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ABSTRACT

Objectives Carbapenem-resistant Enterobacteriaceae

is increasingly recognised as a significant public health
concern. Ceftazidime-avibactam (CAZ-AVI) and polymyxins
are considered as the last therapeutic options worldwide.
This is the first meta-analysis of recently published data
to compare the clinical efficacy and safety of CAZ-AVI
with polymyxins in the treatment of carbapenem-resistant
Enterobacteriaceae infections.

Design Systematic review and meta-analysis.

Data sources PubMed, Embase and the Cochrane Library
were systematically searched, for publications in any
language, from database inception to February 2023.
Eligibility criteria for selecting studies Studies
comparing the clinical efficacy and safety of CAZ-AVI with
polymyxins were included. Mortality, clinical success,
microbiological eradication and nephrotoxicity were
assessed as the main outcomes.

Data extraction and synthesis Literature screening,
data extraction and the quality evaluation of studies

were conducted by two researchers independently, with
disagreements resolved by another researcher. The
Newcastle—Ottawa Scale was used to assess the bias

risk for the included studies. Review Manager V.5.3 was
employed for the meta-analysis.

Results The meta-analysis included seven retrospective
and four prospective cohort studies with 1111 patients
enrolled. The CAZ-AVI groups demonstrated a lower 30-
day mortality (risk ratio (RR)=0.48, 95% Cl of 0.37 t0 0.63,
2=10%, p<0.0001) in nine studies with 766 patients;
higher clinical success (RR=1.71, 95%Cl 1.33 to 2.20,
[P=35%, p<0.0001) in four studies with 463 patients;

and lower nephrotoxicity in seven studies with 696
patients (RR=0.42, 95% Cl 0.23 to 0.77, 1>=35%, p<0.05).
However, no significant difference in microbiological
eradication rates was observed in 249 patients from two
studies (RR=1.16, 95% CI 0.97 to 1.39, =0, p>0.05).
Conclusion Available evidence suggested that CAZ-AVI
treatment held a dominant position with respect to efficacy
and safety compared with polymyxins in carbapenem-
resistant Enterobacteriaceae infections. However, the
analysis included only observational studies, and high-
quality, large-scale, multicentre, double-blind randomised
controlled trials are needed to confirm the advantage of
CAZ-AVI.

STRENGTHS AND LIMITATIONS OF THIS STUDY

= Rigorous reviewing methods were used in this
systematic review and meta-analysis, including a
comprehensive search strategy, explicit eligibility
criteria and the selection of studies by two indepen-
dent reviewers.

= No restrictions were implemented on the type of
articles, study design, language or publication year,
and the Newcastle-Ottawa Scale was used to eval-
uate the quality of the studies.

= Subgroup analyses of diseases and strains were
not performed due to the lack of some necessary
information.

= The included studies were all observational studies
with limited sample sizes; high-quality and large-
scale multicentre randomised controlled trials are
needed to confirm our findings.

INTRODUCTION

Globally, bacterial resistance is becoming an
increasingly serious problem owing to the use
of antibacterial drugs. Carbapenem-resistant
Enterobacteriaceae (CRE) infections have
emerged throughout the world, posing a
global public health threat and a formidable
challenge to antimicrobial therapy.! None-
theless, increased carbapenem use could lead
to carbapenem resistance in gram-negative
bacteria, which is the chief reason of anti-
microbial resistance.” CRE infections have
presented a particularly grave threat world-
wide. In the past decades, tigecycline has been
considered as one of the last lines of defence
against severe CRE infections. However,
suboptimal concentrations of tigecycline have
been found in both serum and pulmonary
epithelial lining fluid, and this observation
has prompted many physicians to use either
combination therapy or high-dose tigecycline
to treat CRE infections. Severe coagulopathy
with hypofibrinogenaemia and diarrhoea
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have recently been reported to be associated with high-
dose tigecycline.”* Therefore, the Food and Drug Admin-
istration (FDA) has warned against the off-label use of
tigecycline to treat nosocomial pneumonia because of the
increased mortality risk indicated in randomised trials.” ®
Recently, some new antibiotics also show great advantages
in the treatment of CRE infection, such as cefiderocol,
meropenem/vaborbactam and imipenem/cilastatin/
relebactam.” However, given the accessibility of drugs,
the optimal treatment for CRE infection in China still
involves either ceftazidime—avibactam (CAZ-AVI) or
polymyxins-based regimens.

