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Relebactam (REL [MK-7655]) is a novel class A/C �-lactamase inhibitor intended for use with imipenem for the treatment of
Gram-negative bacterial infections. REL restores imipenem activity against some resistant strains of Klebsiella and Pseudomo-
nas. In this multicenter, double-blind, controlled trial (NCT01506271), subjects who were >18 years of age with complicated
intra-abdominal infection were randomly assigned (1:1:1) to receive 250 mg REL, 125 mg REL, or placebo, each given intrave-
nously (i.v.) with 500 mg imipenem-cilastatin (IMI) every 6 h (q6h) for 4 to 14 days. The primary efficacy endpoint was the pro-
portion of microbiologically evaluable (ME) subjects with a favorable clinical response at discontinuation of i.v. therapy (DCIV).
A total of 351 subjects were randomized, 347 (99%) were treated, and 255 (73%) were ME at DCIV (55% male; mean age, 49
years). The most common diagnoses were complicated appendicitis (53%) and complicated cholecystitis (17%). Thirty-six sub-
jects (13%) had imipenem-resistant Gram-negative infections at baseline. Both REL doses plus IMI were generally well tolerated
and demonstrated safety profiles similar to that of IMI alone. Clinical response rates at DCIV were similar in subjects who re-
ceived 250 mg REL plus IMI (96.3%) or 125 mg REL plus IMI (98.8%), and both were noninferior to IMI alone (95.2%; one-sided
P < 0.001). The treatment groups were also similar with respect to clinical response at early and late follow-up and microbiologi-
cal response at all visits. Pharmacokinetic/pharmacodynamic simulations show that imipenem exposure at the proposed dose of
500 mg IMI with 250 mg REL q6h provides coverage of >90% of carbapenem-resistant bacterial strains.

The current epidemic of multidrug-resistant (MDR) bacterial
infections is a critical challenge in health care today. The or-

ganisms known as “ESKAPE” pathogens (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter bau-
mannii, Pseudomonas aeruginosa, and Enterobacter species) pre-
dominate in the resistance epidemic and have become a significant
problem in hospital-acquired infections around the world (1–11).
The emergence of several highly resistant Gram-negative patho-
gens over the past decade, namely, Acinetobacter species, MDR P.
aeruginosa, and carbapenem-resistant Enterobacteriaceae (includ-
ing Klebsiella species and Escherichia coli), poses a particularly
troubling and escalating global health issue (2, 12).

A common mechanism of resistance is the production of
�-lactamases (13), which can often be overcome by the coadmin-
istration of a �-lactamase inhibitor with a �-lactam antibiotic (7).
However, the emergence of newly identified �-lactamase-medi-
ated resistance, such as class A serine-containing �-lactamases
(e.g., K. pneumoniae carbapenemases [KPCs]), class B metallo-�-
lactamases, and the coupling of class A and C enzymes with �-lac-
tam antibiotic entry porin mutations, has presented a tremendous
challenge (14): these mechanisms can confer resistance to antibi-
otics previously used as a last resort, such as carbapenems. With-
out effective and tolerable antibiotics, infections caused by MDR
Gram-negative organisms have a high mortality rate, particularly
in vulnerable populations, such as immunocompromised pa-
tients, the elderly, and children. Thus, there is an urgent need for
new, well-tolerated drugs with activity against these emerging an-
tibiotic-resistant bacteria (2, 12, 15).

Relebactam (REL [MK-7655]) is a parenteral (intravenous
[i.v.]), small-molecule �-lactamase inhibitor that is active against
both class A and class C �-lactamases (16). In vitro susceptibility

and hollow-fiber time-kill studies have shown that REL restores
imipenem susceptibility to many imipenem-resistant isolates of
AmpC-producing P. aeruginosa and Enterobacteriaceae expressing
KPCs or combinations of impermeability and extended-spectrum
�-lactamases (ESBLs)/AmpCs (17–19). In vivo infection models
with imipenem-resistant P. aeruginosa and K. pneumoniae show
that REL given with imipenem-cilastatin (IMI) has the potential
to effectively treat severe Gram-negative bacterial infections (20).

In phase 1 trials, REL has been generally well tolerated when
administered i.v. as single doses up to 1,150 mg, as multiple doses
up to 625 mg (with 500 mg IMI) every 6 h (q6h) for 7 days, and as
multiple doses of 500 mg (with 500 mg IMI) q6h for 14 days. No
substantive changes in hematologic parameters, electrocardio-
grams, vital signs, or general well-being have occurred. Transient
increases in liver transaminases were observed upon multiple dos-
ing in a small number of subjects (unpublished data).

The target pharmacokinetic/pharmacodynamic (PK/PD) pa-
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rameter for REL was determined in a delayed-treatment lung in-
fection model of imipenem-resistant P. aeruginosa that has been
validated through demonstrated correlation with clinical efficacy
for other �-lactam antibacterials (unpublished data). Accord-
ingly, the target PK/PD parameter for REL has been defined as a
total plasma exposure (area under the concentration-time curve
from 0 to 24 h [AUC0 –24 h]) of 50.1 mg · h/liter (AUC for the free,
unbound fraction of drug [fAUC] of 40 mg · h/liter) following q6h
dosing (or AUC from 0 to infinity [AUC0 –�] of �12.5 mg · h/liter
following single-dose administration). This is the plasma expo-
sure of REL required to reach target efficacy (defined as a static
effect on P. aeruginosa tissue burden). This exposure target has
been further validated by in vitro hollow-fiber PK/PD time-kill
studies (21) and is considered sufficient to inhibit class A and C
�-lactamases so as to restore imipenem susceptibility to several
resistant strains of Pseudomonas as well as carbapenem-resistant
strains of K. pneumoniae and other Enterobacteriaceae expressing
class A and/or C enzymes.

