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Abstract: Infections in the ICU are often caused by Gram-negative bacteria. When these microorgan-
isms are resistant to third-generation cephalosporines (due to extended-spectrum (ESBL) or AmpC
beta-lactamases) or to carbapenems (for example carbapenem producing Enterobacteriales (CPE)),
the treatment options become limited. In the last six years, fortunately, there have been new an-
tibiotics approved by the U.S. Food and Drug Administration (FDA) with predominant activities
against Gram-negative bacteria. We aimed to review these antibiotics: plazomicin, eravacycline,
temocillin, cefiderocol, ceftazidime/avibactam, ceftolozane/tazobactam, meropenem/vaborbactam,
and imipenem/relebactam. Temocillin is an antibiotic that was only approved in Belgium and the UK
several decades ago. We reviewed the in vitro activities of these new antibiotics, especially against
ESBL and CPE microorganisms, potential side effects, and clinical studies in complicated urinary tract
infections (cUTI), intra-abdominal infections (cIAI), and hospital-acquired pneumonia/ventilator-
associatedpneumonia (HAP/VAP). All of these new antibiotics are active against ESBL, and almost all
of them are active against CPE caused by KPC beta-lactamase, but only some of them are active against
CPE due to MBL or OXA beta-lactamases. At present, all of these new antibiotics are approved by the
U.S. Food and Drug Administration for cUTI (except eravacycline) and most of them for cIAI (erava-
cycline, ceftazidime/avibactam, ceftolozane/tazobactam, and imipenem/relebactam) and for HAP
or VAP (cefiderocol, ceftazidime/avibactam, ceftolozane/tazobactam, and imipenem/relebactam).

Keywords: gram-negative bacteria; new antibiotics; ESBL; CPE

1. Introduction

Two-thirds of the infections in intensive care units (ICUs) are caused by Gram-negative
bacteria [1], and resistance of these bacteria to certain antibiotics poses a significant problem.
Several multidrug resistant, Gram-negative microorganisms such as carbapenem-resistant
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacterales are duly included in
the recent WHO list of high-priority pathogens [2].

Beta-lactam antibiotics—penicillins, cephalosporins, carbapenems, and to a lesser ex-
tent monobactams—are often the antibiotics of choice in the ICU, but they can be inactivated
by beta-lactamase enzymes (the most common and important mechanism of resistance in
Gram-negative bacteria). These beta-lactamases can be classified into four molecular classes:
A (for example, KPCs that confer resistance to cephalosporins and to all carbapenems, and
extended-spectrum beta-lactamases (ESBLs) that confer resistance to cephalosporins); B
(metallo-beta-lactamases (MBLs), such as NDM, VIM, and IMP, which can lead to resistance
to all carbapenems except monobactam); C (for example, AmpC (mostly chromosomal but
can also be plasmidal), which confer resistance to cephalosporins); and D (for example,
OXAs that confer resistance mostly to carbapenems) [3].

Among the beta-lactam antibiotics, carbapenems have the widest spectrum of ac-
tivity and are often the antibiotic class of choice when Gram-negative bacteria produce
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ESBL or AmpC beta-lactamases. Harbouring genes encoding ESBL and AmpC beta-
lactamases confer resistance to all members of penicillin, cephalosporines up to “third” gen-
eration, and aztreonam (a monobactam antibiotic). Resistance to carbapenems poses thus
a big problem. Carbapenem nonsusceptibility can be due to carbapenemase production
or other mechanisms. The distinction is important from the infection-prevention point
of view because carbapenemase production refers to resistance caused by beta-lactamase
production encoded by transmissible genes, and not due to, for example, efflux pumps.
These transmissible genes can be possessed by Enterobacterales (denoted as carbapenem-
producing Enterobacterales, CPE), or by nonfermenting Gram-negative bacteria such as
Acinetobacter spp. and Pseudomonas aeruginosa [4]. There is a geographic diversity in the
distribution of these CPE genes. OXA-48 is most common in Europe; KPC in the US,
South America and China; NDM in South Asia; and VIM in Australia [5–7]. To treat
carbapenem-nonsusceptible microorganisms, colistin is often used. However, these mi-
croorganisms can also develop resistance to colistin; for example, by means of the mcr-1
gene [8].

In the last five years, there have been several new antibiotics with predominant
activity against Gram-negative bacteria approved by the U.S. Food and Drug Adminis-
tration (FDA) and the European Medical Agency (EMA), i.e., plazomicin, eravacycline,
cefiderocol; and antibiotics that combine beta-lactam with beta-lactamase inhibitors, i.e., cef-
tazidime/avibactam, ceftolozane/tazobactam, meropenem/vaborbactam, and imipenem-
cilastatin/relebactam. Next to these new antibiotics, temocillin, a beta-lactam antibiotic
effective against Gram-negative bacteria that is only approved in Belgium and the United
Kingdom, is also worthy of mention.

This narrative review aims to analyze the spectrum (especially against ESBL and CPE
microorganisms), potential side effects, and clinical studies of these antibiotics, with a
special focus on infections in critically ill patients with complicated urinary tract infec-
tions (cUTI), intra-abdominal infections (cIAI), or hospital-acquired pneumonia/ventilator-
associated pneumonia (HAP/VAP).

2. Methods

Newly approved (between 2015 and 2020) antibiotics with predominant activity
against Gram-negative pathogens were identified from the FDA and EMA website. A sub-
sequent search was performed in MEDLINE up to 1 December 2020, to search for informa-
tion regarding surveillance studies on the activity of these antibiotics against Enterobac-
terales, Pseudomonas, and Acinetobacter isolates, including those that are ESBL producers or
carbapenem-nonsusceptible. The results of this search are presented in Tables S1 and S2.
MEDLINE and clinical trial register (clinicaltrials.gov (accessed on 1 March 2021)) searches
were performed to find clinical studies on these antibiotics. We included studies per-
formed in adult patients only. The results of the included clinical trials are presented
in Table 1 (cUTI), Table 2 (cIAI), Table 3 (HAP/VAP), and of the included observational
studies in Table 4.

