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Abstract

Antimicrobial resistance is a growing threat to public health and an increasingly common problem for acute care physicians
to confront. Several novel antibiotics have been approved in the past decade to combat these infections; however, physicians
may be unfamiliar with how to appropriately utilize them. The purpose of this review is to evaluate novel antibiotics active
against resistant gram-negative bacteria and highlight clinical information regarding their use in the acute care setting.
This review focuses on novel antibiotics useful in the treatment of infections caused by resistant gram-negative organisms
that may be seen in the acute care setting. These novel antibiotics include ceftolozane/tazobactam, ceftazidime/avibactam,
meropenem/vaborbactam, imipenem/cilistatin/relebactam, cefiderocol, plazomicin, eravacycline, and omadacycline. Acute
care physicians should be familiar with these novel antibiotics so they can utilize them appropriately.
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Introduction

Antimicrobial resistance presents a critical threat to pub-
lic health, and as the scope of this issue continues to grow,
acute care physicians are likely to encounter resistant infec-
tions with increasing frequency. In 2019, the United States
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Centers for Disease Control and Prevention (CDC) released
a report titled “Antibiotic Resistance Threats in the United
States,” a document outlining emerging and extant trends
in antimicrobial resistance [1]. Several findings suggest
progress, such as a decrease in deaths caused by antibiotic-
resistant infections since the prior report in 2013, but the
data are overall sobering [1]. Annually, 2.8 million infec-
tions and 35,000 deaths in the United States are attributable
to antibiotic-resistant organisms, and the incidence of multi-
drug-resistant (MDR) infections has increased considerably
[1]. For instance, infections caused by extended spectrum
beta lactamase (ESBL) producing Escherichia coli increased
by 50% since the 2013 report [1].

Antimicrobial resistance is a natural phenomenon and
spans a broad array of human pathogens. While resistant
strains of fungi (e.g. Candida auris), gram-positive bac-
teria (e.g. Staphylococcus aureus), and anaerobic species
(e.g. Clostridioides difficile) all represent important threats
to public health, infections caused by antibiotic-resistant
gram-negative aerobes have proven particularly vexing to
the treating clinician [2]. Pseudomonas aeruginosa and
Enterobacterales species such as Klebsiella pneumoniae
and E. coli demonstrate diverse mechanisms of antibiotic
resistance, both innate and acquired [2]. Many resistance
factors are readily transmitted to other related organisms,
and additive or synergistic resistance to multiple classes of
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antimicrobials can result, even to drugs typically reserved
as a last line of defense against infection [3—7]. Within this
landscape, it is critical that acute care physicians be aware
of changing trends in antimicrobial resistance and options
for treatment of resistant organisms. Here, we describe key
trends in gram-negative bacterial resistance and review a
selection of antimicrobial drugs released in the past decade
that may be of utility in the treatment of emergency depart-
ment and hospitalized patients with multidrug-resistant
infections. We focus on these drugs as they pertain to infec-
tious disease syndromes commonly encountered in the acute
care setting, such as pneumonia, intraabdominal infections,
and infections of the urinary tract and skin structures.

Methods

A literature review of the PubMed and Google Scholar
databases was performed with search date from September
1, 2010 to September 1, 2020 for articles using the key-
words ‘novel antibiotic’ OR ‘ceftolozane/tazobactam’ OR
‘ceftazidime/avibactam’ OR ‘meropenem/vaborbactam’
OR ‘imipenem/cilistatin/relebactam’ OR ‘cefiderocol’ OR
‘plazomicin’ OR ‘eravacycline’ OR ‘omadacycline’ OR
‘antibiotic resistance’ for production of this narrative review.
We did not include articles related to antimicrobial drugs
whose spectra of activity is primarily against gram-positive
pathogens or whose antimicrobial activity does not include
multidrug-resistant pathogens. Authors included case reports
and series, retrospective and prospective studies, systematic
reviews and meta-analyses, clinical guidelines, and other
narrative reviews. The literature search was restricted to
studies published in English. Initial literature search revealed
over 6197 articles. Authors reviewed all relevant articles and
decided which studies to include for the review by consen-
sus, with focus on articles relevant to the acute care setting,
including guidelines. A total of 67 resources were selected
for inclusion in this review. We specified drug-resistant path-
ogens according to standardized definitions as follows [8, 9]:

Multidrug-resistant (MDR)-Resistant to an agent
in >3 classes of antibiotics

Extensively drug resistant (XDR)-Resistant to an agent
in all but 1-2 classes of antibiotics

Pan-drug resistant (PDR)-Resistant to all classes of
antibiotics
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Discussion
MDR bacteria in the acute care setting