Extensive PK/PD information gathered from in vitro suscepti-
bility testing, hollow-fiber experiments, and in vivo infection
models, together with multiple-dose safety data from the phase 1
program, supports that REL doses at or above 125 mg q6h meet
the identified PK/PD exposure target (19–23). However, simula-
tions from a translational PK/PD model (24) suggest that higher
concentrations of REL may be needed for efficacy against highly
resistant strains of P. aeruginosa, which are identified at low fre-
quency in surveillance studies of clinical isolates (25). Therefore,
we evaluated the safety and efficacy of two REL dose levels, 125 mg
and 250 mg, each given q6h with 500 mg IMI, for the treatment of
complicated intra-abdominal infections (cIAI), an important area
for new antimicrobial development because of their high preva-
lence, high morbidity and mortality, and the serious risk of clinical
failure due to MDR Gram-negative bacilli (26, 27).

MATERIALS AND METHODS
Study design. This was a prospective, multicenter, double-blind, ran-
domized controlled trial (MK-7655 Protocol 004, NCT01506271) con-
ducted from 16 November 2012 through 12 August 2014 at 45 sites in 20
countries. The original protocol and all amendments were approved by
the relevant institutional review board or independent ethics committee
at each study center. The study was conducted in accordance with the
protocol, Good Clinical Practice guidelines, and the Declaration of Hel-
sinki. Subjects provided written informed consent before any study pro-
cedures were performed.

Study participants were adults (�18 years of age) with clinically sus-
pected and/or bacteriologically documented cIAI requiring hospitaliza-
tion and treatment with i.v. antibiotic therapy. Postoperative (or intraop-
erative) enrollment was encouraged. If preoperative data were available
that strongly suggested an appropriate diagnosis for entry (see Appendix
S1 in the supplemental material), then preoperative enrollment was al-
lowed. Eligible diagnoses included the following: cholecystitis (including
gangrenous) with rupture, perforation, or progression of infection be-
yond the gallbladder wall; diverticular abscess; appendiceal perforation
and periappendiceal abscess; acute gastric and duodenal perforations, if
operated on �24 h after occurrence; traumatic perforation of the intes-
tines, if operated on �12 h after occurrence; peritonitis due to perforated
viscus, surgical intervention, or other focus of infection (but not sponta-
neous bacterial peritonitis associated with cirrhosis and chronic ascites);
and intra-abdominal abscess.

Exclusion criteria included an APACHE II score of �30, antibiotic
therapy effective against the identified pathogen taken after collection of
culture for admission and before initiation of study therapy, systemic

antibiotic (for �24 h) effective against the presumed or documented eti-
ologic pathogen(s) administered within the prior 72 h, and baseline renal
dysfunction (creatinine clearance [CLCR] of �50 ml/min) or hepatic dys-
function (alanine aminotransferase [ALT] or aspartate aminotransferase
[AST] of �3� the upper limit of normal [ULN]).

Randomization was stratified based on disease severity (APACHE II
score of �15 or �15) at screening using a centralized system and a ran-
domized allocation schedule. Subjects were assigned in a 1:1:1 ratio to
receive i.v. study therapy of 250 mg REL plus IMI, 125 mg REL plus IMI,
or placebo plus IMI, once every 6 h. REL (or placebo) and IMI were
infused over 30 min from 2 separate i.v. bags or 2 separate infusion sy-
ringes but through a single cannula. Masking of study therapy was not
required because the REL infusions were visually indistinguishable from
the placebo infusion. At each study center, a pharmacist who was not
involved in evaluation of the subjects prepared and accounted for the
infusion bags of active i.v. study therapy and placebo. Treatment group
assignments were not revealed to the subjects, study investigators and staff
(other than the pharmacist), or sponsor personnel until all subjects com-
pleted the study and the database was locked.

The minimum duration of i.v. study therapy was 96 h, or 4 full days (16
doses for q6h dosing or 12 doses for q8h dosing [renal adjustment]). The
total duration of i.v. study therapy generally did not exceed 7 days. If, in
the investigator’s judgment, additional treatment was needed, i.v. study
therapy was allowed to continue up to 14 days. If i.v. therapy was required
for �14 days, the subject was discontinued from i.v. study therapy so
other medication could be administered and was monitored at subse-
quent time points for safety but was considered a failure for efficacy.

For pharmacokinetic analyses, whole blood (4 ml) to obtain plasma
for determination of REL, imipenem, and cilastatin concentrations was
collected from all subjects at screening (visit 1) and after the first dose of
study therapy at visit 2 (at approximately 30 min and 4 h after the first i.v.
drug infusion was started). The exact date and time of initiation of infu-
sion and whole-blood collection were recorded for all plasma samples.

Data on adverse events (based on assessment of symptoms, vital signs,
and/or physical examination findings) and laboratory safety measures
were collected through 14 days after completion of i.v. study therapy. Data
on serious adverse events were collected through the end of the study if
considered by an investigator to be related to the investigational com-
pound.

Subjects were evaluated for efficacy at discontinuation of i.v. therapy
(DCIV), at 5 to 9 days after i.v. study therapy (early follow-up), and at 28
to 42 days after i.v. study therapy (late follow-up). Clinical response was
determined by the investigator based on prespecified definitions. The
evaluation was made on the basis of the resolution of presenting clinical
signs and symptoms, including evidence of a systemic inflammatory re-
sponse (i.e., fever, elevated white blood cell [WBC] count, decreased
blood pressure, increased pulse/respiratory rate, hypoxemia, and/or al-
tered mental status) and physical findings consistent with IAI (e.g., ab-
dominal pain and/or tenderness, abdominal wall rigidity, abdominal
mass, or ileus).

Favorable clinical response (cure or sustained cure) was defined as
resolution of all or most presenting signs and symptoms of IAI infection
without the need for additional antibiotic therapy. An unfavorable clinical
response (failure) was defined as lack of response to study therapy as
documented by persistence or worsening of presenting symptoms and/or
signs of IAI infection. Failure could have also included the following:
death related to the cIAI at any time, persisting or recurrent infection
within the abdomen documented by findings from percutaneous or op-
erative reintervention, postsurgical wound infection, relapse, or use of
additional antibiotic for baseline or new cIAI.

