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ABSTRACT

Background: Antimicrobial resistance is on the rise. The use of redundant and inappropriate
antibiotics is contributing to recurrent infections and resistance. Newer antibiotics with
more robust coverage for Gram-negative bacteria are in great demand for complicated urinary
tract infections (cUTIs), complicated intra-abdominal infections (cIAls), hospital-acquired
bacterial pneumonia (HABP), and ventilator-associated bacterial pneumonia (VABP).
Materials and Methods: We performed this meta-analysis to evaluate the efficacy and safety
profile of a new antibiotic, Imipenem/cilastatin/relebactam, compared to other broad-spectrum
antibiotics for complicated infections. We conducted a systemic review search on PubMed,
Embase, and Central Cochrane Registry. We included randomized clinical trials-with the
standard of care as comparator arm with Imipenem/cilastatin/relebactam as intervention

arm. For continuous variables, the mean difference was used. For discrete variables, we used
the odds ratio. For effect sizes, we used a confidence interval of 95%. A P-value of less than

0.05 was used for statistical significance. Analysis was done using a random-effects model
irrespective of heterogeneity. Heterogeneity was evaluated using the I? statistic.

Results: The authors observed similar efficacy at clinical and microbiologic response levels
on early follow-up and late follow-up compared to the established standard of care. The
incidence of drug-related adverse events, serious adverse events, and drug discontinuation
due to adverse events were comparable across both groups.

Conclusion: Imipenem/cilastatin/relebactam has a non-inferior safety and efficacy profile
compared to peer antibiotics to treat severe bacterial infections (cUTIs, cIAls, HABP, VABP).

Keywords: Bacterial pneumonia; Complicated intra-abdominal infections;
Complicated urinary tract infection; Imipenem; Imipenem/cilastatin/relebactam

INTRODUCTION

Inadequately treated bacterial infections in medical and surgical settings equate to high in-
patient morbidity and mortality [1, 2]. Selecting appropriate antibiotics for serious infections
makes a life and death difference. Proper initiation of empiric antibiotics, which cover a
broad array of pathogens without the cost of universal resistance, is a riddle today [3]. The
bacterial genome sequencing in 1955 opened many vistas and introduced newer molecular
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targets for customizing purpose-built antibiotics [4]. But the repeated use of the same
antibiotics has led to resistance [5]. Emerging antimicrobial resistance has been a challenge
for the already overburdened health care system [6, 7]. It is damaging not only in terms of
increased morbidity and length of stay in hospital but also to the emergence of resistant
bacterial strains, especially multi-drug resistant gram-negative bacteria [8, 9]. ESKAPE.
pathogens, including Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter species, have caused havoc for the health
care systems [10, 11].

Increasing carbapenem use in emergency and critical care settings to cover pathogens proved
efficient initially, but then it gave rise to a global outbreak of carbapenem-resistant strains
[12]. The resistance results were noticeable even at institutional levels where the use of one
carbapenem (e.g., meropenem) was predominant over the other [13-15].

The World Health Organization (WHO) has issued multiple warnings throughout the years
to publicize the dire need for newer, more potent antibiotics for combating the advanced
resistance mechanisms [16]. We have plenty of antibiotics for Gram-positive bacteria, such
as methicillin-resistant S. aureus (MRSA), but there is a global deficit for adequate coverage
against Gram-negative bacterial infections [17].

Enterobacteriaceae with K. pneumonia carbapenemase (KPC) are particularly resistant

and threaten hospital infection control [18]. KPCs are only moderately inhibited by
beta-lactamase inhibitors, including clavulanic acid, tazobactam, and boronic acid [19].
Cephalosporin and beta-lactamase inhibitor combinations are introduced to overcome

the beta-lactamases, especially for severe and complicated bacterial infections [20].
Carbapenemase-producing Enterobacteriaceae (CPE) is better handled with a combination
antibiotic compared to monotherapy [21].

Imipenem/cilastatin/relebactam, a relatively newer antibiotic, combines imipenem,
cilastatin, and relebactam. Imipenem is a bactericidal carbapenem known for binding

and inhibiting penicillin-binding proteins (PBP 1 B and PBP 2) in Enterobacteriaceae and P--
aeruginosa inhibits bacterial cell wall synthesis [22, 23]. Cilastatin is a renal dehydropeptidase
inhibitor. Cilastatin lacks any antibacterial activity and maintains the serum concentrations
of imipenem by inhibiting its renal metabolism; it is also said to have a nephroprotective
effect by inhibiting drug-induced kidney injury [24, 25]. Relebactam is a beta-lactamase
inhibitor that potentiates the action of imipenem. It is known to antagonize certain serine
beta-lactamases, including KPC, Enterobacter cloacae P99; Pseudomonas derived cephalosporins
(PDC), Temoneira (TEM), Sulhydral variable (SVH), and Cefotaximase-Munich (CTX-M)

[26, 27]. Recently, imipenem/cilastatin/relebactam was approved by the Food and Drug
Administration (FDA) for use in ventilator-associated bacterial pneumonias (VAPBs) and
hospital-acquired bacterial pneumonias (HABPs) in June 2020, along with the already
established use for complicated urinary tract infection (cUTI) [28, 29].

We performed this meta-analysis to explore the efficacy and safety of imipenem/cilastatin/
relebactam compared to other antibiotics for serious bacterial infections, including cUTIs,
complicated intraabdominal infections (cIAls), HABP, and VABP. Comparable or improved
performance can give clinicians confidence in prescribing it without the fear of inducing
resistance and recurrent infections.

https://doi.org/10.3947/ic.2021.0051 972



Imipenem/Cilastatin/Relebactam in complicated infections

]. Chemotherapy

https://icjournal.org

MATERIALS AND METHODS

The databases accessed were Cochrane Central Registry of Clinical Trials, Embase, and
PubMed. Search terms used were imipenem/cilastatin/relebactam, Relebactam, and
imipenem. The deadline for publication was set as December 20, 2020.