While bacterial resistance threatens to degrade the effec-
tiveness of antibiotics against a growing number of human
pathogens, several gram-negative MDR pathogens are of
particular concern to the acute care physician, given their
increasing prevalence, virulence, and the limited available
drugs to treat them [2, 10—12]. These include extended-
spectrum-f-lactamase producing Enterobacterales (ESBL-
E), carbapenem-resistant Enterobacterales (CRE), and P.
aeruginosa with difficult-to-treat resistance (DTR-P. aer-
uginosa) [2, 10-12]. ESBLs are enzymes that inactivate
most beta-lactam agents, including penicillins, cephalo-
sporins, and aztreonam, but not non-f-lactam agents, such
as fluroquinolones, trimethoprim-sulfamethoxazole, nitro-
furantoin, or aminoglycosides [10, 12]. B-lactamases are
commonly classified according to the Ambler molecular
classification scheme or Bush-Jacoby-Medieros functional
classification system [11, 12]. The Ambler classification is
based on amino-acid sequence similarities while the Bush
classification is based on functionality [12]. Ambler classi-
fication is divided into four molecular classes (A-D), with
class A, C, and D utilizing a serine moiety and B consist-
ing of a metalloenzymatic zinc ion at its active site [12,
13]. Bush classification is divided into three major groups:
Group 1 cephalosporinases (Ambler class C), Group 2 ser-
ine p-lactamases (Ambler classes A and D), and Group 3
metallo-p-lactamases (Amber class B), with each group con-
taining further subdivisions. Examples of ESBLs include
CTX-M (Ambler class A), TEM (Ambler class A), SHV
(Ambler class A), and OXA (Ambler class D) [5, 10, 12, 13].

CRE denotes members of the Enterobacterales order
resistant to at least one carbapenem antibiotic or producing
a carbapenemase enzyme. CRE may be resistant to some
carbapenems but not others (e.g. resistant to ertapenem but
sensitive to meropenem). This group of pathogens can be
divided into organisms that are carbapenemase-produc-
ing and those that are not carbapenemase-producing [10].
Notable carbapenemases include Klebsiella pneumoniae
carbapenemases (KPCs) (Ambler class A), New Delhi
metallo-p-lactamases (NDMs) (Ambler class B), Verona
integrin-encoded metallo-p-lactamases (VIMs) (Ambler
class B), imipenem-hydrolyzing metallo-B-lactamases
(IMPs) (Ambler class B), and oxacillinase (OXA-48-like)
carbapenemases (Ambler class D) [10, 13]. Identifying
if a CRE isolate is carbapenemase-producing and which
carbapenemase is produced can be important when deter-
mining optimal treatment [10].

DTR-P. aeruginosa is defined as non-susceptibil-
ity to piperacillin-tazobactam, ceftazidime, cefepime,
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aztreonam, meropenem, imipenem-cilastatin, ciprofloxa-
cin, and levofloxacin [10]. Resistance can be due to mul-
tiple mechanisms including B-lactamase production, anti-
biotic efflux, porin alterations, and target site modification
[2]. AmpC B-lactamase (Ambler class C) provides resist-
ance to penicillins and cephalosporins, including antip-
seudomonal agents such as piperacillin-tazobactam and
ceftazidime [2, 13]. Resistance to carbapenems can result
from downregulation of porins like OprD, upregulation
of efflux pumps like those that belong to the RND-type
efflux system (e.g. MexAB-OprM), or a combination of
both mechanisms [2]. P. aeruginosa can also alter antibi-
otic target sites on ribosomal subunits or topoisomerases
to prevent binding of aminoglycosides and fluoroquinolo-
nes, respectively. These combinations of resistance mecha-
nisms highlight why DTR-P. aeruginosa can have so few
treatment options [2, 10].

The myriad mechanisms of gram-negative bacterial
resistance underscore the unique challenges facing the
acute care physician in the treatment of MDR infections,
as well as the ongoing threat to public health. Accord-
ingly, the CDC tracks and reports data related to these
pathogens, among other drug-resistant bacteria. Some of
the CDC’s reporting on the public health impact of these
pathogens is summarized in Table 1 [1, 2, 4, 5]. A number
of patient factors have been identified that increase the risk
for infections caused by MDR pathogens, such as recent
institutional care and/or exposure to antibiotics, history of
MDR infections, and immunocompromised states, such
as diabetes mellitus [7, 8, 14—19]. Risk factors may dif-
fer somewhat by pathogen and disease state; for instance,
chronic lung disease (e.g. chronic obstructive pulmonary
disease, bronchiectasis, cystic fibrosis) is a noted risk

Table 1 Examples of multi-drug resistant organisms

factor for community-acquired pneumonia caused by MDR
pathogens, while recent history of an outpatient genitouri-
nary or gastrointestinal procedure has been cited as a risk
factor for urinary tract infections caused by resistant bac-
teria [14, 18]. Assessment for such risk factors and aware-
ness of local resistance patterns is critical, as antimicrobial
therapy may differ according to risk profile.