Global response was also determined by the investigator at day 28
following randomization. To be considered a favorable global response
(i.e., cure) the subject must have met all of the following prespecified
criteria: resolution of presenting signs and symptoms of IAI, survival, no
unplanned percutaneous or surgical procedures for IAI, no receipt of
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antibacterial therapy for index or emergent IAI, and no other event related
to the index or emergent IAI that resulted in clinical instability or wors-
ening. The global response was considered failure if the subject did not
meet all of these criteria.

Microbiologic response was imputed from the clinical response if fol-
low-up cultures from the site of infection were not available. Although
adequacy of surgical source control was not formally adjudicated by an
independent evaluator in this study, assessment of source control was
performed by the study physicians as part of the evaluability assessments,
as the study protocol directed investigators to follow Infectious Diseases
Society of America/Surgical Infection Society (IDSA/SIS) guidelines for
adequate surgical intervention (28). An additional study follow-up visit
occurred at day 28 (�7 days) post-randomization (global follow-up) and
included assessment of the global response as well as the microbiological
response. Detailed response criteria are provided in Appendix S2 in the
supplemental material.

Statistical analysis. Safety and tolerability were assessed by clinical
review of all relevant parameters (including adverse events and laboratory
tests) in the all-patients-as-treated (APaT) population, which consisted of
all randomized subjects who received at least one dose of i.v. study ther-
apy. To gain further insight into the hepatic transaminase elevations ob-
served in phase 1, two events of clinical interest (ECI) were prespecified:
(i) a confirmed aspartate aminotransferase (AST) or ALT level of �5�
ULN and (ii) an AST or ALT level of �3� ULN with a total bilirubin level
of �2� ULN and alkaline phosphatase level of �2� ULN (Hy’s law).
Between-treatment differences and 95% confidence interval (CI) were
calculated using the Miettinen and Nurminen method without stratifica-
tion (29); P values also were calculated for the prespecified ECI.

Two interim analyses were conducted during the course of the trial,
when �25% and �50% of planned subjects in the phase 2b program
(which included this study and a similar study, Protocol 7655-003, in

subjects with complicated urinary tract infection) had reached the early
follow-up visit, to evaluate the safety and tolerability of each dose of REL
plus IMI in comparison to the control regimen and to inform the dose
selection for phase 3. The APaT population was used for both analyses and
included only those subjects who had completed the early follow-up visit
or discontinued the study before this visit. These analyses were conducted
by a statistician who had no other responsibilities with respect to the
study, and the results were reviewed by an internal data monitoring com-
mittee (DMC).

The primary efficacy endpoint was the proportion of subjects in the
microbiologically evaluable (ME) population who achieved a favorable
clinical response at DCIV. The ME population was defined as subjects
who met the protocol definition of cIAI, had a prestudy/postoperative
culture from the site of infection that grew at least one Gram-negative
enteric and/or anaerobic pathogen, had no significant deviations from the
protocol that could impact the efficacy assessment, and received �96 h of
i.v. study therapy. A sensitivity analysis was performed for the primary
endpoint using the microbiological intention-to-treat (MITT) popula-
tion, which was defined as subjects who received at least one dose of i.v.
study therapy and had a prestudy/postoperative culture from the site of
infection that grew at least one Gram-negative enteric and/or anaerobic
pathogen.

With �117 subjects per treatment group, the study was powered at
80% to demonstrate noninferiority of REL plus IMI versus the control
regimen on the primary endpoint, at an overall one-sided 2.5% 	 level, if
the underlying treatment difference is zero percentage points (assuming a
noninferiority margin of 
15 percentage points, a 90% clinical response
rate for the control regimen, and a 60 to 65% microbiological evaluability
rate). Because this was a phase 2 dose-ranging study, the selected nonin-
feriority margin was larger than the 10% margin currently recommended
in FDA guidance for cIAI (30).

TABLE 1 Disposition of subjects by treatment group in the randomized population

Group

n (%) in treatment groupa

250 mg REL � IMI 125 mg REL � IMI Placebo � IMI Total

Randomizedb 118 116 117 351
Treated with any study therapy 117 (99.2) 114 (98.3) 116 (99.1) 347 (98.9)

Completed study medication 112 (94.9) 107 (92.2) 111 (94.9) 330 (94.0)

Discontinued study medication because of: 5 (4.2) 7 (6.0) 5 (4.3) 17 (4.8)
Adverse event 1 (0.8) 4 (3.4) 3 (2.6) 8 (2.3)
Death 0 (0.0) 1 (0.9) 0 (0.0) 1 (0.3)
Lack of efficacy 0 (0.0) 0 (0.0) 1 (0.9) 1 (0.3)
Lost to follow-up 0 (0.0) 0 (0.0) 1 (0.9) 1 (0.3)
Physician decision 0 (0.0) 2 (1.7) 0 (0.0) 2 (0.6)
Protocol violation 2 (1.7) 0 (0.0) 0 (0.0) 2 (0.6)
Insufficient drug supply 1 (0.8) 0 (0.0) 0 (0.0) 1 (0.3)
Withdrawal by subject 1 (0.8) 0 (0.0) 0 (0.0) 1 (0.3)

Completed study 114 (96.6) 109 (94.0) 114 (97.4) 337 (96.0)

Discontinued from study because of: 4 (3.4) 7 (6.0) 3 (2.6) 14 (4.0)
Adverse event 0 (0.0) 2 (1.7) 0 (0.0) 2 (0.6)
Death 0 (0.0) 1 (0.9) 0 (0.0) 1 (0.3)
Lost to follow-up 0 (0.0) 1 (0.9) 2 (1.7) 3 (0.9)
Progressive disease 0 (0.0) 1 (0.9) 0 (0.0) 1 (0.3)
Protocol violation 3 (2.5) 1 (0.9) 0 (0.0) 4 (1.1)
Insufficient drug supply 1 (0.8) 0 (0.0) 0 (0.0) 1 (0.3)
Withdrawal by subject 0 (0.0) 1 (0.9) 1 (0.9) 2 (0.6)

a REL, relebactam; IMI, 500 mg imipenem-cilastatin.
b Percentages are based on the number of subjects randomized as the denominator.
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For the primary efficacy endpoint, 95% CIs for between-treatment
differences and associated P values were calculated by the unconditional
asymptotic Miettinen and Nurminen method without stratification (29).
Between-treatment differences and 95% CIs were also calculated for the
secondary endpoints (clinical response at early and late follow-up, micro-

biologic response, and global response). Efficacy comparisons for imi-
penem-resistant infections used Fisher’s exact test (one sided) due to the
small number of subjects expected in this subgroup.

