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LEARNING OBJECTIVES

1. Distinguish the pharmacology, spectrum of activity, and practical applications of ceftolozane/tazobactam, ceftazidime/
avibactam, meropenem/vaborbactam, imipenem/relebactam, and cefiderocol.

2. Demonstrate similarities and differences in the pharmacology, spectrum of activity, and practical applications of omad-
acycline, eravacycline, and plazomicin.

3. Apply knowledge of new antimicrobial agents to select optimal pharmacotherapy for patient-specific clinical scenarios
and formulary considerations.
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BAT
CABP

CRE

ESBL
HAP
IMP

KPC

MBL
MDR
MRSA

NDM
VAP
VIM

VRE
XDR

ABSSSI

Acute bacterial skin structure and
skin infection

Best available therapy

Community-acquired bacterial
pneumonia

Carbapenem-resistant
Enterobacteriaceae

Extended-spectrum B-lactamase
Hospital-acquired pneumonia

Imipenemase-type
metallo-B-lactamase

Klebsiella pneumoniae
carbapenemase

Metallo-B-lactamase
Multidrug resistant

Metbhicillin-resistant Staphylococ-
cus aureus

New Delhi metallo-B-lactamase
Ventilator-associated pneumonia

Verona integron—based
metallo-B-lactamase

Vancomycin-resistant enterococci
Extensively drug-resistant
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INTRODUCTION

The Infectious Diseases Society of America in collaboration with
federal regulatory agencies implemented the “10 x '20 Initiative” in
2010, with the goal to approve 10 novel systemic antibiotics by 2020.
Arecent report of this group questioned revising this goal to the pos-
sibility of 20 x 20 because, by and large, the initiative was success-
ful in reversing the trend of declining new antibacterials approved
before 2010. Although methicillin-resistant Staphylococcus aureus
(MRSA) is still classified as a serious threat by the CDC, in the past
decade, several new anti-MRSA agents have been approved for use
in the United States such as delafloxacin, tedizolid, lefamulin, dal-
bavancin, oritavancin, and ceftaroline. However, infections caused
by carbapenem-resistant gram-negative bacteria and vancomycin-
resistant enterococci (VRE) have only been addressed more recently.
Although newly approved antibiotics have revolutionized the man-
agement of most carbapenem-resistant Enterobacteriaceae (CRE)
and multidrug-resistant (MDR) Pseudomonas, agents with reliable
activity against MDR Acinetobacter, Stenotrophomonas, and strains
producing metallo-B-lactamases (MBLs) remain limited. In addi-
tion, emergence of resistance to novel agents has been documented,
emphasizing the ongoing need for the evolution of our antibacterial
arsenal to agents having higher thresholds against the development
of resistance. This chapter will review selected new antibacterials
and their spectrum of activity, pharmacology, and place in therapy.
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NEW B-LACTAM/B-LACTAMASE
INHIBITOR COMBINATIONS

Ceftolozane/Tazobactam

Pharmacology and Dosing
Ceftolozane is a novel oxyimino-aminothiazole cephalosporin
that is structurally similar to ceftazidime. Like other cepha-
losporins, ceftolozane exerts bactericidal activity by inhibit-
ing penicillin-binding proteins (PBPs), thereby disrupting the
final steps of the peptidoglycan biosynthesis required for the
bacterial cell wall. However, ceftolozane has affinities for var-
ious PBPs that are at least 2-fold higher and inhibits a broader
set of PBPs (including PBP1b, PBP1c, and PBP3 present in
Pseudomonas aeruginosa) than ceftazidime. Ceftolozane has
low affinity for PBP4, which reduces the likelihood of induc-
ing overexpression of chromosomal AmpC B-lactamases,
further enhancing its activity against P. aeruginosa. Finally,
ceftolozane is minimally affected by other resistance mecha-
nisms in Pseudomonas such as porin loss and efflux pumps.
Ceftolozane is combined with tazobactam, a well-established
B-lactamase inhibitor, to expand coverage against most
extended-spectrum B-lactamase (ESBL)-producing organ-
isms and some anaerobes.

Ceftolozane has a mean plasma half-life of 2.3 hours,
with more than 92% excreted unchanged in the urine; hence,
dose adjustments are needed in moderate to severe renal

BASELINE KNOWLEDGE STATEMENTS
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¢ Fundamental classification of gram-positive and
gram-negative bacteria

¢ General principles of bacterial culture and antimi-
crobial susceptibility testing

¢ Recognition of basic mechanisms of antimicrobial
drug resistance and strategies to overcome them
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impairment. The efficacy of ceftolozane/tazobactam cor-
relates with the percentage of time the free drug concentra-
tion is above the MIC (%fT>MIC) of around 40% for a 1-log
bactericidal effect. Ceftolozane/tazobactam is commercially
available in a 2:1 ratio, with a 1.5-g dose consisting of 1 g of
ceftolozane and 0.5 g of tazobactam. Ceftolozane/tazobac-
tam is FDA approved for intra-abdominal infections (in com-
bination with metronidazole) and complicated UTIs at a dose
of 1.5 g intravenously every 8 hours and for hospital-acquired
and ventilator-associated pneumonia (HAP/VAP) at a dose
of 3 g intravenously every 8 hours, both infused over 1 hour.
The higher dosage for pneumonia was based on pharmaco-
kinetic/pharmacodynamic (PK/PD) data requiring this dose
to have a more than 90% probability of attaining the target
fT>MIC of 40% against P. aeruginosa with an MIC of up to 8/4
mg/L (Xiao 2016). In clinical practice, ceftolozane/tazobac-
tam is expected to be used in MDR infections with elevated
MICs; thus, it may be prudent to use the higher dose of 3 g
intravenously every 8 hours (assuming normal renal function)
for all indications to ensure efficacy while minimizing emer-
gent resistance. For an elevated ceftolozane/tazobactam
MIC, a 4-hour infusion can be considered because the recon-
stituted solution is stable at room temperature for 24 hours.
A 4-hour infusion of 3 g intravenously every 8 hours achieved
a more than 90% probability of attaining an fT>MIC of 40%
up to an MIC of 32/4 mg/L, well above the current 2020 Clin-
ical and Laboratory Standards Institute (CLSI) susceptibility
breakpoint of 4/4 mg/L or less (Natesan 2017).

Spectrum of Activity and Role Against MDR
Bacteria

Ceftolozane/tazobactam generally has broad activity, includ-
ing against streptococci, gram-negatives, and some anaero-
bic bacteria. The clinical niche for ceftolozane/tazobactam
is in managing infections caused by B-lactam-resistant P.
aeruginosa. In a study of over 1500 P. aeruginosa isolates from
critically ill adults in 32 U.S. hospitals, ceftolozane/tazobac-
tam was the most active agent among B-lactams, with 96.5%
of strains considered susceptible (Shortridge 2019). Even
against 118 strains of pan—B-lactam—resistant P. aeruginosa
(strains nonsusceptible to cefepime, ceftazidime, piperacil-
lin/tazobactam, and meropenem), susceptibility remained
high at 72% and lower than only amikacin (88%) and colistin
(99%). Of note, the CLSI susceptibility breakpoint of 4/4 mg/L
orless is based on the lower approved dose. Use of the higher
dose is expected to result in even better susceptibility rates,
particularly if infused over 4 hours. Ceftolozane/tazobac-
tam is therefore a potent option against P. aeruginosa resis-
tant to conventional antipseudomonal B-lactams. Although
ceftolozane/tazobactam is active against many ESBL-pro-
ducing Enterobacteriaceae (88%), meropenem has higher
susceptibility rates (99%), and carbapenems remain the drug
of choice for such infections (Shortridge 2018). Ceftolozane/
tazobactam is generally cleaved by all carbapenemases;
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thus, it is not an option in the management of CRE and plays
no role against MDR Acinetobacter or Stenotrophomonas.

Susceptibility Testing and Patient Outcomes
Susceptibility testing for ceftolozane/tazobactam should be
performed whenever possible. As noted earlier, ceftolozane/
tazobactam tested nonsusceptible in around 30% of Pseudo-
monas resistant to conventional antipseudomonal B-lactams.
In a small study of 21 patients with MDR P. aeruginosa treated
with ceftolozane/tazobactam, resistance emerged upon ther-
apy in 3 patients (14%), which is of concern and requires fur-
ther investigation (Haidar 2017). The 2020 CLSI breakpoints
of 4/4 mg/L or less against Pseudomonas and 2/4 mg/L or less
against Enterobacteriaceae are based on the dose of 1.5 g
intravenously every 8 hours, though the dose best suited for
MDR infections is 3 g intravenously every 8 hours.

Ceftolozane/tazobactam achieved FDA approval in the
United States on the basis of the ASPECT-cUTI, ASPECT-clAl,
and ASPECT-NP trials (Kollef 2019; Solomkin 2015; Wagen-
lehner 2015). At a dose of 1.5 g intravenously every 8 hours,
ceftolozane/tazobactam was noninferior to levofloxacin in
the setting of complicated UTls and, when used in combina-
tion with metronidazole (expanding its anaerobic coverage to
parallel meropenem), noninferior to meropenem for compli-
cated intra-abdominal infections. Using the dose of 3 g intra-
venously every 8 hours, it was also noninferior to meropenem
in HAP/VAP.

Clinical studies are limited comparing the effectiveness
of ceftolozane/tazobactam with best available therapy (BAT)
in B-lactam-resistant P. aeruginosa. A retrospective study
of 200 patients assessed outcomes with ceftolozane/tazo-
bactam compared with combinations of polymyxins and/or
aminoglycosides with other agents, typically carbapenems
(Pogue 2019b). Clinical cure with ceftolozane/tazobactam
was 81% compared with 61% with polymyxin- or aminoglyco-
side-based regimens (p=0.002; OR 2.72; 95% Cl, 1.43-5.17).
In addition, acute kidney injury was significantly lower with
ceftolozane/tazobactam (6% vs. 34%; adjusted OR 0.08; 95%
Cl, 0.03-0.22). This supports that ceftolozane/tazobactam
is preferred to the previous standard of polymyxin- or amino-
glycoside-based combination regimens against P. aeruginosa
nonsusceptible to conventional B-lactams.

Ceftazidime/Avibactam

Pharmacology and Dosing

Ceftazidime is an established third-generation cephalosporin
with broad gram-negative activity. Avibactam is a non—B-lac-
tam B-lactamase inhibitor that inhibits the activity of many
ESBLs (e.g., CTX-M and TEM-1) as well as carbapenemases
such as K. pneumoniae carbapenemase (KPC). Avibactam also
inhibits AmpC and OXA-48 (carbapenemase) B-lactamases,
conferring broad activity. However, avibactam is not active
against MBLs (which are carbapenemases) such as New
Delhi metallo-B-lactamase (NDM), Verona integron—based
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metallo-B-lactamase (VIM), and imipenemase-type metal-
lo-B-lactamase (IMP).

The PK/PD properties of ceftazidime/avibactam are con-
sistent with those of ceftazidime, with a target fT>MIC of 50%
for a 1-log kill. Both agents have low protein binding of less
than 10% with good penetration into the epithelial lining fluid
of the lungs, with half-lives of 2.8 hours after several doses.
Both drugs are primarily eliminated renally, with the need for
dose adjustments in moderate and severe renal impairment.
Ceftazidime/avibactam is available in a 4:1 dose ratio, with
the standard dose of 2.5 g intravenously every 8 hours infused
over 2 hours consisting of 2 g of ceftazidime and 0.5 g of avi-
bactam. Ceftazidime/avibactam’s FDA-approved indications
are HAP/VAP, complicated UTIs including pyelonephritis, and
complicated intra-abdominal infections (in combination with
metronidazole), but unlike with ceftolozane/tazobactam, the
standard dose is recommended across all indications. This
dose achieves a high (greater than 95%) probability of achiev-
ing the target fT>MIC of 50% against MICs of 8/4 mg/L or less,
which is the current 2020 CLSI susceptibility breakpoint for
both Enterobacteriaceae and Pseudomonas (Das 2019).

Spectrum of Activity and Role Against MDR
Bacteria

The addition of avibactam expands on the spectrum of activ-
ity of ceftazidime to include activity against KPC-producing
Enterobacteriaceae. In areview of over 36,000 clinical isolates
of Enterobacteriaceae, ceftazidime/avibactam had potent
activity with susceptibility rates of 99.9% overall, including
99.6% against ESBL-producing strains, 97.5% against CRE,
and even 99.3% against ceftazidime-nonsusceptible Entero-
bacter, showing broad expansion of the activity of ceftazi-
dime in Enterobacteriaceae (Sader 2017).

Ceftazidime/avibactam also provides activity against
ceftazidime-nonsusceptible P. aeruginosa because AmpC
overexpression is a common factor mediating ceftazidime
resistance, and avibactam is a potent inhibitor of AmpC
B-lactamases. In an analysis of almost 8000 clinical isolates
of P. aeruginosa, ceftazidime/avibactam had 97.1% suscep-
tibility overall, including 81.3% against ceftazidime-nonsus-
ceptible isolates and 71.8% against strains nonsusceptible
to any conventional antipseudomonal B-lactams. Adding avi-
bactam therefore significantly expands the activity of ceftazi-
dime against P. aeruginosa.

Another area for potential use of ceftazidime/avibactam
is in combination with aztreonam against MBL-producing
pathogens. Aztreonam is unique as a monobactam that is
stable against MBLs such as NDM, VIM, and IMP expressed
by some Enterobacteriaceae and Pseudomonas and the L1
MBL expressed by Stenotrophomonas. However, most bac-
teria expressing such MBLs simultaneously express other
B-lactamases such as ESBL, KPC, AmpC, and OXA-48, con-
ferring aztreonam resistance. Combining aztreonam with avi-
bactam is therefore a unique approach in which avibactam
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inhibits AmpC, ESBL, KPC, and OXA-48 B-lactamases, thereby
allowing aztreonam, unaffected by the remaining MBLs, to
become active (Biedenbach 2015). The combination of cef-
tazidime/avibactam and aztreonam is synergistic and pro-
duces several hundred- to thousand-fold reductions in MIC
against MBL-producing gram negatives (Wenzler 2017). Cur-
rently, this combination can only be achieved using ceftazi-
dime/avibactam plus aztreonam, but the investigational
antimicrobial combination aztreonam/avibactam is in the
latter stages of clinical development. Aztreonam/avibac-
tam was active against 99.9% of Enterobacteriaceae (includ-
ing KPC and MBL carbapenemase producers) and 82% of
Stenotrophomonas, but predictably, it had minimal activity
against ceftazidime-nonsusceptible Pseudomonas and Acine-
tobacter (where MBLs are uncommon). Until aztreonam/
avibactam becomes commercially available, ceftazidime/
avibactam plays a role against MDR Stenotrophomonas and
MBL-producing Enterobacteriaceae when used in combina-
tion with aztreonam (Mojica 2017; Biedenbach 2015). How-
ever, use of this combination would be in the absence of in
vitro susceptibility until aztreonam/avibactam susceptibility
testing is commercially available.