CAZ-AVI was approved by the European Medicines
Agency for infections caused by gram-negative aerobic
bacteria in adults with limited treatment options,
including Klebsiella pneumoniae, Escherichia coli and Pseu-
domonas aeruginosa.m Recently, polymyxins were reintro-
duced into medical practice as one of the last resorts for
treating extensively drug-resistant gram-negative bacteria.
However, acute kidney injury was frequently experienced
after conventional doses of polymyxins.“

Recent meta-analysis demonstrated that CAZ-AVI had
a favourable pharmacological profile and might be an
option for empirical therapy of CRE infection.'* However,
large-scale clinical trials comparing the safety and efficacy
of CAZ-AVI with polymyxins in the treatment of CRE
infection are still lacking.

Naturally, systematically assessing the results of the
previous researches in multiple centres could provide
important information. Therefore, we conducted a meta-
analysis to further explore the efficacy and safety profile
of CAZ-AVI relative to polymyxins in the treatment of
CRE infection.

METHODS

Literature search

The PubMed, Embase and Cochrane Central Register
of Controlled Trials electronic databases were inde-
pendently searched by two authors, starting from the
database inception to February 2023. The full search
strategy aimed to include any clinical studies performed
on patients with CRE infection treated with CAZ-AVI
versus polymyxins. The PubMed search strategy was
(‘ceftazidime-avibactam’) AND (‘polymyxin’ OR ‘poly-
myxins’ OR ‘colistin’) AND (‘carbapenem-resistant klebsi-
ella pneumoniae OR ‘carbapenem resistant Enterobacter®’
OR ‘carbapenem resistant gram-negative bacteria’ OR
‘carbapenem resistant organism’ OR ‘multidrug-resistant
gram-negative bacteria’) as applied on both the medical
subject heading and free text. This search strategy was
subsequently modified for searching in Embase and the
Cochrane Central Register of Controlled Trials (online
supplemental file 1). Previously published systematic
reviews were also checked to identify any additional
studies that might have been overlooked in our search
strategy.

Study selection

Two authors independently screened the eligibility of
the literature by examining the titles, abstracts and full-
text of the retrieved articles. Eligible studies included
all available published studies that compared CAZ-AVI
with polymyxins for the treatment of CRE infections in
adult patients (>18 years). CAZ-AVI or polymyxins-based
combined administration schemes were allowed. Studies
lacking quantitative or qualitative target outcome results
were excluded. Disagreements between reviewers were
settled by another researcher.

Data extraction

Data extraction was conducted by two authors inde-
pendently. Each study was reviewed for the following
information: (1) study author, publication year and
the study regions; (2) study design and sample size; (3)
patients’ characteristics (age, sex, drug administration
regimen, infection site and causative pathogen); and (4)
outcomes, such as mortality, clinical efficacy, bacterial
eradication and adverse reactions.

Quality assessment

The risk of bias of the included studies in terms of patient
selection, comparability between groups, outcome
and exposure factors assessment was evaluated by the
Newcastle—Ottawa Scale (NOS) or a modified NOS."
NOS scores ranged from 0 to 9, and the studies were then
classified according to quality as poor (0-4), moderate
(5-6) or high-quality (7-9) research. A consensus was
reached between reviewers to resolve differences.

Statistical analysis

Review Manager V.5.3 was used to conduct the statistical
analysis. Based on a random-effects model, dichotomous
outcomes were represented as a risk ratio (RR) with a 95%
CIL The Cochrane I? statistic was used to measure hetero-
geneity. Note that heterogeneity was significant if the I*
value exceeded 50%. The model was considered robust
if no significant difference was observed in the p value of
the corresponding combined effect size. Moreover, publi-
cation biases were visually assessed using funnel plots.

Patient and public involvement
None.