A closed testing procedure with a fixed testing sequence was used to
adjust for multiplicity (two treatment comparisons in the primary hy-
pothesis). REL at 250 mg plus IMI was compared to the control regimen
first, at a one-sided confidence level of 	 � 0.025. If noninferiority was
established for this dose, then 125 mg REL plus IMI was compared to the
control regimen at a one-sided 	 level of 0.025. If noninferiority was
established for either dose of REL relative to control, then superiority
testing was performed for that dose of REL versus the control regimen.

RESULTS
Study population. Of the 351 subjects randomized, 347 (98.9%)
received at least one dose of i.v. study therapy, 337 (96%) com-
pleted the study, and 330 (94%) completed the study therapy reg-
imen (Table 1). Overall, 277 (78.9%) of the randomized subjects
were included in the MITT population, and 255 (72.6%) were
included in the ME population (Fig. 1); reasons for exclusion from
evaluation are provided in Appendix S3 in the supplemental ma-
terial.

In the ME population, 55.3% of the subjects were male, 92.5%
were white, and 78.8% were �65 years of age (median age, 50.0
years; range, 18 to 88 years). Baseline characteristics, such as
APACHE II score, time of enrollment, and presence of bactere-
mia, were balanced across the treatment groups (Table 2). The
most common clinical diagnoses overall were complicated appen-
dicitis (52.5%), complicated cholecystitis (16.5%), and perforated
hollow viscus (11.4%). Most baseline diagnoses (94.5%) were not

Relebactam 250 mg +
imipenem/cilastatin

n = 118

Relebactam 125 mg +
imipenem/cilastatin

n = 116

Placebo +
imipenem/cilastatin

n = 117

MITT population
n = 89 (75%)

MITT population
n = 96 (83%)

Assessed for
eligibility
N = 385

Not randomized
n = 34

Randomized
n = 351

MITT population
n = 92 (79%)

ME population at
DCIV

n = 83 (70%)

ME population at
DCIV

n = 87 (75%)

ME population at
DCIV

n = 85 (73%)

FIG 1 Profile of study enrollment and subject populations analyzed. MITT,
microbiological intent to treat; ME, microbiologically evaluable; DCIV, dis-
continuation of i.v. study therapy.

TABLE 2 Baseline characteristics of the ME population

Parameter

Result for treatment groupa

250 mg REL � IMI (n � 83) 125 mg REL � IMI (n � 87) Placebo � IMI (n � 85) Total (n � 255)

Gender, n (%)
Female 32 (38.6) 45 (51.7) 37 (43.5) 114 (44.7)
Male 51 (61.4) 42 (48.3) 48 (56.5) 141 (55.3)

Race, n (%)
Asian 2 (2.4) 3 (3.4) 4 (4.7) 9 (3.5)
Black 1 (1.2) 3 (3.4) 0 (0.0) 4 (1.6)
White 77 (92.8) 78 (89.7) 81 (95.3) 236 (92.5)
Multiracial 3 (3.6) 3 (3.4) 0 (0.0) 6 (2.4)
Hispanic or Latino 5 (6.0) 9 (10.3) 1 (1.2) 15 (5.9)

Age, yr
Mean (SD) 48.3 (18.4) 49.7 (16.4) 48.8 (17.7) 49.0 (17.4)
�65 65 (78.3) 66 (75.9) 70 (82.4) 201 (78.8)
�65 18 (21.7) 21 (24.1) 15 (17.6) 54 (21.2)

Wt, mean (SD) kg 79.3 (15.4) 77.8 (15.5) 79.4 (19.3) 78.8 (16.8)

APACHE II score (stratum), n (%)
�15 80 (96.4) 84 (96.6) 81 (95.3) 245 (95.1)
�15 3 (3.6) 3 (3.4) 4 (4.7) 10 (3.9)

Time of enrollment, n (%)
Preoperative 14 (16.9) 17 (19.5) 10 (11.8) 41 (16.1)
Postoperative 65 (78.3) 68 (78.2) 72 (84.7) 205 (80.4)
Intraoperative 4 (4.8) 2 (2.3) 3 (3.5) 9 (3.5)

Bacteremia with cIAI, n (%) 3 (3.6) 4 (4.6) 3 (3.5) 10 (3.9)
a REL, relebactam; IMI, 500 mg imipenem-cilastatin.
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classified as postoperative infections. The treatment groups were
generally similar with respect to the distribution of these charac-
teristics (Table 3).

Safety endpoints. At least one adverse event was reported by
45.8% of subjects overall (Table 4). Rates of drug-related adverse
events and serious adverse events were generally similar across all
treatment groups. One serious adverse event was considered drug
related: severe thrombocytosis in a subject who received IMI alone
and subsequently discontinued study therapy. An additional seri-
ous adverse event (paralytic ileus) was initially recorded as drug
related but subsequently determined by the investigator not to be
drug related. The rates of discontinuation due to an adverse event
were low overall and similar across treatment groups. Adverse
events leading to discontinuation were considered drug related in
one subject who received 125 mg REL plus IMI (decreased creat-
inine clearance) and in three subjects who received IMI alone
(thrombocytosis, nausea, and increased ALT). Three fatal adverse
events occurred (septic shock, ventricular fibrillation, and intesti-
nal infarction): all were in subjects receiving 125 mg REL plus IMI
and were considered not drug related. The most common adverse
events (incidence of �5% in any group) were diarrhea, nausea,
and vomiting, which occurred at similar rates across the treatment
groups.

