUTIs, HAP, and VAP.47 

Patients were considered for inclusion if they required 
hospitalization and intravenous antibiotics. Important 
exclusion criteria included those with Acute Physiology 
and Chronic Health Evaluation II (APACHE II) score >30, 
creatine clearance (CrCl) <15 mL/min, requiring hemodia
lysis or peritoneal dialysis, prior colistin therapy, or con
comitant systemic or inhaled agents active against 
Enterobacterales, Pseudomonas spp., and gram-negative 
anaerobic bacilli. Patients were randomized 2:1 to receive 
500–250 mg I-R every 6 hours or 500 mg of imipenem 
every 6 hours plus 300 mg loading dose of colistin fol
lowed by 150 mg colistin every 12 hours for a duration of 
5–21 days. The primary efficacy endpoint of favorable 
overall response was 71.4% and 70% in the modified 
microbiologic intent-to-treat I-R and IMI+CST groups, 
respectively. This consisted of patients who received at 
least one dose of the study drug and had a culture with 
at least one carbapenem-nonsusceptible organism. The 
most commonly isolated organism was P. aeruginosa. 
Day 28 all-cause mortality occurred in 2 of 21 patients 
in the I-R group compared to 3 of 10 patients in the IMI 
+CST group. Although this was a 20% lower mortality 
rate in the I-R group, it was not statistically significant. 
Serious adverse events occurred more frequently in the 
IMI+CST group at 31.3% compared to the I-R group at 
9.7%. Treatment-emergent nephrotoxicity occurred at 
a rate of 10% in the I-R group and 56% in the IMI+CST 
group (p = 0.002). The results of RESTORE-IMI 1 support 
the conclusion that I-R is an effective and well-tolerated 
option for the treatment of carbapenem-nonsusceptible 
infections.

Hospital-Acquired Bacterial Pneumonia and 
Ventilator-Associated Bacterial Pneumonia (HABP/ 
VABP)
RESTORE-IMI 2 (ClinicalTrials.gov identifier NCT02 
493764) was a randomized, double-blind, multicenter clin
ical trial that compared I-R to piperacillin-tazobactam 

(TZP) in patients with hospital-acquired bacterial pneumo
nia (HABP) and ventilator-associated bacterial pneumonia 
(VABP) in the intensive care unit. Preliminary data is 
available, but it is not yet published.48,49 Patients were 
considered for inclusion if they required intravenous anti
biotics for HABP or VABP, had a lower respiratory tract 
specimen within 48 hours of screening, and fulfilled the 
following three diagnostic criteria with an onset of 48 
hours after starting mechanical ventilation or hospitaliza
tion or within 7 days of hospital discharge: at least 1 
clinical feature (eg, new-onset or worsening signs or 
symptoms, hypoxemia), at least 1 of the following signs 
including fever or hypothermia, white blood cell count 
≥10,000 cells/mm3 or ≤4500 cells/mm3, or >15% imma
ture neutrophils, and a chest radiograph showing ≥1 new 
or progressive infiltrate suggestive of bacterial pneumonia. 
Key exclusion criteria included patients with >24 hours of 
effective antibacterial therapy for the current HABP or 
VABP episode and CrCl <15 mL/min. Patients were ran
domized 1:1 to I-R 500 mg-250 mg or TZP 4.5 g, dose- 
adjusted based on renal function and given as 30 minutes 
intravenously every 6 hours for 7 to 14 days. Linezolid 
could be used empirically until confirmation of the pre
sence or absence of methicillin-resistant Staphylococcus 
aureus. Other adjunctive antibacterial therapies were not 
permitted. The primary endpoint was day 28 all-cause 
mortality in the modified intent-to-treat (MITT) popula
tion, which included all randomized patients who received 
at least one dose of the study drug and a Gram stain that 
did not show only gram-positive cocci. The key secondary 
endpoint was favorable clinical response in the MITT 
population at early follow-up visit at 7 to 14 days after 
the last dose of study drug.

There were 535 patients that received at least one dose 
of the study drug and 531 patients were included in the 
MITT population; 264 patients in the I-R group and 267 in 
the TZP group. The most commonly isolated organism 
was Klebsiella spp. in the I-R group and polymicrobial 
in the TZP group. In a subgroup analysis of patients with 
VABP, the most commonly isolated organisms were 
Acinetobacter calcoaceticus-baumannii complex and poly
microbial. The majority of patients in the study population 
were ≥65 years old, in the intensive care unit, and 
APACHE II scores ≥15. I-R demonstrated noninferiority 
to TZP for day 28 all-cause mortality at 15.9% in the 
I-R group vs 21.3% with TZP. For the key secondary 
endpoint, 61% of patients in the I-R group compared to 
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55.8% of patients in the TZP group demonstrated favor
able clinical response at early follow-up.