While many MDR infections are associated with hos-
pitalization and long-term residential care, they are cer-
tainly not exclusive to these settings. Community-acquired
spread of MDR gram-negative infections is now common,
and such cases can occur in patients lacking the traditional
risk factors associated with MDR organisms [14, 20-23].
In the acute care setting, these infections frequently mani-
fest in the urinary tract [14, 20-23]. In two recent ED-
based series, 35-44% of urinary ESBL-producing E. coli
isolates originated from patients without traditional risk
factors for MDR infections [21, 22]. Not surprisingly, dis-
cordant initial antibiotic therapy was commonly reported
in these cohorts [21, 22].

In an effort to identify patients at higher risk for infec-
tion caused by drug-resistant bacteria, a number of disease
and drug-specific scoring systems have been derived. While
many of these scores lack external validation, review of the
associated patient risk factors for each can provide a con-
ceptual framework for assessing an individual patient’s risk
of resistant pathogens. For instance, scores derived to pre-
dict fluoroquinolone (FQ) resistance and ESBL-producing
Enterobacterales in bloodstream infections identified fluo-
roquinolone use in the preceding 90 days as a risk factor for
both conditions [16, 17]. Similarly, a score derived to pre-
dict FQ resistance in urinary tract infections (UTI) identified
prior FQ use as a strong predictor of FQ-resistant UTIs [18].

ESBL-producing Enterobacterales

Resistant to most beta-lactam antibiotics, including penicillins, cephalosporins, and aztre-

onam. ESBLs are commonly associated with additional resistance to other drug classes as
well, including fluoroquinolones. Hundreds of ESBLs have been identified, and they now

comprise:

13.4% of hospital-acquired E. coli infections
20% of hospital-acquired K. pneumoniae infections

Carbapenem-resistant Enterobacterales (CRE)
comprise:

Resistant to carbapenem antibiotics among others, including those inhibited by ESBL. CREs

8.7% of hospital-acquired K. pneumoniae infections
0.7% of hospital-acquired E. coli infections

MDR P. aeruginosa

P. aeruginosa is intrinsically resistant to many antibiotics, and additional resistance factors

have compounded the problem
19.3% of hospital-acquired isolates are resistant to carbapenems

Colistin-resistant E. coli

Although rare, plasmid-borne colistin-resistance has been documented in E. coli

Colistin is often a drug of last resort for MDR gram-negative infections

Carbapenem-resistant Acinetobacter baumannii

A. baumannii is intrinsically resistant to many antibiotics, and carbapenem resistance can

spread among bacteria via mobile resistance elements
Limited treatment options exist for carbapenem-resistant strains
8500 U.S. cases of A. baumannii were identified in 2019 alone
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A number of criteria and scoring systems have simi-
larly been developed in patients with pneumonia, but some
of these scoring systems have inadequate sensitivity and/
or specificity to be clinically useful. However, the Drug
Resistance in Pneumonia (DRIP) [Table 2] score has dem-
onstrated comparatively promising test characteristics and
clinicians can consider its use to augment clinical judge-
ment. In the derivation and validation study of this decision
instrument, a DRIP score of 4 or greater has been shown to
identify patients at risk for pneumonia due to a drug-resist-
ant pathogen with a sensitivity and specificity of 82% and
81%, respectively. However, it should be noted that this risk
assessment tool is not specific to gram-negative bacteria, as
these pathogens accounted for only 23% and 34% of positive
cultures in the derivation and validation set, respectively
[15, 24].

Treating MDR infections

Infections caused by MDR organisms are associated with
increased mortality, hospital length of stay, and health care
costs [8, 25-27]. Administration of appropriate antibiotics
prior to intensive care unit (ICU) admission has been asso-
ciated with decreased mortality in severe sepsis and septic
shock, a finding that underscores the importance of consid-
ering appropriate antibiotic spectra in patients at risk for
MDR infections [28]. Various rapid detection methods, such
as polymerase chain reaction assays and mass spectrometry,
have demonstrated efficacy in identifying pathogens earlier
than traditional culture methods, and these technologies may
be of future use in guiding ED antibiotic choices [7].

