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Ceftolozane-tazobactam (C/T), ceftazidime-avibactam (C/A), and meropenem/vaborbactam (M/V) are new beta-lactam/beta-
lactamase combination antibiotics commonly used to treat multidrug-resistant Pseudomonas aeruginosa (MDRPA) and carbapenem-
resistant Enterobacteriaceae (CRE) infections. This review reports the clinical success rates for C/T, C/A, and M/V. PubMed and
EMBASE were searched from January 1, 2012, through September 2, 2020, for publications detailing the use of C/T, C/A, and M/V.
A meta-analysis determined the pooled effectiveness of C/T, C/A, and M/V. The literature search returned 1950 publications; 29
publications representing 1620 patients were retained. Pneumonia was the predominant infection type (49.8%). MDRPA was the
major pathogen treated (65.3%). The pooled clinical success rate was 73.3% (95% CI, 68.9%-77.5%). C/T, C/A, or M/V resistance
was reported in 8.9% of the population. These antibiotics had a high clinical success rate in patients with complicated infections and

limited treatment options. Larger studies comparing C/T, C/A, and M/V against other antibiotic regimens are needed.
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Carbapenem-resistant Enterobacteriaceae (CRE) have been
identified as an urgent antibiotic-resistant threat by the Centers
for Disease Control and Prevention (CDC) [1]. Infections
caused by CRE are difficult to treat due to the limited number
of antibiotic options available. In 2017, the CDC reported
13 100 hospital-based cases of CRE in the United States, 1100
estimated deaths (8.4% mortality rate), and costs of ~$130 mil-
lion dollars annually [1]. Multidrug-resistant Pseudomonas
aeruginosa (MDRPA) has been classified as a serious threat by
the CDC. It infects ~32 600 people each year and contributes to
2700 deaths. Treating MDRPA costs ~$767 million annually [1].
Risk factors for CRE and MDRPA include previous antibiotic
exposure, frequent contact with health care facilities, older age,
and use of indwelling devices [2-7].

Ceftolozane/tazobactam (C/T) is a combination fourth-
generation cephalosporin and B-lactamase inhibitor that was
approved for use by the Food and Drug Administration in 2014.
Ceftolozane is a potent antibiotic with activity against many
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gram-negative bacteria, including Pseudomonas aeruginosa.
Tazobactam irreversibly binds to serine B-lactamases, thus pro-
tecting against hydrolysis by p-lactamase enzymes produced by
bacteria. C/T is primarily used for the treatment of multidrug-
resistant Pseudomonas aeruginosa infections (MDRPA) but can
also be used to treat infections caused by extended-spectrum
beta-lactamase (ESBL)-producing organisms [8, 9].
Ceftazidime/avibactam (C/A) is a combination of a third-
generation cephalosporin and a novel B-lactamase inhibitor
and was approved for use in 2015. Ceftazidime has increased
affinity for the penicillin-binding protein (PBP)-3 that is com-
monly found in gram-negative organisms and inhibits bacterial
cell wall synthesis. Avibactam is a non-p-lactam p-lactamase in-
hibitor that reduces the availability of active enzymes that can
inactivate B-lactam antibiotics. C/A is primarily used for the
treatment of carbapenem-resistant Enterobacteriaceae (CRE)
but is also used to treat infections caused by other multidrug-
resistant gram-negative organisms (MDRGNOs) [8, 10].
M/V) is a
carbapenem and beta-lactamase inhibitor that was approved
for use in the United States in 2017 [11]. Meropenem acts by
inhibiting the cell wall synthesis of gram-positive and -nega-

Meropenem/vaborbactam combination

tive bacteria. Vaborbactam is a cyclic boronic acid-based beta-
lactamase that was designed to augment the performance of
carbapenem antibiotics against carbapenemase-producing
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organisms [12]. M/V is primarily used in the treatment of
MDRGNO infections, particularly CRE.