RESULTS

Description of included studies

The retrieval strategy initially retrieved 580 articles. From
those, 482 potentially useful studies were obtained after
removing duplicates. The full texts of the remaining
articles were evaluated for eligibility based on the inclu-
sion and exclusion criteria. Finally, 11 cohort studies
were included in the meta-analysis.'*** The detailed
process was displayed in figure 1. table 1, 1a summarised
the details of the included studies, including study year,
author, region, design and participant information .
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580  citations identified  through
electronic database searching (PubMed,
Embase, Cochrane library)

482 potentially relevant articles
screened after duplicates removed

61 full-text articles

421 articles excluded on the basis of title and abstract
v’ 285 not relevant to the topic

v' 9 case report

v' 92 in vitro experiment

v’ 7 reviews

v’ 28 no comparator

assessed for eligibility

11 articles included in
qualitative synthesis

Figure 1

The included studies involved 467 patients for the
CAZ-AVI group and 644 patients for polymyxins group.
All study designs were available, and the eligible articles
consisted of seven retrospective'” '*1%** and four prospec-
tive cohort studies." 7% %! One of them is a single-centre
study,19 while the other 10 are multicentre studies. '8 20-24
Three studies originated from the USA," ' two studies
were conducted in Saudi Arabia,20 2 four studies were
performed in China,"”” '® ' * and two studies were
conducted in Italy and Greece, respectively.17 ! Among
the 11 studies, 6 articles reported the patient age, with
the mean age of 57-66 years in the CAV-AVI group and
49-67.5 years in the polymyxins group.'* " %2 Further,
six articles reported participant sex, with 31.7%-67.6%
male patients. Based on our inclusion criteria, mono-
therapy or combination therapy was allowed. CAZ-AVI
was provided as monotherapy in two studies' ** and poly-
myxins were provided as monotherapy in one study.”
Only one study was conducted according to the combina-
tion of the above two drugs,'” and all others were based on
monotherapy or combination regimens (online supple-
mental table 1). The most common infection site in the
enrolling studies was the bloodstream, followed by respi-
ratory, abdominal and urinary tract. The studied strain
included CRE' 1617 20 224 554 carbapenem-resistant
K. pneumoniae.® '®* ¥ *' The outcomes involved 30-day
mortality in nine studies,'* " *'=** clinical response
in four studies,'® ' ** ** microbiological response in two
studies®” * and nephrotoxicity in seven studies,'* "2 222

Assessment of study quality

As depicted in online supplemental table 2, all studies
were evaluated by NOS. The NOS scores of all assessed
studies were >7. Thus, all studies were considered to have
low risk of bias.

Outcomes

Mortality

The 30-day mortality was reported in nine studies,
including 766 patients."* %19 21"** A5 displayed in figure 2,

Flow chart of literature search process and review based on eligible criteria.

the CAZ-AVI group showed a lower 30-day mortality rate
compared with polymyxins group when random effects
were employed (RR=0.48, 95% CI 0.37 to 0.63, I’=10%,
p<0.0001). Funnel plots of included studies showed that
all plots exhibited roughly symmetrically inverted funnel
shapes, indicating no publication bias (online supple-
mental figure 1).

Clinical success

Clinical success was reported in four studies, including
463 patients.16 1920 22 Compared with those in the poly-
myxins group, patients in the CAZ-AVI group had a signifi-
cantly higher clinical cure rate as illustrated in figure 3
(RR=1.71, 95% CI 1.33 to 2.20, I’=35%, p<0.0001).

Bacterial eradication

Two studies with 249 patients reported data on micro-
biological response.” ** As shown in figure 4, a pooled
analysis with random-effects models revealed comparable
potencies of CAZ-AVI with polymyxins in microbiological
eradication abilities (RR=1.16, 95% CI 0.97 to 1.39, I>=0,
p>0.05).

Nephrotoxicity

Seven studies with 696 patients reported nephrotox-
icity." 17202223 Ag shown in figure 5, pooled results from
the included studies indicated a lower nephrotoxicity rate
in the CAZ-AVI group relative to the polymyxins counter-
part (RR=0.42, 95% CI 0.23 to 0.77; I°=35%, p<0.05).