The U.S. Food and Drug Administration (FDA) has
approved several novel antibiotics in the past decade with
activity against MDR gram-negative bacteria. Many of these
drugs are currently reserved for exceptional use (e.g., in
patients with documented MDR or extensively drug-resistant

Table2 DRIP score

Characteristic Points

Antibiotic use within previous 60 days
Residence in a long-term care facility
Tube feeding

N NN

Prior infection with drug-resistant pathogen within previous
year

Hospitalization within previous 60 days
Chronic pulmonary disease

Poor functional status

Gastric acid suppression

Wound care

—_— = = = =

MRSA colonization within previous year

Adapted from Webb et al. 2016 [2]

@ Springer

(XDR) infection), and coordination with an infectious dis-
ease specialist and/or clinical pharmacist is advisable when
considering their use. Accordingly, we do not recommend
empiric use of these drugs outside of these scenarios. How-
ever, as resistance patterns evolve, some of these agents
could potentially be used to supplement or replace existing
empiric antibiotic regimens in the hospital, either on a case-
by-case basis, or as part of more broadly applied protocols.
Thus, the following primer is intended to familiarize acute
care physicians with some of the newer antibiotics being
used in the treatment of select patients with MDR infections.

Novel antibiotics

This drug-focused review highlights agents targeting resist-
ant gram-negative organisms, such as MDR P. aerugi-
nosa or carbapenem-resistant Enterobacterales, and disease
states commonly treated in the hospital (e.g. urinary tract
infections, community acquired bacterial pneumonia). This
guide is not a comprehensive list of all drug information,
but rather is intended to serve as a practical reference for
the practicing clinician. Tables 3 and 4 provide a summary
of these medications.

Ceftolozane/tazobactam

Ceftolozane/tazobactam (Zerbaxa™) is a novel cephalo-
sporin plus beta-lactamase inhibitor combination approved
in 2014 [29]. Ceftolazone/tazobactam was first approved for
complicated urinary tract infections (cUTI)/pyelonephritis,
complicated intra-abdominal infections (cIAI), and later
hospital acquired bacterial pneumonia (HABP)/ventilator-
associated bacterial pneumonia (VABP) [29]. Ceftolozane/
tazobactam was tested against levofloxacin for cUTI/pyelo-
nephritis and against meropenem for pneumonia and cIAI
(in combination with metronidazole) for the aforementioned
indications. All patients in the trials were treated in acute
care settings without mention of treatment in the emergency
department. Ceftolozane is a novel cephalosporin antibiotic
that exhibits its antibiotic effect in a similar method to other
beta-lactams: inhibition of transpeptidase (a penicillin bind-
ing protein, or PBP) leading to the inhibition of bacterial
cell wall and eventual bacterial death [30-32]. Ceftolozane’s
unique chemical structure allows for greater binding to PBPs
as compared to other beta-lactams such as ceftazidime and
imipenem [33]. When combined with the beta-lactamase
inhibitor tazobactam, its spectrum of activity is increased,
covering a wide variety of gram-positive and gram-negative
organisms, such as Streptococcus spp., methicillin-sensitive
S. aureus (MSSA), E. coli, Klebsiella spp., and Haemophilus
influenzae [29]. However, ceftolazone/tazobactam is more
notable for its activity against ESBL Enterobacterales and
MDR P. aeruginosa [34]. Unfortunately, this drug does
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Table 3 Highlights of Novel Antibiotics
Generic drug name (brand Class/mechanism of action Notable gram (+) coverage Notable gram (—) coverage Approved
name) infection site/
syndrome
Ceftolozane/tazobactam Class: Novel cephalo- -MSSA -ESBL -cUTI
(Zerbaxa™) sporin + beta-lactamase -Streptococcus spp. -MDR P. aeruginosa -clAI
inhibitor -HABP/VABP
MOA: Inhibition of cell wall
production
Ceftazidime/avibactam (Avy-  Class: Cephalosporin+novel -MSSA -ESBL -cUTI
caz™) beta-lactamase inhibitor -Streptococcus spp. -KPC -cIAI
MOA: Inhibition of cell wall -OXA-48 carbapenemase -HABP/VABP
production -MDR P. aeruginosa (less
than ceftolozane/avibactam)
-MDR Acinetobacter spp.
Meropenem/ Class: Carbapenem + novel -MSSA -ESBL -cUTI
vaborbactam beta-lactamase inhibitor -Streptococcus spp. -KPC
(Vabomere™) MOA: Inhibition of cell wall  -Enterococcus spp. (non- -P. aeruginosa (non-MDR)
production VRE) -Acinetobacter spp. (non-
MDR)
Imipenem/cilistatin/ Class: Carbapenem + novel -MSSA -ESBL -cUTI
relebactam (Recarbrio™) beta-lactamase inhibitor -Streptococcus spp. -KPC -cIAI
MOA: Inhibition of cell wall -MDR P. aeruginosa -HABP/VABP
production
Cefiderocol Class: Novel siderophore -Streptococcus spp. (in vitro)  -P. aeruginosa -cUTI
(Fetroja®) cephalosporin -A. baumannii
MOA: Inhibition of cell wall -S. maltophilia
production via iron-binding -ESBL
and active cell uptake -CRE (all Ambler classes)
Plazomicin Class: Aminoglycoside -None -ESBL -cUTI
(Zemdri™) MOA: Inhibition of 30 s -KPC
ribosomal subunit halting -OXA-48 carbapenemase
protein production -Variable P. aeruginosa
activity
Eravacycline Class: Tetracycline -Streptococcus spp. -CRE (unspecified) -cIAI
(Xerava™) MOA: Inhibition of 30 s -MRSA -MDR A. baumannii
ribosomal subunit halting -VRE
protein production
Omadacycline Class: Tetracycline -MSSA -ESBL -ABSSSI
(Nuzyra™) MOA: Inhibition of 30 s -MRSA -Acinetobacter spp. -CABP
ribosomal subunit halting -Streptococcus spp. -B. fragilis