The two prespecified ECIs ([i] confirmed AST or ALT level of
�5� ULN and [ii] AST or ALT level of �3� ULN with total
bilirubin level of �2� ULN and alkaline phosphatase level of

�2� ULN) occurred in 5 subjects overall, with no significant
difference between either dose of REL plus IMI and IMI alone (for
all values, P � 0.05) (Table 4). For the subject meeting criteria for
the second ECI (Hy’s law), the event occurred on day 2 of the
study and was not considered by the investigator to be related to
study treatment. The ECI was instead thought to be related to
septic shock and abdominal operative procedures, conditions that
were present at randomization. Treatment with study drug was
not interrupted during this event.

Favorable clinical response. At the DCIV visit, the propor-
tions of subjects in the ME population with a favorable clinical
response were generally similar among the 3 treatment groups,
ranging from 95.2% to 98.8% (Table 5). Both doses of REL plus
IMI were noninferior to IMI alone with respect to the clinical
response rate at DCIV (both at P � 0.001), although there was
insufficient evidence to conclude that either dose of REL plus IMI
is superior to IMI alone for this endpoint. Clinical response rates
at the early and late follow-up visits were generally similar across
the treatment groups (Table 5). Clinical response rates in the
MITT population (Table 5) were consistent with the ME popula-
tion.

The most common pathogens identified at baseline were E. coli
(171 isolates), K. pneumoniae (38 isolates), and P. aeruginosa (37
isolates). The per-pathogen clinical response rates at DCIV were
generally similar across treatment groups for nearly all pathogens

TABLE 3 Primary diagnoses for the ME population

Clinical diagnosis

n (%) with diagnosis by treatment groupa

250 mg REL � IMI (n � 83) 125 mg REL � IMI (n � 87) Placebo � IMI (n � 85) Total (n � 255)

Complicated appendicitis 44 (53.0) 47 (54.0) 43 (50.6) 134 (52.5)
Perforation 22 (26.5) 23 (26.4) 20 (23.5) 65 (25.5)
Periappendiceal abscess 22 (26.5) 24 (27.6) 23 (27.1) 69 (27.1)

Diverticular abscess 5 (6.0) 2 (2.3) 5 (5.9) 12 (4.7)

Complicated cholecystitis 14 (16.9) 15 (17.2) 13 (15.3) 42 (16.5)
Gangrenous 9 (10.8) 9 (10.3) 8 (9.4) 26 (10.2)
Perforation 1 (1.2) 2 (2.3) 3 (3.5) 6 (2.4)
Progression beyond gallbladder wall 4 (4.8) 4 (4.6) 2 (2.4) 10 (3.9)

Perforated hollow viscus 8 (9.6) 9 (10.3) 12 (14.1) 29 (11.4)
Stomach 4 (4.8) 1 (1.1) 3 (3.5) 8 (3.1)
Duodenum 1 (1.2) 5 (5.7) 2 (2.4) 8 (3.1)
Jejunum/ileum 0 (0.0) 1 (1.1) 2 (2.4) 3 (1.2)
Colon 3 (3.6) 2 (2.3) 5 (5.9) 10 (3.9)

Peritonitis 3 (3.6) 1 (1.1) 0 (0.0) 4 (1.6)
Posttraumatic 1 (1.2) 0 (0.0) 0 (0.0) 1 (0.4)
Postsurgical 2 (2.4) 1 (1.1) 0 (0.0) 3 (1.2)

Intra-abdominal abscess 2 (2.4) 3 (3.4) 3 (3.5) 8 (3.1)
Liver 2 (2.4) 2 (2.3) 3 (3.5) 7 (2.7)
Splenic 0 (0.0) 1 (1.1) 0 (0.0) 1 (0.4)

Multiple abscesses 2 (2.4) 2 (2.3) 3 (3.5) 7 (2.7)

Other 5 (6.0) 8 (9.2) 6 (7.1) 19 (7.5)

Postoperative infection 3 (3.6) 6 (6.9) 5 (5.9) 14 (5.5)
a REL, relebactam; IMI, 500 mg imipenem-cilastatin.
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identified (see Appendix S4 in the supplemental material), includ-
ing the most common pathogens (Table 6).

Imipenem-nonsusceptible infections. At baseline, 36 sub-
jects (13%) in the MITT population had Gram-negative infec-
tions that were imipenem nonsusceptible, including both com-
plete and intermediate resistance, with comparable numbers in
the 3 treatment groups. There were no apparent differences in
subject characteristics between subjects with and those without
IMI-nonsusceptible organisms. Thirty-four of these subjects were
ME at the DCIV visit: all 34 had a favorable clinical response and a
favorable microbiological response (14/14 receiving 250 mg REL
plus IMI, 9/9 receiving 125 mg REL plus IMI, and 11/11 receiving
IMI alone). Of the 40 pathogens isolated from these 34 subjects, 7

were nonsusceptible to imipenem alone but were susceptible to
IMI plus REL; the remaining 33 organisms (5.3% of all isolates)
were nonsusceptible to both imipenem alone and IMI plus REL
(Table 7).

Microbiologic response and global response. Microbiological
response rates in the ME population were similar for 250 mg REL
plus IMI, 125 mg REL plus IMI, and IMI alone at all visits, includ-
ing 28 days post-randomization (Table 8). Microbiological re-
sponse was imputed in the majority of subjects with a favorable
response rating since it is generally not possible nor medically
acceptable to perform repeat intra-abdominal sampling on pa-
tients who are clinically improving or well. Global response was
also assessed at 28 days post-randomization, in the MITT popu-

TABLE 4 Summary of adverse eventsa

Parameter

Subjects with AE by treatment group, n (%)
REL vs placebo comparison, % difference
(95% CI)b

250 mg REL � IMI
(n � 117)

125 mg REL � IMI
(n � 116)

Placebo � IMI
(n � 114) 250 mg REL � IMI 125 mg REL � IMI

At least 1 AE 57 (48.7) 55 (47.4) 47 (41.2) 7.5 (
5.4 to 20.1) 6.2 (
6.7 to 18.8)
Drug-related AE 16 (13.7) 16 (13.8) 11 (9.6) 4.0 (
4.5 to 12.7) 4.1 (
4.4 to 12.8)
Serious AE 4 (3.4) 11 (9.5) 8 (7.0) 
3.6 (
10.3 to 2.4) 2.5 (
5.0 to 10.1)
Serious and drug-related AE 1 (0.9)c 0 1 (0.9) 
0.0 (
4.0 to 3.9) 
0.9 (
4.8 to 2.4)
Death 0 3 (2.6) 0 0.0 (
3.3 to 3.2) 2.6 (
0.7 to 7.3)
Discontinued due to AE 1 (0.9) 5 (4.3) 3 (2.6) 
1.8 (
6.7 to 2.3) 1.7 (
3.7 to 7.4)