DISCUSSION

In this meta-analysis, seven retrospective and four
prospective cohort studies with 1111 patients were
included to compare the efficacy and safety of CAZ-AVI
with polymyxins regimens in patients with CRE infection.
Polymyxins-containing regimens had an increased risk of
mortality, clinical failure and nephrotoxicity compared
with CAZ-AVI. However, CAZ-AVI did not exhibit supe-
rior bacterial eradication ability over polymyxins. To date,
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Figure 2 The 30-day mortality of the CAZ-AVI regimens compared with polymyxins regimens. CAZ-AVI, ceftazidime-

avibactam.

this work remains the first meta-analysis to compare the
efficacy and safety of CAZ-AVI with polymyxins in treating
CRE infection.

CRE pathogens have spread alarmingly in recent years,
showing marked correlations with a high risk of morbidity,
mortality and considerable economic burden. Inacti-
vated enzyme production, enhanced efflux activity and
reduced cell permeability have been considered as the
most frequent and important mechanisms of CRE prev-
alence. Until now, current antimicrobial therapy options
for CRE infections are still very limited, including poly-
myxins and novel f-compound preparations of lactamase
inhibitors, such as ceftazidime/avibactam, aztreonam/
avibactam, meropenem/vaborbactam and imipenem/
cilastatin/ relebactam.® However, given the availability
of such drugs, CAZ-AVI and polymyxins-containing regi-
mens have been highly recommended as the frontline
agents in the treatment of multidrug-resistant gram-
negative bacterial infections in China. Polymyxins exert
their antibacterial effect by increasing the permeability
of the bacterial outer membrane through interaction
with lipopolysaccharides in the outer membrane of gram-
negative bacteria.?® As a novel PB-lactam/B-lactamase
inhibitor combination, CAZ-AVI exhibits activity against
various clinically important B-lactam-resistant bacteria
producing class A and K. pneumoniae carbapenemases and
class C and certain class D enzymes, but not against the

metallo-B-lactamases (MBL) of class B enzymes.27 Conse-
quently, the distinct action mechanisms of the two drugs
contribute different clinical effectiveness.

Early meta-analysis including three randomised
controlled trials observed that CAZ-AVI was similar to
carbapenem for the treatment of Enterobacteriaceae
infections and could provide an alternative to carbap-
enem.”® However, a recent meta-analysis demonstrated
an advantage of CAZ-AVI to treat CRE bloodstream
infections on efficacy and safety, and subgroup analysis
revealed that the CAZ-AVI group had a significantly lower
30-day mortality than colistin-based regimens.'” More-
over, previous studies indicated the incidence rate of
polymyxins-related nephrotoxicity ranged from 11.8%
to 50.6%.% Therefore, the safety advantage of CAZ-AVI
compared with polymyxins was not surprising.

In our meta-analysis, most studies applied combi-
nation therapy, which was consistent with the current
recommended guidelines, mainly because most CRE
infections involved multidrug-resistant
Therefore, most of the included studies were based on
the combined administration of CAZ-AVI or polymyxins,
and the combined administration plan also included
other activity antibiotics. Given the heterogeneously resis-
tant nature of polymyxins, the combination administra-
tion is recommended as the first-line treatment. However,

mechanisms.

CAZ-AVI polymyxins Risk Ratio Risk Ratio
Study or Subgroup  Events Total Events Total Weight M-H. Random,. 85% Cl M-H. Random, 95% Cl
Almangour 2022 106 149 42 81 441% 1.37[1.08,1.73] L
Chen 2021 18 26 3Fr 103 285% 1.93[1.34, 277 -
Hakearn 2021 14 32 G 24 B.E% 227 [1.02, 5.08) —
Ryan 2017 11 13 12 0 18.8% 212[1.29, 3,47 —
Total {95% Cl) 220 243 100.0% 1.71[1.33, 2.20] L
Total events 140 87
Heterogeneity Tau?= 0.02; Chif= 4 61, df= 3 (P=0.20%; = 35% i f f i
Test for overall effect Z=4.21 (P = 0.0001) 0.01 01 s |1 polym vir|51 0 1od

Figure 3 Clinical success of the CAZ-AVI regimens compared with polymyxins regimens. CAZ-AVI, ceftazidime-avibactam.
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Figure 4 Bacterial eradication of the CAZ-AVI regimens compared with polymyxins regimens. CAZ-AVI, ceftazidime—

avibactam.

a recent meta-analysis did not observe an advantage of
polymyxins combination therapy on multidrug-resistant
gram-negative bacterial infections.” In addition, another
meta-analysis suggested that CAZ-AVI in monotherapy or
combination therapy for CRE infections demonstrated
similar effect on mortality and microbiological cure
rates.”’ Therefore, both combined and single-drug regi-
mens were included in our meta-analysis.