protein production

not have reliable activity for carbapenemases, MDR Aci-
netobacter spp., or AmpC beta-lactamases (e.g., CREs or
ceftazidime-resistant Enterobacter) [35].

The side effect profile of ceftolozane/tazobactam does
not differ greatly from other beta-lactam antibiotics and has
generally been associated with relatively mild nausea, vom-
iting, and diarrhea [29]. The drug also carries warnings for
hypersensitivity reactions, Clostridium difficile-associated
diarrhea (CDAD), and seizures [29].

Due to its spectrum of activity, ceftolozane/tazobactam
should generally be reserved for MDR P. aeruginosa infec-
tions rather than CRE infections. Although only indicated
for cUTI, cIAIL and HABP/VABP, there have been instances
of successful off-label use in bacteremia, bone/joint, and

wound infections [36]. Additionally, clinicians may consider
using this drug as a carbapenem-sparing treatment option if
the patient has a confirmed or highly likely ESBL infection,
but consideration should be given to cost and need for the
future antibiotic armamentarium.

Ceftazidime/avibactam

Ceftazidime/avibactam (Avycaz™) is a cephalo-
sporin + novel beta-lactamase inhibitor combination that
was approved in 2015 [37]. Ceftazidime/avibactam is cur-
rently indicated for cUTI, cIAI, and most recently HABP/
VABP [37]. Ceftazidime/avibactam was tested against
doripenem for cUTI/pyelonephritis and against meropenem

@ Springer
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Table 4 Novel antibiotics

. . Infection site/syndrome
by approved infection site/

Approved drug(s)

syndrome

Hospital/ventilator acquired bacterial pneumonia

Community-acquired bacterial pneumonia

Complicated intraabdominal infection

Acute bacterial skin and skin structure infection

Complicated urinary tract infection

Ceftolozane/taxobactam
Ceftazidime/avibactam
Meropenem/vaborbactam
Imipenem/cilistatin/relebactam
Cefiderocol

Plazomicin
Ceftolozane/taxobactam
Ceftazidime/avibactam
Imipenem/cilistatin/relebactam
Omadacycline
Ceftolozane/taxobactam
Ceftazidime/avibactam
Imipenem/cilistatin/relebactam
Eravacycline

Omadacycline

for pneumonia and cIAI (in combination with metronida-
zole) for the aforementioned indications. All patients in the
trials were treated in acute care settings without mention
of treatment in the emergency department. Ceftazidime is
a 3rd generation cephalosporin with activity against gram-
negative bacilli, including P. aeruginosa [37-40]. Like other
beta-lactam antibiotics, ceftazidime exerts its antibacte-
rial effect by binding to transpeptidase (a PBP), a critical
enzyme in bacterial cell wall synthesis [37]. Ceftazidime
can be inactivated by a number of different beta-lactamases
including AmpC, ESBLs, and all carbapenemases [37].
However, when used in combination with the novel beta-lac-
tamase inhibitor, avibactam, the drug regains activity against
a number of beta-lactamases such as ESBL and Klebsiella
pneumoniae carbapenemases (KPC), as well as OXA-48
[41]. Unlike more traditional beta-lactamase inhibitors (sul-
bactam, tazobactam, or clavulanic acid), avibactam binds
reversibly to beta-lactamases and employs a reactive urea
to exert its protective mechanisms, therefore expanding the
coverage of ceftazidime to a greater extent [37]. However,
ceftazidime/avibactam does not have activity against Ambler
Class B metallo-beta-lactamases and therefore will not cover
all carbapenemases broadly [41].