All 3 combination antibiotics are used to treat infections
from several different sources, including, but not limited to,
complicated intra-abdominal and complicated urinary tract
infections (cIAIs and cUTIs), and hospital- and ventilator-
associated pneumonia (HAP and VAP). These drugs are often
administered as salvage therapy, either when the organism
is resistant to all other antibiotics or when other antibiotics
have failed to treat the infection [13, 14]. Since the approval
of these drugs, several medical centers have published their
clinical experience with these antibiotics. However, there has
not been a systematic synthesis of observational studies to
determine the overall effectiveness on clinical and microbio-
logical outcomes. The goal of this study was to determine the
effectiveness of C/T, C/A, and M/V in observational studies
reporting on the treatment of multidrug-resistant gram-neg-
ative infections. This analysis offers a synthesized analysis
of the effectiveness of these new antibiotics against serious
antibiotic-resistant organisms. This review only included
studies that evaluated the antibiotics of interest independ-
ently without a comparator group.

METHODS

Article Search

This systematic review was conducted using the Meta-
analyses of Observational Studies in Epidemiology
(MOOSE) criteria. PubMed and EMBASE were searched
from January 1, 2012, through September 2, 2020, for studies
that detailed the use of C/T, C/A, or M/V for the treat-
ment of multidrug-resistant organism (MDRO) infections.
The following search terms were used to search both data-

bases: “ceftolozane/tazobactam,” “ceftazidime/avibactam,

meropenem/vaborbactam,” “cephalosporin/beta-lactamase

» «

inhibitor,

» o«

Pseudomonas aeruginosa,” “multi-center study;’
“observational study,” and “retrospective study” Publications
were excluded for the following reasons: in vitro studies,
non-English studies, animal studies, case studies, case series
with a sample size <10, studies that did not evaluate either
C/T, C/A, or M/V, randomized controlled trials, studies that
included <33% MDRGNO infections, and studies that did
not report a clinical success rate. Studies with a sample size
<10 were excluded because these studies often have a larger
margin of error. As the focus of the study was the treat-
ment of multidrug-resistant infections, studies with <33%
MDRGNO infections were excluded. Authors G.W., K.W.,,
and ML.E evaluated the studies for inclusion. Randomized
controlled trials were not included in this analysis because
our objective was to evaluate the real-world effectiveness, not
efficacy, of C/T, C/A, and M/V.

Data Abstraction

G.W,, K.W,, and M.FE. all independently abstracted data from the
included studies. The following information was collected from
each article: patient demographics and medical comorbidities,
Charlson or SOFA score, infection characteristics, clinical and
microbiological outcomes, development of C/T, C/A, or M/V
resistance, infection recurrence, adverse events, and mortality.

Quality Assessment

Included studies were assessed for quality using the Institute of
Health Economics (IHE) Case Series Quality Assessment Tool
[15], which is a validated tool for assessing noncomparator ob-
servational studies. The tool contains 18 questions that can be
divided into 3 categories of evaluation: study design and par-
ticipant selection, outcome selection and statistical analysis,
and reporting and publication bias. Each category contains 6
questions. A score of 0-2 in 1 category indicates a high risk of
bias, 3-4 a moderate risk of bias, and 5-6 a low risk of bias.
An overall score of 0-6 indicates that the study had a high risk
of bias, 7-12 a moderate risk of bias, and 13-18 an overall low
risk of bias. Study quality was assessed by G.W., K.W.,, and M.E.
Disagreements were resolved by consensus.

Outcome Definitions

Clinical success was defined as improvement or complete reso-
lution of signs and symptoms of infection such that no further
therapy or surgical intervention was needed to address the in-
fection. Microbiological success was defined as a negative re-
sult from a culture that was taken from the site of infection at
the conclusion of the antibiotic treatment. Clinical recurrence
was defined as the reappearance of signs and symptoms of in-
fection after the end of treatment. Microbiologic recurrence
was defined as a positive culture result at the end of treatment
when a previous culture from the same site had been negative.
Clinical failure was defined as lack of complete resolution of the
signs and symptoms of infection for 1 of the following reasons:
failure to respond to treatment, recurrence (clinical or microbi-
ological) of infection following initial response to treatment, or
death. The pooled recurrence rate was calculated from the pa-
tients who met the “recurrence of infection” definition for clin-
ical failure. Salvage therapy was defined as patients who received
C/T, C/A, or M/V because other available therapies had failed
or the organism was resistant to other antibiotics available.