3. Results
3.1. Plazomicin

Plazomicin is a synthetic aminoglycoside [9], and like other aminoglycosides, it in-
hibits bacterial protein synthesis and has dose-dependent bactericidal activity in vitro [10].
The FDA approved plazomicin (brand name Zemdri) in 2018 for use in cUTI and pyelonephri-
tis at a dose of 15 mg/kg IV, QD. The plazomicin FDA package insert includes nephrotoxic-
ity and ototoxicity as possible side effects. However, a pooled analysis of three studies on
plazomicin showed that nephrotoxicity in patients receiving plazomicin was comparable
to nephrotoxicity in comparator drugs (4.8% vs. 4.1%) [11].

In vitro, plazomicin is active against > 95% of Enterobacterales isolates, but only in 30
to 40% of Acinetobacter spp. or P. aeruginosa isolates originated from North America and
Europe (i.e., susceptible at FDA susceptibility breakpoint ≤ 2 mg/L) [12,13]. It is active
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against ESBL isolates, and against 84.6% [12] to 97.6% [14] of carbapenem-resistant isolates.
However, it should be noted that in [14], only eight isolates with OXA-48 beta-lactamase
were included. In [12], 87% of 54 Enterobacterales with OXA-48 beta-lactamases were
susceptible to plazomicin. Considering genes coding for carbapenemases, plazomicin is
associated with good activity against KPC gene-harbouring isolates (i.e., 92.9% susceptible
at ≤ 2 mg/L), less activity against OXA-48 (87%), and limited activity (40.5%) against
MBL-harbouring isolates [15]. The presence of aminoglycoside-modifying enzymes does
not inactivate plazomicin [16], and it can still be used in 52.2% of isolates that are resistant
to three members of the aminoglycosides [15]. In comparison to other aminoglycosides,
plazomicin is more active against colistin-resistant Enterobacterales (including those har-
bouring mcr-1 genes), with 89.5% of isolates reported as susceptible (vs. 16.8%, 47.4%,
and 63.2% susceptibility to amikacin, gentamicin, and tobramycin, respectively) [17].

Two clinical studies have been conducted in patients with complicated urinary tract
infection (cUTI) (Table 1) comparing plazomicin 15 mg/kg IV, QD with meropenem 1 g IV,
TID [18] and levofloxacin 750 mg IV, QD for up to 10 days [19]. Both studies showed non-
inferiority of plazomicin. In these studies, only a limited number of patients were included
with carbapenem resistant Enterobacterales (CRE) or P. aeruginosa. Another randomized
control trial (RCT) that was stopped prematurely due to slow enrollment of patients with
bloodstream infection and bacterial pneumonia due to CRE showed that death from any
cause at 28 days or clinically significant disease-related complications occurred in 24%
of patients who received plazomicin 15 mg/kg IV, QD, versus 50% of patients receiving
colistin (5 mg colistin base/kg QD) in combination with meropenem or tigecycline for 7 to
14 days [20].

Table 1. Clinical trials in complicated urinary tract infection (cUTI).

First Author
(Ref)

Resistant
Microorganisms ‡

Dose New
Antibiotic
(n Patient)

Comparator,
Dose (n Patient)

Definition
Outcome

Timing
Assessment
of Outcomes

Outcomes
(New Antibiotics
vs. Comparator)

Plazomicin

Wagenlehner
[18]

ESBL 26.5%
CRE 4.8%

15 mg/kg IV,
QD (n = 306)

Meropenem 1 g IV,
TID (n = 303)

Clinical cure and
microbiological

response

15 to 19 days
after start of

therapy
81.7% vs. 70.1%

Conolly [19] Ceftazidime
non-susceptible 17.6%

15 mg/kg IV,
QD (n = 51)

Levofloxacin
750 mg IV, QD (n = 29)

Microbiological
eradication rate

12 days after
the last dose 60.8% vs. 58.6%

Eravacycline

Clinical trial
identifier

NCT03032510
No information

1.5 mg/kg IV,
QD + lev-

ofloxacin PO
(n = 603).

Ertapenem 1 g IV,
QD + levofloxacin PO

(n = 602).

Clinical cure and
microbiological

response

14 to 17 days
post random-

ization
84.8% vs. 94.8%

Clinical trial
identifier

NCT01978938
No information 1.5 mg/kg IV,

QD (n = 455).
Levofloxacin 750 mg

IV, QD (n = 453).

Clinical cure and
microbiological

response

Post-
treatment

visit
60.4% vs. 66.9%

Cefiderocol

Portsmouth
[21] No information 2 g IV,

TID (n = 252)
Imipenem-cilastatin
1 g IV, TID (n = 119)

Clinical cure and
microbiological

response

7 ± 2 days
after end of
antibiotic
treatment

73%, vs. 55%

Ceftazidime/avibactam

Carmeli [22] a

Ceftazidime
non-susceptible

Enterobacterales or
P. aeruginosa 100%

2 g/500 mg IV,
TD (n = 165)

Best available therapy
(97% carbapenems)

(n = 168)
Clinical response

7 to 10 days
after last
infusion

91% vs. 91%

Wagenlehner
[23]

Ceftazidime
non-susceptible 19.6%

2 g/500 mg IV,
TD (n = 393)

Doripenem 500 mg IV,
TD (n = 417)

Clinical cure and
microbiological

response

21 to 25 days
post-

randomization
71.2% vs. 64.5%
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Table 1. Cont.

First Author
(Ref)

Resistant
Microorganisms ‡

Dose New
Antibiotic
(n Patient)

Comparator,
Dose (n Patient)

Definition
Outcome

Timing
Assessment
of Outcomes

Outcomes
(New Antibiotics
vs. Comparator)

Ceftolozane/tazobactam

Popejoy [24] ESBL 11.1% 1 g/500 mg IV,
TD (n = 54)

Levofloxacine
750 mg IV, QD (n = 46)

Meropenem 1 g, IV,
TD (n = 26)

Clinical cure 5 to 9 days
post therapy

95.8% vs. 82.6%
(p = 0.01)

Wagenlehner
[25] ESBL 14.8% 1 g/500 mg IV,

TD (n = 398)

Levofloxacine
750 mg IV,

QD (n = 402)

Clinical cure and
microbiological

response

5 to 9 days
post therapy 76.9% vs. 68.4%

Meropenem/vaborbactam

Kaye [26]
Piperacillin/tazobactam-
resistant E. coli and K.