1. Inclusion and Exclusion Criteria
Those studies were included, which:
1) were randomized control trials comparing imipenem/cilastatin/relebactam against stan-
dard of care in patients with cIAI, UTI and hospital-acquired pneumonia
2) enrolled patients with age greater than 18 years
3) were available in the English language without any restrictions of date or status of
publications.

Those papers which did not meet the above criteria were excluded.

2. Trial Selection and Evaluation

Three authors independently reviewed all articles and abstracts and excluded irrelevant. The
risk of bias for selected papers was assessed using Cochrane collaborative tool and classified
into high, uncertain, and low.

3. Data Extraction

Information was extracted using a pre-specified extraction table. Data was extracted from
trials reading through text and tables by A.J.-and a second author reviewed the data collected
to ensure the accuracy of the information. The extracted data included clinical response at
early follow-up (EFU: 5 - 9 days) and late follow-up (LFU: 28 - 42 days), the microbiologic
response at early follow-up (EFU), and adverse effects of imipenem/cilastatin/relebactam.

4. Statistical Analysis

The meta-analysis was executed employing the Comprehensive Meta-analysis software
version 3 (Biostat Inc., Englewood, NJ, USA). We calculated the odds ratio (OR) for

discrete variables. Standard errors were calculated using a 95% confidence interval, and for
determining statistical significance, a P-value of 0.05 was used. For consistency in analysis,
it was performed using a random-effects model irrespective of heterogeneity. Heterogeneity
was evaluated using I? statistic; heterogeneity less than 40 was considered low, 40 - 60
moderate, and above 60 as high.

RESULTS

1. Literature Search

A total of 177 articles were identified in the initial search. After the removal of duplicates and
the first screening, we excluded 162 articles. We analyzed the full texts of 15 articles. Two
papers were excluded due to being review articles; three studies were single-arm, three were
abstracts, and three were microbiological studies. Four randomized controlled trials (RCTs)
were selected for review and analysis. PRISMA flowsheet for selection of studies and search
string is added to supplementary files. The main characteristics are given in Table 1.

https://doi.org/10.3947/ic.2021.0051 9273
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Table 1. Main characteristics of the studies

Study  Study Number of Infection Type Inclusion Criteria Exclusion Criteria Intervention Arm Comparator
Type participants Arm
Lucasti RCT 351 clAl Age >18, Clinically suspected or APACHE score >30, REL 250 + Imipenem  Placebo +
(2016) bacteriologically documented clAl (n=18) Imipenem
[28] crcl <50 mL/min, REL 125 + Imipenem  (n=117)
ALT/AST >3 x UNL, (n=116)

Effective antibiotic therapy against
pathogen before study drug

Sims RCT 298 cuTI Age >18 years, clinically presumed  Uncomplicated UTI, CrCl <5 mL/ REL 250 + Imipenem  Placebo +
(2017) and/or registered cUTI or acute min, ALT/AST >3 x UNL, complete  (n =99) Imipenem
[29] pyelonephritis, needing intravenous urinary obstruction, effective REL 125 + Imipenem  (n=100)
antimicrobial treatment, antibiotic therapy before study (n=99)
confirmatory urine culture results  drug initiation
within 48h
Motsch  RCT 57 Imipenem resistant Age >18 years, diagnosis of HABP/  APACHE >30, CrCl <15 mL/min, cUTI REL 250 + Imipenem  Colistin +
(2020) bacteria: VABP, cUTI, clAls secondary with urinary obstruction, HABP/ (n=31) Imipenem
[40] CIAl to imipenem nonsusceptible, VABP with complete obstruction (n=16)
cUTI I/R susceptible, and colistin-
HABP/VABP susceptible bacteria
Titov RCT 531 HABP/VABP Age >18, LRT Specimen collected >24h of effective antibacterial REL 250/500 + Piperacillin/
(2020) within 48h of screening, meet therapy within 72h of Imipenem (n =264)  Tazobactam
[38] diagnostic criteria for HABP/VABP  randomization, LRT showing only 4 g/500 mg

Gram-positive cocci, CrCl <15, (n =267)

pneumonia by an obstructive

process like lung cancer
RCT, randomized controlled trials; APACHE: acute physiology and chronic health evaluation score; clAl: complicated intra-abdominal infection; CrCl, creatinine
clearance; ALT, alanine transaminase; AST, aspartame transaminase; ULN, upper limit of normal; REL, relebactam; cUTI, complicated urinary tract infection;
LRT, lower respiratory tract; HABP, hospital-acquired bacterial pneumonia; VABP, ventilator-associated bacterial pneumonia.

The results of the risk of bias are depicted in Figure 1 and Figure 2.

1) Overall clinical response at EFU

Four studies with a total of six intervention arms reported clinical response at EFU, and there
was no statistically significant difference between the groups, OR 1.126 (0.717 - 1.569) P =
0.605, I> = 48.22 (Fig. 2).

2) Overall clinical response at LFU

Four studies with a total of six intervention arms reported clinical response at LFU, and there
was no statistically significant difference between the groups, OR 1.264 (0.858 - 1.861) P=
0.236, I? = 31.149 (Fig. 3).

3) Overall microbiologic response at EFU

Three studies with a total of five intervention arms reported microbiologic response at EFU,
and there was no statistically significant difference between the groups, OR 1.246 (0.831 -
1.868) P=0.287, I* = 27.627 (Fig. 4).