Statistical Analysis

Demographic (eg, facility region, patient age, race/ethnicity)
and clinical (eg, patient comorbidities, infection type, previous
treatment) variables were collected for each study. The results
were summed and averaged across the included studies to de-
termine the pooled sums and averages for the entire cohort. The
95% confidence interval for each included study was calculated
using the reported clinical success rate and the standard error for

2 « OFID « Wilson et al



each study. The standard error was determined from the effect
size and sample size of each individual study. Microsoft Excel
(Redmond, WA, USA) was used to calculate the pooled clinical
success rates across all studies using a validated method for cal-
culating pooled effects (fixed and random) for noncomparator
studies [16]. Heterogeneity was also calculated. Subanalyses
were calculated using the same method as the main pooled rate.
Due to the high amount of variability in the included studies,
random effects were reported for the pooled estimates.

RESULTS

A total of 1950 publications were identified with the initial
search, 839 from PubMed and 1111 from EMBASE (Figure 1).
Studies were primarily excluded for the following reasons:
antibiotics of interest were not evaluated, in vitro studies, case
studies or case series with a sample size <10, clinical guidelines,
or press releases. Because these drugs were primarily designed
to treat MDROs and our aim was to review the effectiveness
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Figure 1.  Publication selection flowchart. Abbreviations: MDRO, multidrug-resistant organism; RCT, randomized controlled trial.
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of these drugs in patients with infections due to MDRGNOs,
we only included studies where the patient population had a
>33% MDRGNO infection rate (determined by dividing the
total number of patients with an MDRO by the total number
of patients included in that study). After title, abstract, and full-
text review, 29 studies representing 1620 patients were included
in the final analysis.

The average study duration was 22.2 months, and the av-
erage sample size per study was 57 patients. Half of the included
studies were conducted in the United States (58%) [17-27],
with the remainder being from Europe (predominantly Italy
and Spain) [28-37], Australia [38], and the Middle East [39]
(Table 1). Most were defined as observational studies (62%),
and the rest were considered extended case series with a study
size of 10 or larger. The antibiotic treatment duration required
for inclusion in the study was highly variable across all the
studies. Most studies required patients to have at least 72 hours
of treatment (31%), while almost one-fifth (17%) only required
patients to receive 1 dose to be included. An additional 17%
did not disclose the duration of treatment patients had in order
to be included in the analysis (Table 1). There were 1620 pa-
tients represented across the 29 studies. Most patients were
older and male (64.8%) (Table 1). The most frequently reported
comorbidities were kidney disease (17%), solid organ trans-
plant (15%), and cancer (14%). Other comorbidities that were
not as frequently reported but represented a large percentage of
the pooled population were cardiovascular disease (15%), di-
abetes (22%), and respiratory disease (19%). Nineteen studies
reported the average Charlson score for patients, and 9 reported
the average SOFA score (Table 1). There was wide variability
in the infection types that were treated with C/T, C/A, and
M/V. Pneumonia represented 50% of the infections treated in
the pooled patient population, followed by cUTIs (13%), cIAls
(12%), skin and soft tissue infections (10%), primary blood-
stream infections (9%), and bone and joint infections (5%)
(Table 1). MDRPA was the most frequent organism treated
(65%), while just under a quarter had CRE infections (24%).

The definition for clinical success was explicitly stated in
25 of the 29 included articles. The pooled clinical success rate
against MDRGNOs among all 29 studies was 73.3% (95% CI,
68.9%-77.5%) using random-effects models (Figure 2). There
was a moderately high amount of heterogeneity, represented by
an I value of 72.6%. Nineteen of the studies reported micro-
biological success following treatment. Microbiological success
was measured in studies that reported across all culture types.
The pooled microbiological success rate was 67.9% (95% CI,
58.5%-77.4%), but there was a high amount of heterogeneity
(I* = 87.9%) (Table 2). There were 4 studies included that had
sample sizes of >100; a sensitivity analysis demonstrated that
these studies did not overly influence the pooled analysis results.