Outside these clinical scenarios, ceftazidime/avibactam
has activity against Streptococcus spp. and ESBL-producing
organisms, though narrower-spectrum agents should be
used in these settings to preserve the role of ceftazidime/
avibactam. Ceftazidime/avibactam also has very little
anaerobic coverage; thus, metronidazole should be added if
anaerobic coverage is needed. Ceftazidime/avibactam also
provides no appreciable activity against ceftazidime-resis-
tant Acinetobacter.

Susceptibility Testing and Patient Outcomes

The 2020 CLSI susceptibility breakpoint for ceftazidime/avi-
bactam is 8/4 mg/L or less for both Enterobacteriaceae and
Pseudomonas on the basis of the standard 2-hour infusion
of 2.5 g intravenously every 8 hours. Susceptibility testing
should be performed when ceftazidime/avibactam is used
against CRE and Pseudomonas. Although susceptibility rates
against KPC-producing CRE are high, emergent resistance
during treatment has been reported (Giddins 2018). Car-
bapenemase testing using assays such as Carba-R, which
detects the presence of NDM, VIM, IPM, 0XA-48, and KPC
genes, is encouraged if results are rapidly available. Detec-
tion of any of the MBLs (NDM, VIM, or IPM) should prompt
consideration for adding aztreonam to ceftazidime/avibac-
tam, as noted earlier. When ceftazidime/avibactam is con-
sidered in the treatment of P. aeruginosa nonsusceptible to
conventional antipseudomonal B-lactams, about 30%—50%
are nonsusceptible. However, ceftolozane/tazobactam is
likely better against B-lactam—nonsusceptible Pseudomonas
because it has consistently higher susceptibility rates than
ceftazidime/avibactam. In either case, in vitro susceptibility
should be confirmed.
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Ceftazidime/avibactam achieved FDA approval in 2015
by showing noninferiority to doripenem in the RECAP-
TURE-1 and RECAPTURE-2 trials for complicated UTls, non-
inferiority in combination with metronidazole compared with
meropenem in the RECLAIM-1 and RECLAIM-2 trials for com-
plicated intra-abdominal infections, and noninferiority to
meropenem in the REPROVE trial for HAP/VAP (Torres 2018;
Mazuski 2016; Wagenlehner 2016). In addition, the manufac-
turer conducted the REPRISE randomized trial, which specif-
ically compared the efficacy of ceftazidime/avibactam with
that of BAT in over 300 patients with complicated UTIs or
intra-abdominal infections caused by ceftazidime-resistant
Enterobacteriaceae and Pseudomonas. Most patients in the
BAT group (96%) received carbapenem monotherapy, and
patient outcomes were similar across both groups, with 91%
clinical cure at test-of-cure in both groups.

Two studies have described patient outcomes with ceftazi-
dime/avibactam against CRE, which is its primary niche. An
observational study in the United States involved 38 patients
who received ceftazidime/avibactam compared with 99 who
received colistin, all of whom had CRE, of which 97% were
Klebsiellapneumoniae (van Duin 2018). One-half of the patients
had CRE bacteremia, whereas pneumonia and UTI were the
next most common primary sources. In this study, 96% of
strains for which genetic testing was performed harbored the
KPC gene, with 96% susceptible to ceftazidime/avibactam
and 88% susceptible to colistin. Almost 50% of the patients in
the ceftazidime/avibactam group received combination ther-
apy with other antibiotics, and 74% received combinations in
the colistin arm. The most common agents used in combi-
nation in both arms were carbapenems, followed by tigecy-
cline, or an aminoglycoside. After adjusting for confounders,
the ceftazidime/avibactam group had a lower adjusted rate
of in-hospital mortality (9% vs. 32%, p=0.001). In addition, the
percentage of surviving patients who had renal failure was
lower in the ceftazidime/avibactam arm (5% vs. 13%). The
findings show that ceftazidime/avibactam is likely superior
to colistin with a more favorable safety profile, though this
should be bolstered by further studies.

The other study was a retrospective study conducted in
Italy of 138 adults with KPC-producing K. pneumoniae, 75%
of whom had bacteremia (Tumbarello 2019). All isolates were
susceptible to ceftazidime/avibactam, whereas susceptibility
to other agents was generally poor (tigecycline 32%, colistin
27%, gentamicin 41%, amikacin 16%). Patients receiving cef-
tazidime/avibactam were matched to patients on alternative
regimens. Almost 80% of patients in the ceftazidime/avibac-
tam arm received combination therapy, whereas all patients
in the alternative treatment arm received combinations. Sim-
ilar to the previous study, the most common agents in combi-
nation included carbapenems and/or aminoglycosides. The
30-day mortality rate was lower in the ceftazidime/avibactam
arm than in the alternative treatment arm (36.5% vs. 55.8%,
p=0.005). After propensity score adjustment, multivariate
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analysis confirmed reduced mortality in the ceftazidime/
avibactam group (OR 0.27; 95% CI, 0.13-0.57; p=0.001). This
study again confirmed that ceftazidime/avibactam is associ-
ated with reduced mortality compared with alternative BAT
regimens for KPC-producing CRE.

Meropenem/Vaborbactam

Pharmacology and Dosing
Meropenem is a well-known antipseudomonal carbape-
nem inherently stable against many B-lactamases, including
AmpC and ESBL. Vaborbactam is a novel boronic acid—based
B-lactamase inhibitor that is a particularly potent inhibitor
of KPCs as well as ESBLs and AmpC B-lactamases. In con-
trast to avibactam, vaborbactam has no activity against OXA-
48 B-lactamases, but the general profile of both avibactam
and vaborbactam is otherwise similar. Neither avibactam nor
vaborbactam has activity against MBLs (NDM, VIM, IPM).
Meropenem/vaborbactam is commercially available in a
1:1 ratio as 2-g vials containing 1 g of meropenem and 1 g of
vaborbactam. The standard dose in normal renal function is
4 g intravenously every 8 hours as a 3-hour infusion and is
FDA approved for the indication of complicated UTls. Of note,
the meropenem component of meropenem/vaborbactam is
double the standard dose of meropenem alone and is admin-
istered as an extended infusion. This dosing strategy expands
the range of MICs covered with meropenem/vaborbactam by
optimizing the likelihood of achieving the fT>MIC target of
greater than 45% for a 2-log kill, even aside from the effect of
vaborbactam. The standard meropenem/vaborbactam dose
results in a more than 90% probability of achieving the fT>MIC
target of greater than 45% for Enterobacteriaceae and P. aeru-
ginosa up to an MIC of 8/8 mg/L, which is above the current
CLSI susceptibility breakpoint of 4/8 mg/L or less against
Enterobacteriaceae (Bhavnani 2017). Both meropenem and
vaborbactam are primarily renally eliminated; thus, dose
adjustments are recommended in moderate or severe renal
impairment.

Spectrum of Activity and Role Against MDR
Bacteria

As noted earlier, adding vaborbactam expands the coverage
of meropenem to include activity against KPC-producing
Enterobacteriaceae, the most common mechanism of CRE
in the United States. In a study of over 300 CRE isolates,
meropenem/vaborbactam had susceptibility rates of 74%
(Pfaller 2018). However, these rates differed significantly
depending on carbapenemase expression. Susceptibility
against KPC-producing strains was 99.5%, but susceptibility
was poor against OXA-48-like B-lactamases (24%) and MBLs
(4%). In addition, the study included 38 strains of CRE that
were carbapenemase negative, against which meropenem/
vaborbactam had 82% susceptibility compared with just 3%
with meropenem alone. These strains likely expressed other
carbapenemases that were not included in the testing but
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were nonetheless inhibited by vaborbactam. Meropenem/
vaborbactam is therefore an excellent choice against
KPC-producing Enterobacteriaceae but should be avoided
in the setting of CRE expressing OXA-48 and MBLs such as
NDM, VIM, or IPM.

With respect to P. aeruginosa, adding vaborbactam does
not significantly expand on the activity of equivalently dosed
meropenem alone (Lapuebla 2015). This is because mero-
penem resistance in Pseudomonas is often not B-lactamase
mediatedbutisinsteadtheresult of some combination of porin
loss and efflux pumps. In addition, meropenem/vaborbac-
tam does not appreciably expand the activity of meropenem
against Acinetobacter or Stenotrophomonas, whose mecha-
nisms of resistance often involve OXA-type B-lactamases and
MBLs, respectively, which are unaffected by vaborbactam.
Consequently, meropenem/vaborbactam plays no meaning-
ful clinical role in the management of meropenem-resistant
Pseudomonas, Acinetobacter, or Stenotrophomonas.

Finally, meropenem/vaborbactam may play a role in com-
bination with aztreonam against MBL-producing Enterobac-
teriaceae and Stenotrophomonas. One small in vitro study of
eight NDM-producing Enterobacteriaceae showed that aztre-
onam plus meropenem/vaborbactam was synergistic, similar
to aztreonam plus ceftazidime/avibactam, except for co-pro-
duction of OXA enzymes, against which vaborbactam is not
active (Biagi 2019).

Susceptibility Testing and Patient Outcomes
Susceptibility testing should generally be performed when
meropenem/vaborbactam is used, particularly if carbap-
enemase testing is not performed. Against KPC-producing
isolates, susceptibility rates are expected to be excellent
(greater than 99%). The CLSI susceptibility breakpoint of 4/8
mg/L or less is for Enterobacteriaceae only because there is
no established breakpoint against other gram-negative iso-
lates. The susceptibility breakpoint for meropenem alone
against Pseudomonas is 2 mg/L or less, but this is based on a
meropenem dose of 1 g intravenously every 8 hours and can-
not be applied to meropenem/vaborbactam with double the
dose as an extended infusion.

Meropenem/vaborbactam achieved FDA approval by
showing noninferiority to piperacillin/tazobactam in patients
with complicated UTIs in the TANGO | randomized trial (Kaye
2018). However, this study included few patients with CRE.
This limitation was addressed in the TANGO Il randomized
trial, which assessed outcomes with meropenem/vaborbac-
tam compared with BAT in 77 patients with CRE of various
sources from eight countries (Wunderink 2018). Almost 90%
of patients had infections caused by K. pneumoniae, 73% of
which were KPC producing. Best available therapy included
antibiotic combinations in 67% of patients, typically a car-
bapenem with an aminoglycoside or polymyxin. The mero-
penem/vaborbactam arm received monotherapy according
to protocol. Clinical cure at end of therapy was higher with
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meropenem/vaborbactam (66% vs. 33%, p=0.03), and upon
exclusion of patients with prior antibiotic failure, 28-day
all-cause mortality was lower with meropenem/vaborbac-
tam (4% vs. 33%, p=0.02). Meropenem/vaborbactam also
had fewer adverse events overall, particularly renal adverse
events (4% vs. 24%).

Because meropenem/vaborbactam and ceftazidime/
avibactam both have potent activity against CRE, one mul-
ticenter retrospective study compared these agents in 131
patients (Ackley 2020). In the ceftazidime/avibactam group,
61% received combination therapy compared with only 15%
in the meropenem/vaborbactam group. The groups did not
differ with respect to clinical success, length of stay, mor-
tality, or adverse events. However, emergence of resistance
occurred in 3 of 41 patients (7%) in the ceftazidime/avibac-
tam arm but in none of the 64 patients receiving meropenem/
vaborbactam. Although preliminary, these findings suggest
that meropenem/vaborbactam has an advantage over cef-
tazidime/avibactam by means of a higher threshold for the
development of resistance. This finding corroborates that in
other studies assessing mechanisms of treatment-emergent
resistance with these agents (Pogue 2019a). Ceftazidime/avi-
bactam was FDA approved 2 years before meropenem/vabor-
bactam. Therefore, the difference may arise from the amount
of time the agents have been in use to allow for emergence of
resistance, but further studies are needed. Continued use of
both antibiotics in clinical practice over time will better sub-
stantiate or refute this finding, but this remains a note of cau-
tion that may differentiate the two agents. In addition, early
data suggest CRE with resistance to one agent are still sus-
ceptible to the other.

Imipenem/Relebactam

Pharmacology and Dosing

Imipenem is an established antipseudomonal carbapenem
co-formulated with cilastatin, a renal dehydropeptidase-1
inhibitor required to prevent the breakdown of imipenem. Imi-
penem/relebactam is also co-formulated with cilastatin for
this reason. Relebactam is a B-lactamase inhibitor of simi-
lar chemical structure to avibactam that effectively inhibits
ESBL, KPC, and AmpC B-lactamases. In contrast to avibac-
tam, relebactam has minimal activity against any OXA-type
B-lactamases, including OXA-48. Relebactam also has no
activity against MBLs such as NDM, VIM, IPM, or L1.

The PK/PD properties of imipenem/relebactam are simi-
lar to those of imipenem, with efficacy best described by an
fT>MIC of imipenem of at least 30% to achieve a 1-log Kkill.
Assuming normal renal function, imipenem/relebactam is
dosed at 1.25 g intravenously every 6 hours as a 30-minute
infusion and consists of 500 mg of imipenem, 500 mg of
cilastatin, and 250 mg of relebactam. This dose has a more
than 90% probability of achieving the target fT>MIC of greater
than 30% up to an MIC of 2 mg/L (Lucasti 2016). Similar to
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previously discussed agents, dose adjustments are required
with renal impairment, and imipenem/relebactam is unique
because dose reductions are recommended even with CrCl
values less than 90 mL/minute.

Spectrum of Activity and Role Against MDR
Bacteria

The primary effect of adding relebactam to imipenem is
expansion of coverage to include KPC-producing Enterobac-
teriaceae and many imipenem-nonsusceptible P. aeruginosa.
This is similar to ceftazidime/avibactam. Of note, imipenem
has inherently diminished activity against members of the
tribe Proteeae (Proteus, Providencia, Morganella) compared
with other carbapenems, which is not alleviated by adding
relebactam. In a study of non-Proteeae Enterobacteriaceae,
imipenem/relebactam had susceptibility to 78% of imipen-
em-nonsusceptible isolates (Karlowsky 2019a). Of these iso-
lates, imipenem/relebactam tested susceptible against 96%
of KPC-producing isolates. The strains not susceptible to imi-
penem/relebactam expressed OXA-48 B-lactamases or MBLs
or were strains of Serratia marcescens against which the
agent had low activity. Imipenem/relebactam is therefore an
excellent choice against KPC-producing Enterobacteriaceae
but should not be used against strains of imipenem-nonsus-
ceptible Proteus spp., Providencia spp., Morganella spp., or Ser-
ratia spp. or in isolates expressing MBLs (NDM, VIM, IPM) or
OXA B-lactamases.