1) Clinical response

Two studies reported clinical response at early and late follow-up in 150 mg doses, and there
was no statistically significant difference between the two groups. For EFU, OR was 0.932
(0.501 -1.736) P=0.824, = 0. For LFU, OR was 0.952 (0.454 - 1.993) P=0.895, I> =34.572.
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Random sequence generation (selection bias)

Allocation concealment (selection bias)

Blinding of participants and personnel (performance bias)
Blinding of outcome assessment (detection bias)
Incomplete outcome data (attrition bias)

Selective reporting (reporting bias)

Other bias I

Lucasti (2016)[28] H Low risk of bias Unclear risk of bias  m High risk of bias

Motsch (2020)[40]

~ | @ | @ | Allocation concealment (selection bias)

-~

Sims (2017)[29]

. . ‘ ‘ Blinding of participants and personnel (performance bias)
‘ ‘ ‘ . Blinding of outcome assessment (detection bias)
. . . . Incomplete outcome data (attrition bias)
. . . . Selective reporting (reporting bias)
o . Other bias

. . . . Random sequence generation (selection bias)

Titov (2020)[38]

Figure 1. Risk of Bias in studies included (classified into high, low, and uncertain).

Study Statistics for each study 0Odds ratio and 95% Cl
Odds ratio Lower limit Upper limit Z-value P-value

Lucasti (2016)[28] REL 250 0.783 0.320 1.915 -0.537 0.591 ——
Lucasti (2016)[28] REL 125 0.942 0.380 2.338 -0.128 0.898 ——
Sims (2017)[29] REL 250 0.745 0.320 1.735 -0.682 0.495 ——
Sims (2017)[29] REL 125 0.923 0.394 2.165 -0.184 0.854 ——
Motsch (2020)[40] 9.350 2.049 42.658 2.887 0.004 —_—
Titov (2020)[38] 1.238 0.876 1.749 1.210 0.226 [ |

1.126 0.717 1.769 0.517 0.605 ‘

04I01 0:1 1I 1I0 1(I)0

Favours comparator ~ Favours recarbio

Figure 2. Overall clinical response at early follow up.
Cl, confidence interval.

Study Statistics for each study 0dds ratio and 95% ClI
Odds ratio Lower limit Upper limit Z-value P-value

Lucasti (2016)[28] REL 250 1.167 0.493 2.762 0.351 0.726 ——
Lucasti (2016)[28] REL 125 1.415 0.587 3.409 0.774 0.439 -
Sims (2017)[29] REL 250 1.000 0.449 2.229 0.000 1.000 .
Sims (2017)[29] REL 125 0.665 0.295 1.499 -0.984 0.325 ——
Motsch (2020)[40] 5.500 1.331 22,734 2.354 0.019 —.
Titov (2020)[38] 1.435 0.923 2.230 1.604 0.109 B

1.264 0.858 1.861 1.186 0.236 <

0.2)1 0!1 1I 1I0 1(I)0

Favours comparator  Favours recarbio

Figure 3. Overall clinical response at late follow up.
Cl, confidence interval.
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Study Statistics for each study 0Odds ratio and 95% Cl
0Odds ratio Lower limit Upper limit Z-value P-value

Lucasti (2016)[28] REL 250 0.974 0.134 7.094 -0.026 0.980 [
Lucasti (2016)[28] REL 125 1.026 0.141 7.463 0.025 0.980
Sims (2017)[29] REL 250 0.731 0.384 1.390 -0.956 0.339 o
Sims (2017)[29] REL 125 2.249 1.118 4524 2.273 0.023 .
Titov (2020)[38] 1.301 0.876 1.933 1.302 0.193 B

1.246 0.831 1.868 1.065 0.287 ‘

001 o1 1 10 100

Favours comparator  Favours recarbio

Figure 4. Overall microbiologic response at early follow up.

Cl, confidence interval.

Four studies reported clinical response in early and late follow-up in 250 mg dose, and there was
no statistically significant difference between the two groups. For EFU, OR was 1.291 (0.640 -
2.603) P=0.475, I> = 67.231. For LFU, OR was 1.434 (0.896 to 2.293) P=0.133, > =32.297.

2) Microbiologic response

Two studies reported microbiologic response early to follow up for 125 mg dose, and the
imipenem/cilastatin/relebactam showed statistically better response with an OR of 2.062
(1.067 - 3.987) P=0.031, = 0.

Three studies reported microbiologic response at early follow up for 250mg dose, and there
was no statistically significant difference between the groups with an OR 0f1.079 (0.736 -
1.582) P=0.696, I>=11.357.

3) Clinical response based on the type of infection

One study with two-dose arms reported clinical response in early follow-up in
intraabdominal infections with no statistically significant difference between the groups; for
EFU, the OR was 0.858 (0.453 - 1.622) P= 0.637. For LFU, two studies with three intervention
arms reported clinical response in early follow-up with no statistically significant difference;
the OR was 1.238 (0.693 - 2.373), P=0.428.

One study with two-dose arms reported clinical response in early and late-term follow-up in
urinary tract infections with no statistically significant difference between the groups. For
EFU, OR was 0.829 (0.455 - 1.510) P=0.539. For LFU, OR was 0.818 (0.462 - 1.447) P= 0.490.

One study reported clinical response in early and late-term follow-up in HABP/VABP with no
statistically significant difference between the groups. For EFU, OR was 1.238 (0.876 - 1.749) P
=0.226. For LFU, OR was 1.435 (0.923 - 2.230) P=0.109.

4) Microbiologic response
One study with two-dose arms reported microbiologic response in early follow-up in cIAls with

no statistically significant difference between the groups, OR 1.000 (0.246 - 4.068) P=1.000.

One study with two-dose arms reported microbiologic response in early follow-up in cUTIs with
no statistically significant difference between the groups, OR 1.271 (0.422 - 3.824) P=0.670.

One study with reported microbiologic response in early follow-up in HABP/VABP with no
statistically significant difference between the group, OR 1.301 (0.876 - 1.933) P=0.193.
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5. Side effects

1) Drug-related adverse effects

There was no statistical difference between imipenem/cilastatin/relebactam and standard of
care regarding drug-related adverse events, OR 1.251 (0.896 - 1.746) P=0.189, I* = O (Fig. 5).

2) Serious adverse events
There was no statistical difference between imipenem/cilastatin/relebactam and standard of
care regarding serious adverse events, OR 0.779 (0.565 - 1.073) P=0.127, I = O (Fig. 6).