Drug-related AE 0 1 (0.9) 3 (2.6) 
2.6 (
7.5 to 0.6) 
1.8 (
6.7 to 2.4)
Serious AE 0 3 (2.6) 1 (0.9) 
0.9 (
4.8 to 2.3) 1.7 (
2.5 to 6.6)
Drug-related serious AE 0 0 1 (0.9) 
0.9 (
4.8 to 2.3) 
0.9 (
4.8 to 2.4)

Most common AEs
Diarrhea 7 (6.0) 7 (6.0) 5 (4.4) 1.6 (
4.7 to 8.1) 1.6 (
4.6 to 8.2)
Nausea 8 (6.8) 9 (7.8) 8 (7.0) 
0.2 (
7.3 to 6.9) 0.7 (
6.5 to 8.0)
Vomiting 7 (6.0) 9 (7.8) 3 (2.6) 3.4 (
2.3 to 9.6) 5.1 (
0.7 to 11.8)

Events of clinical interest
AST or ALT of �5� ULN 2 (1.7) 0 2 (1.8) 
0.0 (
4.7 to 4.5) 
1.8 (
6.2 to 1.5)
AST or ALT of �3� ULN, total bilirubin

level of �2� ULN, and alkaline
phosphatase level of �2� ULN

1 (0.9) 0 0 0.9 (
2.4 to 4.7) 0.0 (
3.3 to 3.2)

a AE, adverse event; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CI, confidence interval; IMI, imipenem-cilastatin; ULN, upper limit of normal.
b The difference in percentage and 95% CI are based on the unconditional and asymptotic Miettinen and Nurminen method without stratification.
c Although subsequently determined by the investigator not to be drug related, this event appears in the table because the change in causality was not corrected in the clinical
database prior to database lock.

TABLE 5 Proportion of subjects with favorable clinical responsea

Parameter

Result for treatment group, % (n/m) REL vs placebo comparison, % difference (95% CI)b

250 mg REL � IMI 125 mg REL � IMI Placebo � IMI 250 mg REL � IMI 125 mg REL � IMI

ME population
DCIV 96.3 (78/81) 98.8 (85/86) 95.2 (79/83) 1.1 (
6.2 to 8.6)* 3.7 (
2.0 to 10.8)*
EFU 94.9 (75/79) 94.2 (81/86) 96.3 (78/81) 
1.4 (
9.1 to 6.0) 
2.1 (
9.7 to 5.3)
LFU 93.7 (74/79) 95.3 (81/85) 94.9 (75/79) 
1.3 (
9.6 to 6.9) 0.4 (
7.2 to 8.2)

MITT population
DCIV 89.9 (80/89) 91.7 (88/96) 90.2 (83/92) 
0.3 (
9.6 to 8.9)§ 1.4 (
7.2 to 10.3)*
EFU 86.5 (77/89) 88.5 (85/96) 89.1 (82/92) 
2.6 (
12.7 to 7.2) 
0.6 (
10.0 to 8.9)
LFU 87.6 (78/89) 89.6 (86/96) 85.9 (79/92) 1.8 (
8.5 to 12.0) 3.7 (
5.9 to 13.6)

a n/m, number of subjects with favorable clinical response/number of subjects with clinical response assessment; CI, confidence interval; DCIV, discontinuation of i.v. therapy;
EFU, early follow-up (5 to 9 days after completion of i.v. study therapy); LFU, late follow-up (28 to 42 days after completion of i.v. study therapy).
b The 95% CIs for between-treatment differences and associated P values are based on the unconditional asymptotic Miettinen and Nurminen method without stratification. *, P �
0.001; §, P � 0.002. (A P value of �0.025 indicates REL plus IMI is noninferior to control.)
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lation. The proportions of subjects with a favorable global re-
sponse were generally similar among the 3 treatment groups: 250
mg REL plus IMI, 86.5% (77/89); 125 mg REL plus IMI, 89.6%
(86/96); IMI alone, 84.8% (78/92).

Population PK modeling and probability of target attain-
ment. Population PK models of both REL and imipenem were
constructed based on data from three adult phase 1 studies (a total
of 149 subjects and 5,777 observed concentrations) and the cur-
rent phase 2 study (326 patients and 1,436 observed concentra-
tions) and were used to simulate the probability of target attain-
ment for the 250-mg dose of REL.

Consistent with observed data from phase 1 studies, imipenem
and REL were found to exhibit compatible PK, and a two-com-
partment model with first-order elimination provided the best fit
to the data for both drugs. Between-subject variability for clear-
ance (CL) and central and peripheral volumes (Vc and Vp) as well

as proportional residual error were estimated for each drug. Cilas-
tatin concentrations were not considered in the model, as any
impact of changing cilastatin levels is captured in the imipenem
PK. Creatinine clearance (CLCR) was the most influential covari-
ate on the PK of both drugs since they are predominantly renally
excreted. Body weight (BWT) was also found to be a significant
covariate on CL for imipenem alone and on Vc and Vp for both
drugs—all described by a power model. Imipenem and REL did
not have a significant PK interaction; coadministration of these
drugs did not alter the PK parameters of either entity compared
with each drug being administered alone. Age, gender, and race
did not significantly impact PK parameters for either imipenem or
REL when tested in the population model, consistent with phase 1
findings. There was also a numerical finding that healthy volun-
teers had a lower estimated Vc for both imipenem and REL and a
lower estimated CL for imipenem relative to cIAI patients, which
may likely be a data artifact; the typical PK profiles appear similar
for healthy volunteers and patients, implying this finding may not
be clinically meaningful.