In P. aeruginosa, the primary mechanism of imipenem resis-
tance is a combination of porin (OprD) loss and AmpC overex-
pression, both of which are required for imipenem resistance
(Livermore 1992). Adding relebactam therefore expands the
activity of imipenem/relebactam against Pseudomonas by
inhibition of AmpC B-lactamases. In a study of over 3700 clin-
ical isolates of imipenem-nonsusceptible P. aeruginosa from
53 countries, 70% of strains were susceptible to imipenem/
relebactam at the FDA-approved breakpoint of 2 mg/L or less
(Karlowsky 2018). When considering the 251 isolates from
within the United States, imipenem/relebactam susceptibil-
ity was slightly better at 81% (Lob 2017). Given these findings,
imipenem/relebactam is more active than ceftazidime/avi-
bactam against P. aeruginosa nonsusceptible to conventional
B-lactams at a level similar to that of ceftolozane/tazobac-
tam according to one study (Karlowsky 2020).

As with meropenem/vaborbactam, the combination of azt-
reonam with imipenem/relebactam is expected to have syn-
ergistic activity against MBL-producing isolates, except for
co-production of OXA B-lactamases. This has not yet been
confirmed in any studies and remains theoretical. Other than
the two scenarios of KPC-producing Enterobacteriaceae and
imipenem-nonsusceptible Pseudomonas, imipenem/relebac-
tam has minimal additional clinical roles. Imipenem/relebac-
tam does not significantly expand on the activity of imipenem
against Acinetobacter (often OXA producing) or Stenotro-
phomonas (L1 MBL producing).
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Susceptibility Testing and Patient Outcomes
Although there are currently no CLSI interpretive criteria
for imipenem/relebactam, the FDA-approved susceptibility
breakpoints are 1/4 mg/L or less against Enterobacteriaceae
and 2/4 mg/L or less against Pseudomonas, which are the
same breakpoints the CLSI recommends for imipenem alone.
When possible, susceptibility testing using an E-test should
be performed when imipenem/relebactam is used, particu-
larly against imipenem-nonsusceptible Pseudomonas.

Imipenem/relebactam achieved FDA approval by showing
noninferiority to imipenem in complicated UTls and intra-ab-
dominal infections (Sims 2017; Lucasti 2016). As with other
agents, these trials lacked significant isolates with imipenem
nonsusceptibility, the scenario for which imipenem/relebac-
tam should be reserved. The RESTORE-IMI 1 double-blind,
randomized trial included 47 patients with imipenem-non-
susceptible HAP/VAP, complicated UTls, or intra-abdom-
inal infections (Motsch 2019). Patients were assigned to
either imipenem/relebactam or colistin plus imipenem. The
most common pathogens were P. aeruginosa (77%) primar-
ily expressing AmpC B-lactamases and Klebsiella spp. (16%)
expressing KPCs. The groups had similar rates of overall
favorable response: 71% with imipenem/relebactam and 70%
with colistin plus imipenem. However, among the patient sub-
set with P. aeruginosa, favorable overall response was higher
with imipenem/relebactam (81% vs. 63%), and 28-day all-
cause mortality was lower with imipenem/relebactam (10%
vs. 30%), as was nephrotoxicity (10% vs. 56%). Further stud-
ies with imipenem/relebactam will better clarify its role in
clinical practice, particularly compared with other B-lact-
am/B-lactamase inhibitor agents.

Cefiderocol

Pharmacology and Dosing

Cefiderocol was FDA approved in November 2019 and is a
novel cephalosporin antibiotic with a unique mechanism of
action as a siderophore. Iron in humans is highly sequestered
and generally protein bound primarily to transferrin. Bacte-
ria infecting or colonizing humans are therefore adapted to
survive in relatively iron-deficient environments. A key mech-
anism by which this adaptation occurs is by siderophores,
which are a series of compounds produced by bacteria that
act to bind iron and form a siderophore-iron complex that is
actively transported into the bacterial cell. Because of its sid-
erophore chemical structure, cefiderocol takes advantage
of this mechanism and is actively transported into bacterial
cells (colloquially called a Trojan horse mechanism and hence
the brand name), in addition to the passive diffusion through
porin channels used by other antibiotics. Once inside the cell,
the cephalosporin core of cefiderocol has side chains simi-
lar to those of cefepime and ceftazidime and binds PBPs and
inhibits peptidoglycan biosynthesis similar to these cephalo-
sporins. However, cefiderocol’s binding affinities for PBPs are
generally higher than for other B-lactams, and its structure is
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stable against a broad array of B-lactamases, including KPCs,
OXA-type B-lactamases, and MBLs. In addition, cefiderocol'’s
increased uptake into bacterial cells as a siderophore over-
comes resistance as a result of porin loss or efflux pumps (Ito
2017). These unique attributes make cefiderocol the broad-
est-spectrum anti—gram-negative B-lactam on the market.

Cefiderocol’s PK/PD properties are similar to those of
other B-lactam antibiotics. More than 90% of unchanged
drug is eliminated renally, necessitating dose adjustment in
moderate to severe renal impairment, and the pharmacody-
namic parameter that best predicts activity is the fT>MIC. The
standard dose is 2 g intravenously every 8 hours as a 3-hour
infusion, and it is FDA approved for complicated UTls, includ-
ing pyelonephritis. Of interest, a dose increase to 2 g intra-
venously every 6 hours is recommended for patients with
augmented renal clearance with a CrCl of 120 mL/minute or
more. An fT>MIC target of 75% or more has achieved a bac-
tericidal effect in animal models. Monte Carlo simulations
showed a greater than 90% probability of achieving this target
using recommended doses across various degrees of renal
function up to an MIC of 4 mg/L, the 2020 CLSI susceptibil-
ity breakpoint for Enterobacteriaceae, Pseudomonas, Acineto-
bacter, and Stenotrophomonas (Katsube 2016).

Spectrum of Activity and Role Against MDR
Bacteria

Cefiderocol has extremely broad-spectrum activity against
an array of notoriously drug-resistant gram-negative aerobic
bacteria. Cefiderocol tested susceptible in vitro against 98% of
meropenem-nonsusceptible Enterobacteriaceae, Pseudomo-
nas, and Acinetobacter (Kazmierczak 2019). This activity was
preserved against more than 99% of carbapenemase-nega-
tive strains and more than 95% of strains positive for the MBLs
L1, IPM, and VIM, as well as OXA-type and KPC B-lactamases.
Cefiderocol also tested susceptible against 9 of 14 NDM-pro-
ducing isolates (64%). Of note, cefiderocol’s activity remained
high against strains with resistance related to porin loss
(OprD, OmpK35, OmpK36) and efflux pumps (MexAB-OprM).
In a large study of clinical isolates of gram-negative bacteria
from North America and Europe, cefiderocol tested suscep-
tible against more than 99% of meropenem-nonsusceptible
Enterobacteriaceae, Pseudomonas, and Stenotrophomonas;
96% of meropenem-nonsusceptible Acinetobacter; and 87%
of Burkholderia (Karlowsky 2019b). Although resistance to
cefiderocol is rare, it has been attributed to some combina-
tion of B-lactamase overexpression and mutations in bacte-
rial iron transport systems. In a recent study of 9205 isolates,
39 (0.4%) were cefiderocol nonsusceptible, of which 28 were
PER-producing (an ESBL) Acinetobacter and 5 were NDM pro-
ducing (Yamano 2019). Of interest, in the 34 non—NDM-pro-
ducing isolates, the addition of ceftazidime/avibactam,
ceftolozane/tazobactam, or meropenem had strong syner-
gistic activity. Synergy with meropenem is likely because of
its stability against ESBL enzymes, and synergy with other
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agents is likely because of B-lactamase inhibition. This sug-
gests that cefiderocol can be used in combination with cef-
tazidime/avibactam in the setting of non—NDM-producing
Enterobacteriaceae with elevated cefiderocol MICs. However,
this finding is preliminary and needs to be clinically evalu-
ated. As a limitation to its spectrum of activity, cefiderocol
has minimal to no activity against gram-positive or anaerobic
bacteria; hence, its role is exclusively in the management of
resistant gram-negative infections.

In contrast to the previously discussed agents, cefidero-
col is the only B-lactam with broad activity against bacte-
ria producing OXA-type B-lactamases and MBLs and MDR
Stenotrophomonas maltophilia, Acinetobacter spp., and Burk-
holderia spp. The only isolates with diminished activity were
NDM-positive isolates, though activity was still respectable
at 64%, and such strains would be better treated with aztre-
onam/avibactam in the absence of documented cefiderocol
susceptibility.

Susceptibility Testing and Patient Outcomes
Because of cefiderocol’s mechanism of action, susceptibility
testing requires use of iron-depleted cation-adjusted Muel-
ler-Hinton broth as recommended by the CLSI. Use of conven-
tional growth media minimizes bacterial dependence on the
siderophore mechanism of iron uptake and results in falsely
elevated cefiderocol MICs. The CLSI has set provisional
susceptibility breakpoints for cefiderocol of 4 mg/L or less
against Enterobacteriaceae, Pseudomonas, Acinetobacter, and
Stenotrophomonas. This is in contrast to the FDA's suscepti-
bility breakpoints of 2 mg/L or less against Enterobacteria-
ceae and 1 mg/L or less against Pseudomonas. Given a high
probability of pharmacodynamic target attainment up to an
MIC of 4 mg/L, the reasons for this discrepancy are unclear.
Cefiderocol became commercially available in the United
States in early 2020, and currently, susceptibility testing can
only be performed by reference laboratories. For now, clini-
cians will have to consider its use in the absence of routine
susceptibility testing, though specialized microbiology lab-
oratories may be able to do susceptibility testing. However,
cefiderocol susceptibility is highly likely (greater than 90%)
outside NDM-producing isolates.

Cefiderocol achieved FDA approval by showing noninferi-
ority to imipenem in adults with complicated UTIs, where bac-
terial isolates included ESBL producers (Portsmouth 2018).
Another trial (APEKS-NP) of adults with HAP/VAP showed
cefiderocol to be noninferior to meropenem with isolates
predominantly K. pneumoniae (31%), P. aeruginosa (16%), and
Acinetobacter baumannii (16%).

The CREDIBLE-CR trial was more akin to scenarios in which
cefiderocol is intended and was a randomized, open-label trial
comparing cefiderocol with BAT in carbapenem-resistant
gram-negative infections. The patient population had 45%
HAP/VAP cases, 31% bacteremia or sepsis cases, and 24%
complicated UTI cases with a median Acute Physiology and
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Chronic Health Evaluation Il (APACHE II) score of 15. A total
of 101 patients received cefiderocol 2 g intravenously every
8 hours as a 3-hour infusion, and 49 patients received BAT at
provider discretion. Monotherapy was received by 83% in the
cefiderocol arm compared with just 29% in the BAT group. Of
those who received combination therapy, 70% received colis-
tin in combination with tigecycline, ampicillin/sulbactam, or
fosfomycin, among others. Baseline demographics were sim-
ilar between the groups. The microbiologic intent-to-treat
population consisted of 118 patients, and A. baumannii (46%),
K. pneumoniae (37%), and P. aeruginosa (24%) were the most
common pathogens. Clinical cure at test-of-cure was similar
across groups at 53% with cefiderocol and 50% with BAT and
remained consistent by infectious source. However, all-cause
mortality at days 14, 28, and 49 was higher with cefiderocol.
Stratified by indication, all-cause mortality at the end of study
for cefiderocol versus BAT was higher for nosocomial pneu-
monia (42% vs. 18%) and bacteremia/sepsis (37% vs. 18%) but
lower for complicated UTIs (15% vs. 20%). Of concern, the day
49 mortality difference continued to be higher with cefidero-
col than with BAT in the very infections where it is likely to be
considered, namely Acinetobacter (49% vs. 24%) and Pseudo-
monas (35% vs. 17%), and in sicker patients with an APACHE
Il score of 16 or more (46% vs. 23%). These findings prompted
the FDA-approved labeling for cefiderocol to carry a warn-
ing for increased mortality in patients with carbapenem-re-
sistant gram-negative infections. Reasons for the divergent
findings of APEKS-NP and CREDIBLE-CR are unclear, but the
CREDIBLE-CR included only carbapenem-resistant isolates,
had higher baseline mortality, and had a higher incidence of
Acinetobacter. In addition, CREDIBLE-CR compared primarily
cefiderocol monotherapy with combinations of BAT. Nonethe-
less, reasons for increased mortality with cefiderocol require
investigation.

Other than the earlier trials, only a few case reports of
its compassionate use have been published in the setting
of OXA-positive Klebsiella, extensively drug-resistant (XDR)
Acinetobacter, and NDM-producing P. aeruginosa with positive
outcomes, though publication bias is likely.

In summary, cefiderocol has exceptional in vitro activ-
ity against many gram-negative strains with limited options
(Table 1). However, early clinical trials have dampened excite-
ment for cefiderocol, with increased mortality observed in the
populations it was primarily intended for. Cefiderocol's role is
therefore limited to salvage therapy when other agents are
not viable.

NEW TETRACYCLINE
ANTIMICROBIALS

Omadacycline

Pharmacology and Dosing
Omadacycline was FDA approved in 2018 and is a novel
tetracycline-class antibiotic that is classified as an

New Antimicrobial Agents



Table 1. Comparison of In Vitro Activity of Novel B-Lactam Antibiotics

Drug Activity Against B-Lactamases Coverage Against B-Lactam-Resistant? Isolates of:

KPC OXA-48 Other NDM VIM IMP KPC+ MBL+ Pseudom Acineto Steno
OXA CRE CRE

Ceftolozane/ = - - = = = - - + _ _

tazobactam

Ceftazidime/ + + - - - = + - + _ _

avibactam

Meropenem/ + - - = = - + _ _ _ _

vaborbactam

Imipenem/ + - — = = - 4b _ o _ _

relebactam

Cefiderocol + + + +/- + + + + + + +

Aztreonam/ + + = + + + + + - - +

avibactam

and ampicillin/sulbactam.

aB-lactam resistant refers to resistance to all of the following: cefepime, ceftazidime, meropenem, imipenem, piperacillin/tazobactam,

bException: Imipenem/relebactam has no activity against most imipenem-resistant Proteus, Providencia, or Morganella spp.