3) Drug discontinued due to adverse events

There was no statistical difference between imipenem/cilastatin/relebactam and standard of
care regarding drug discontinuation secondary to adverse events, OR 0.771 (0.447 - 1.328) P=
0.349, = 0.344 (Fig. 7).

6. Summary of results

Imipenem/cilastatin/relebactam had similar efficacy at clinical and microbiologic response
levels at early follow-up and late follow-up compared to an established standard of care. The
incidence of drug-related adverse events, serious adverse events, and drug discontinuation
due to adverse events were similar across both groups.

Study Statistics for each study 0Odds ratio and 95% Cl

Odds ratio Lower limit Upper limit Z-value P-value
Lucasti (2016)[28] REL 250 1.483 0.656 3.352 0.948 0.343 —m—
Lucasti (2016)[28] REL 125 1.498 0.663 3.386 0.972 0.331 ——
Sims (2017)[29] REL 250 1.136 0.441 2.928 0.264 0.792 ——
Sims (2017)[29] REL 125 1.011 0.384 2.664 0.022 0.982 —.—
Motsch (2020)[40] 0.423 0.102 1.761 -1.182 0.237
Titov (2020)[38] 1.385 0.799 2.400 1.162 0.245 B

1.251 0.896 1.746 1.314 0.189 ‘
0.I01 0:1 1I 1Io 1(I)0
Favours recarbio  Favours comparator

Figure 5. Drug-related adverse effects.
Cl, confidence interval.
Study Statistics for each study 0Odds ratio and 95% Cl

0dds ratio Lower limit  Upper limit Z-value P-value
Lucasti (2016)[28] REL 250 0.469 0.137 1.603 -1.207 0.227 —_—
Lucasti (2016)[28] REL 125 0.597 0.189 1.882 -0.881 0.379 —
Sims (2017)[29] REL 250 1.010 0.199 5.131 0.012 0.990 —_—
Sims (2017)[29] REL 125 0.330 0.034 3.227 -0.953 0.341
Motsch (2020)[40] 0.236 0.048 1.158 -1.779 0.075
Titov (2020)[38] 0.902 0.623 1.305 -0.548 0.583 B

0.779 0.565 1.073 -1.528 0.127 ‘
0.I01 0?1 1I 1I0 1(IJO

Figure 6. Serious adverse events.

Cl, confidence interval.
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Study Statistics for each study 0Odds ratio and 95% Cl
0Odds ratio Lower limit Upper limit Z-value P-value

Lucasti (2016)[28] REL 250 0.319 0.033 3.112 -0.983 0.326 _—
Lucasti (2016)[28] REL 125 1.667 0.389 7.143 0.688 0.491 o —
Sims (2017)[29] REL 250 1.531 0.250 9.368 0.461 0.645 —
Sims (2017)[29] REL 125 0.500 0.045 5.605 -0.562 0.574
Motsch (2020)[40] 0.061 0.003 1.268 -1.806 0.071
Titov (2020)[38] 0.752 0.382 1.482 -0.822 0.411 B

0.771 0.447 1.328 -0.937 0.349 <o

0.2)1 071 ‘; 1I0 1(IJO
Favours recarbio Favours comparator
Figure 7. Drug discontinued due to adverse events.
Cl, confidence interval.
DISCUSSION

In this meta-analysis, we reached several key findings after systematically reviewing and
evaluating four RCTs and observational studies for the efficacy and safety of imipenem/
cilastatin/relebactam. We compared it with alternative antibiotics to treat bacterial infections,
including cUTIs, cIABIs, HABP., and VABP. All eligible studies were included regardless of
the risk of bias assessment and sample size. Prior systematic reviews and meta-analyses
have not investigated imipenem/cilastatin/relebactam for the treatment for all the infections
mentioned above, and subgroup analysis for the dosage and type of infections has not

been done. The non-inferiority of imipenem/cilastatin/relebactam compared to imipenem,
piperacillin/tazobactam, imipenem + colistin for the treatment of carbapenem-resistant
gram-negative presents an alternative treatment of progressively carbapenem-resistant
serious bacterial infections.

Carbapenems rose to fame since their debut for their distinctive structural benefit of having
a beta-lactam ring, providing a broad spectrum of coverage and supposed some level of
immunity against metallo-beta-lactamase and other broad-spectrum beta-lactamases [30].
Carbapenem resistance is secondary to carbapenemases encoding, New Delhi Metallo--
lactamase-1, and OXA-48 (oxacillinase-48). Other resistance mechanisms include reduction
in antibiotic entry by decreasing cell membrane permeability (loss of OprD porin), enhanced
expression of efflux pumps, rRNA methylases, and aminoglycoside-modifying enzymes in
addition to intrinsic resistance to carbapenems like displayed by Strenotrophomonas maltophilia
from mutations and novel atypical mechanisms [31, 32].

Carbapenem resistance represents a serious phenomenon as they are considered the main
stay treatment for resistant Gram-negative bacteria such as K. pneumoniae, P. aeruginosa, and A.
baumanii. The emergence of carbapenem resistance has led to the use of alternatives such as
colistin and amikacin, but their use is limited due to their relative toxicities [33]. The novel
idea of antimicrobial stewardship has been implemented in hospitals since the beginning
of this century to overcome this pandemic of antimicrobial resistance [34]. The solution to
this giant of resistance should have been newer potent antibiotics whose efficacy and safety
profile were well determined through randomized clinical trials. Unfortunately, we saw no
meaningful and targeted antibiotic production in the last decade. The cost-benefit analysis
of investment in researching newer drugs with better outcomes in a burdened health care
system should be addressed by pharmaceutical companies and health care stakeholders,
including government and private groups [35].

https://doi.org/10.3947/ic.2021.0051 278
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Newer antibiotics containing avibactam as the beta-lactamase inhibitor, e.g., ceftazidime +
avibactam, has convincing coverage for class A and C Beta lactamases, extended-spectrum
beta-lactamases, ampC (cephalosporins), and KPC enzymes implicated in cUTI, cIAl and
pneumonia [36].