Safety
Warnings and precautions of I-R are similar to those 
associated with other carbapenem antibiotics. Although 
not observed in those receiving I-R, adverse reactions 
may include seizures, states of confusion, and myoclonus 
due to imipenem.13 It is unknown if relebactam alone 
exhibits specific adverse events. Concomitant use with 
valproic acid formulations can significantly decrease val
proic acid concentrations, possibly leading to seizures.13,50 

Ganciclovir should not be used concomitantly with I-R as 
generalized seizures have been reported with its use with 
imipenem. The most commonly reported adverse events 
the two phase 2 clinical trials that occurred at a rate of 
≥3% were diarrhea, nausea, vomiting, headaches, elevated 
alanine aminotransferases, and elevated aspartate 
aminotransferases.45,46 In the RESTORE-IMI 1 trial, drug- 
related adverse events that were reported included 
decreased creatinine clearance, hyperglycemia, infusion 
site erythema, and pyrexia.47 In the RESTORE-IMI 2 
trial, the most frequently reported drug-related adverse 
events were diarrhea, increased alanine aminotransferase, 
and increased aspartate aminotransferase.49

Place in Therapy
The novel beta-lactam/beta-lactamases inhibitor combina
tions have overlapping spectra and utility, but there are 
differences between them. Costs and prudent prescribing 
practices currently prohibit any of these drugs from “work
horse” roles, leaving them to serve niches of resistant 
bacteria. The role of I-R is primarily against carbapenem- 
resistant strains of Pseudomonas aeruginosa and 
Enterobacterales. It has a spectrum of activity for resistant 
Gram-negative organisms that is most similar to ceftazi
dime-avibactam, but may be active against some 
Klebsiella pneumoniae and Pseudomonas aeruginosa that 
are resistant to this drug. However, ceftazidime-avibactam 
is the only combination with activity against class 
D OXA-48 type producing organisms.31 Ceftolozane- 
tazobactam is a combination that is also active against 
multidrug-resistant Pseudomonas aeruginosa isolates and 
has been used to treat these infections successfully.51 

Ceftolozane-tazobactam resistance occurs and it will be 
interesting to see how often I-R is active against these 
isolates.52

Meropenem-vaborbactam has attractive activity and data 
for CRE infections, but vaborbactam has only minor effects 
on the activity of meropenem in carbapenem-resistant 
P. aeruginosa.53,54 None of the available beta-lactam/beta- 
lactamase inhibitor combinations alone are active against 
MBL-producing Enterobacterales. Aztreonam is not 
hydrolyzed by MBLs, but aztreonam is hydrolyzed by the 
beta-lactamases that are often co-produced with MBLs.55 To 
overcome these mechanisms of resistance, a combination of 
aztreonam and beta-lactamase/beta-lactamase inhibitors has 
been explored. This combination of aztreonam and ceftazi
dime-avibactam has been shown to be highly synergistic 
against NDM-producing Enterobacterales.56,57 It is unknown 
whether I-R in combination with aztreonam would exhibit 
activity against MBL-producing Enterobacterales.

Compared to other beta-lactam/beta-lactamase inhibi
tor combinations, dosing frequency of I-R is more frequent 
than other antibiotics discussed such as meropenem- 
vaborbactam and ceftazidime-avibactam. Although dosing 
frequency is more often, the duration of infusion of I-R is 
only 30 minutes compared to two hours with meropenem- 
vaborbactam.13,58 The imipenem-backbone of I-R has an 
attendant risk of seizures compared to other beta-lactam 
/beta-lactamase inhibitor combinations.

There are multiple novel beta-lactamase inhibitors that 
are under development and have been described elsewhere 
in the literature. These include nacubactam (formerly 
RG6080 and OP05095), zidebactam (formerly WXK 
5107) taniborbactam (formerly VNRX-5133), enmetazo
bactam (formerly AAI-101), durlobactam (formerly ETX- 
2514), and QPX-7728.59–64 These may represent future 
alternative treatment options given the increase in resistant 
gram-negative infections.

Conclusion
The in vitro and clinical data of I-R support its role in the 
treatment of various multidrug-resistant gram-negative infec
tions. It has activity against multidrug-resistant P. aeruginosa 
and carbapenem-resistant Enterobacterales that possess class 
A carbapenemases. I-R is not useful for infections due to 
pathogens with class B metallo-beta-lactamases or class 
D OXA-48 type carbapenemases. Clinical data suggests 
I-R is well tolerated. I-R is an alternative agent for the 
treatment of gram-negative resistant infections.
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