pneumoniae 15%

2 g/2 g IV,
TD (n = 274)

Piperacillin/tazobactam
4 g/500 mg IV,

TD (n = 276)

Clinical cure and
microbiological

response

End of
intravenous

treatment
98.4% vs. 94.0%

Wunderink [27]
b

Multicenter study (27
CRE 78.7%

2 g/2 g IV,
TD (n = 32)

Best available therapy
(n = 15)

(46.7% dual therapy)
Cure rates At day 28

65.6% vs. 33.3%
(95%CI: 3.3.

to 61.3)

Imipenem+ cilastatin/relebactam

Motsch [28] c
Imipenem-

nonsusceptible
microorganisms 100%

500 mg/
250 mg IV,

QD (n = 31)

Colistimethate Sodium
+ imipenem + cilastatin

loading dose 300 mg
colistin base activity,

followed by
maintenance doses up

to 150 mg colistin
base activity, IV,

BD (n = 16)

Clinical and
microbiological

response
Survival

(HAP/VAP)
Clinical response

(cIAI)

On therapy
visit (cUTI)
At day 28

(HAP/VAP
and cIAI)

71.4% vs.70.0%
Favorable overall
response against

P. aeruginosa:
81% vs. 63%

Abbreviations: IV, intravenous; PO, by mouth; BD, twice daily; TID, three times daily; QD, once a day; ESBL, extended-spectrum beta-
lactamases, CRE, carbapenem-resistant Enterobacterales; cUTI, complicated urinary tract infection; cIAI, complicated intra-abdominal in-
fection; HAP/VAP, hospital-acquired pneumonia/ventilator-associated pneumonia. ‡ Only data on ESBL or CRE are mentioned; if total
data not available, only data from new antibiotics are included; a also included patients with complicated intra-abdominal infection (<10%);
b 34% cUTI patients, also included 10.6% patients with HAP/VAP and 46.8% bacteremia; c 51.6% cUTI, also included 35.5% patients with
HAP/VAP, and 12.9% cIAI.

3.2. Eravacycline

Eravacycline is a fluorocycline of the tetracycline class. Like other tetracyclines, it in-
hibits bacterial protein synthesis. The FDA approved eravacycline (brand name Xerava) in
2018 for the treatment of cIAI at a dose of 1 mg/kg IV, BD for a total duration of 4 to 14 days.
It may cause the same adverse events as other tetracyclines, such as hypersensitivity reac-
tions and permanent tooth discoloration [29]. Further, the most common adverse events
are infusion-site reactions (7.7%), nausea (6.5%), vomiting (3.7%), and diarrhea (2.3%) [29].

Surveillance studies show that eravacycline is active against E. coli (MIC50/90: 0.12/0.5),
including ESBL E. coli (0.25/0.5); and K. pneumoniae (0.25/0.5), including ESBL K. pneumo-
niae (0.06/0.5) [30]. It is active against Acinetobacter spp. (0.06/0.5), but has limited activity
against P. aeruginosa (8/16) [30]. Interestingly, its minimum inhibitory concentration (MIC)
correlate well with tigecycline (another tetracycline antibiotic), but it is two- to fourfold
more potent [30,31]. Eravacycline is active against CRE isolates [32]. A small study shows
that it is also active against colistin-resistant E. coli harbouring mcr-1 [33].

In two separate RCTs, eravacycline 1.5 mg/kg IV, BD was shown to be noninferior
to meropenem 1 g IV, TD [34] or ertapenem 1 g IV, QD [35] (Table 2) in treating cIAI
patients (>80% of the patients also underwent surgery). The majority of pathogens in
these studies were Gram-negative (>70%), including ESBL- and CPE-producing isolates,
but only a limited number of infections (<10%) were due to P. aeruginosa. In patients
with ESBL-producing Enterobacterales, clinical cure rates were 87.5% (14/16) and 84.6%
(11/13) in the eravacycline and meropenem groups, respectively [34]. However, the cure
rate in those patients was also > 90%, emphasizing the importance of surgery. Eravacy-
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cline has been also investigated in cUTI. Two RCTs on the clinicaltrials.gov (accessed on
1 March 2021) trials register compared eravacycline with ertapenem (clinical trial register
number NCT03032510) and levofloxacin (NCT01978938) in cUTI (Table 1). Both studies
showed lower cure rates (84.8% vs. 94.8%) and (60.4% vs. 66.9%) than the comparators,
respectively. In both studies, the eravacycline dose was 1.5 mg/kg IV, QD. No information
regarding pathogens causing UTI could be found from these two studies, and no explana-
tion can be given regarding why the latter study showed lower clinical response in both the
treatment arm and control group. A small observational study including 35 ICU patients
mainly with cIAI and pneumonia with a median Acute Physiology And Chronic Health
Evaluation (APACHE) score of 16 showed absence of 30-day recurrence of 91%, but only
57% resolution of signs and symptoms at 30-day follow-up [36].

Table 2. Clinical trials on complicated intra-abdominal infection.

First Author
(Ref)

Resistant Mi-
croorganisms *

Dose New Antibiotic
(n Patient)

Comparator,
Dose (n Patient)

Definition
Outcome

Timing
Assessment
of Outcomes

Outcomes
(New Antibiotics
vs. Comparator)

Eravacycline

Solomkin [34] ESBL 9.3%
1 mg/kg IV,

BD (n = 195, 95.4%
underwent surgery).