Considering these facts, clinicians highly anticipated the advent of imipenem/cilastatin/
relebactam (a beta-lactam and beta-lactamase inhibitor combination). Gram-negative
pathogens, including Enterobacteraes, P. aeruginosa, the anaerobic Bacteroides spp, multidrug-
resistance pathogens including KPC-producing bacteria and extended-spectrum
B-lactamases (ESBL) producing pathogens are sensitive to it owing to an inhibition of
expressed class A/C B-lactamases. It also displayed in vitro activity versus many KPC- and
ESBL-producing Enterobacters and multidrug-resistant P. aeruginosa. The addition of
relebactam to imipenem can also reduce the minimum inhibitory concentration of the latter
in susceptible organisms. In vitro studies also showed that most P. aeruginosa isolate strains of
intensive care unit (ICU) patients in the USA were susceptible to imipenem/relebactam [37].

The RESTORE-IMI 1 trial compared imipenem/cilastatin/relebactam to imipenem-cilastatin
plus colistin when treating carbapenem-nonsusceptible cIAls, cUTIs, HABP and VABP. The
patient cohort of 47 adults comprised mainly sick and ICU care patients. The scientists saw
a statistically insignificant 20% lower mortality rate in the imipenem/relebactam group.
Serious adverse events, including nephrotoxicity, occurred more frequently in the imipenem
+ colistin group than in the imipenem/relebactam group. RESTORE-IMI 2 trial was a phase
3 study where Imipenem/cilastatin/relebactam was appraised for the treatment of HABP and
VABP compared with piperacillin-tazobactam (TZP) in ICU settings [38].

Imipenem/relebactam was proven to be relatively more tolerated than the comparator in
prior. Adverse events in RESTORE-IMI 1 trial included were diminished creatinine clearance,
fever, hyperglycemia, and injection site reaction [28]. Diarrhea and elevated liver enzymes
were seen most frequently in RESTORE-IMI 2 trial [38]. Imipenem (in addition to other
carbapenems) is known to decrease the seizure threshold. It also causes myoclonus and
altered mental status. Its usage with other epileptogenic drugs should proceed with great
caution [39]. The specific adverse effects of relebactam are not significant.

Hence, this medication has a safety profile that is tolerable and comparable to the
comparator group.

This meta-analysis has its set of limitations. One of the main limitations of this study

is the small number of participants overall in the studies, with 1,237 patients. The small
sample size is due to the limited clinical trials so far and difficulty in recruiting patients with
confirmed carbapenem resistance who were ill enough to require treatment, stable enough
to participate in the study, and receiving treatment at qualified clinical trial sites. It becomes
particularly cumbersome when recruitment is done for non-FDA-approved invitations. The
representation of the patient cohort with carbapenem-resistant Enterobacteriaceae (CRE) was
limited. The difference in laboratory susceptibility interpretation can also be a limiting
factor. Half of the patients with cIAI had adverse outcomes, which can be explained by
increased medical complexity, extensive antibiotic exposure in the recent past, and higher
APACHE II scores.
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Additionally, most included patients were adults, so clinicians should use caution in applying

Imipenem/Cilastatin/Relebactam in complicated infections

these results to the pediatric population. Most of the study populations consisted mainly
of elderly patients at increased risk of abysmal prognosis. Previous data reported adverse
fetal outcomes in mammals treated with imipenem/cilastatin and relebactam. The data to
support the use of imipenem/cilastatin/relebactam combination, imipenem, cilastatin, and
relebactam in pregnant or lactating mothers are lacking. Imipenem/cilastatin/relebactam
dose reduction is recommended with creatinine clearance of less than 90 mL/min due to
fewer data in patients with chronic kidney diseaseor similar components. Our subgroup
analysis showed no statistically significant difference in clinical response when using 125 mg
vs. 250 mg dose of imipenem/cilastatin/relebactam. The improved microbiologic response
was seen in the 125 mg subgroup in two studies at early follow-up. More RCTs are needed to
reach a consensus on dosage recommendations in appropriate clinical settings.

Potentially the most limiting factor in the future widespread use of Imipenem/cilastatin/
relebactam would be its high cost compared to already available treatment, with the price
for imipenem/cilastatin/relebactam intravenous powder for injection 1.25 g reaching around
7,201 USD for a supply of 25 powder for injection. In contrast, the cost for piperacillin/
tazobactam intravenous powder for injection (2 g - 0.25 g) is around 87.5 USD for a supply of
25 powder for injection.

An overstated clinical response is expected from a meta-analysis of the limited number of
studies. Current unpublished articles and missing data can contribute to bias. The studies
included in this meta-analysis did not comment on global health with the emergence of
Carbapenem-resistant organisms. Therefore, antimicrobial selection should be based on local
epidemiology and susceptibility patterns. Future randomized controlled trials with larger
sample size and inclusion of pediatric and obstetric populations can support our study findings.

Our study suggests that imipenem/cilastatin/relebactam is a compelling new treatment
option for HABP/VABP, cUTIs, cIAls, including critically ill, high-risk patients. In conclusion,
while balancing the overall benefit with the efficacy and safety proven for imipenem/
cilastatin/relebactam in short and late follow-up, we can state that Imipenem/cilastatin/
relebactam is an emerging treatment for the various carbapenem-resistant infections with
proven safety and efficacy. Given the overall safety and efficacy profile, there seems to be a
non-inferiority profile demonstrated by this study which should be utilized in appropriate
clinical and research settings.

REFERENCES

1. Bassetti M, Rello J, Blasi F, Goossens H, Sotgiu G, Tavoschi L, Zasowski EJ, Arber MR, McCool R,
Patterson JV, Longshaw CM, Lopes S, Manissero D, Nguyen ST, Tone K, Aliberti S. Systematic review of
the impact of appropriate versus inappropriate initial antibiotic therapy on outcomes of patients with
severe bacterial infections. Int ] Antimicrob Agents 2020;56:106184.