From an adverse effect profile, ceftazidime/avibactam
does not differ greatly from other beta-lactam antibiotics and
has generally been associated with relatively mild nausea,
vomiting, and diarrhea [37]. Additionally, the drug carries
warnings for hypersensitivity reactions, CDAD, and seizures
[37].

The spectrum of activity of ceftazidime/avibactam makes
it an excellent agent for ESBLs, as well as KPC or OXA-48
carbapenemase producing Gram-negative organisms. Simi-
lar to many novel antimicrobial agents, ceftazidime/avibac-
tam lacks activity against metallo-beta-lactamases [37]. It
should also be noted that this drug appears to have worse
in vitro activity against MDR P. aeruginosa compared to
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ceftolozane/tazobactam and therefore may not be the pre-
ferred agent when treating this particular organism [42, 43].

Meropenem/vaborbactam

Meropenem/vaborbactam (Vabomere™) is a combination
antibiotic incorporating both a broad spectrum carbapenem
and a novel beta-lactamase inhibitor [44]. Meropenem/
vaborbactam was approved for treatment of cUTI in 2017
by proving non-inferiority to piperacillin/tazobactam [44,
45]. Meropenem is a well-known carbapenem antibiotic
with a broad spectrum of activity and stand-alone stabil-
ity against a number of beta-lactamases, including ESBL
[44]. Vaborbactam is a novel beta-lactamase inhibitor that
utilizes boronic acid to enhance the stability of meropenem
against carbapenemases such as KPC [44]. Therefore, in
addition to meropenem’s original activity against Strepto-
coccus spp., MSSA, Bacteroides fragilis, Enterobacterales
(including ESBLs), P. aeruginosa, and Acinetobacter spp.,
meropenem/vaborbactam has demonstrated sufficient activ-
ity against multiple KPCs [44].

Meropenem/vaborbactam does not have reliable activ-
ity against metallo-beta-lactamases or OXA type carbap-
enemases [44]. In addition, vaborbactam does not have
enhanced coverage of resistant P. aeruginosa and Acine-
tobacter spp. due to combination resistance mechanisms
[46]. This means that if the isolate demonstrates inherent
resistance to meropenem, then it is unlikely that meropenem/
vaborbactam will have any clinical viable activity, and other
agents should be considered [46].

The side effect profile of this drug does not differ greatly
from other beta-lactam antibiotics and has generally been
associated with relatively mild nausea, vomiting, and diar-
rhea [44]. It also carries warnings for hypersensitivity reac-
tions, CDAD, and seizures (especially if the patient is man-
aged with valproic acid or divalproex) [44].
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Meropenem/vaborbactam is approved for cUTI and there-
fore can be used in both cystitis and pyelonephritis [47].
In addition, it has been shown to be an effective option in
treating resistant gram-negative infections in HABP/VABP,
cIAL cUTI, and bacteremia cases compared to best available
therapy (often combination or monotherapies including pol-
ymyxins, carbapenems, aminoglycosides, tigecycline, and
ceftazidime/avibactam) for patients with known CRE infec-
tions. [48] Therefore, although not formally approved for
these indications, clinicians may consider the use of merope-
nem/vaborbactam for resistant Enterobacterales (especially
KPC) in HABP/VABP, cIAl, and bacteremia.

Plazomicin

Plazomicin (Zemdri™) is a novel aminoglycoside antibiotic
approved in 2016 [49]. Plazomicin exerts its antibacterial
effect by inhibition of the 30 s ribosomal subunit, which in
turn inhibits bacterial protein synthesis, much like other ami-
noglycosides [49]. However, plazomicin’s unique chemical
structure prevents inactivation by aminoglycoside modifying
bacterial enzymes and enhanced spectrum of activity [49].

Like other aminoglycosides, plazomicin covers exclu-
sively gram-negative organisms such as E. coli and K.
pneumoniae [49]. Notably, it has activity against ESBL-
producing organisms as well as some carbapenemases such
as KPCs and OXA-48 but lacks activity against Acineto-
bacter spp., Stenotrophomonas spp., metallo-beta-lactamase
producing organisms, and variable activity against P. aer-
uginosa [50].

Plazomicin carries the traditional boxed warnings of the
aminoglycoside class: nephrotoxicity, ototoxicity, neuro-
muscular blockade, and fetal harm [49]. So far, no other
significantly unique adverse reactions have been associated
with its use [49].

Plazomicin is approved for use in cUTI in inpatients
and was found to be non-inferior to meropenem as an
active comparator [51]. The developers of the drug pur-
sued approval for treatment of bacteremia but were denied
this indication by the FDA Antimicrobial Drugs Advisory
Committee largely due to difficulty enrolling patients and
subsequent protocol changes to improve enrollment [52].
Therefore, although this drug has shown promising early
results against resistant bacteria, the ruling from the FDA
likely limits its current use to the treatment of cUTI.