Acineto = Acinetobacter; CRE = carbapenem-resistant Enterobacteriaceae; IMP = imipenemase-type metallo-beta-lactamase; KPC+
= K. pneumoniae carbapenemase positive; MBL+ = metallo-B-lactamase positive; NDM = New Delhi metallo-B-lactamase; OXA =
oxacillinase; Pseudom = Pseudomonas; Steno = Stenotrophomonas; VIM = Verona integron-encoded metallo-B-lactamase.

aminomethylcycline, structurally different from the glycylcy-
clinetigecycline and the fluorocycline eravacycline. As a tetra-
cycline, omadacycline exerts generally bacteriostatic effects
by binding to the 16S ribosomal RNA (rRNA) component of
the bacterial 30S ribosomal subunit to inhibit protein synthe-
sis. Efflux pumps (Tet(A), Tet(B), Tet(K), Tet(L)) and ribosomal
protection proteins (Tet(M), Tet(0)) are common mechanisms
of resistance to older-generation tetracyclines such as tetra-
cycline and doxycycline, but omadacylcine’s structural mod-
ifications allow it to evade these common mechanisms of
resistance. Unlike tigecycline and eravacycline, omadacy-
cline is more orally bioavailable (35%) and is marketed in both
intravenous and oral formulations. Of importance, the oral
formulation should be taken on an empty stomach because
coadministration with food drastically reduces bioavailability.

As with other tetracyclines, the PK/PD parameter that best
predicts omadacycline’s in vivo efficacy is the ratio of the
24-hour AUC to the MIC, or AUC,,/MIC. The target AUC,,/
MIC for omadacycline varies from 23.2 for Streptococcus pneu-
moniae to 59.4 for K. pneumoniae (Rodvold 2020). Because of
its long half-life of 16—17 hours, omadacycline can be admin-
istered once daily but requires a loading dose. For communi-
ty-acquired bacterial pneumonia (CABP), the recommended
doseis aloading dose on day 1 of either 200 mg intravenously
over 60 minutes or 100 mg intravenously over 30 minutes
every 12 hours. The subsequent maintenance dose is either
100 mg intravenously over 30 minutes once daily or 300 mg
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orally once daily. Dosing is similar for the indication of acute
bacterial skin structure and skin infections (ABSSSIs) except
the loading dose can be administered orally as 450 mg once
daily on days 1 and 2 of therapy. Oral administration should
be separated by at least 4 hours from the intake of any food,
dairy, antacid, multivitamin, or mineral supplement. Omad-
acycline is generally well tolerated, with the most common
treatment-related adverse events being nausea and vomit-
ing. However, omadacycline has a lower incidence of nausea
and vomiting than tigecycline, with most events occurring
during loading doses with oral administration. Omadacy-
cline requires no dose adjustments in the setting of renal
or hepatic impairment. After intravenous administration,
27% is excreted unchanged in the urine, with 14% excreted
unchanged after oral administration.

Spectrum of Activity and Role Against MDR
Bacteria

Given its FDA-approved indications of CABP and ABSS-
Sls, omadacycline has broad gram-positive coverage. Oma-
dacycline has excellent in vitro activity against S. aureus
(including MRSA), streptococci, enterococci (including VRE),
Bacteroides fragilis, Clostridioides, and atypical pathogens.
However, omadacycline also has broad gram-negative cov-
erage, including against Haemophilus influenzae, Moraxella
catarrhalis, MDR Acinetobacter, and Stenotrophomonas as well
as non-Proteeae Enterobacteriaceae, including ESBL-positive
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Patient Care Scenario

A 53-year-old man is in your ICU for septic shock requiring
mechanical ventilation and vasopressors on admission.
He was initiated on cefepime, metronidazole, and vanco-
mycin intravenously empirically. He was admitted to the
hospital 1 month ago for a chronic obstructive pulmonary
disease exacerbation, and his medical history includes
type 2 diabetes. On ICU day 2, both blood cultures and a

Blood Culture (2 of 2)
Identification: K. pneumoniae

Amikacin

Aztreonam

Cefepime

Ceftriaxone

Ciprofloxacin 0.5
Ertapenem >2
Gentamicin p
Levofloxacin 1
Meropenem >4
Piperacillin/tazobactam > 64

Tobramycin <4

ANSWER

The first step is to look at the susceptibility of B-lactams.
In this case, all B-lactams are resistant, including ceftri-
axone and carbapenems (CRE). Ceftolozane/tazobactam
is not an option because it does not cover CRE. Non—
B-lactam options are only the aminoglycosides, which
would not be appropriate as monotherapy for bacteremia
in a critically ill patient. Although the most likely carbap-
enemase would be KPC, the reflexed Carba-R is positive

urine culture resulted with gram-negative rods. Today, ICU
day 3, his renal function has stabilized, but he remains
mechanically ventilated on vasopressors with persistent
leukocytosis. His current microbiology results are as fol-
lows. What antibacterial regimen is best to recommend
for this patient?

Reflexed Carba-R
Assay

Enzyme Result
Negative
Negative
Positive

Negative

Negative

for 0XA-48, against which meropenem/vaborbactam and
imipenem/relebactam are not active. Cefiderocol is likely
to be active but should be reserved for salvage therapy.
Ceftazidime/avibactam would be best because OXA-48
is inhibited by avibactam. Although the likelihood of sus-
ceptibility is high, it should be confirmed, if not, on auto-
mated susceptibility panels.

1. Pogue JM, Bonomo RA, Kaye KS. Ceftazidime/avibactam, meropenem/vaborbactam, or both? Clinical and formulary considerations.
Clin Infect Dis 2019;68:519-24.

2. Shortridge D, Pfaller MA, Castanheira M, et al. Antimicrobial activity of ceftolozane-tazobactam tested against Enterobacteriaceae and
Pseudomonas aeruginosa with various resistance patterns isolated in U.S. hospitals (2013-2016) as part of the surveillance program:
program to assess ceftolozane-tazobactam susceptibility. Microb Drug Resist 2018;24:563-77.

and 72% of carbapenem-resistant (most likely KPC produc-
ing) Klebsiella (MIC ., 2/8 mg/L). Omadacycline was also
active against Acinetobacter and Stenotrophomonas (MIC .,
4/8 mg/L), but susceptibility rates cannot be determined
because breakpoints have not been established. Omadacy-
cline has some activity similar to tigecycline against selected
anaerobes. Omadacycline therefore has a broad spectrum of
activity and plays a role in the management of VRE and B-lac-
tam-resistant A. baumannii and S. maltophilia, though suscep-
tibility breakpoints are not established for these pathogens.

strains. Like other tetracyclines, omadacycline does not have
reliable in vitro activity against Pseudomonas, Proteus, Prov-
idencia, Morganella, or Burkholderia. In an in vitro study of
49,000 clinical isolates from Europe and the United States,
omadacycline inhibited 99% of S. aureus (MIC,,,,, 0.12/0.25
mg/L), including 96% of MRSA, 98% of S. pneumoniae (MIC, .,
0.06/0.12 mg/L), and 98% of Enterococcus (MIC,,,, 0.12/0.25
mg/L) including 96% of VRE (Pfaller 2020). Against gram
negatives, omadacycline inhibited 88% of Enterobacteria-
ceae (excluding Proteus), including 76% of ESBL-producing
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The availability of omadacycline as an oral formulation sepa-
rates it from other options in the management of these patho-
gens in the setting of MDR.

Another role for omadacycline is in the treatment of MDR
nontuberculous mycobacterial infections. Nontuberculous
mycobacteria, particularly M. abscessus, often require pro-
longed treatment courses of up to 1 year, and tigecycline has
historically played a role in the setting of resistance. However,
tigecycline is only available intravenously and has significant
dose-limiting adverse effects because of nausea and vomit-
ing; hence, omadacycline has the advantage of an oral for-
mulation with a better tolerability profile. In a recent in vitro
study, omadacycline had activity equivalent to, or better than,
tigecycline against strains of M. abscessus, M. chelonae, and
M. fortuitum (Shoen 2019). In addition, nontuberculous myco-
bacteria commonly cause pulmonary infections, and omad-
acycline has around a 3-fold higher AUC than tigecycline in
epithelial lining fluid and alveolar cells (Gotfried 2017). Oma-
dacycline is therefore promising to replace tigecycline in the
management of MDR nontuberculous mycobacterial infec-
tions, but further studies are needed.

Susceptibility Testing and Patient Outcomes
There are currently no interpretive criteria from the CLSI for
omadacycline, but there are FDA-approved susceptibility
breakpoints, depending on indication. The FDA susceptibil-
ity breakpoint of 0.12 mg/L or less applies to S. pneumoniae in
CABP and to Staphylococcus lugdunensis, S. anginosus, and S.
pyogenes in ABSSSI. For CABP, the susceptibility breakpoint
for methicillin-susceptible S. aureus is 0.25 mg/L or less,
whereas for ABSSS], it is 0.5 mg/L or less for all S. aureus,
including MRSA. For Enterobacteriaceae, the susceptibility
breakpoint is 4 mg/L or less, but this only applies to K. pneu-
moniae for CABP and to K. pneumoniae and Enterobacter cloa-
cae in ABSSSIs.

Omadacycline was noninferior to linezolid in patients
with ABSSSiIs in the OASIS-1 and OASIS-2 randomized, dou-
ble-blind trials (O'Riordan 2019a, 2019b). The two trials were
similarly designed except that OASIS-2 used only oral regi-
mens, whereas OASIS-1 used intravenous regimens for at
least the first 3 days. Overall success rates were high, includ-
ing against MRSA and Enterococcus faecalis. Nausea and
vomiting were more common with omadacycline than with
linezolid in OASIS-2 (nausea 30% vs. 8%; vomiting 17% vs.
3%), but rates were similar in OASIS-1 (nausea 12% vs. 10%;
vomiting 5% in both groups). Most of the nausea and vomiting
events in both groups were transient and mild and occurred
primarily with the higher oral loading doses (450 mg once-
daily) during the first 2 days with omadacycline in OASIS-2.
Other than the oral loading dose, maintenance doses of oma-
dacycline (intravenous or oral) had rates of nausea and vom-
iting similar to linezolid.

Omadacycline was also noninferior to moxifloxacin in
CABP in the OPTIC randomized, double-blind trial (Stets
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2019). Dosing was similar to that in OASIS-1, with intravenous
administration initially and a possible transition to oral after
at least 3 days. Nausea and vomiting occurred in around 2%
of patients in both arms, but diarrhea was more common with
moxifloxacin (8% vs. 1%). Although rare and not statistically
significant, mortality was higher with omadacycline (2.1% vs.
1%). All deaths occurred in patients older than 65. This finding
prompted a warning in the FDA-approved labeling for omada-
cyclineregarding higher mortality with omadacycline in CABP
and the need for close monitoring in older adult patients.

No clinical studies have evaluated omadacycline in sce-
narios where it is most likely to be used, namely against VRE,
Acinetobacter, Stenotrophomonas, and nontuberculous myco-
bacteria. The only exception is a case report of a patient with
a pulmonary infection secondary to M. abscessus success-
fully treated with omadacycline 150 mg orally once daily
(lower than the FDA-approved dose) in combination with
intravenous amikacin and aztreonam for 4 weeks. As omad-
acycline becomes used in more real-world scenarios, further
data may help guide its place in therapy.

Eravacycline

Pharmacology and Dosing
Eravacycline was FDA approved in August 2018 and is a novel
fluorocycline-class tetracycline. Similar to omadacycline,
eravacycline also has structural modifications that allow eva-
sion of resistance as a result of efflux pumps and ribosomal
protection proteins that commonly confer resistance to tetra-
cycline and doxycycline. Although eravacycline has a slightly
lower bioavailability than omadacycline (28% vs. 35%), erava-
cycline is only marketed as an intravenous formulation
because of nausea and vomiting with oral administration.
With several doses, eravacycline’s mean steady-state half-
life was 20 hours. As with other tetracyclines, the 24-hour free
drug fAUC,,,/MIC was the pharmacodynamic parameter that
best correlated with efficacy at a target fAUC ,,/MIC of 28-33,
depending on the pathogen. The FDA-approved dose of erava-
cyclineis 1 mg/kgintravenously every 12 hours as a 60-minute
infusion, and it is available as 50-mg vials. Eravacycline is pri-
marily metabolized by the liver and interacts with CYP3A4
substrates. Renal elimination is low because only 20% is
excreted unchanged in the urine. Dose reduction to 1 mg/kg
intravenously every 24 hours starting on day 2 is suggested
in the setting of severe (Child-Pugh class C) hepatic impair-
ment because of a 110% increase in AUC, . Eravacycline is
generally well tolerated, with the most common adverse reac-
tions being infusion site reactions (7.7%), nausea (6.5%), and
vomiting (3.7%). Although eravacycline has a large volume
of distribution (Vd) of 4 L/kg, it is less than tigecycline's 7-9
L/kg. Tigecycline carries a warning for increased mortality,
particularly with bacteremia, believed to be because of low
serum concentrations secondary to its large Vd. Although not
expected to be a concern with eravacycline, this has not been
evaluated.
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Table 2. Comparison of In Vitro Activity of Novel Non—B-Lactam Antibiotics

Drug ESBL+ KPC+ MBL+ MDR Pseudom MDR MDR MRSA VRE
CRE CRE CRE Acineto Steno

Omadacycline +2 +2 ND? = + + + +

Eravacycline +2 +2 +2 = + + + +

Plazomicin + + +/— —b —b _ + _

2Exception: Tetracyclines have little to no activity against Proteus, Providencia, and Morganella.
®Denotes minimal to no additional activity beyond that of older-generation aminoglycosides such as amikacin.
ESBL = extended-spectrum B-lactamase; MDR = multidrug resistant; ND = no data; VRE = vancomycin-resistant enterococci.

Spectrum of Activity and Role Against MDR
Bacteria

Similar to omadacycline, eravacycline has a broad spectrum
of activity, including against gram-positive and gram-nega-
tive organisms. However, eravacycline has broader anaer-
obic activity, including against Bacteroides, Clostridioides,
and Prevotella. Like other tetracyclines, eravacycline has no
appreciable activity against Pseudomonas, Proteus, Provi-
dencia, Morganella, or Burkholderia. Eravacycline has potent
activity equivalent to, or 2- to 4-fold greater than, tigecy-
cline against common gram-positive bacteria, including S.
aureus and MRSA (MIC, ,, 0.06/0.12 mg/L), streptococci, and
enterococci including VRE (MIC,, ., 0.06/0.12 mg/L) as well
as non-Proteeae Enterobacteriaceae, including ESBL-pro-
ducing and carbapenem-resistant Escherichia coli and Kleb-
siella (Zhanel 2018). In addition, eravacycline has lower MICs
against Acinetobacter and Stenotrophomonas than tigecycline
and even omadacycline. Against carbapenem-nonsuscep-
tible Enterobacteriaceae and Acinetobacter, including KPC-
and MBL-producing strains, eravacycline has lower MICs
than tigecycline (Livermore 2016). This suggests eravacy-
cline is the most potent tetracycline-class antibiotic against
gram-negative pathogens. However, the FDA susceptibil-
ity breakpoint for eravacycline against Enterobacteriaceae
is lower than that for tigecycline (0.5 mg/L vs. 2 mg/L); sub-
sequently, susceptibility rates are in fact similar (Morrissey
2020). Eravacycline therefore plays a clinical role against
VRE and MDR Enterobacteriaceae (excluding Proteus, Provi-
dencia, and Morganella) infections, including ESBL-, KPC-, and
MBL-producing strains, when novel B-lactams are not options
because of anaphylactic B-lactam allergies. Eravacycline is
also a reasonable choice against MDR Acinetobacter and Ste-
notrophomonas, despite the lack of susceptibility breakpoints,
because few agents are options in such scenarios.