Using the final population PK models for both imipenem and
REL, simulations were conducted to evaluate the probability of
target attainment and recommend an optimal dosing regimen
based on meeting the following criteria: (i) imipenem (lower
bound), unbound time above MIC of �30%; (ii) REL (lower
bound), median AUC0 –24 h of �150 �M · h (equivalent to 50.1 mg
· h/liter); (iii) REL (upper bound), median AUC0 –24 h and Cmax

of �800 �M · h and �122 �M, respectively (based on observed
data at a 625-mg dose, the highest clinical dose administered in
phase 1 multiple-dose studies in healthy adult volunteers).

Simulations showed that imipenem exposures at the proposed
dose of 500 mg (with 250 mg REL) q6h provide coverage of MIC
values that span the vast majority of distribution of P. aeruginosa
and KPC-producing isolates from the SMART 2011 surveillance
study (Fig. 2). Exposure projections of REL do not exceed the

TABLE 7 Baseline organisms nonsusceptible to imipenem alone

Organism

No. of isolates

Totala
REL � IMI
susceptible

REL � IMI
nonsusceptible

Total isolates 40 7 33
Acinetobacter baumannii complex 3 3
Acinetobacter lwoffii 1 1
Alcaligenes xylosoxidans 1 1
Escherichia coli 1 1
Morganella morganii 5 5
Proteus mirabilis 19 2 17
Proteus penneri 1 1
Proteus vulgaris 1 1
Pseudomonas aeruginosa 5 3 2
Stenotrophomonas maltophilia 3 3
a From 34 subjects, all 34 had a favorable clinical/global response and presumptive
eradication at the end of study therapy.

TABLE 6 Proportion of subjects in the ME population with favorable clinical response at DCIV by baseline pathogena

Pathogen

Result for treatment group REL vs placebo comparison, % difference (95% CI)b

250 mg REL �
IMI (n � 81)

125 mg REL �
IMI (n � 86)

Placebo � IMI
(n � 83)

250 mg REL � IMI 125 mg REL � IMIn/m % n/m % n/m %

Gram-positive aerobic cocci 32/32 100 32/33 97.0 33/34 97.1 2.9 (
8.1 to 15.1) 
0.1 (
12.9 to 12.4)
Enterococcus faecalis 7/7 100 5/5 100 5/5 100 0.0 (
37.4 to 45.6) 0.0 (
46.1 to 46.1)
Streptococcus anginosus 5/5 100 6/6 100 7/7 100 0.0 (
45.6 to 37.4) 0.0 (
41.0 to 37.3)
Streptococcus constellatus 2/2 100 5/6 83.3 6/6 100 0.0 
16.7 (
57.9 to 28.5)

Gram-negative aerobic bacilli 73/75 97.3 73/73 100 68/72 94.4 2.9 (
4.4 to 11.2) 5.6 (0.4 to 13.5)
Enterobacter cloacae 7/7 100 4/4 100 4/4 100 0.0 (
37.6 to 51.4) 0.0 (
52.3 to 52.3)
Escherichia coli 53/55 96.4 56/56 100 47/51 92.2 4.2 (
5.7 to 15.4) 7.8 (1.1 to 18.6)
Klebsiella pneumoniae 10/10 100 12/12 100 10/12 83.3 16.7 (
14.4 to 45.5) 16.7 (
10.6 to 45.4)
Proteus mirabilis 8/8 100 4/4 100 6/6 100 0.0 (
34.1 to 40.8) 0.0 (
51.6 to 41.6)
Pseudomonas aeruginosa 11/11 100 13/13 100 10/12 83.3 16.7 (
12.4 to 45.5) 16.7 (
9.0 to 45.4)

Gram-negative anaerobic bacilli 22/24 91.7 30/30 100 26/27 96.3 
4.6 (
23.0 to 11.4) 3.7 (
8.1 to 18.5)
Bacteroides fragilis 11/11 100 8/8 100 12/12 100 0.0 (
26.7 to 25.1) 0.0 (
33.6 to 25.2)
Bacteroides thetaiotaomicron 6/6 100 6/6 100 6/7 85.7 14.3 (
29.9 to 52.8) 14.3 (
29.9 to 52.8)

a The most common pathogens (those with at least 15 unique baseline isolates) are shown. CI, confidence interval; IMI, imipenem-cilastatin; n/m, number of subjects with
pathogen and favorable clinical response/number of subjects with pathogen and clinical response assessment. Subjects with an indeterminate or missing response are excluded from
the analysis.
b The 95% confidence intervals are based on the unconditional asymptotic Miettinen and Nurminen method without stratification.
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defined safety upper bound, while the efficacy PK target (AUC) for
REL is exceeded across the range of body weights without the need
for weight-based dosing adjustments (Fig. 3).

DISCUSSION

This was a multicenter, double-blind, comparative clinical trial to
evaluate the safety, tolerability, and efficacy of REL at 2 doses (250
mg and 125 mg) plus IMI (500 mg) compared to that of IMI alone
in the treatment of cIAI. The comparative agent (imipenem-cilas-
tatin) is licensed for the treatment of cIAI and is widely used in
clinical practice to treat subjects with these complicated infec-
tions. This clinical trial studied serious bacterial infections requir-
ing parenteral antibiotic therapy, including intraperitoneal infec-
tions associated most commonly with complicated appendicitis,
complicated cholecystitis, and perforated hollow viscus, most of
which were not postoperative infections.

Both doses of REL were generally well tolerated in this study.
Incidence rates for adverse events overall, drug-related adverse
events, serious adverse events, and discontinuation due to an ad-
verse event in both REL-plus-IMI groups were comparable to

those in the placebo-plus-IMI group. The most common adverse
events and the prespecified events of clinical interest also occurred
at similar rates across the treatment groups. An interim review of
combined safety data from this study and another phase 2 study of
REL plus IMI (Protocol 7655-003, in subjects with complicated
urinary tract infection) confirmed that 250 mg REL plus IMI has a
safety profile comparable to those of the other treatment arms.

In this phase 2 study, the primary efficacy objective was to
evaluate the true impact of various doses of relebactam, in com-
bination with imipenem-cilastatin, on clinical response at the
time point at which antibacterial treatment was assessed as com-
plete. Since transition to oral antibacterial therapy was not per-
mitted in the trial, the completion of i.v. study therapy (DCIV)
was equivalent to the completion of all antibacterial therapy and is
consistent with an important decision point in clinical practice.