Meropenem 1 g IV,
TD (n = 205, 96.1%

underwent surgery).
Clinical cure

25 to 31 days
from start
therapy

90.8% vs. 91.2%
In ESBL group:

87.5% vs. 84.6%)

Solomkin [35] ESBL 10.9%
1 mg/kg IV,

BD (n = 270, 81.5%
underwent surgery)

Ertapenem 1 g IV, QD.
(n = 271, 100%

received surgery)
Clinical cure

25 to 31 days
from start
therapy

87.0% vs. 88.8%

Ceftazidime/avibactam

Qin [37]
Ceftazidime-

nonsusceptible
19.7%

2 g/500 mg IV,
TD + metronidazole

500 mg IV,
TD (n = 214)

Meropenem 1 g IV,
TD (n = 217) Clinical cure

28 to 35 days
post randomi-

sation
93.8% vs. 94.0%

Mazuski [38]
Ceftazidime-

nonsusceptible
13.5%

2 g/500 mg IV,
TD + metronidazole

500 mg IV,
TD (n = 529)

Meropenem 1 g IV,
TD (n = 529) Clinical cure

28 to 35 days
post randomi-

sation
81.6% vs. 85.1%

Ceftolozane/tazobactam

Lucasti [39]
1 g/500 mg IV,

TD + metronidazole
500 mg IV, TD (n = 61)

Meropenem 1 g IV,
TD (n = 25) Clinical cure

7 to 14 days
after last

doses
83.6% vs. 96.0%

Popejoy [24] ESBL 11.1%
1 g/500 mg IV,

TD + metronidazole
500 mg IV, TD (n = 24)

Meropenem 1 g IV,
TD (n = 26) Clinical cure 24 to 32 days

post therapy 98.1% vs. 88.5%

Miller [40]

Carbapenem-
nonsusceptible

P. aeruginosa
10.1%

1 g/500 mg IV,
TD + metronidazole

500 mg IV, TD (n = 26)

Meropenem 1 g IV,
TD (n = 29) Clinical cure

24 to 32 days
from start
therapy

100% vs. 93.1%

Solomkin [41] ESBL 7.2%

1 g/500 mg IV,
TD + metronidazole

500 mg IV,
TD (n = 389)

Meropenem 1 g IV,
TD (n = 417) Clinical cure

24 to 32 days
from start
therapy

83.0% vs. 87.3%
ESBL subgroup:
95.8% vs. 88.5%

* Only data on ESBL or CRE are mentioned; if total data not available, only data from new antibiotics are included. Abbreviations: IV,
intravenous; PO, by mouth; BD, twice daily; TID, three times daily; QD, once a day; ESBL: extended-spectrum beta-lactamases, CRE:
carbapenem-resistant Enterobacterales.

3.3. Temocillin

Temocillin is a derivative of ticarcillin, a penicillin antibiotic targeting PBP3 primarily,
that was developed and marketed in the UK in the 1980s, but was immediately abandoned
because of its lack of activity against Gram-positive microorganisms, nonfermenters (in-
cluding A. baumannii and P. aeruginosa), and anaerobes [42]. However, there has been a
renewed interest in this antibiotic agent in the last decade as a carbapenem-sparing op-
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tion, given the increasing incidence of infections with Enterobacterales resistant to third-
generation cephalosporins.

Temocillin is unaffected by ESBL and AmpC, but is affected by OXA-48 and MBL [42–45].
There is no breakpoint for temocillin available from the two largest bodies that set up break-
points for antibiotics, the European Committee for Antimicrobial Susceptibility Testing
(EUCAST) or the Clinical and Laboratory Standards Institute (CLSI). The British Society for
Antimicrobial Chemotherapy (BSAC) publishes two breakpoints, one for infections of the
urinary tract (≤32 mg/L), and the other for systemic infection (≤8 mg/L) [45]. When the
BSAC breakpoint for urine is used, temocillin shows activity against KPC-producing
bacteria [45].

It has been suggested that temocillin may be used for the treatment of UTI, but so far,
no results of RCTs are available. One observational study in UTI and BSI caused by ESBL
or derepressed AmpC beta-lactamase-producing Enterobacterales showed clinical cure
of 86% and microbiological cure of 84% [43]. In the clinical trial register, there are two
ongoing studies (NCT03543436 and registry number NCT04478721) identified that compare
temocillin to carbapenems for the treatment of treat cUTI due to Gram-negative bacteria
resistant to third-generation cephalosporins.

3.4. Cefiderocol

Cefiderocol (brand name Fetroja) is a novel catechol-substituted siderophore [46].
It was approved by the FDA in 2019 at a dose of 2 g IV, TD for the treatment of cUTI, and this
indication was extended to HAP/VAP in 2020. The most frequently occurring adverse
reactions of cefiderocol according to the FDA package insert were diarrhea, infusion-
site reactions, constipation, rash, candidiasis, cough, elevations in liver tests, headache,
hypokalaemia, nausea, hypomagnesemia, and atrial fibrillation. Due to a cause that has not
been established yet, cefiderocol has an FDA label warning for higher all-cause mortality
versus other antibiotics in critically ill patients with multidrug-resistant Gram-negative
bacterial infections, as shown in the study of Bassetti and coworkers that reported a
mortality rate of 34% for cefiderocol vs. 18% in the best-available therapy group [47].

Cefiderocol is active against > 90% of Enterobacterales isolates, and had MIC50/90
of 2/8 mg/L for Enterobacterales with ESBL and AmpC [48]. It is also active against
> 90% of Acinetobacter spp. and P. aeruginosa isolates [49], including those which are
carbapenem-resistant [50].

A clinical trial comparing cefiderocol to imipenem-cilastatin in patients with cUTI for
a median treatment duration of 9 days showed significantly higher clinical and microbio-
logical response than in the group on imipenem (73 vs. 55%) (Table 1) [21]. In this study,
the most common pathogens were E. coli and Klebsiella spp. (no information on their suscep-
tibility to the third-generation cephalosporins was available), and 7% P. aeruginosa. A fresh
from the press RCT comparing cefiderocol 2 g IV, TID in 145 patients with meropenem
2 g IV, TID in 146 nosocomial pneumonia patients showed comparable mortality at day 14,
i.e., 12.4% vs. 11.6% [51]. A small observational study including 10 critically ill patients
with bacteraemia and VAP caused by carbapenem-resistant (MIC ≥ 2 mg/L) A. baumannii,
Stenotrophomonas maltophilia, or NDM-producing K. pneumoniae [52] who experienced clini-
cal failure on previous antibiotic (including colistin) showed 70% clinical success at 30 days.
Clinical success in this study was defined as survival, resolution of signs and symptoms,
and no recurrent infection and no microbiological failure.