Out of the 29 studies included, 18 exclusively evaluated the
effectiveness of C/T and 12 exclusively evaluated C/A. One

study combined C/T and C/A [14]; however, as the results for
each drug were not reported separately, this study was not in-
cluded in the subanalyses. The pooled clinical success rates were
similar for C/T and C/A (73.8%; 95% CI, 67.8%-79.7%; and
73.0%; 95% CI, 67.7%—7%; respectively). Only 2 studies were
identified that evaluated M/V; so a pooled subanalysis could not
be completed. Of the 14 studies that reported the infection re-
currence rate after treatment, the pooled rate was 33.9% (95%
CI, 28.2%-39.7%). There were 12 studies that included patients
receiving C/T, C/A, or M/V as salvage therapy with a pooled
clinical success rate of 80.7% (95% CI, 78.0%-83.4%). There was
low heterogeneity among the salvage therapy studies (Table 2).

Fourteen studies reported the adverse events (AEs) experi-
enced by patients that were attributable to C/T or C/A treat-
ment. The average AE rate was 10.7%, with a total of 97 events
reported across all studies. The most common AE reported was
acute kidney or liver injury (38%), gastrointestinal issues (35%),
and rash (6%). There were no fatal AEs reported in association
with any of the studied antibiotics.

Sixteen of the studies were rated as having a low risk of bias,
and 13 were rated as having a moderate risk of bias based on
the THE Case Series Quality Assessment Tool (Table 3). No
studies were considered to have a high risk of bias. There was
no difference in the pooled clinical success rate between the
studies with a low risk of bias (72.7%; 95% CI, 66.8%-78.6%)
and the studies with a moderate risk of bias (73.9%; 95% CI;
67.7%-80.1%). The most common reasons for a low quality
rating included incomplete or no reporting of participant in-
clusion and exclusion criteria and no reporting of the length
of follow-up, loss to follow-up, or adverse events in the study
population.

DISCUSSION

The steady increase in MDRO infections globally has driven the
need for new antibiotics, particularly for resistant, gram-neg-
ative bacterial infections. Over half of the antimicrobial re-
sistance threats identified by the Centers for Disease Control
and Prevention (CDC) are gram-negative bacteria, including
3 out of the 5 listed “urgent threats” [40]. Gram-negative bac-
teria often acquire resistance to multiple antibiotic classes,
historically necessitating treatment with second- or third-line
antibiotics with high toxicity and poor effectiveness. The devel-
opment and approval of novel antibiotics such as C/T and C/A
that have activity against MDROs causing severe infections in-
cluding cIAL cUTI, and HAP/VAP reflect a major step forward
in our armamentarium against these deadly bacteria. These
drugs have the potential for greater efficacy and less toxicity
than established treatments. However, treatment success and
AE rates in patient populations with primarily MDRO infec-
tions or in whom salvage therapy is required have not been well
described. In this study, the average AE rate was 10.7% across
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Figure 2.
The pooled mean and SD are presented as the total.

Clinical Success Rate

Forest plot of clinical success rate among studies meeting inclusion criteria (n = 29). The mean and SD of the clinical success rates for each study are represented.

14 studies; this is comparable to the AE rates found for older
antibiotic therapies [10, 41].

In this systematic review and meta-analysis of 29 studies
that included 1620 patients primarily treated with C/T, C/A,
or M/V for MDRO infections or salvage therapy, we found a
high pooled clinical success rate of 73.3%. There was a moder-
ately high amount of heterogeneity among the articles (72.6%).
Clinical success rates for C/T and C/A were similar. The most

common infection site reported in these studies was either
HAP or VAP (44%). HAP/VAP caused by MDROs is often
associated with greater clinical severity than other infection
types (eg, cUTI), making infection resolution more difficult
[42]. Therefore, the success rates for these drugs in treating
HAP/VAP are particularly encouraging. Another finding of in-
terest was that the studies that focused on C/T, C/A, and M/V
as salvage therapy showed a higher clinical success rate than