Rates of favorable clinical response at the DCIV visit in the ME
population were generally similar across the 3 treatment groups
and demonstrated that both doses of REL plus IMI are noninferior
to IMI alone in the treatment of cIAI. There was insufficient evi-
dence to conclude that either dose of REL plus IMI is superior to
IMI alone. A supportive analysis in the MITT population demon-
strated comparable clinical response rates for the 3 treatment

TABLE 8 Proportion of subjects in the ME population with favorable microbiological responsea

Parameter

Result for treatment group, % (n/m)
REL vs placebo comparison, % difference (95%
CI)b

250 mg REL � IMI 125 mg REL � IMI Placebo � IMI 250 mg REL � IMI 125 mg REL � IMI

DCIV 97.6 (81/83) 100 (86/86) 97.6 (82/84) 
0.0 (
6.3 to 6.2) 2.4 (
2.0 to 8.3)
EFU 97.4 (76/78) 97.6 (80/82) 97.5 (78/80) 
0.1 (
6.7 to 6.4) 0.1 (
6.3 to 6.5)
LFU 96.2 (75/78) 97.6 (80/82) 96.2 (75/78) 0.0 (
7.4 to 7.4) 1.4 (
5.1 to 8.6)
GFU 96.2 (75/78) 97.5 (79/81) 96.2 (75/78) 0.0 (
7.4 to 7.4) 1.4 (
5.2 to 8.6)
a Subjects with indeterminate or missing response were excluded (2 at DCIV, 8 at EFU, 8 at GFU, and 8 at LFU). CI, confidence interval; DCIV, discontinuation of i.v. therapy;
EFU, early follow-up; GFU, global follow-up; LFU, late follow-up; n/m, number of subjects with favorable microbiological response/number of ME subjects included in the analysis.
b The 95% confidence intervals of between-treatment differences are based on the unconditional asymptotic Miettinen and Nurminen method without stratification.
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groups at the DCIV visit, supporting the results obtained in the
primary analysis. In addition, the REL-plus-IMI and control
groups were generally similar in terms of the clinical response
rates at early follow-up (5 to 9 days after the end of treatment) and
late follow-up (28 to 42 days after end of treatment), the global
response rates at 28 days after randomization, and the microbio-
logical response rates at all visits.

Comparable clinical and microbiological response rates were
observed among the 3 treatment groups for all major bacterial
pathogens identified. A small group of subjects (n � 36 [13% of
the MITT population]) had Gram-negative isolates at baseline
that were nonsusceptible to imipenem; all 34 who were ME at the
DCIV visit had a favorable clinical response, including 7 subjects
with imipenem-nonsusceptible Gram-negative infections that
were susceptible to REL plus imipenem. Most of the imipenem-
nonsusceptible isolates did not have restoration of in vitro suscep-
tibility to imipenem with the addition of REL; the mechanism of
nonsusceptibility is not likely to be class A/C �-lactamase produc-
tion in these bacteria. Also, about half of the isolates not suscep-
tible to REL plus imipenem were Proteus mirabilis, which is inher-
ently resistant to imipenem for reasons other than class A and/or
C �-lactamases (31, 32); thus, it is not unexpected that REL did
not impact imipenem susceptibility in these organisms.

Standard CLSI breakpoints were used to define nonsuscepti-
bility to imipenem. The significance of the favorable observed
clinical responses in the setting of imipenem nonsusceptibility is
difficult to determine with certainty, given the variety of factors
that impact clinical outcome. In cIAI, surgical control of the
source is the key driver of clinical outcome. Thus, if a subject has
adequate surgical debridement, then the relative contribution of
antibiotics is small, and nonsusceptibility may not be a major
factor in clinical outcome. Since the pool of nonsusceptible infec-
tions in this study was so small, we may not see a variety of surgical
management or outcomes (i.e., poor outcomes resulting from in-
adequate source control). In addition, many IAIs are polymicro-
bial. In this trial, it is possible that the isolated nonsusceptible
organisms were not the dominant pathogen for any given infec-
tion, and instead the dominant pathogen may have been a suscep-
tible Gram-negative organism.

The most important limitation of this study is the small num-
ber of resistant pathogens that were identified, limiting the assess-
ment of the clinical utility of REL in that specific infection subset.
Related to this, in infections where source control plays an impor-
tant role in treatment, such as IAI, clinical response may be favor-
able even where there is in vitro resistance, further limiting con-
clusions regarding IMI-resistant pathogens in this study. The
efficacy of IMI plus REL in patients with IMI-resistant infections,
the ultimate target for IMI plus REL, will be evaluated further in
the ongoing phase 3 program. Second, the most severely ill pa-
tients (APACHE score of �30) and those with moderate to severe
renal insufficiency (creatinine clearance of �50 ml/min) were ex-
cluded from this study, limiting the generalizability of our results;
these patient populations will be included in the phase 3 program.

In conclusion, REL doses of 125 mg and 250 mg given with IMI
once every 6 h for 4 to 14 days were generally well tolerated and
demonstrated safety profiles similar to that of IMI alone. Treat-
ment of cIAI with 125 or 250 mg REL plus IMI was associated with
high rates of favorable clinical response and favorable microbio-
logical response at the end of treatment and at follow-up visits
conducted approximately 1 week and 4 to 6 weeks later. Both

doses of REL plus IMI were noninferior to IMI alone on the pri-
mary endpoint (favorable clinical response at end of treatment).
Simulations based on data from this study and three phase 1 stud-
ies led to the selection of a suitable dose for the fixed-dose combi-
nation for use in the phase 3 studies, 500 mg IMI plus 250 mg REL
(with dose adjustment for patients with decreased renal function).
This dose is expected to result in the majority of patients achieving
exposures that lie within the defined therapeutic windows for both
imipenem and REL and also to provide coverage of �90% of
carbapenem-resistant bacterial strains, a significant step in com-
bating the growing issue of antibacterial resistance.
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