CAZ-AVI is the first new type B-lactamase inhibitor for
the CRE infection treatment approved by FDA.” More-
over, CAZ-AVI has been approved for infections without
additional therapeutic options, such as for complicated
intra-abdominal infections, complicated urinary tract
infections and hospital-acquired pneumonia/ventilator-
associated pneumonia. CAZ-AVI shows low plasma
protein binding and steady-state distribution volume,
allowing it to maintain an adequate trough concentration
to achieve the bactericidal effect. Additionally, CAZ-AVI
is excreted almost exclusively through renal excretion,
resulting in high urinary drug concentrations,” and its
good blood concentration in the bronchial epithelial
lining fluid endows CAZ-AVI with a favourable pharma-
cological profile for bloodstream, abdominal, respiratory
and urinary tract infection. These infection sites were
the most common in our meta-analysis. Regarding the
causative pathogens, CAZ-AVI sustains excellent ability
in the treatment of CRE infection except for the MBL-
producing Enterobacteriaceae. Interestingly, the CAZ-AVI
and aztreonam combination offers a therapeutic advan-
tage on patients with bloodstream infection caused by
MBL-producing Enterobacterales.'” Although the types

of bacteria and diseases were not limited in our studies,
little heterogeneity was detected in our work. Consid-
ering the well-characterised pharmacokinetic parameters
and pharmacological activity of CAZ-AVI, all CRE infec-
tions were included in our meta-analysis.

This review had some limitations thatshould be acknowl-
edged. First, all included studies were observational in
design, and the seven retrospective and four prospec-
tive cohort studies included only 1111 patients, resulting
in a small sample size. Second, most studies did not
provide antimicrobial resistance or enzyme production
information; moreover, changes in the pathogen’s resis-
tance to antibiotic exposure and specific information of
various diseases were not available in all included studies.
Thus, subgroup analyses of diseases and strains were not
performed given the lower heterogeneity. Finally, among
these included studies, colistin was taken as a control
group in six studies, while polymyxin B in four studies,
and both two drugs were used as a control group in the
other article, but the dosage was not reported in detail.
Therefore, further subgroup analysis was not performed
for the two drugs as a control group.

CONCLUSION

Overall, CAZ-AVI showed advantages over polymyxins in
terms of mortality, clinical success and safety. In addition,
similar bacterial eradication profiles were observed for
CAZ-AVI and polymyxins groups. To the best of our knowl-
edge, this work is the first meta-analysis to be conducted
on this topic. However, given the small sample size and the

CAZ-AVI polymyxins Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H. Random, 95% CI M-H. Random, 95% CI
Almangour 2022 23149 a7 a1 34.9% 0.46 [0.28, 0.749] ——
Falcone 2021 1 a2 q 27 T.5% 006 00,043 ¥~
Hakeam 2021 K| 32 3 28 1M.T7% 0.91[0.20, 4.14] D
Ryan 2017 2 13 13 an 141% 0.36 [0.09, 1.38] A
Satlin 2022 5 21 T 2B 204% 0.88[0.33, 2.39] s
van Dlin 2018 1 26 G 46 T.2% 0.29[0.04, 2.32]
Zheng 2022 0 a2 7 a2 41% 0.07[0.00,1.14] *
Total (95% CI) 375 321 100.0% 0.42[0.23, 0.77] -
Total events 35 T2
Heterogeneity: Tau®= 0.21; Chif= 9.24, df= 6 (P = 0.16) F= 35% i i i !
Testfor overall effect: £= 2.80 (P = 0.005) 0.01 01 CAZ-AL |1 poly ‘1.v.ir|s1, I 1od

Figure 5 Nephrotoxicity of the CAZ-AVI regimens compared with polymyxins regimens. CAZ-AVI, ceftazidime-avibactam.
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limitations of the studies included in the present work,
large, high-quality, multicentre, randomised, double-
blind, controlled trials should be conducted to establish

the

dominance of CAZ-ZVI over polymyxins in treating

CRE infections.
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