3.5. Beta-Lactam/Beta-Lactamase Inhibitor

The following antibiotics are a combination of a cephalosporin or a carbapenem an-
tibiotic with a beta-lactamase inhibitor (BLI). By inhibiting beta-lactamases, the partner
beta-lactam antibiotic is allowed to reach its target, the penicillin-binding proteins (PBPs).
The BLIs that are partnered with new beta-lactam antibiotics reviewed here are tazobac-
tam (partner to ceftolozane), avibactam (to ceftazidime), vaborbactam (to meropenem),
and relebactam (to imipenem-cilastatin). Tazobactam was invented in the early 1990s,
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and it inhibits ESBL, but not AmpC, KPC, MBL, or OXA-48 [53]. Other BLIs were invented
after 2010. Avibactam protects partner antibiotics against ESBL, AmpC, KPC, and OXA-48,
but not MBL (Table 5) [53]. Relebactam is structurally related to avibactam and has the same
spectrum as avibactam [54]. Vaborbactam (boronate BLI) inhibits ESBL, AmpC, and KPC,
but it does not inhibit OXAs or MBLs. The addition of BLI leads to a more active antibiotic.
For example, ceftazidime/avibactam is more active than ceftazidime alone against E. coli
(MIC50/90: 0.12/0.25, vs. 0.25/32), and against P. aeruginosa (MIC50/90: 2/8, vs. 2/32) [55].
Another example is the addition of relebactam, which improves the activity of imipenem
against most Enterobacterales (reducing the MIC by 2- to 128-fold) and P. aeruginosa (reduc-
ing the MIC by 8-fold) [56]. The addition of vaborbactam reduces MIC 2- to > 1024-fold
and improves the activity of meropenem against most species of Enterobacterales [56].

3.6. Ceftazidime/Avibactam

The FDA approved ceftazidime avibactam (brand name Avycaz) in 2015 for treating
cIAI (in combination with metronidazole) and cUTI, at a dose of 2.5 g IV, TD, and extended
to HAP/VAP in 2018. According to the FDA package insert, ceftazidime/avibactam had
comparable possible adverse events to those of ceftazidime alone; the most commonly
reported adverse reactions (in ≥5% of patients) were nausea and diarrhea, and positive
direct Coombs test.

Ceftazidime/avibactam shows activity against Gram-negative bacteria producing ESBL,
carbapenem nonsusceptible Enterobacterales [57], and P. aeruginosa [58] as long as they
are not due to the presence of MBL genes. Data on the susceptibility of Acinetobacter to
ceftazidime/avibactam is limited.

Among the “new” antibiotics in this manuscript, the most clinical data are available for
ceftazidime/avibactam. In treating cUTI due to ceftazidime-resistant Enterobacterales and
Pseudomonas aeruginosa, it was shown to be noninferior against the best-available therapy
(mostly carbapenem) (Table 1) [22]. This study also included < 10% patients with cIAI. In
treating cIAI (Table 2), ceftazidime/avibactam 2 g/0.5 g IV, TD, together with metronidazole
showed slightly lower clinical cure at 28 to 35 days after randomization in comparison with
meropenem 1 g, IV, TD: 81.6% vs. 85.1%, but the difference fell under the noninferiority
margin [38]. In this study, 13.5% had a ceftazidime-resistant aerobic E. coli or K. pneumo-
niae. Ceftazidime/avibactam 2 g/0.5 g IV, TD has also been shown to be noninferior to
meropenem 1 g IV, TD, in treating nosocomial pneumonia, including VAP (Table 3) [59],
where clinical cure at 21 to 25 days after randomization was 68.8% vs. 73.0%. In this study,
28% of the responsible pathogens were nonsusceptible to ceftazidime. In treating infections
due to carbapenem-resistant Enterobacterales, a meta-analysis that included RCTs and ob-
servational studies of various infection showed higher clinical cure in patients treated with
ceftazidime/avibactam (relative risk (RR) = 1.61, 95% CI 1.13–2.29) and reduced mortality
(RR = 0.29, 95% CI 0.13–0.63) than comparators [60]. Stone et.al. [61] showed in a post
hoc study of already-published clinical trials that ceftazidime/avibactam in comparison
with comparator had comparable response for cUTI caused by multidrug-resistant (MDR)
Enterobacterales (76.5% (n = 285 patients) vs. 60.6% (n = 287)) and MDR P. aeruginosa (67.9%
(n = 28) vs. 71.4% (n = 14)). The same held true for cIAI due to MDR Enterobacterales
(81.8% (n = 176) vs. 87.5% (n = 200)) and MDR P. aeruginosa (100% (n = 5) vs. 100% (n = 7)).
The number of VAP for MDR Enterobacterales was 77.1% (n = 48) vs. 70.9% (n = 55) and
for MDR P. aeruginosa was 34.8% (n = 23) vs. 22.2% (n = 18).
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Table 3. Clinical studies on hospital-acquired or ventilator-associated pneumonia.

First Author
(Ref)

Resistant
Microorgan-

isms *

Dose New Antibiotic
(n Patient)

Comparator,
Dose (n Patient)

Definition
Outcome

Timing
Assessment
of Outcomes

Outcomes
(New Antibiotics
vs. Comparator)

Plazomicin

McKinnell
[20] CRE 100%

15 mg/kg IV,
QD (n = 18 patients)

+ meropenem or
tigecycline

Colistin 5 mg/kg IV,
QD (n = 21)

+ meropenem
or tigecycline

Death from any
cause or clini-

cally significant
disease-related
complications

occurred in

At 28 day 24% vs. 50%

Cefiderocol

Wunderink
[51]

ESBL 31%
CRE 13%

2 g IV, TID + linezolid
600 mg IV, BD (n = 145)

Meropenem 2 g IV,
TID + linezolid 600 mg

IV, BD (n = 146)
All-cause mortality Day 14 12.4% vs. 11.6%

Ceftazidime/avibactam

Torres [59]

Ceftazidime
non-

susceptible
28%

2 g/500 mg IV,
TD + (n = 356)

Meropenem 1 g IV,
TD (n = 370) Clinical cure

21 to 25 days
post random-

ization
68.8% vs. 73.0%

Ceftolozane/tazobactam

Kollef [62] No
information

2 g/1 g IV,
TD (n = 362)

Meropenem 1 g IV,
TD (n = 364) All cause mortality At 28 day 24.0% vs. 25.3%

Imipenem-cilastatin/relebactam

Titov [63] No
information

500 mg/250 mg IV, QD
(n = 268)

Piperacillin/tazobactam
4 g/500 mg IV,
QD (n = 269)

All cause mortality At 28 day 15.9% vs. 21.3%

* Only data on ESBL or CRE are mentioned; if total data not available, only data from new antibiotics are included. Abbreviations:
IV, intravenous; PO, by mouth; BD, twice daily; TID, three times daily; QD, once a day; ESBL: extended-spectrum beta-lactamases, CRE:
carbapenem-resistant Enterobacterales.