PUBMED | CROSSREF

2. BadiaJM, Casey AL, Petrosillo N, Hudson PM, Mitchell SA, Crosby C. Impact of surgical site infection
on healthcare costs and patient outcomes: a systematic review in six European countries. ] Hosp Infect
2017;96:1-15.

PUBMED | CROSSREF

3. Paul M, Shani V, Muchtar E, Kariv G, Robenshtok E, Leibovici L. Systematic review and meta-analysis
of the efficacy of appropriate empiric antibiotic therapy for sepsis. Antimicrob Agents Chemother
2010;54:4851-63.

PUBMED | CROSSREF

https://doi.org/10.3947/ic.2021.0051 280


http://www.ncbi.nlm.nih.gov/pubmed/33045353
https://doi.org/10.1016/j.ijantimicag.2020.106184
http://www.ncbi.nlm.nih.gov/pubmed/28410761
https://doi.org/10.1016/j.jhin.2017.03.004
http://www.ncbi.nlm.nih.gov/pubmed/20733044
https://doi.org/10.1128/AAC.00627-10

Imipenem/Cilastatin/Relebactam in complicated infections

° <
1 C Infection &
Chemotherapy

https://icjournal.org

4. Tagini F, Greub G. Bacterial genome sequencing in clinical microbiology: a pathogen-oriented review. Eur
J Clin Microbiol Infect Dis 2017;36:2007-20.
PUBMED | CROSSREF
5. Olesen SW, Barnett ML, MacFadden DR, Brownstein JS, Hernandez-Diaz S, Lipsitch M, Grad YH. The
distribution of antibiotic use and its association with antibiotic resistance. ELife 2018;7:€39435.
PUBMED | CROSSREF
6. Jernigan JA, Hatfield KM, Wolford H, Nelson RE, Olubajo B, Reddy SC, McCarthy N, Paul P, McDonald
LC, Kallen A, Fiore A, Craig M, Baggs J. Multidrug-resistant bacterial infections in U.S. hospitalized
patients, 2012-2017. N Engl ] Med 2020;382:1309-19.
PUBMED | CROSSREF
7. Peyrani P, Mandell L, Torres A, Tillotson GS. The burden of community-acquired bacterial pneumonia in
the era of antibiotic resistance. Expert Rev Respir Med 2019;13:139-52.
PUBMED | CROSSREF
8. Arzanlou M, Chai WC, Venter H. Intrinsic, adaptive and acquired antimicrobial resistance in Gram-
negative bacteria. Essays Biochem 2017;61:49-59.
PUBMED | CROSSREF
9. Mukerji S, O'Dea M, Barton M, Kirkwood R, Lee T, Abraham S. Development and transmission of
antimicrobial resistance among Gram-negative bacteria in animals and their public health impact. Essays
Biochem 2017;61:23-35.
PUBMED | CROSSREF
10. Boucher HW, Talbot GH, BradleyJS, Edwards JE, Gilbert D, Rice LB, Scheld M, Spellberg B, Bartlett J. Bad
bugs, no drugs: no ESKAPE! An update from the Infectious Diseases Society of America. Clin Infect Dis
2009;48:112.
PUBMED | CROSSREF
11. Rice LB. Federal funding for the study of antimicrobial resistance in nosocomial pathogens: no ESKAPE. J
Infect Dis 2008;197:1079-81.
PUBMED | CROSSREF
12. Spera AM, Esposito S, Pagliano P. Emerging antibiotic resistance: carbapenemase-producing
enterobacteria. Bad new bugs, still no new drugs. Infez Med 2019;27:357-64.
PUBMED
13. Khan MA, Faiz A. Antimicrobial resistance patterns of Pseudomonas aeruginosa in tertiary care hospitals of
Makkah and Jeddah. Ann Saudi Med 2016;36:23-8.
PUBMED | CROSSREF
14. YayanJ, Ghebremedhin B, Rasche K. Antibiotic resistance of Pseudomonas aeruginosa in pneumonia at a
Single University Hospital Center in Germany over a 10-year period. PLoS One 2015;10:e0139836.
PUBMED | CROSSREF
15. Xu]JJ, GaoJ, Guo JH, Song LL. Analysis of antibiotic treatment of children in a Shanghai tertiary hospital
based on point prevalence surveys. BMC Infect Dis 2020;20:804.
PUBMED | CROSSREF
16. Mayor S. First WHO antimicrobial surveillance data reveal high levels of resistance globally. BMJ
2018;360:k462.
PUBMED | CROSSREF
17. Tacconelli E, Carrara E, Savoldi A, Harbarth S, Mendelson M, Monnet DL, Pulcini C, Kahlmeter G,
Kluytmans J, Carmeli Y, Ouellette M, Outterson K, Patel J, Cavaleri M, Cox EM, Houchens CR, Grayson
ML, Hansen P, Singh N, Theuretzbacher U, Magrini N; WHO Pathogens Priority List Working Group.
Discovery, research, and development of new antibiotics: the WHO priority list of antibiotic-resistant
bacteria and tuberculosis. Lancet Infect Dis 2018;18:318-27.
PUBMED | CROSSREF
18. Nordmann P, Cuzon G, Naas T. The real threat of Klebsiella pneumoniae carbapenemase-producing bacteria.
Lancet Infect Dis 2009;9:228-36.
PUBMED | CROSSREF
19. Tehrani KHME, Martin NI. B-lactam/B-lactamase inhibitor combinations: an update. Medchemcomm
2018;9:1439-56.
PUBMED | CROSSREF
20. Fiore M, Corrente A, Pace MC, Alfieri A, Simeon V, Ippolito M, Giarratano A, Cortegiani A. Ceftolozane-
tazobactam combination therapy compared to ceftolozane-tazobactam monotherapy for the treatment of
severe infections: a systematic review and meta-analysis. Antibiotics (Basel) 2021;10:79.
PUBMED | CROSSREF
21. Tzouvelekis LS, Markogiannakis A, Piperaki E, Souli M, Daikos GL. Treating infections caused by
carbapenemase-producing Enterobacteriaceae. Clin Microbiol Infect 2014;20:862-72.
PUBMED | CROSSREF
https://doi.org/10.3947/ic.2021.0051 281