Similar to omadacycline, eravacycline may also play a role
in the treatment of nontuberculous mycobacteria. The only
study to investigate this was an in vitro comparison of tige-
cycline, omadacycline, and eravacycline against 28 drug-re-
sistant isolates of Mycobacterium abscessus. Eravacycline
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consistently had the lowest MICs, by 1 or 2 dilutions, against
these strains compared with the other tetracyclines. In addi-
tion, eravacycline and omadacycline achieve higher serum
concentrations than tigecycline, and omadacycline also has
lower plasma protein binding; hence, both agents are likely
to attain higher fAUC_,,/MIC targets. Although omadacycline
has an oral option, eravacycline remains a viable choice for
treating drug-resistant nontuberculous mycobacteria, and
further studies are warranted.

Susceptibility Testing and Patient Outcomes
The CLSI has no interpretive criteria for eravacycline, but the
FDA-approved susceptibility breakpoints are 0.06 mg/L or
less against gram positives (S. aureus, Enterococcus, and S.
anginosus group) and 0.5 mg/L or less against non-Proteeae
Enterobacteriaceae and anaerobes.

Eravacycline achieved FDA approval for complicated
intra-abdominal infections by showing noninferiority to
ertapenem in the IGNITE1 and to meropenem in the IGNITE4
randomized, double-blind trials (Solomkin 2019, 2017). Cure
rates were high even for pathogens against which the agents
lacked in vitro activity. For instance, cure rates were high in
carbapenem arms against carbapenemase producers and in
eravacycline and ertapenem arms against Pseudomonas. This
was likely because of adequate source control, given that
intra-abdominal abscess was common in both trials. Eravacy-
cline had higher rates of nausea (8.1% vs. 0.7% in IGNITE1 and
4.8% vs. 0.8% in IGNITE4) and phlebitis (3% vs. 0.4% in both tri-
als). Rates of vomiting and serious adverse events were simi-
lar across groups. Eravacycline did not receive FDA approval
for the indication of complicated UTIs because it failed to
show noninferiority against levofloxacin in the IGNITE2 and
IGNITE3 trials. The IGNITE2 compared eravacycline 1.5 mg/kg
intravenously every 24 hours or levofloxacin 750 mg intrave-
nously every 24 hours, with step-down to oral administration
(eravacycline 200 mg orally every 12 hours and levofloxacin
750 mg orally daily) after 3 days. Cure rates with eravacycline
and levofloxacin were 60% and 67%, respectively, and erava-
cycline failed to show noninferiority. However, in a subset of
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patients who only received intravenous therapy, eravacycline
had similar cure rates. This prompted the IGNITE3 trial, which
compared eravacycline 1.5 mg/kg intravenously every 24
hours with ertapenem 1 g intravenously every 24 hours, with-
out an oral step-down option. However, eravacycline again
failed to show noninferiority with a cure rate of 85% compared
with 95% with ertapenem. Likely reasons for failure in the set-
ting of UTlIs are low urinary elimination (20%) and once-daily
dosing at a lower daily dose than the FDA-approved dose.
Given these findings, eravacycline should not be used in
the setting of UTls. However, eravacycline remains a viable
option against MDR infections such as Acinetobacter and Ste-
notrophomonas from non-urinary sources, where no agents
have been clinically evaluated (except for cefiderocol, with
increased mortality in this setting).

NEW AMINOGLYCOSIDE
ANTIMICROBIALS

Plazomicin

Pharmacology and Dosing

Plazomicin is a novel aminoglycoside that inhibits bacte-
rial protein synthesis by binding to the 16S rRNA of the 30S
ribosomal subunit. Plazomicin separates from older-gen-
eration aminoglycosides by key structural differences that
allow plazomicin to evade almost all aminoglycoside-mod-
ifying enzymes that confer resistance to other aminoglyco-
sides. An exception is the aminoglycoside-modifying enzyme
N-acetyltransferase (2°)-1 of Providencia stuartii, which con-
fers resistance to many aminoglycosides, including plazo-
micin. Aminoglycoside-modifying enzymes are the most
common mechanism of aminoglycoside resistance in Entero-
bacteriaceae; hence, plazomicin expands on the activity of
other aminoglycosides in this setting. However, aminogly-
coside resistance in Pseudomonas, Acinetobacter, and Steno-
trophomonas is often mediated by efflux pumps or reduced
outer membrane permeability against which plazomicin has
no advantage over older aminoglycosides. In addition, 16S
rRNA methyltransferases can modify the ribosome to result
in resistance to all aminoglycosides, including plazomicin.
Although B-lactamases do not directly affect aminoglyco-
sides, these methyltransferases are particularly common in
isolates expressing MBLs; thus, plazomicin activity is dimin-
ished in this setting.

The PK/PD parameter that best predicts the efficacy of
plazomicin is the AUC_,,/MIC ratio. Although the efficacy
of aminoglycosides was previously believed to correlate
best with the Cmax/MIC ratio, there has been a shift toward
AUC_,,/MIC as the best predictor for aminoglycosides (Bland
2018). Pharmacodynamic modeling identified AUC,,/MIC
values of 24 and 85 for bacterial stasis and a 1-log CFU
reduction, respectively. Monte Carlo simulations showed a
more than 90% probability of achieving these AUC_,,/MIC
targets up to an MIC of 2 mg/L for a 1-log CFU reduction or
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up to an MIC of 4 mg/L for stasis using FDA-approved dos-
ing (Bhavnani 2018). The standard dose of plazomicin is
15 mg/kg intravenously every 24 hours as a 30-minute infu-
sion. As with other aminoglycosides, the dosing weight
should be total body weight unless total weight exceeds 125%
of ideal body weight, in which case adjusted body weight
with a correction factor of 0.4 should be used. Plazomicin
is almost exclusively renally eliminated (98% unchanged),
and dose adjustments are recommended with CrCl val-
ues less than 60 mL/minute. Therapeutic drug monitoring
is recommended if CrCl values are less than 90 mL/minute
to maintain trough concentrations below 3 mcg/mL. The
FDA-approved labeling recommends extending the dosing
interval by 1.5-fold if trough concentrations exceed 3 mcg/
mL, but pharmacists comfortable with pharmacokinetic dos-
ing should consider estimating AUC and targeting an AUC _,,/
MIC of 80—100 in patients with serious infections. Although
not formally evaluated, such a dosing strategy is likely to
achieve PK/PD targets. This can be achieved by obtaining
two plasma concentrations and extrapolating AUC or by
obtaining one plasma concentration interpreted with Bayes-
ian modeling software. A key limitation is that therapeutic
drug monitoring of plazomicin is unavailable at most institu-
tions, and timely attainment of serum concentrations is an
impediment to its clinical use, particularly in the setting of
renal impairment. As with other aminoglycosides, plazomi-
cin labeling carries warnings for nephrotoxicity, ototoxicity,
neuromuscular blockade, and teratogenicity.

Spectrum of Activity and Role Against MDR
Bacteria

In a large study of 4680 clinical isolates in Europe, plazomi-
cin had excellent activity against most Enterobacteriaceae,
including ESBL producers and CRE. At the FDA suscepti-
bility breakpoint of 2 mg/L or less, plazomicin tested sus-
ceptible against 99% of E. coli, 97% of Klebsiella, 100% of
Enterobacter, 93% of Serratia, and 99% of Citrobacter (Castan-
heira 2018). Plazomicin had diminished activity against Mor-
ganella (69%), Providencia (68%), and Proteus mirabilis (75%).
Almost 85% of CRE were susceptible to plazomicin, includ-
ing 93% of KPC producers, 87% of OXA-48 producers, and
95% of carbapenemase-negative isolates. By comparison,
gentamicin and amikacin were only active against 43% and
34% of CRE, respectively. Plazomicin activity was much lower
(42%) against MBL-producing Enterobacteriaceae, which was
identified as being the result of a higher frequency of ribo-
somal methyltransferase expression in these isolates. In
a separate analysis of pooled data from various worldwide
studies, including 488 MBL-producing isolates (58% NDM,;
37% VIM), plazomicin susceptibility was as high as 76% but
still much lower than with KPC- or OXA-mediated resistance
(Serio 2019). Plazomicin’s activity against MBL-producing
Enterobacteriaceae therefore likely varies from one country
or region to another. Plazomicin did not appreciably expand
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on the antipseudomonal activity of amikacin, but at an MIC of
2mg/L or less, plazomicin inhibited only 40% of Acinetobacter,
which was significantly worse than with other aminoglyco-
sides, though there are no established interpretive break-
points. Plazomicin had some activity against Staphylococcus
spp. as well, including MRSA. Similar to other aminoglyco-
sides, plazomicin has little to no activity against strepto-
cocci, enterococci, S. maltophilia, and anaerobes. Plazomicin
therefore plays a role against CRE, particularly KPC- and
OXA-positive isolates, in the setting of UTIs when aminogly-
coside monotherapy is reasonable and the pathogen is non-
susceptible to older aminoglycosides. Plazomicin’s activity
against MBL-positive CRE appears variable and would need
confirmed susceptibility before being considered. However,
plazomicin has no place in therapy against MDR Pseudomo-
nas, Acinetobacter, or Stenotrophomonas, against which older
aminoglycosides have similar or better activity.

Susceptibility Testing and Patient Outcomes
Susceptibility testing is currently available by disk diffu-
sion, by E-test, or on the Sensititre automated suscepti-
bility platform, but not on VITEK 2 or MicroScan. There are
no interpretive criteria from the CLSI, but the FDA suscepti-
bility breakpoint against Enterobacteriaceae is 2 mg/L or
less. Susceptibility testing should generally be performed if
plazomicin is used in a clinical setting, particularly against
MBL-producing isolates.

Plazomicin received FDA approval after showing non-
inferiority to meropenem for complicated UTls, including
pyelonephritis, in the EPIC randomized, double-blind trial
(Wagenlehner 2019). Of note, therapeutic drug monitoring
was not performed in this trial. The composite outcome of
clinical cure and microbiologic eradication at test-of-cure
was higher with plazomicin (82% vs. 70%). This was driven
by increased microbiologic eradication with plazomicin in
isolates nonsusceptible to at least one aminoglycoside (79%
vs. 69%) and in ESBL-positive isolates (82% vs. 75%). In addi-
tion, microbiologic recurrence at 24-32 days of follow-up
was lower with plazomicin at 3.7% than with meropenem at
8.1%. Overall rates of adverse events were similar, but more
patients receiving plazomicin had an increase in SCr of at
least 0.5 mg/dL (7% vs. 4%).

The open-label CARE trial included 37 patients with CRE
bacteremia, HAP, or VAP randomized to either plazomicin 15
mg/kg intravenously once daily or colistin 5 mg/kg of colistin
base activity intravenously every 8—12 hours, both in combi-
nation with meropenem or tigecycline for 7-14 days (McK-
innell 2019). Plazomicin was dosed to achieve an AUC_,, of
200—-400 mg x hour/L of between 75% and 150% of a target
AUC,,, of 262 mg x hour/L. All-cause 28-day mortality or clin-
ically significant disease-related complications were lower
with plazomicin: 4 of 17 (24%) compared with 10 of 20 (50%)
with colistin. Among patients with bacteremia, this outcome
was again lower with plazomicin at 2 of 14 (14%) than with
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colistin at 8 of 15 (53%). Cumulative probability of survival
at day 60 favored plazomicin (HR 0.47; 95% Cl, 0.19-1.19).
Finally, 2 of 12 patients (17%) with plazomicin experienced
a 0.5-mg/dL or more increase in SCr compared with 8 of 16
(50%) with colistin.

In summary, plazomicin has high cure rates as monother-
apy similar to meropenem in complicated UTls, including
ESBL-positive infections. Although outcomes in CRE bactere-
mia and HAP/VAP are encouraging, sample sizes were small.
In addition, plazomicin would need to be used in combination
with other agents for non-urinary sources of infection when
aminoglycoside monotherapy is not indicated. As such, pla-
zomicin can be considered as a narrower-spectrum B-lac-
tam—sparing option for UTIs caused by ESBL- or KPC-positive
Enterobacteriaceae, though alternative agents are still pre-
ferred to plazomicin because of the difficulty in obtaining
timely therapeutic drug monitoring.

CLINICAL APPROACH AND
FORMULARY CONSIDERATIONS

The agents discussed in this chapter each have a unique fit
into the armamentarium of antibiotics to treat drug-resistant
infections. As is common in infectious diseases, there is, and
likely will continue to be, a paucity of high-quality random-
ized trials comparing these agents in scenarios where they
are most needed. As such, the approach to select the best
antibiotic on the basis of clinical scenarios requires collabo-
ration with microbiology laboratories and an in-depth knowl-
edge of each agent’s underlying pharmacology and ability to
overcome resistance mechanisms. Figure 1 provides a sum-
mary of a practical approach.

Although several agents have potent activity against
KPC-producing CRE, meropenem/vaborbactam is likely the
best choice among them. Ceftazidime/avibactam decreases
in preference because it appears to have a higher propensity
to develop resistance than meropenem/vaborbactam, and
imipenem/relebactam’s limitation is its diminished activity
against Proteus, Providencia, and Morganella. Although cefid-
erocol is reasonable, the signal of increased mortality com-
pared with colistin-based regimens in the CREDIBLE-CR
randomized trial is of concern. In addition, randomized con-
trolled trials have found meropenem/vaborbactam and imipe-
nem/relebactam to have reduced mortality and renal adverse
events compared with colistin- and aminoglycoside-based
regimens against KPC-producing CRE. Although ceftazi-
dime/avibactam has had similar findings, its evidence is
limited to observational studies. These B-lactams are there-
fore preferred to other classes. However, eravacycline (for
non-urinary sources) or plazomicin (for UTIs) is reasonable in
patients intolerant of B-lactams.