3.7. Ceftolozane/Tazobactam

Ceftolozane/tazobactam is an antipseudomonal cephalosporin partnered with BLI
tazobactam. This antibiotic combination was approved by the FDA (brand name Zerbaxa)
in 2014 for cUTI and cIAI indications at a dose of 1.5 g IV, TD. The indication was extended
to HAP/VAP in 2019. Like ceftazidime/avibactam, possible adverse events that are most
commonly reported (in ≥5% of patients) were nausea and diarrhea, according to the FDA
package insert.

Ceftolozane alone is already active against ESBL Enterobacterales and carbapenem-
nonsusceptible P. aeruginosa [64]. However, it has limited activity against carbapenem-
nonsusceptible Acinetobacter spp. [65] and Enterobacterales [66]. It shows comparable activ-
ities as other anti-Pseudomonal antibiotics in P. aeruginosa isolates originated from West-
ern Europe, i.e., 94.1% (vs. 79.7% ceftazidime, 76.7% piperacillin/tazobactam, 67.4% lev-
ofloxacin, 79.0% meropenem) [67].
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Table 4. Observational and post hoc studies on the new antibiotics.

First Author
(Reference) n Type of Infections Resistant

Microorganisms

Dose (and of
the Comparator,

When Avaialable)
Outcomes

Eravacycline

Alosaimy [36] 35

cIAI (35%), pneumonia (29%),
bone and joint infection (14%),

skin and soft tissue
infection 9%)

CRE 22.9% 1 mg/kg IV, BD

30-day survival: 74%, absence
of 30-day recurrence: 91%

resolution of signs and
symptoms of infection: 57%

Temocillin

Balakrishnan [43] 92 46% UTI, 46% BSI, 8% HAP
Non-ICU.

ESBL or derepressed
AmpC resistance in 58% 2 g IV, TD Clinical cure 86%,

microbiological cure 84%

Cefiderocol

Falcone [52] 10 Bacteraemia (60%) or
VAP (40%)

Carbapenem-resistant A.
baumannii, S. maltophilia

or NDM-producing
K. pneumoniae

2 g IV, TID 30-day clinical success: 70%,
30-day survival: 90%

Ceftazidime/avibactam

Caston [69] 47 cIAI (38.3%),
pneumoniae (29.8%). Klebsiella pneumoniae KPC 2 g/500 mg IV, TD

14-day clinical response:
59.6%

- 30-days crude mortality:
23.4% (n = 11)

Ceftolozane/tazobactam

Pogue [68]
100
vs.
100

VAP (52%), UTI (14%),
HAP (13%).

MDR or XDR
P. aeruginosa

2 g/1 g IV, TD (62%),
or 1 g/500 mg IV

TD (38%)
vs. polymyxin or
aminoglycosides

based therapy

Clinical cure: 81% vs. 61%
(OR, 2.7 (95% CI 1.4 to 5.2)

Gallagher [70] 205 HAP/VAP (59%), cIAI, cUTI,
SSTI, osteomyelitis (others).

MDR P. aeruginosa
(all patients)

2 g/1 g IV, TD
(47.3%), 1 g/500 mg

IV TD (others)

Clinical cure: 73.7%,
microbiological cure: 70.7%

Sheffield [71] 7

Deep-seated infections, such as
infection of left ventricular

assist device and
ventriculoperitoneal shunt

MDR P. aeruginosa
(all patients). 2 g/1 g IV, TD All patients had

positive outcomes

Bassetti [72] 153
HAP/VAP (30%),

cUTI (22.2%),
septic shock (27.5%)

ESBL Enterobacterales
(all patients).

1 g/500 mg IV
TD + concomitant
antibiotics (35.6%)

Favorable clinical
outcome 83.2%

Arakawa [73] 115 cUTI (100%) ESBL 11.3% 1 g/500 mg IV TD

Favorable clinical outcome
96.6%, and composite

favorable outcome (clinical
and microbiological)

was 80.7%

Meropenem/vaborbactam

Ackley [74]
26
vs.
105

UTI (35%), IAI (35.5%) CRE 100%,
KPC positive 76.9%

Dose not specified +
other antibiotics

(15.4%)
vs. cef-

tazidime/avibactam
+ other antibiotics

(61.0%)

Clinical success at 30 days
and absence of recurrent
infections within 90 days:

69.2% vs. 61.9%

Alosaimy [75] 40 Pneumonia (32.5%), UTI (20%),
IAI (12.5%), SSTI (12.5%). CRE 84.6%

Dose not
specified + other

antibiotics (37.5%)

Clinical success at 30 days
and absence of recurrent

infections after last dose: 70%

Shields [76] 20 Bacteremia (40%), VAP (25%). CRE 100%
2 g/2 g IV,
QD + other

antibiotics (20%)

Clinical success at 30 days
following the onset of

infection: 65%

Abbreviations: ESBL, extended-spectrum beta-lactamases; CRE, carbapenem-resistant Enterobacterales; MDR, multidrug resistant;
XDR, extended-drug resistant; cIAI, complicated intra-abdominal infection; cUTI, complicated urinary tract infection; HAP, hospital-
acquired pneumonia; SSTI, skin and soft tissue infection; VAP, ventilator-associated pneumonia.
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Two RCTs, one in cIAI (Table 2) [39], and one in nosocomial pneumonia patients
(Table 3) [62], showed noninferiority of ceftolozane/tazobactam in comparison with com-
parator antibiotics. Lucasti and coworkers compared ceftolozane/tazobactam 1 g/0.5 g IV,
TD (together with metronidazole 500 mg IV, TD in treating cIAI that included ICU pa-
tients [39]. Kollef and coworkers compared ceftolozane/tazobactam 2 g/1 g IV, TD with
meropenem 1 g IV, TD to treat nosocomial pneumonia patients (71% were ICU patients) [62],
of whom 25% were due to P. aeruginosa, but the susceptibility pattern was not specified.
Several observational studies (Table 4) have been published on ceftolozane/tazobactam
in ICU patients and some included patients with MDR or XDR P. aeruginosa. Pogue and
coworkers compared 100 patients who received ceftolozane/tazobactam with 100 patients
who received polymyxin (n = 56) or aminoglycoside-based therapy (n = 44) to treat various
infections (VAP, UTI, and HAP) due to MDR or XDR P. aeruginosa [68]. They showed higher
clinical cure in patients treated with ceftolozane/tazobactam: 81% vs. 61% (OR of 2.7 (95%
CI 1.4 to 5.2).