http://www.ncbi.nlm.nih.gov/pubmed/28639162
https://doi.org/10.1007/s10096-017-3024-6
http://www.ncbi.nlm.nih.gov/pubmed/30560781
https://doi.org/10.7554/eLife.39435
http://www.ncbi.nlm.nih.gov/pubmed/32242356
https://doi.org/10.1056/NEJMoa1914433
http://www.ncbi.nlm.nih.gov/pubmed/30596308
https://doi.org/10.1080/17476348.2019.1562339
http://www.ncbi.nlm.nih.gov/pubmed/28258229
https://doi.org/10.1042/EBC20160063
http://www.ncbi.nlm.nih.gov/pubmed/28258227
https://doi.org/10.1042/EBC20160055
http://www.ncbi.nlm.nih.gov/pubmed/19035777
https://doi.org/10.1086/595011
http://www.ncbi.nlm.nih.gov/pubmed/18419525
https://doi.org/10.1086/533452
http://www.ncbi.nlm.nih.gov/pubmed/31846984
http://www.ncbi.nlm.nih.gov/pubmed/26922684
https://doi.org/10.5144/0256-4947.2016.23
http://www.ncbi.nlm.nih.gov/pubmed/26430738
https://doi.org/10.1371/journal.pone.0139836
http://www.ncbi.nlm.nih.gov/pubmed/33121455
https://doi.org/10.1186/s12879-020-05542-1
http://www.ncbi.nlm.nih.gov/pubmed/29382641
https://doi.org/10.1136/bmj.k462
http://www.ncbi.nlm.nih.gov/pubmed/29276051
https://doi.org/10.1016/S1473-3099(17)30753-3
http://www.ncbi.nlm.nih.gov/pubmed/19324295
https://doi.org/10.1016/S1473-3099(09)70054-4
http://www.ncbi.nlm.nih.gov/pubmed/30288219
https://doi.org/10.1039/C8MD00342D
http://www.ncbi.nlm.nih.gov/pubmed/33467508
https://doi.org/10.3390/antibiotics10010079
http://www.ncbi.nlm.nih.gov/pubmed/24890393
https://doi.org/10.1111/1469-0691.12697

Imipenem/Cilastatin/Relebactam in complicated infections

° <
1 C Infection &
Chemotherapy

https://icjournal.org

22. Hashizume T, Ishino F, Nakagawa J, Tamaki S, Matsuhashi M. Studies on the mechanism of action of
imipenem (N-formimidoylthienamycin) in vitro: binding to the penicillin-binding proteins (PBPs) in
Escherichia coli and Pseudomonas aeruginosa, and inhibition of enzyme activities due to the PBPs in E. coli. J
Antibiot (Tokyo) 1984;37:394-400.

PUBMED | CROSSREF

23. Williams RJ, Yang Y], Livermore DM. Mechanisms by which imipenem may overcome resistance in gram-
negative bacilli. ] Antimicrob Chemother 1986;18(Suppl E):9-13.

PUBMED | CROSSREF

24. Buckley MM, Brogden RN, Barradell LB, Goa KL. Imipenem/cilastatin. A reappraisal of its antibacterial
activity, pharmacokinetic properties and therapeutic efficacy. Drugs 1992;44:408-44.
PUBMED | CROSSREF

25. Shayan M, Elyasi S. Cilastatin as a protective agent against drug-induced nephrotoxicity: a literature
review. Expert Opin Drug Saf 2020;19:999-1010.
PUBMED | CROSSREF

26. Tooke CL, Hinchliffe P, Lang PA, Mulholland AJ, Brem J, Schofield CJ, Spencer J. Molecular basis of class
A B-lactamase inhibition by relebactam. Antimicrob Agents Chemother 2019;63:e00564-19.

PUBMED | CROSSREF

27. Crass RL, Pai MP. Pharmacokinetics and pharmacodynamics of B-lactamase inhibitors. Pharmacotherapy
2019;39:182-95.
PUBMED | CROSSREF

28. Lucasti C, Vasile L, Sandesc D, Venskutonis D, McLeroth P, Lala M, Rizk ML, Brown ML, Losada MC,
Pedley A, Kartsonis NA, Paschke A. Phase 2, dose-ranging study of relebactam with imipenem-cilastatin
in subjects with complicated intra-abdominal infection. Antimicrob Agents Chemother 2016;60:6234-43.
PUBMED | CROSSREF

29. Sims M, Mariyanovski V, McLeroth P, Akers W, Lee YC, Brown ML, Du J, Pedley A, Kartsonis NA, Paschke
A. Prospective, randomized, double-blind, Phase 2 dose-ranging study comparing efficacy and safety of
imipenem)/cilastatin plus relebactam with imipenem/cilastatin alone in patients with complicated urinary
tract infections. ] Antimicrob Chemother 2017;72:2616-26.

PUBMED | CROSSREF

30. Knapp KM, English BK. Carbapenems. Semin Pediatr Infect Dis 2001;12:175-85.
CROSSREF

31. Livermore DM. Current epidemiology and growing resistance of gram-negative pathogens. Korean J
Intern Med 2012;27:128-42.

PUBMED | CROSSREF

32. Meletis G. Carbapenem resistance: overview of the problem and future perspectives. Ther Adv Infect Dis
2016;3:15-21.

PUBMED | CROSSREF

33. Codjoe FS, Donkor ES. Carbapenem resistance: a review. Med Sci (Basel) 2017;6:1.
PUBMED | CROSSREF

34. Dyar OJ, Huttner B, Schouten J, Pulcini C; ESGAP (ESCMID Study Group for Antimicrobial stewardshiP).
What is antimicrobial stewardship? Clin Microbiol Infect 2017;23:793-8.