Table 2. Stratified Analyses and Subanalyses of Included Studies

Included Studies Pooled Rate (Cl), % Value, %

Outcomes

Clinical success 29 73.3 (68.9-775) 72.6
Microbiological success 19 679 (58.8-774) 879
Recurrence rate 14 33.9 (28.2-39.7) 473
Clinical success among subset analyses

C/T-only studies 18 73.8 (67.8-79.7) 78.5
C/A-only studies 12 73.0 (67.7-78.4) 51.9
Salvage therapy patients 12 80.7 (78.0-83.4) 0.0
Studies with low risk of bias 16 72.7 (66.8-78.6) 80.0
Studies with moderate risk of bias 13 73.9 (67.7-80.1) 55.4
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Table 3. Quality Assessment of Included Studies

Author, Year Study Design/Participant Selection

Outcome Selection and Statistical Analysis

Reporting/Publication Bias Overall Score

Alsoaimy, 2020 5/6
Bassetti, 2019 6/6
Bosaeed, 2020 4/6
Caston, 2017 5/6
De la Calle, 2019 4/6
Diaz-Canestro, 2018 4/6
Dinh, 2017 5/6
Escola-Verge, 2018 4/6
Gallagher, 2018 6/6
Guimaraes, 2019 5/6
Haidar, 2017 4/6
Hart, 2019 3/6
Jorgensen, 2019 5/6
Jorgensen, 2020 5/6
King, 2017 6/6
Molloy, 2020 4/6
Molnar, 2017 5/6
Munita, 2017 5/6
Nambiar, 2019 4/6
Nathan, 2016 6/6
Rodriguez-Nunez, 2020 6/6
Sacha, 2017 4/6
Santevecchi, 2018 5/6
Shields, 2016 4/6
Shields, 2020 4/6
Sousa, 2018 5/6
Temkin, 2017 4/6
Vena, 2020 6/6
Xipell, 2018 4/6

6/6 3/6 14/18
4/6 4/6 14/18
6/6 4/6 14/18
5/6 1/6 11/18
4/6 4/6 12/18
4/6 3/6 11/18
5/6 4/6 14/18
5/6 3/6 12/18
4/6 4/6 14/18
5/6 4/6 14/18
5/6 3/6 12/18
5/6 2/6 10/18
6/6 4/6 15/18
6/6 5/6 16/18
5/6 3/6 14/18
3/6 3/6 10/18
5/6 2/6 12/18
5/6 3/6 13/18
6/6 2/6 12/18
6/6 2/6 12/18
5/6 4/6 15/18
6/6 3/6 13/18
6/6 3/6 14/18
6/6 2/6 12/18
6/6 3/6 13/18
6/6 4/6 15/18
5/6 2/6 1118
6/6 3/6 15/18
6/6 1/6 11/18

A score of 0-2 in 1 category indicates a high risk of bias, 3-4 a moderate risk of bias, and 5-6 a low risk of bias. An overall score of 0-6 (red) indicates a high risk of bias, 7-12 (yellow) a

moderate risk of bias, and 13-18 (green) an overall low risk of bias.

the overall analysis (79.0%). Preserving these agents primarily
for salvage treatment when patients cannot have narrower-
spectrum antibiotics either due to resistance or failure to cure
infection may preserve the broad-spectrum activity of these
drugs and decrease the development of resistance.

A recent meta-analysis primarily of randomized controlled
trials found a pooled clinical success rate of 88% (95% CI,
82%-93%) for C/A and 94% (95% CI, 83%-98%) for C/T [43].
Although these results are significantly higher than what was
reported herein, the authors did not restrict their inclusion
criteria to the treatment of MDRO infections. Thus, including
patients treated with C/T or C/A regardless of pathogen sus-
ceptibility may have contributed to the higher success rate. To
our knowledge, this is the first meta-analysis of observational
studies of C/T, C/A, or M/V for the treatment of MDRGNO
infections. Another systematic review of treatments for
MDRGNOs found that colistin, when used as either mono-
therapy or as part of combination therapy, had a clinical suc-
cess rate ranging from 66% to 79% for the treatment of MDRPA
[44]. Therefore, the pooled clinical success rate for colistin is

comparable to the pooled rate for C/T for treatment of MDRPA
identified in our analysis (73.8%).