Eravacycline

Eravacycline (Xerava™) is a novel tetracycline antibiotic
approved in 2018 [53]. Like other tetracycline antibiotics,
eravacycline exerts its antibacterial effect by inhibiting the
30 s ribosomal subunit for bacterial protein synthesis [53].
In terms of chemical structure, eravacycline most closely

resembles tigecycline, giving it a similar spectrum of activ-
ity [53].

Like tigecycline, eravacycline adequately covers a broad
array of both gram-positive and gram-negative organisms,
including vancomycin-resistant Enterococci (VRE), MRSA,
B. fragilis, and multidrug-resistant Enterobacterales and A.
baumannii but lacks coverage against P. aeruginosa and
Proteus spp [53]. Since eravacycline is not directly affected
by beta-lactamases, there is evidence to suggest its effec-
tive use for carbapenemase-producing organisms, including
KPC, OXA-48 and metallo-beta-lactamases, but more clini-
cal data are needed [54].

Eravacycline has been associated with the tetracycline
class warnings of tooth discoloration and inhibition of bone
growth in children < 8 years of age and CDAD [53]. The
most common adverse reactions associated with its use have
been infusion site reactions, nausea, and vomiting, but these
have notably been observed at lower rates compared to tige-
cycline [53]. In addition, eravacycline has not been associ-
ated with an increased risk of mortality like tigecycline.

Eravacycline is approved for use in cIAl through demon-
stration of non-inferiority of clinical response in two sepa-
rate clinical trials compared to ertapenem and meropenem
[55, 56]. Eravacycline may serve as an alternative to tigecy-
cline for MDR Acinetobacter and CRE infections to avoid
the increased mortality risk or if the patient is unable to
tolerate tigecycline therapy. It is not indicated for the treat-
ment of cUTI [39].

Omadacycline

Omadacycline (Nuzyra™) is a novel tetracycline antibiotic
approved in 2018 [57]. Like other tetracycline antibiotics,
omadacycline exerts its antibacterial effect by inhibiting the
30 s ribosomal subunit for bacterial protein synthesis, but
its chemical structure allows for sustained protein synthe-
sis inhibition even in the presence of common tetracycline
efflux pumps [57].

Compared to eravacycline, omadacycline’s spectrum
of activity more closely resembles that of traditional tet-
racycline-class drugs, with some significant enhancements
[57]. Omadacycline broadly covers Streptococcus spp., S.
aureus (including MRSA), Enterobacterales, H. influenzae,
M. catarrahlis, B. fragilis, and atypical respiratory bacteria
(e.g. L. pneumophila, M. pneumoniae, C. pneumoniae) [57].
Notably, omadacycline retains activity against antibiotic-
resistant Streptococcus spp. strains as well as potential activ-
ity against VRE, Acinetobacter spp., and ESBL producing
organisms [57]. Omadacycline has also demonstrated prom-
ising activity against non-tuberculous mycobacterium such
as Mycobacterium chelonae, Mycobacterium fortuitum, and
Mycobacterium abscessus, prompting further studies into a
potential future therapeutic niche [57, 58].
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Omadacycline has the tetracycline class warnings of
tooth discoloration and inhibition of bone growth in chil-
dren < 8 years of age and CDAD [57]. The most common
ADRs observed in clinical trials thus far have been nausea
and vomiting [57].

This drug is currently approved for ABSSSI and CABP
after demonstrating non-inferiority to linezolid and moxi-
floxacin, respectfully. The majority of these patients were
initiated on therapy after being admitted to the hospital.
Given its broad spectrum of activity, it may be useful in
patients with high risk of MDR infection [57, 59-61]. Oma-
dacycline is available in both IV and oral formulations, and
as a once-daily, single agent effective in the treatment of
ABSSSI and CABP, this drug may offer a favorable transi-
tions-of-care option for these infections.

Imipenem/cilistatin/relebactam

Imipenem/cilistatin/relebactam (Recarbrio™) is a combina-
tion antibiotic incorporating both a broad-spectrum carbap-
enem and a novel beta-lactamase inhibitor approved in 2019
[62]. Imipenem/cilistatin is a well-known carbapenem anti-
biotic with a broad spectrum of activity and stand-alone sta-
bility against a number of beta-lactamases, including ESBL
[62]. Cilistatin is formulated in combination with imipenem
to prevent rapid degradation by dehydropeptidase-1, allow-
ing for greater exposure [62]. Relebactam is a novel beta-
lactamase inhibitor with a similar pharmacodynamic/phar-
macokinetic profile to imipenem/cilistatin that can enhance
the activity of imipenem/cilistatin against AmpC and KPC-
producing Enterobacterales and P. aeruginosa [62]. Notably,
imipenem/cilistatin/relebactam does not have reliable activ-
ity against metallo-beta-lactamases [12].