PUBMED | CROSSREF

35. White AR; BSAC Working Party on The Urgent Need: Regenerating Antibacterial Drug Discovery and
Development. Effective antibacterials: at what cost? The economics of antibacterial resistance and its
control. ] Antimicrob Chemother 2011;66:1948-53.

PUBMED | CROSSREF

36. Zasowski EJ, Rybak JM, Rybak MJ. The B-lactams strike back: ceftazidime-avibactam. Pharmacotherapy
2015;35:755-70.
PUBMED | CROSSREF

37. KarlowskyJA, Lob SH, Kazmierczak KM, Young K, Motyl MR, Sahm DF. In-vitro activity of imipenem/
relebactam and key B-lactam agents against Gram-negative bacilli isolated from lower respiratory tract
infection samples of intensive care unit patients - SMART Surveillance United States 2015-2017. IntJ
Antimicrob Agents 2020;55:105841.

PUBMED | CROSSREF

38. TitovI, Wunderink RG, Roquilly A, Rodriguez Gonzalez D, David-Wang A, Boucher HW, Kaye KS, Losada
MC, Du]J, Tipping R, Rizk ML, Patel M, Brown ML, Young K, Kartsonis NA, Butterton JR, Paschke A,
Chen LF. A Randomized, double-blind, multicenter trial comparing efficacy and safety of imipenem/
cilastatin/relebactam versus piperacillin/tazobactam in adults with hospital-acquired or ventilator-
associated bacterial pneumonia (RESTORE-IMI 2 Study). Clin Infect Dis 2020:ciaa803.

PUBMED | CROSSREF
https://doi.org/10.3947/ic.2021.0051 2892


http://www.ncbi.nlm.nih.gov/pubmed/6427167
https://doi.org/10.7164/antibiotics.37.394
http://www.ncbi.nlm.nih.gov/pubmed/3493237
https://doi.org/10.1093/jac/18.Supplement_E.9
http://www.ncbi.nlm.nih.gov/pubmed/1382937
https://doi.org/10.2165/00003495-199244030-00008
http://www.ncbi.nlm.nih.gov/pubmed/32666842
https://doi.org/10.1080/14740338.2020.1796967
http://www.ncbi.nlm.nih.gov/pubmed/31383664
https://doi.org/10.1128/AAC.00564-19
http://www.ncbi.nlm.nih.gov/pubmed/30589457
https://doi.org/10.1002/phar.2210
http://www.ncbi.nlm.nih.gov/pubmed/27503659
https://doi.org/10.1128/AAC.00633-16
http://www.ncbi.nlm.nih.gov/pubmed/28575389
https://doi.org/10.1093/jac/dkx139
https://doi.org/10.1053/spid.2001.24093
http://www.ncbi.nlm.nih.gov/pubmed/22707882
https://doi.org/10.3904/kjim.2012.27.2.128
http://www.ncbi.nlm.nih.gov/pubmed/26862399
https://doi.org/10.1177/2049936115621709
http://www.ncbi.nlm.nih.gov/pubmed/29267233
https://doi.org/10.3390/medsci6010001
http://www.ncbi.nlm.nih.gov/pubmed/28882725
https://doi.org/10.1016/j.cmi.2017.08.026
http://www.ncbi.nlm.nih.gov/pubmed/21700625
https://doi.org/10.1093/jac/dkr260
http://www.ncbi.nlm.nih.gov/pubmed/26289307
https://doi.org/10.1002/phar.1622
http://www.ncbi.nlm.nih.gov/pubmed/31704217
https://doi.org/10.1016/j.ijantimicag.2019.10.022
http://www.ncbi.nlm.nih.gov/pubmed/32785589
https://doi.org/10.1093/cid/ciaa803

°
1 C Infection & @
Chemotherapy

39. CannonJP, Lee TA, Clark NM, Setlak P, Grim SA. The risk of seizures among the carbapenems: a meta-
analysis. ] Antimicrob Chemother 2014;69:2043-55.
PUBMED | CROSSREF

40. MotschJ, Murta de Oliveira C, Stus V, Koksal I, Lyulko O, Boucher HW, Kaye KS, File TM, Brown
ML, Khan I, DuJ, Joeng HK, Tipping RW, Aggrey A, Young K, Kartsonis NA, Butterton JR, Paschke
A. RESTORE-IMI 1: A multicenter, randomized, double-blind trial comparing efficacy and safety of
imipenem/relebactam vs colistin plus imipenem in patients with imipenem-nonsusceptible bacterial
infections. Clin Infect Dis 2020;70:1799-808.
PUBMED | CROSSREF

Imipenem/Cilastatin/Relebactam in complicated infections

https://icjournal.org https://doi.org/10.3947/ic.2021.0051 283


http://www.ncbi.nlm.nih.gov/pubmed/24744302
https://doi.org/10.1093/jac/dku111
http://www.ncbi.nlm.nih.gov/pubmed/31400759
https://doi.org/10.1093/cid/ciz530

	Clinical and Microbiologic Efficacy and Safety of Imipenem/Cilastatin/Relebactam in Complicated Infections: A Meta-analysis
	Introduction
	Materials and Methods
	1. Inclusion and Exclusion Criteria
	2. Trial Selection and Evaluation
	3. Data Extraction
	4. Statistical Analysis

	Results
	2. Risk of Bias
	3. Results of quantitative analysis
	1) Overall clinical response at EFU
	2) Overall clinical response at LFU
	3) Overall microbiologic response at EFU

	4. Subgroup Analysis of 150 mg vs 250 mg dose subgroups
	1) Clinical response
	2) Microbiologic response
	3) Clinical response based on the type of infection
	4) Microbiologic response

	5. Side effects
	1) Drug-related adverse effects
	2) Serious adverse events
	3) Drug discontinued due to adverse events

	6. Summary of results

	Discussion
	REFERENCES