For MBL-producing CRE, ceftazidime/avibactam plus
aztreonam is the best choice among the agents discussed
in this chapter, with aztreonam/avibactam likely taking
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B-Lactam-resistant?
P. aeruginosa

_ | Ceftolozane/tazobactam,
imipenem/relebactam
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A. baumannii

\

Eravacycline £

Omadacycline,
cefiderocol
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S. maltophilia

Ceftaz/avi + aztreonam
Mero/vabo + aztreonam

Imipenem/relebactam +
aztreonam,

" | cefiderocol, eravacycline,

omadacycline

Figure 1. General approach to management of extensively drug-resistant (XDR) pathogens.

aB-Lactam-—resistant refers to resistance to all of the following: cefepime, ceftazidime, meropenem, imipenem, piperacillin/

tazobactam, and ampicillin/sulbactam.

KPC = K. pneumoniae carbapenemase; MBL = metallo-B-lactamase; TMP/SMX = trimethoprim/sulfamethoxazole; VRE = vancomycin-

resistant enterococci.

Information from: author’s practice where data from comparative trials are unavailable. For rationale, see relevant sections in text.

its place once it becomes commercially available. This
particular aztreonam combination is favored over that
with meropenem/vaborbactam or imipenem/relebactam
because of a larger body of in vitro evidence and its unique
ability to cover OXA-48 B-lactamases. Cefiderocol again is
hampered by the concern for increased mortality, and alter-
natives in patients intolerant of B-lactams include eravacy-
cline and omadacycline for non-urinary sources. On a related
note, for XDR Stenotrophomonas infections, aztreonam plus
either ceftazidime/avibactam or meropenem/vaborbactam
is equally viable to cover the pathogen’s L1 MBL and L2 ser-
ine-B-lactamase. Imipenem/relebactam is considered sec-
ondary because its activity in combination with aztreonam
has not yet been evaluated. Cefiderocol, eravacycline, and,
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to a lesser extent, omadacycline are alternatives for XDR
Stenotrophomonas.

Pseudomonas should be treated with a dose-optimized
conventional B-lactam (cefepime, piperacillin/tazobactam,
meropenem), if susceptible. Serious infections with strains
nonsusceptible to typical B-lactams are best treated with
ceftolozane/tazobactam or imipenem/relebactam. Both
agents have similar and high susceptibility rates (around
70%—80%) against such strains of P. aeruginosa that are only
lower than those with cefiderocol, which is again considered
an alternative because of concern for increased mortality.
Ceftazidime/avibactam is reasonable against P. aeruginosa if
susceptibility is confirmed, but its likelihood of susceptibil-
ity is lower than that of the aforementioned agents. Of note,
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imipenem/relebactam has the best evidence to support its
use against imipenem-resistant P. aeruginosa because this
was the primary pathogen (77%) in the RESTORE-IMI random-
ized trial in which the agent reduced mortality.

Options are particularly limited against Acinetobacter non-
susceptible to conventional B-lactams (ampicillin/sulbactam,
ceftazidime, meropenem). Cefiderocol appeared poised to fill
this void because of unparalleled in vitro susceptibility (96%),
but CREDIBLE-CR identified higher mortality than with colis-
tin-based combinations in this scenario. Subsequently, the
best choice for B-lactam—resistant Acinetobacter is eravacy-
cline because of its better in vitro susceptibility rates com-
pared with omadacycline. However, no studies have yet
described clinical outcomes in this setting. As such, patients
with serious Acinetobacter infections nonsusceptible to con-
ventional B-lactams are best treated using combination
therapy with a novel agent plus ampicillin/sulbactam, ami-
noglycosides, or colistin, depending on susceptibility results.

Considering the earlier factors, most institutions that
encounter such XDR pathogens should have several agents
on their formularies. Costs should be considered and nego-
tiated by individual institutions, but, except for eravacycline,
the average wholesale prices for 1 day of intravenous therapy
with novel agents approach or exceed U.S. $1000, as shown
in Table 3.

In addition to costs, institutions should consider the
local epidemiology of antimicrobial resistance. Pseudomo-
nas, including resistant strains, tends to be common at most
medium to large institutions; hence, ceftolozane/tazobactam
should be on most formularies because it has the highest
susceptibility rates other than cefiderocol. Although imipe-
nem/relebactam can be considered, it is more expensive,

is dosed more frequently, and has a higher risk of seizures.
Encountering KPC-producing Enterobacteriaceae is also
likely in the United States; hence, meropenem/vaborbactam
or ceftazidime/avibactam should be on most formularies.
Meropenem/vaborbactam appears more stable to devel-
opment of resistance, but ceftazidime/avibactam covers
many XDR Pseudomonas isolates. It is probably prudent to
have meropenem/vaborbactam on formulary while reserving
case-by-case nonformulary consideration of ceftazidime/avi-
bactam for patients with coinfections of XDR Pseudomonas
and KPC-positive CRE. However, ceftazidime/avibactam may
be the better formulary choice for institutions with a notable
incidence of OXA-48 B-lactamases. It is therefore critical for
institutions that regularly encounter CRE to implement meth-
ods to rapidly detect specific carbapenemases such as the
Carba-R assay or the Verigene gram-negative panels. After
decisions on these B-lactam/B-lactamase inhibitors, erava-
cycline or omadacycline may be considered for formularies.
Although omadacycline has the advantage of an oral option,
eravacycline is probably the better choice because it is more
potent against Acinetobacter and Stenotrophomonas and less
expensive. The role of cefiderocol on formularies is unclear.
As the most expensive agent with concern for increased mor-
tality, cefiderocol may best be reserved for nonformulary sal-
vage therapy. Plazomicin is a tempting B-lactam—sparing
option for UTIs caused by KPC CRE in the setting of resistance
to other aminoglycosides. However, the uncertain availability
of therapeutic drug monitoring and susceptibility testing hin-
ders its formulary addition. Ultimately, formulary decisions
will need careful review of local resistance patterns in consul-
tation with microbiologists and pharmacists with specialized
infectious disease training.

Table 3. Comparison of AWP of 1 Day of IV Therapy

Drug

Dose for Daily Cost Estimation

AWP for 1 Day ($)

Ceftolozane/tazobactam
Ceftazidime/avibactam
Meropenem/vaborbactam
Imipenem/relebactam
Cefiderocol

Omadacycline
Eravacycline®

Plazomicin?

3 g1V g8hr (6 x 1.5-g vial)
2.5 g1V gq8hr (3 vials)

4 g IV g8hr (6 x 2-g vial)
1.25 g IV g6hr (4 vials)

2 g1V g8hr (2 x 1-g vial)
100 mg IV g12hr (2 vials)
1 mg/kg IV g12hr (2 x 50-mg vial)
15 mg/kg IV q24hr (2 x 500-mg vial)

901
1291
1188
1284
1320

828

235

756

2Body weight = 70 kg was assumed for cost estimation purposes.

AWP = average wholesale price; IV = intravenous; q = every.

Information from: Red Book Online. Ann Arbor, MI: Truven Health Analytics. Accessed April 8, 2020.
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Practice Points

e Management of KPC-producing CRE has been revolution-
ized as ceftazidime/avibactam, meropenem/vaborbactam,
and imipenem/relebactam have reduced mortality and
renal adverse events than previous standards of care.

In addition to KPC, ceftazidime/avibactam and imipenem/
relebactam cover most carbapenem-resistant Pseudomo-
nas, whereas meropenem/vaborbactam does not.
Ceftazidime/avibactam is the only B-lactam/B-lactamase
inhibitor available that inhibits 0XA-48 (but not other OXA)
carbapenemases.

Ceftolozane/tazobactam is the best B-lactam option to tar-
get Pseudomonas resistant to conventional B-lactams.
Cefiderocol is the only B-lactam with in vitro activity that
includes MBLs, OXA carbapenemases, and XDR Acineto-
bacter. However, cefiderocol was associated with increased
mortality compared with colistin-based regimens against
these highly drug-resistant infections.
Ceftazidime/avibactam in combination with aztreonam is
highly synergistic and can be used against MBL-producing
CRE and XDR Stenotrophomonas. Meropenem/vaborbactam
and imipenem/relebactam can also be used with aztreo-
nam; however, they are narrower in spectrum than ceftazi-
dime/avibactam because of the lack of 0XA-48 activity.
Eravacycline and omadacycline have similar spectrums of
activity, including against MRSA, VRE, Acinetobacter, and
Stenotrophomonas, though eravacycline is more potent in
vitro against gram negatives, and omadacycline is available
as an oral formulation.

Serious infections caused by Acinetobacter are best treated
with eravacycline in combination with ampicillin/sulbac-
tam, aminoglycosides, or colistin.

Eravacycline failed to show noninferiority to levofloxacin
for complicated UTls, and tetracyclines as a class are best
avoided in UTls.

Plazomicin has potent activity against CRE, including
against strains resistant to other aminoglycosides.
However, plazomicin performs worse than other ami-
noglycosides against Pseudomonas, Acinetobacter, and
Stenotrophomonas.

REFERENCES

Ackley R, Roshdy D, Meredith J, et al. Meropenem/vabor-
bactam versus ceftazidime/avibactam for treatment of
r nem-resistant Enter ri infections.

Antimicrob Agents Chemother 2020;pii:AAC.02313-19.

Bhavnani SM, Hammel JP, Trang M, et al. Pharmacokinetic-
pharmacodynamic target attainment analyses to sup-
port plazomicin dose selection and recommendations
for interpretive criteria for in vitro susceptibility testing
for Enterobacteriaceae. Poster presented at: 3rd Ameri-
can Society for Microbiology Microbe 2018; June 2018;
Atlanta, GA.

Bhavnani SM, Trang M, Griffith DC, et al. Meropenem-vabor-

m pharm kinetic-pharm namic (PK-PD) tar-
get attainment analyses as support for dose selection in
ients with normal renal function and varyin I f

renal impairment. Open Forum Infect Dis 2017;4:5S530-1.

PSAP 2021 BOOK 1 ¢ Infectious Diseases

Biagi M, Wu T, Lee M, et al. Exploring aztreonam in com-
ination with ceftazidime-avi m or mer n-
m-v r m ntial treatments for metallo- an
serine-B-lactamase producing Enterobacteriaceae. Anti-
microb Agents Chemother 2019;pii:AAC.01426-19.

Biedenbach DJ, Kazmierczak K, Bouchillon SK, et al. In vitro
ivi f aztreonam-avi m in | | col-
lection of gram-negative pathogens. Antimicrob Agents
Chemother 2015;59:4239-48.

Bland CM, Pai MP, Lodise TP. Reappraisal of contempo-

rary pharmacokinetic and pharm namic principl
for informing aminoglycoside dosing. Pharmacotherapy

2018;38:1229-38.
Castanheira M, Deshpande LM, Woosley LN, et al. Activity of

lazomicin compared with other aminogl i in

isol from Eur nan j n ntries, includin

Enter ri mol larly char rized for amino-

| ide-modifying enzym n her resistance mech-

anisms. J Antimicrob Chemother 2018;73:3346-54.

Das S, Li J, Riccobone T, et al. Dose selection and valida-

ion for ceftazidime-avi min Its with compli-
intra- minal infection mpli rinar
infections, and n mial pneumonia. Antimicrob

Agents Chemother 2019;63:€0.2187-18.
Giddins MJ, Macesic N, Annavajhala MK, et al. Successive

mergen f ceftazidime-avi m resistan hr h
istin nomi ions in blakKPC-2-harboring Kleb-
siella pneumoniae sequence type 307 isolates. Antimicrob

Agents Chemother 2018;62:e02101-17.
Gotfried MH, Horn K, Garrity-Ryan L, et al. Comparison

fom line and ti line pharm kinetics in
he plasm ithelial lining fluid, and alveolar cells of
healthy adult subjects. Antimicrob Agents Chemother

2017;61:e01135-17.

Haidar G, Phillips NJ, Shields RK, et al. Ceftolozane-tazobac-

tam for the treatment of multidrug-resistant Pseudomonas

rugin infections: clinical effectiven nd evolution
of resistance. Clin Infect Dis 2017;65:110-20.

Ito A, Sato T, Ota M, et al. In vitro antibacterial properties of

fider I, a novel siderophor hal rin in

gram-negative bacteria. Antimicrob Agents Chemother
2017;62:e01454-17.

Karlowsky JA, Hackel MA, Tsuji M, et al. In vitro activ-
i f cefider | iderophor hal rin in
ram-n iv illi isol linical | ratories in
North Ameri nd Eur in 2015-2016: SIDERO-WT-2015.

Int J Antimicrob Agents 2019a;53:456-66.

Karlowsky JA, Lob SH, Kazmierczak KM, et al. In vitro activ-

i f imipenem-rel m inst Enter ri

nd P mon rugin isol from intra- mi-
nal and urinary tr infection samples — SMART surveil-
lance United States 2015-2017. J Glob Antimicrob Resist

2019b;pii:S2213-7165.