The side effect profile of imipenem/cilistatin/relebactam
does not differ greatly from other beta-lactam antibiotics
and has generally been associated with relatively mild nau-
sea, vomiting, and diarrhea [62]. Similarly, this drug carries
warnings for hypersensitivity reactions, CDAD, and seizures
(especially if the patient is managed with valproic acid or
divalproex) [62].

Imipenem/cilistatin/relebactam is currently indicated for
the treatment of cUTI, cIAI, and HABP/VABP, indications
largely carried over from the original imipenem/cilistatin
[62]. However, imipenem/cilistatin/relebactam also demon-
strated non-inferiority to piperacillin/tazobactam for HABP/
VABP with a separate trial on its own. [58, 63] Unlike other
new gram-negative agents that initially sought approval
for cUTISs, an early study observed this drug’s efficacy and
safety in cIAI, cUTI, and HABP/VABP in imipenem-resist-
ant P. aeruginosa isolates compared to colistin + imipenem
[64]. Thus, it has utility as a potential colistin-sparing treat-
ment regimen for resistant P. aeruginosa. All patients in the
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trials were treated in acute care settings without mention of
treatment in the emergency department.

Cefiderocol

Cefiderocol (Fetroja™) is a novel cephalosporin antibiotic
approved in 2019. Like other cephalosporins, cefiderocol
inhibits bacterial cell wall synthesis. However, it is uniquely
classified as a siderophore antibiotic, as it utilizes ferric
iron transport systems to take advantage of active bacte-
rial uptake past the gram-negative outer lipopolysaccharide
membrane, resulting in more drug exposure at the site of
action [65].

Cefiderocol demonstrates broad coverage of gram-nega-
tive organisms, with a spectrum of activity that encompasses
Acinetobacter baumannii, P. aeruginosa, Stenotrophomonas
maltophilia, and resistant Enterobacterales, including all
four Ambler class beta-lactamases (A, B, C, and D) [65]. In
particular, the activity against Ambler class B metallo-beta-
lactamases is a unique characteristic of this agent [65].

The adverse effect profile of cefiderocol does not differ
greatly from other beta-lactam antibiotics and has generally
been associated relatively mild nausea, vomiting, and diar-
rhea [65]. Similarly, this drug carries warnings for hyper-
sensitivity reactions, CDAD, and seizures (especially if the
patient is managed with valproic acid or divalproex) [65].
It is important to note that cefiderocol was found to have
an increase in all-cause mortality in critically ill patients
with multidrug-resistant gram-negative infections and sub-
sequently carries that warning on its labeling [65].

Cefiderocol was first approved for cUTI after demonstrat-
ing non-inferiority to imipenem/cilistatin with no major
problems observed [66]. The increase in all-cause mortality
was noted in the CREDIBLE-CR study, in which cefiderocol
was tested against best available therapy for MDR organ-
isms responsible for nosocomial pneumonia, bloodstream
infections, cUTI [67]. Although the cause of the increase
in mortality is unknown, the greatest imbalance of death at
the end of the study was seen in patients with A. baumannii
infections or in patients with an APACHE II score of > 16
[67]. The increase in all-cause mortality currently limits the
use of this agent for cUTI when other options are not avail-
able. Its use in bacteremia, sepsis, or nosocomial pneumonia
cannot be formally recommended at this time.

Conclusions

Infections caused by MDR bacteria represent an ongoing
threat to public health, and clinicians practicing in acute care
settings will continue to play an important role in their treat-
ment. The novel antibiotics reviewed here represent impor-
tant additions to the antibiotic armamentarium and provide
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options for therapy where few otherwise exist. However, use
of these drugs must be restricted to specific indications, as
indiscriminate prescribing could accelerate resistance and
degrade their future utility in treating MDR infections. Anti-
microbial stewardship programs should be broadly imple-
mented to increase clinician awareness of appropriate antibi-
otic use and local antibiotic resistance patterns. Institutional
therapeutic guidelines and antibiograms can help clinicians
choose the “right antibiotic, at the right dose, for the right
duration, at the right time” [54]. Additionally, antibiotic
therapy should be reviewed 48—72 hours after initiation to
assess for clinical response in concert with microbiological
culture data when available, as opportunities may present to
de-escalate or discontinue therapy. Within this context, it is
important for acute care physicians to be familiar with novel
and recently approved antibiotics so that they can better opti-
mize their use in the treatment of drug-resistant infections.
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