Microbiological success was not evaluated in all the in-
cluded studies (19/29). However, the pooled success rate for
this outcome was lower than the clinical success rate (pooled
success rate, 67.9%; 95% CI, 58.8%—77.4%). This result echoes
the results of randomized controlled trials that found rates of
microbiological clearance using these antibiotics to be lower
than rates of clinical success [45, 46]. One potential reason
is that it is more difficult to evaluate this outcome for certain
infection types such as intra-abdominal infections. Recurrent
infections accounted for 33.9% of clinical failures in our
study. This is higher than the measurement recorded in other
studies (8.3%-12.5%) [47, 48]. This difference is perhaps be-
cause previous studies have measured the rate of recurrence
out of the total infections, whereas we felt it was more accu-
rate to measure this outcome only out of those individuals
who failed treatment.

The recent 2020 Infectious Diseases Society of America
Guidance on the Treatment of Antimicrobial Resistant
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Gram-Negative Infections recommends the use of C/A, C/T,
and M/V for the treatment of MDRGNOs over polymyxins.
Regardless of the culture site, these new guidelines recommend
C/A and M/V for the treatment of CRE infections and C/T and
C/A for MDRPA infections [49]. Our results support these re-
commendations by showing a high level of clinical success with
the use of these antibiotics across several infection types and
sources.

There are several strengths to this review. First, we offer an
in-depth analysis of the pooled treatment effects of C/T, C/A,
and M/V, strengthened by additional subanalyses performed
to determine if the clinical success rate differed according to
key variables of interest. Additionally, we expanded knowledge
about the global patient population in whom these medica-
tions are primarily being targeted with these antibiotics. There
were several weaknesses of this analysis. First, the analysis was
limited to observational studies without a comparator or con-
trol group of patients who did not receive C/T, C/A, or M/V.
Therefore, we could not evaluate the effectiveness and adverse
events associated with these drugs in direct comparison with
other antibiotic treatments. However, the pooled observed clin-
ical success rate of 72.4% is comparable to clinical success rates
reported with other antibiotic regimens used in the treatment
of multidrug-resistant gram-negative organisms, including
colistin (73%-79%) [44] and dual carbapenem therapy (72.0%)
[14]. Additionally, several studies could not be included because
the clinical success rate for the antibiotic was not reported. We
did not include studies that had a comparator group in this
analysis, so we could not evaluate the effectiveness of these new
treatments compared with more traditional antibiotics. Finally,
because our focus for this analysis was on C/T, C/A, and M/V
use for patients with MDRO infections or as salvage therapy,
we excluded several studies due to an overall low proportion of
patients with MDROs. The inclusion of those studies could have
resulted in a higher pooled clinical success rate than reported
here. However, there were several strengths to this review.
First, this was an in-depth analysis of the pooled treatment ef-
fects of C/T and C/A, strengthened by additional subanalyses
performed to determine if the clinical success rate differed ac-
cording to key variables of interest. Additionally, this analysis
expanded the knowledge about the global patient population in
whom these medications are primarily being targeted.

CONCLUSIONS

C/T, C/A, and M/V are novel antibiotics for the treatment of
complicated infections and MDRO infections. The overall
clinical success rate for all drugs in the treatment of patients
with MDRGNOs was high (72.4%; 95% CI, 68.4%-76.4%),
and the rate of adverse events was low. Interestingly, results
were even higher for patients receiving C/T, C/A, and M/V for
salvage therapy with limited treatment options or previously

experiencing treatment failure. Our results demonstrate that
C/T, C/A, and M/V can be effective in the treatment of com-
plex and serious MDRO infections with limited treatment
options. These results also support the 2020 IDSA guidelines
for the use of these antibiotics for the treatment of CRE and
MDRPA infections. Larger studies examining the effective-
ness of these antibiotics in diverse patient populations and
different infection types are needed to better evaluate their
effectiveness.
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