Karlowsky JA, Lob SH, Raddatz J, et al. In vitro activity
f imipenem/rel m an ftolozan z m

New Antimicrobial Agents


https://aac.asm.org/content/63/12/e01426-19
https://aac.asm.org/content/63/12/e01426-19
https://aac.asm.org/content/63/12/e01426-19
https://aac.asm.org/content/63/12/e01426-19
https://pubmed.ncbi.nlm.nih.gov/25963984/
https://pubmed.ncbi.nlm.nih.gov/25963984/
https://pubmed.ncbi.nlm.nih.gov/25963984/
https://pubmed.ncbi.nlm.nih.gov/30403305/
https://pubmed.ncbi.nlm.nih.gov/30403305/
https://pubmed.ncbi.nlm.nih.gov/30403305/
https://pubmed.ncbi.nlm.nih.gov/30219857/
https://pubmed.ncbi.nlm.nih.gov/30219857/
https://pubmed.ncbi.nlm.nih.gov/30219857/
https://pubmed.ncbi.nlm.nih.gov/30219857/
https://pubmed.ncbi.nlm.nih.gov/30219857/
https://pubmed.ncbi.nlm.nih.gov/30219857/
https://pubmed.ncbi.nlm.nih.gov/30670413/
https://pubmed.ncbi.nlm.nih.gov/30670413/
https://pubmed.ncbi.nlm.nih.gov/30670413/
https://pubmed.ncbi.nlm.nih.gov/30670413/
https://aac.asm.org/content/62/3/e02101-17.short
https://aac.asm.org/content/62/3/e02101-17.short
https://aac.asm.org/content/62/3/e02101-17.short
https://aac.asm.org/content/62/3/e02101-17.short
https://pubmed.ncbi.nlm.nih.gov/28696233/
https://pubmed.ncbi.nlm.nih.gov/28696233/
https://pubmed.ncbi.nlm.nih.gov/28696233/
https://pubmed.ncbi.nlm.nih.gov/28696233/
https://pubmed.ncbi.nlm.nih.gov/29017262/
https://pubmed.ncbi.nlm.nih.gov/29017262/
https://pubmed.ncbi.nlm.nih.gov/29017262/
https://pubmed.ncbi.nlm.nih.gov/29017262/
https://pubmed.ncbi.nlm.nih.gov/29061741/
https://pubmed.ncbi.nlm.nih.gov/29061741/
https://pubmed.ncbi.nlm.nih.gov/29061741/
https://pubmed.ncbi.nlm.nih.gov/30471402/
https://pubmed.ncbi.nlm.nih.gov/30471402/
https://pubmed.ncbi.nlm.nih.gov/30471402/
https://pubmed.ncbi.nlm.nih.gov/30471402/
https://pubmed.ncbi.nlm.nih.gov/31698105/
https://pubmed.ncbi.nlm.nih.gov/31698105/
https://pubmed.ncbi.nlm.nih.gov/31698105/
https://pubmed.ncbi.nlm.nih.gov/31698105/
https://pubmed.ncbi.nlm.nih.gov/31698105/
https://pubmed.ncbi.nlm.nih.gov/32246147/
https://pubmed.ncbi.nlm.nih.gov/32246147/
https://pubmed.ncbi.nlm.nih.gov/32094128/
https://pubmed.ncbi.nlm.nih.gov/32094128/
https://pubmed.ncbi.nlm.nih.gov/32094128/
https://academic.oup.com/ofid/article/4/suppl_1/S530/4295861
https://academic.oup.com/ofid/article/4/suppl_1/S530/4295861
https://academic.oup.com/ofid/article/4/suppl_1/S530/4295861
https://academic.oup.com/ofid/article/4/suppl_1/S530/4295861
https://academic.oup.com/ofid/article/4/suppl_1/S530/4295861

linical isol f gram-n illi with
ficult-to-treat resistance and multidrug-resistant pheno-

types — SMART United States 2015-2017. Clin Infect Dis
2020;pii:ciaa381.

Karlowsky JA, Lob SH, Young K, et al. Activity of imipenem/
rel m inst P: mon rugin with antimi-

ial-resistant phen from seven gl | regions:
SMART 2015-2016. J Glob Antimicrob Resist 2018;15:140-7.

Katsube T, Wajima T, Ishibashi T, et al. Pharmacokinetic/

harm namic m ling and simulation of cefid-
r | renteral siderophor hal rin, for
adjustment based on renal function. Antimicrob Agents

Chemother 2016;61:e01381-16.
Kazmierczak KM, Tsuji M, Wise MG, et al. In vitro activ-

f cefider | iderophor hal rin in
recen llection of clinically relevan r n-
m-non- ible gram-n iv illi, includin r-

in r nemase- and metallo-b-I mase-pr in
isolates (SIDERO-WT-2014 study). Int J Antimicrob Agents

2019;53:177-84.

Kaye K, Bhowmick T, Metallidis S, et aI. Effect of meropen-
m-v r m vs piperacillin- m on clinical
re or improvemen nmirll ion in compli-
rinary tract infection: th TAN Ir ndomiz lin-
ical trial. JAMA 2018;319:788-99.

Kollef MH, Novacek M, Kivistik U, et al. Ceftolozane-tazo-

m ver mer nem for treatment of n mial
neumonia (ASPECT-NP): a randomi ntroll -
-blind, ph non-inferiori |. Lancet Infect Dis

2019;19:1299-311.

Lapuebla A, Abdallah M, Olafisoye O, et al. Activity of mero-
nem combined with RPX7 novel B-I m
inhibitor, inst gram-n ive clinical isol in New
York City. Antimicrob Agents Chemother 2015;59:4856-60.

Lob SH, Hackel MA, Kazmierczak KM, et al. In vitro activ-
f imipenem-rel m in ram-n iv
ESKAPE h ns isol linical | ratories in
he Uni in 2015 (results from the SMART gl |

surveillance program). Antimicrob Agents Chemother
2017;61:e02209-16.

Livermore DM. Interplay of impermeability and chromo-
mal -1 m ivity in imipenem-resistan

Pseudomonas aeruginosa. Antimicrob Agents Chemother
1992;36:2046-8.

Livermore DM, Mushtaq S, Warner M, et al. In vitro activity of

rav lin in r nem-resistant Enter -
riaceae and Acinetobacter baumannii. Antimicrob Agents

Chemother 2016;60:3840-4.
Lucasti C, Vasile L, Sandesc D, et al. Phase 2, dose-ranging

frel m with imipenem-cil inin
with complicated intra-abdominal infection. Antimicrob
Agents Chemother 2016;60:6234-43.
Mazuski JE, Gasink LB, Armstrong J, et al. Efficacy and
ftazidime-avi m plus metroni

ver mer nem in the treatment of compli

PSAP 2021 BOOK 1 ¢ Infectious Diseases

intra- minal infection: results from a randomiz
controlled, double-blind, phase 3 program. Clin Infect Dis

2016;62:1380-9.

McKinnell JA, Dwyer JP, Talbot GH, et al. Plazomicin for
infection r nem-resistant Enter ri-
aceae. N Engl J Med 2019;380:791-3.

Mojica MF, Papp-Wallace KM, Taracila MA, et al. Avibactam
r res th ibility of clinical isol f Stenotro-
phomonas maltophilia to aztreonam. Antimicrob Agents
Chemother 2017;61:€00777-17.

Motsch J, Murta de Oliveira C, Stus V, et al. RESTORE-IMI 1: a

multicenter, randomiz le-blind trial comparing effi-
n f f imipenem/rel mv listin pl
imipenem in ients with imipenem-non ibl

terial infections. Clin Infect Dis 2019;pii:ciz530.
Natesan S, Pai MP, Lodise TP. Determination of alternative

ftolozan z m ing regimens for ien
with infection P mon rugin with Ml
values between 4 and 32 mg/L. J Antimicrob Chemother

2017;72:2813-6.
O'Riordan W, Cardenas C, Shin E, et al. Once-daily oral oma-

line ver Wi il rII|nzI|fr
rial skin and skin str re infi ASIS-2): a ph
le-blind, multicentre, ran mi ntrolled, non-in-
feriority trial. Lancet Infect Dis 2019a;19:1080-90.

O'Riordan W, Green S, Overcash JS, et al. Omadacycline for.
acute bacterial skin and skin-structure infections. N Engl J
Med 2019b;380:528-38.

Pfaller MA, Huband MD, Mendes RE, et al. In vitro activ-

f mer nem/v r har risa-
ion of car nem resistance mechanisms amon
r nem-resistant En from the 201

meropenem/vaborbactam surveillance program. Int J
Antimicrob Agents 2018;52:144-50.

Pfaller MA, Huband MD, Shortrldge D et al. Surveillance of

m lin ivi linical isol from
he Uni nd Europe: r rt from the SENTRY
ntimicr rveillan ram, 2016-2018. Antimicrob

Agents Chemother 2020;pii:AAC.02488-19.

P M, Bonomo RA, K K ftazidime/avi m
mer nem m h? Clinical and formular

considerations. Qlln Infect D|§ 2019;68:519-24.
Pogue JM, Kaye KS, Veve MP, et al. Ceftolozane/tazobactam

lymyxin or aminogl ide- regimens for th

1 eatment of drug-resistant Pseudomonas aeruginosa. Clin
Infect Dis 2019;pii:ciz816.

Portsmouth S, van Veenhuyzen D, Echols R, et al. Cefid-

erocol versus imipenem-cilastatin for the treatment of
mpli rinary tr infection ram-n
ive ur h ns:aph 2, randomi le-blin

non-inferiority trial. Lancet Infect Dis 2018;18:1319-28.
Rodvold KA, Burgos RM, Tan X, et al. Q adagyg ne: a rgwgw

lini harm kin
CIin Pharmacoklnet 2020,59.409-25.

New Antimicrobial Agents


https://pubmed.ncbi.nlm.nih.gov/26962078/
https://pubmed.ncbi.nlm.nih.gov/26962078/
https://pubmed.ncbi.nlm.nih.gov/30786196/
https://pubmed.ncbi.nlm.nih.gov/30786196/
https://pubmed.ncbi.nlm.nih.gov/30786196/
https://pubmed.ncbi.nlm.nih.gov/28784669/
https://pubmed.ncbi.nlm.nih.gov/28784669/
https://pubmed.ncbi.nlm.nih.gov/28784669/
https://academic.oup.com/cid/article/70/9/1799/5546004
https://academic.oup.com/cid/article/70/9/1799/5546004
https://academic.oup.com/cid/article/70/9/1799/5546004
https://academic.oup.com/cid/article/70/9/1799/5546004
https://academic.oup.com/cid/article/70/9/1799/5546004
https://pubmed.ncbi.nlm.nih.gov/29091209/
https://pubmed.ncbi.nlm.nih.gov/29091209/
https://pubmed.ncbi.nlm.nih.gov/29091209/
https://pubmed.ncbi.nlm.nih.gov/29091209/
https://pubmed.ncbi.nlm.nih.gov/31474458/
https://pubmed.ncbi.nlm.nih.gov/31474458/
https://pubmed.ncbi.nlm.nih.gov/31474458/
https://pubmed.ncbi.nlm.nih.gov/31474458/
https://pubmed.ncbi.nlm.nih.gov/31474458/
https://pubmed.ncbi.nlm.nih.gov/30726689/
https://pubmed.ncbi.nlm.nih.gov/30726689/
https://pubmed.ncbi.nlm.nih.gov/29510189/
https://pubmed.ncbi.nlm.nih.gov/29510189/
https://pubmed.ncbi.nlm.nih.gov/29510189/
https://pubmed.ncbi.nlm.nih.gov/29510189/
https://pubmed.ncbi.nlm.nih.gov/29510189/
https://pubmed.ncbi.nlm.nih.gov/29378719/
https://pubmed.ncbi.nlm.nih.gov/29378719/
https://pubmed.ncbi.nlm.nih.gov/29378719/
https://pubmed.ncbi.nlm.nih.gov/29378719/
https://pubmed.ncbi.nlm.nih.gov/30020449/
https://pubmed.ncbi.nlm.nih.gov/30020449/
https://pubmed.ncbi.nlm.nih.gov/30020449/
https://pubmed.ncbi.nlm.nih.gov/31545346/
https://pubmed.ncbi.nlm.nih.gov/31545346/
https://pubmed.ncbi.nlm.nih.gov/31545346/
https://pubmed.ncbi.nlm.nih.gov/30509675/
https://pubmed.ncbi.nlm.nih.gov/30509675/
https://pubmed.ncbi.nlm.nih.gov/30509675/
https://pubmed.ncbi.nlm.nih.gov/30509675/
https://pubmed.ncbi.nlm.nih.gov/30509675/
https://pubmed.ncbi.nlm.nih.gov/31773505/
https://pubmed.ncbi.nlm.nih.gov/31773505/
https://pubmed.ncbi.nlm.nih.gov/32246147/
https://pubmed.ncbi.nlm.nih.gov/32246147/
https://pubmed.ncbi.nlm.nih.gov/32246147/
https://pubmed.ncbi.nlm.nih.gov/30071354/
https://pubmed.ncbi.nlm.nih.gov/30071354/
https://pubmed.ncbi.nlm.nih.gov/30071354/
https://pubmed.ncbi.nlm.nih.gov/30071354/
https://pubmed.ncbi.nlm.nih.gov/27795374/
https://pubmed.ncbi.nlm.nih.gov/27795374/
https://pubmed.ncbi.nlm.nih.gov/27795374/
https://pubmed.ncbi.nlm.nih.gov/27795374/
https://pubmed.ncbi.nlm.nih.gov/30395986/
https://pubmed.ncbi.nlm.nih.gov/30395986/
https://pubmed.ncbi.nlm.nih.gov/30395986/
https://pubmed.ncbi.nlm.nih.gov/30395986/
https://pubmed.ncbi.nlm.nih.gov/30395986/
https://pubmed.ncbi.nlm.nih.gov/30395986/
https://pubmed.ncbi.nlm.nih.gov/29486041/
https://pubmed.ncbi.nlm.nih.gov/29486041/
https://pubmed.ncbi.nlm.nih.gov/29486041/
https://pubmed.ncbi.nlm.nih.gov/29486041/
https://pubmed.ncbi.nlm.nih.gov/29486041/
https://pubmed.ncbi.nlm.nih.gov/31563344/
https://pubmed.ncbi.nlm.nih.gov/31563344/
https://pubmed.ncbi.nlm.nih.gov/31563344/
https://pubmed.ncbi.nlm.nih.gov/31563344/
https://pubmed.ncbi.nlm.nih.gov/26033723/
https://pubmed.ncbi.nlm.nih.gov/26033723/
https://pubmed.ncbi.nlm.nih.gov/26033723/
https://pubmed.ncbi.nlm.nih.gov/26033723/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5444184/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5444184/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5444184/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5444184/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5444184/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC192435/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC192435/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC192435/
https://pubmed.ncbi.nlm.nih.gov/27044556/
https://pubmed.ncbi.nlm.nih.gov/27044556/
https://pubmed.ncbi.nlm.nih.gov/27044556/
https://pubmed.ncbi.nlm.nih.gov/27503659/
https://pubmed.ncbi.nlm.nih.gov/27503659/
https://pubmed.ncbi.nlm.nih.gov/27503659/
https://pubmed.ncbi.nlm.nih.gov/26962078/
https://pubmed.ncbi.nlm.nih.gov/26962078/
https://pubmed.ncbi.nlm.nih.gov/26962078/

Sader HS, Castanheira M, Shortridge D, et al. Antimicrobial

ivi f ceftazidime-avi m inst multi-
rug-resistant Enter ri nd P mon ru-
in isol from U.S. medical centers, 201 2016.

Antimicrob Agents Chemother 2017;61:e01045-17.

Serio AW, Keepers T, Krause KM. Plazomicin is active against

metallo-B-lactamase-producing Enterobacteriaceae. Open
Forum Infect Dis 2019;6:0fz123.

Shoen C, Benaroch D, Sklaney M, et al. In vitro activities of

omadacycline against rapidly growing mycobacteria. Anti-
microb Agents Chemother 2019;63:€02522-18.