3.8. Meropenem/Vaborbactam

The FDA approved meropenem/vaborbactam (brand name Vabomere) to treat cUTI
at a dose of 4 g (meropenem 2 g and vaborbactam 2 g) IV, TD. According to the FDA
package insert, the adverse reactions occurring in ≥ 3% of patients treated with this
antibiotic were headache, phlebitis/infusion-site reactions, and diarrhea.

The addition of vaborbactam improves the activity of carbapenem-nonsusceptible En-
terobacterales, including those that harbor KPCs. However, as mentioned above, it shows
limited activities against isolates with MBL and OXA [77]. Addition of vaborbactam does
not improve the activity of meropenem against A. baumannii or P. aeruginosa [56].

In treating cUTI (Table 1), meropenem/vaborbactam 2 g/2 g IV, TD showed similar
clinical success when it was compared with piperacillin/tazobactam 4 g/0.5 g IV, TD in a
noninferiority study: 98.4% vs. 94.0% [26]. It is worth mentioning that in this study, 5% of
the isolates were resistant to piperacillin/tazobactam. An interesting comparison was
made between meropenem/vaborbactam (n = 26) for the median duration of 12 days and
ceftazidime/avibactam (n = 105) for a median duration of 11 days in treating mostly UTI
and IAI patients due to CRE in an observational study (Table 4) [74]. In this study, around
half of the patients were admitted to the ICU (median APACHE II score of 27) and the
patients had other antibiotics (15.4% in meropenem/vaborbactam group vs. 51%). The clin-
ical success (survival at 30 days, resolution of symptoms and signs, sterilization of blood
cultures within 7 days of treatment, and absence of recurrent infections within 90 days)
was higher in meropenem/vaborbactam than in ceftazidime/avibactam group: 69.2% vs.
61.9% (p = 0.49). In a study with various type of infections including cUTI, HAP/VAP,
and bacteremia due to carbapenem-nonsusceptible pathogens, meropenem/vaborbactam
showed higher clinical cure at day 28 in comparison with the best-available therapy of
65.6% vs. 33.3% [27]. It should be noted, however, that the results might have been affected
by a higher proportion of patients with Charlson comorbidity index > 6 in the best-available
therapy group.

3.9. Imipenem-Cilastatin/Relebactam

The FDA approved imipenem-cilastatin/relebactam (brand name Recarbrio) in 2019
for cUTI and cIAI indications at a dose of 1.25 g (imipenem 500 mg, cilastatin 500 mg,
and relebactam 250 mg), IV, QID. The indication was extended to HAP/VAP in 2020.
Common side effects (in up to 10%) are nausea, diarrhea, elevated lever enzymes, in-
creased eosinophils, and rash.

Like all beta-lactam/ beta-lactamase inhibitor (BL/ BLI) presented in the present
manuscript, imipenem (+cilastatin)/relebactam, further referred to as imipenem/relebactam,
shows activity against Enterobacterales (including ESBL and AmpC isolates) and P. aerug-
inosa, but not against Acinetobacter spp. [78]. It restores activity against K. pneumoniae
isolates that harbour KPCs [79], and partnering relebactam with imipenem decreased the
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MIC values of imipenem in P. aeruginosa isolates fourfold [78]. Despite the theoretical
notion that relebactam shows activity against OXAs, a surveillance study fails to show that
imipenem/relebactam has activities against OXA-positive isolates [80].

An RCT that compared imipenem-cilastatin/relebactam (500 mg–500 mg/250 mg IV,
QID), for 7 to 14 days with piperacillin/tazobactam 4 g/500 mg IV, QID, in treating VAP
patients showed apparently lower all-cause mortality at day 28 (15.9% vs. 21.3%) [63].
In this study, the most common pathogens were Enterobacterales (41.1%), P. aeruginosa
(18.9%), and Acinetobacter (15.7%) but the susceptibility patterns of these microorganisms
were not mentioned. Another RCT that included patients with various type of infections
(around 50% UTI) due to imipenem-resistant Gram-negative bacteria compared imipenem-
cilastatin/relabactam (500 mg–500 mg/250 mg IV, QID), with 150 mg based colistin IV,
BD, and imipenem-cilastatin (500 mg–500 mg IV, QID). Favorable clinical response rates at
day 28 were 71.4% for the former and 40.0% for the latter in the microbiological modified
intention to treat population [81].

Table 5. Possible applications of new antibiotics against Gram-negative bacteria based on resistant mechanisms.

ESBL and AmpC KPC OXA-48 MBL
Carbapenem

Nonsusceptible
A. baumanii

Carbapenem
Nonsusceptible

P. aeruginosa

Plazomicin ++ ++ ++ +/− a − −

Eravacycline ++ ++ ++ + b ++ −

Temocillin ++ (urine
breakpoint only)

++ (urine
breakpoint only) − − − −

Cefiderocol ++ ++ ++ ++ ++ ++

Ceftazidime/avibactam ++ ++ ++ − − +/−
Ceftolozane/tazobactam ++ − − − − +/− c

Meropenem/vaborbactam ++ ++ − − ? ?

Imipenem/relebactam ++ ++ − − − +/− d

++: Activity (>90% of the isolates); +: activity in 70 to 90% of the isolates; +/−: activity in around the half of the; −: no activity; ?:
no surveillance data available. a 42.1% susceptible isolates [12]; b 70% susceptible isolates [32]; c good activity against isolates with
elevated efflux, derepressed AmpC or loss of OprD, but not when the underlying mechanism is MBL production [82]; d not for isolates
with class B or D carbapenemase activity [83].

4. Discussion

The eight antibiotics reviewed here add to the armamentarium of antibiotics against
carbapenem-resistant Gram-negative microorganisms. Almost all of these new antibi-
otics are approved for cUTI (all except eravacycline) and most of them for cIAI (eravacy-
cline, ceftazidime/avibactam, ceftolozane/tazobactam, and imipenem/relebactam). Cef-
tazidime/avibactam was the first antibiotic approved for HAP/VAP by the FDA in 2018,
and over the years, ceftolozane/tazobactam (2019), imipenem/relebactam (2020), and ce-
fiderocol (2020) were also approved by the FDA for this indication.

Local epidemiology of multidrug-resistant microorganisms plays a role in choosing
these new antibiotics. In our setting, where the prevalence of Enterobacterales resistant
to third-generation cephalosporins of less than 10%, and to carbapenem of less than 1%
(EARS-Net Surveillance Atlas of Infectious Diseases 2019), these new antibiotics are clearly
not suitable as an empirical treatment. Targeted treatment can be performed only after
susceptibility tests (ASTs) and eventual molecular testing have been performed. Table 5
can assist in making a choice of antibiotics in treating multidrug-resistant microorgan-
isms. There are enough options for treating cUTI, cIAI, or HAP/VAP due to KPC CPE (all
except ceftolozane/tazobactam can be used). The options become more limited to treat
HAP/VAP due to OXA-48 CPE (only cefiderocol and ceftazidime/avibactam), and even
more limited to treat HAP/VAP due to MBL CPE (only cefiderocol), but the combination cef-
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tazidime/avibactam with aztreonam (a monobactam antibiotic that is active against NDM)
can perhaps be used, since aztreonam is active against MBL). For cIAI or HAP/VAP due to
carbapenem-nonsusceptible P. aeruginosa caused by elevated efflux, derepressed AmpC,
or porine loss, ceftazidime/avibactam or ceftolozane/tazobactam may be used. In case of
HAP/VAP due to MDR A. baumannii, only cefiderocol is available, and perhaps eravacy-
cline in cIAI.

In order to use these antibiotics appropriately, ASTs should be available in clinical
microbiology laboratories. EUCAST has published a breakpoint for all new antibiotics
except for plazomicin (and for temocillin). These breakpoints may be different than those
from CLSI; for example, for plazomicin. The ASTs protocols may be also different than
routine ASTs. ASTs for cefiderocol, for example, need an addition of iron in the media [84].

Surveillance studies show that many of these antibiotics are more active than other
older antibiotics. For example, eravacycline is 2 to 4 times more potent (i.e., 2 to 4 times
lower MIC) than tigecycline against Enterobacterales [30,31], and ceftazidime/avibactam is
more active than ceftazidime alone against Enterobacterales [55]. However, in our opinion,
this should not lead to the routine use of these antibiotics for the treatment of infections
with Gram-negative microorganisms. We believe that these antibiotics should only be used
when other options are exhausted. Inappropriate use of these new antibiotics may also
lead to development of resistance.

More studies are needed that investigate the use of these antibiotics to treat infections
that are caused by ESBL or carbapenem-nonsusceptible microorganisms. Many RCTs that
lead to approval of these antibiotics as reviewed here often did not include these microor-
ganisms. Exactly these microorganisms are an important reason why these new antibiotics
were developed. It is also important to consider whether these antibiotics should be used
alone or in combination with other antibiotics for treating an MDR bacterial infections.
Combination therapy should also be considered to prevent resistance development, and for
synergy when MICs are high and options are limited. The combination of these and older
antibiotics should also be investigated to add to the possible therapeutic armamentarium.
For example, the combination of ceftazidime/avibactam and aztreonam may be a thera-
peutic option against CPE due to NDM, as mentioned above. The possible combination of
these new antibiotics and colistin is also interesting, since according to many surveillance
studies (Tables S1 and S2), colistin is still susceptible to the carbapenem-nonsusceptible
Enterobacterales, Acinetobacter spp., and P. aeruginosa.

Developing antibiotics active against Gram-negative microorganisms that harbor MBL
remains a challenge. While several inhibitors for serine beta-lactamases (i.e., group A, C,
and D) are available as reviewed above, not many MBL inhibitors are included. We can
only speculate that this is perhaps caused by the structure of the MBL [85]. In vitro, MBL
can be inhibited, for example, by aztreonam (a monobactam antibiotic) or boronic acid.
There are several BL/BLI antibiotics with potential activity against MBL in clinical trials at
this moment, such as aztreonam/avibactam (clinicaltrials.gov (accessed on 1 March 2021)
identifier NCT03329092, in patients with cIAI and HAP/VAP; and cefepime/taniborbactam,
NCT03840148, in patients with cUTI). Avibactam is partnered with aztreonam to prevent
aztreonam from being hydrolyzed by non-MBL beta-lactamases. While this antibiotic
seemed to be active against Enterobacterales with MBL genes (NDM, VIM, IMP), it was
less active against P. aeruginosa with MBL genes [86]. The reason is perhaps the presence of
other mechanisms than beta-lactamases.

In conclusion, we have reviewed eight novel antibiotics that are predominantly active
against Gram-negative bacteria, and all have potential in the treatment of infections due to
carbapenem-nonsusceptible microorganisms.

Supplementary Materials: The following are available online at https://www.mdpi.com/2077-0
383/10/5/1068/s1, Table S1: Susceptibility patterns of new antibiotics in large surveillance studies
from various geographic regions, Table S2: Proportion (%) susceptible in various antimicrobial
resistant isolates.
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Abbreviations
Regarding drugs and their use:
BD twice daily
BL/BLI beta-lactam, beta-lactam inhibitor.
IV intravenous
PO by mouth
QD once a day
QID four times a day
TID three times daily
Regarding microorganisms:
CPE carbapenem-producing Enterobacterales
CRE carbapenem-resistant Enterobacterales
ESBL extended-spectrum beta-lactamases
MBL metallo-beta-lactamase.
MDR multidrug resistance
Regarding infections:
cIAI complicated intra-abdominal infections
cUTI complicated urinary tract infections
HAP/VAP hospital-acquired pneumonia/ventilator-associated pneumonia
Others:
APACHE score Acute Physiology and Chronic Health Evaluation score
BLI beta-lactamase inhibitor
MIC minimum inhibitory concentration
RCT randomized control trial
RR relative risk.
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