Shortridge D, Pfaller MA, Arends SJR, et al. Comparison of
he in vitr ibili f ceftolozane-taz m with
h mulativ ibility r f standard antibioti

combinations when tested against Pseudomonas aeru-

ginosa_from ICU patients with bloodstream infections or

pneumonia. Open Forum Infect Dis 2019;6:0fz240.
Shortridge D, Pfaller MA, Castanheira M, et al. Antimicrobial

ivity of ceftolozane-taz m inst Entero-
ri nd P; mon rugin with vari
resistan rns isol inU.S. h itals (2013-201
as part of the surveillance program: program to assess
ceftolozane-tazobactam susceptibility. Microb Drug
Resist 2018;24:563-77.
Solomkin J, Evans D, Slepavicius A, et al. Assessing the
ffi n f f erav line vs er nem in
mpli intra- minal infections in the inves-
igating gram-n ive infections tr with erava-
line (IGNITET) trial: a randomized trial. JAMA Surg

2017;152:224-32.

Solomkin JS, Gardovski J, Lawrence K, et al. IGNITEA4:
results of a ph randomized, multicenter, pr -
tive trial of eravacycline vs meropenem in the treatment

of complicated intra-abdominal infections. Clin Infect Dis
2019;69:921-9.

Solomkin J, Hershberger E, Miller B, et al. Ceftolozane/tazo-
bactam plus metronidazole for complicated intra-abdom-
inal i i i f multidrug resistance: resul

from a randomiz le-blind, ph rial (ASPECT-

clAl). Clin Infect Dis 2015;60:1462-71.

Stets R, Popescu M, Gonong JR, et al. Omadacycline for

community-acquired bacterial pneumonia. N Engl J Med
2019;380:517-27.
Torres A, Zhong N, Pachl J, et al. Ceftazidime-avibactam ver-
meropenem in n mial pneumonia, including ven-
ilator- i neumonia (REPROVE): a randomi

double-blind, phase 3 non-inferiority trial. Lancet Infect
Dis 2018;18:285-95.

PSAP 2021 BOOK 1 ¢ Infectious Diseases

Tumbarello M, Trecarichi EM, Corona A, et al. Efficacy
f ceftazidime-avi m salv. her in ien
with infection Klebsiella pneumoni I-

bapenemase-producing K. pneumoniae. Clin Infect Dis
2019;68:355-64.

Van Duin D, Lok JJ, Earley M, et al. Colistin versus ceftazi-
ime-avi m in the treatment of infection r-

bapenem-resistant Enterobacteriaceae. Clin Infect Dis
2018;66:163-71.

Wagenlehner FM, Cloutier DJ, Komirenko AS, et al. Once-
ily plazomicin for compli rinary tract infections.
N Engl J Med 2019;380:729-40.

Wagenlehner FM, Sobel JD, Newell P, et al. Ceftazi-

ime-avi m ver ripenem for the treatment of
mpli rinary tr infections, includin
lonephritis: RECAPTURE h randomiz rial

program. Clin Infect Dis 2016;63:754-62.

Wagenlehner FM, Umeh O, Steenbergen J, et al.
ftolozane-taz m compared with levofloxacin in
he treatment of compli rinary tr infection
includin lonephritis: a randomi le-blin

phase 3 trial (ASPECT-cUTI). Lancet 2015;385:1949-56.

Wenzler E, Deraedt MF, Harrington AT, et al. Synergistic
ivity of ceftazidime-avi
rine and metallo-B-I mase-pr ing gram-n iv
pathogens. Diagn Microbiol Infect Dis 2017;88:352-4.

man zZireonam n

Wunderink RG, Giamarellos-Bourboulis EJ, Rahav G, et al.

Eff n f f mer nem-v r m ver
-available ther in ients with car nem-resis-
nt Enter ri infections: the TAN Il random-

ized clinical trial. Infect Dis Ther 2018;7:439-55.

Xiao AJ, Miller BW, Huntington JA, et al. Ceftolozane/tazo-
m pharm kinetic/pharm namic-deriv
justification for ph iesin ients with n -

mial pneumonia. J Clin Pharmacol 2016;56:56-66.

Yamano Y, Tsuji M, Echols R. Synergistic effect of cefid-

r | combined with other antibioti in fidero-
col high MIC isolates from the multi-national SIDERO-WT

studies. Open Forum Infect Dis 2019;6:5325.

Zhanel GG, Baxter MR, Adam HJ, et al. In vitro activity
f erav lin inst 2213 gram-n ive and 2424
ram- itiv rial h ns isol in Canadian
h ital | ratories: CANWARD surveillan 2014-
2015. Diagn Microbiol Infect Dis 2018;91:55-62.

New Antimicrobial Agents


https://pubmed.ncbi.nlm.nih.gov/29893802/
https://pubmed.ncbi.nlm.nih.gov/29893802/
https://pubmed.ncbi.nlm.nih.gov/29893802/
https://pubmed.ncbi.nlm.nih.gov/29893802/
https://pubmed.ncbi.nlm.nih.gov/29020404/
https://pubmed.ncbi.nlm.nih.gov/29020404/
https://pubmed.ncbi.nlm.nih.gov/29020404/
https://pubmed.ncbi.nlm.nih.gov/30786187/
https://pubmed.ncbi.nlm.nih.gov/30786187/
https://pubmed.ncbi.nlm.nih.gov/27313268/
https://pubmed.ncbi.nlm.nih.gov/27313268/
https://pubmed.ncbi.nlm.nih.gov/27313268/
https://pubmed.ncbi.nlm.nih.gov/27313268/
https://pubmed.ncbi.nlm.nih.gov/27313268/
https://pubmed.ncbi.nlm.nih.gov/25931244/
https://pubmed.ncbi.nlm.nih.gov/25931244/
https://pubmed.ncbi.nlm.nih.gov/25931244/
https://pubmed.ncbi.nlm.nih.gov/25931244/
https://pubmed.ncbi.nlm.nih.gov/28602518/
https://pubmed.ncbi.nlm.nih.gov/28602518/
https://pubmed.ncbi.nlm.nih.gov/28602518/
https://pubmed.ncbi.nlm.nih.gov/28602518/
https://pubmed.ncbi.nlm.nih.gov/30270406/
https://pubmed.ncbi.nlm.nih.gov/30270406/
https://pubmed.ncbi.nlm.nih.gov/30270406/
https://pubmed.ncbi.nlm.nih.gov/30270406/
https://pubmed.ncbi.nlm.nih.gov/26096377/
https://pubmed.ncbi.nlm.nih.gov/26096377/
https://pubmed.ncbi.nlm.nih.gov/26096377/
https://pubmed.ncbi.nlm.nih.gov/26096377/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6811113/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6811113/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6811113/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6811113/
https://pubmed.ncbi.nlm.nih.gov/29338931/
https://pubmed.ncbi.nlm.nih.gov/29338931/
https://pubmed.ncbi.nlm.nih.gov/29338931/
https://pubmed.ncbi.nlm.nih.gov/29338931/
https://pubmed.ncbi.nlm.nih.gov/29338931/
https://pubmed.ncbi.nlm.nih.gov/28827415/
https://pubmed.ncbi.nlm.nih.gov/28827415/
https://pubmed.ncbi.nlm.nih.gov/28827415/
https://pubmed.ncbi.nlm.nih.gov/28827415/
https://pubmed.ncbi.nlm.nih.gov/30968059/
https://pubmed.ncbi.nlm.nih.gov/30968059/
https://pubmed.ncbi.nlm.nih.gov/30858221/
https://pubmed.ncbi.nlm.nih.gov/30858221/
https://pubmed.ncbi.nlm.nih.gov/31263733/
https://pubmed.ncbi.nlm.nih.gov/31263733/
https://pubmed.ncbi.nlm.nih.gov/31263733/
https://pubmed.ncbi.nlm.nih.gov/31263733/
https://pubmed.ncbi.nlm.nih.gov/31263733/
https://pubmed.ncbi.nlm.nih.gov/31263733/
https://pubmed.ncbi.nlm.nih.gov/29039729/
https://pubmed.ncbi.nlm.nih.gov/29039729/
https://pubmed.ncbi.nlm.nih.gov/29039729/
https://pubmed.ncbi.nlm.nih.gov/29039729/
https://pubmed.ncbi.nlm.nih.gov/29039729/
https://pubmed.ncbi.nlm.nih.gov/29039729/
https://pubmed.ncbi.nlm.nih.gov/27851857/
https://pubmed.ncbi.nlm.nih.gov/27851857/
https://pubmed.ncbi.nlm.nih.gov/27851857/
https://pubmed.ncbi.nlm.nih.gov/27851857/
https://pubmed.ncbi.nlm.nih.gov/27851857/
https://pubmed.ncbi.nlm.nih.gov/30561562/
https://pubmed.ncbi.nlm.nih.gov/30561562/
https://pubmed.ncbi.nlm.nih.gov/30561562/
https://pubmed.ncbi.nlm.nih.gov/30561562/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4412191/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4412191/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4412191/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4412191/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4412191/
https://pubmed.ncbi.nlm.nih.gov/30726692/
https://pubmed.ncbi.nlm.nih.gov/30726692/
https://pubmed.ncbi.nlm.nih.gov/29254862/
https://pubmed.ncbi.nlm.nih.gov/29254862/
https://pubmed.ncbi.nlm.nih.gov/29254862/
https://pubmed.ncbi.nlm.nih.gov/29254862/

Self-Assessment Questions

A 52-year-old woman is admitted to the ICU with sep-
tic shock. Her medical history includes recurrent UTls,
hypertension, depression, and bladder outlet obstruction,
for which she had a nephrostomy tube placed 6 months
ago. She was discharged from the hospital 5 weeks ago
after being treated for an E. coli UTI with ceftriaxone. She
has been receiving intravenous cefepime, vancomycin,
and ciprofloxacin for the past 2 days since admission
and is still receiving norepinephrine for hemodynamic
support. Her urine culture is positive for E. coli, as are
her blood cultures (2 of 2). Susceptibilities are pending,
but the Verigene BC-GN test on the blood isolate is posi-
tive for E. coli and CTX-M (an extended-spectrum B-lact-
amase [ESBL] enzyme). Which one of the following is best
to recommend for this patient?

A. Discontinue vancomycin and ciprofloxacin. Continue
cefepime.

B. Discontinue cefepime, vancomycin, and
ciprofloxacin. Initiate ceftolozane/tazobactam.

C. Discontinue cefepime, vancomycin, and
ciprofloxacin. Initiate ceftazidime/avibactam.

D. Discontinue cefepime, vancomycin, and
ciprofloxacin. Initiate ertapenem.

A hemodynamically stable patient with normal renal
function is being treated for ventilator-associated pneu-
monia (VAP). The patient’s tracheal aspirate results are
as follows:

P. mirabilis P. aeruginosa

Drug MIC Interpretation MIC Interpretation

Amikacin <16 S <16 S

Aztreonam >16 R >16 R
Cefepime >16 R 32 R
Ceftazidime/ <8/4 S 16/4 R
avibactam

Ceftolozane/ <2/4 S 8/4 |
tazobactam

Ceftriaxone  >32 R

Ciprofloxacin 1 R >2 R
Ertapenem <0.5 S

Gentamicin 2 S 8 |
Levofloxacin 1 I >4 R
Meropenem <1 S >8 R
Piperacillin/  16/4 S > 64/4 R
tazobactam

Tobramycin <4 S <4 S
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Which one of the following is best to recommend for this
patient?

A. Ertapenem 1 g intravenously every 24 hours
infused over 30 minutes plus tobramycin 7 mg/kg
intravenously every 24 hours

B. Ceftolozane/tazobactam 3 g intravenously every
8 hours infused over 4 hours

C. Meropenem 2 g intravenously every 8 hours infused
over 3 hours plus tobramycin 7 mg/kg intravenously
every 24 hours

D. Imipenem/relebactam 1.25 g intravenously every
6 hours infused over 30 minutes

A man was discharged from the hospital 5 weeks ago
after receiving an adequate course of ceftazidime/avi-
bactam for bacteremia caused by carbapenem-resistant
K. pneumoniae. He is now back to the hospital in septic
shock, and his blood cultures are again positive for K.
pneumoniae, with susceptibilities pending. Which one of
the following is best to recommend empirically for this
patient?

A. Ceftazidime/avibactam
B Meropenem/vaborbactam
C. Cefiderocol

D. Meropenem plus colistin

A 52-year-old man presents with abdominal pain, fever,
and aliver abscess secondary to a liver biopsy performed
2 weeks ago. Abscess fluid culture grows Morganella
morganii resistant to all conventional agents tested on
automated susceptibility testing. Tests for susceptibility
to novel agents have been sent to a reference laboratory.
Which one of the following is best to recommend for this
patient while awaiting these results?

A. Omadacycline

B. Imipenem/relebactam

C. Meropenem/vaborbactam

D. Extended-infusion meropenem plus plazomicin

A ventilator-dependent patient presents from a nursing
home with increased ventilator requirements and puru-
lent secretions from his tracheostomy tube. His tracheal
aspirate culture grows P. aeruginosa resistant to all con-
ventional agents on automated susceptibility testing.
Susceptibility testing to novel agents is unavailable at
your rural community hospital. Which one of the follow-
ing is best to recommend to treat this patient’s VAP?

A. Ceftazidime/avibactam
B. Meropenem/vaborbactam
C. Ceftolozane/tazobactam
D. Cefiderocol
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A patient has pyelonephritis caused by an isolate of S.
maltophilia resistant to trimethoprim/sulfamethoxazole,
B-lactams, and fluoroquinolones. Which one of the fol-
lowing is best to recommend for this patient?

A. Plazomicin

B. Meropenem/vaborbactam

C. Ceftazidime/avibactam plus aztreonam
D. Eravacycline

During a patient care discussion, the attending physi-
cian asks for your guidance in explaining the role of novel
antibacterials and their role against extensively drug-
resistant (XDR) P. aeruginosa. Which one of the follow-
ing best evaluates the broadened spectrum of activity of
novel antibacterial agents against P. aeruginosa?

A. Meropenem/vaborbactam significantly expands on
the activity of meropenem.

B. Imipenem/relebactam significantly expands on the
activity of imipenem.

C. Eravacycline significantly expands on the activity of
minocycline.

D. Plazomicin significantly expands on the activity of
amikacin.

For many novel B-lactam agents, adding a B-lactamase
inhibitor confers expanded activity against P. aeruginosa.
Which one of the following best matches the agent to the
mechanism by which this is achieved?

A. Ceftazidime/avibactam has expanded
antipseudomonal activity because avibactam
inhibits the AmpC B-lactamases often responsible
for ceftazidime resistance in P. aeruginosa.

B. Ceftolozane/tazobactam has expanded
antipseudomonal activity because tazobactam
inhibits the AmpC B-lactamases often responsible
for ceftolozane resistance in P. aeruginosa.

C. Meropenem/vaborbactam has expanded
antipseudomonal activity because vaborbactam
inhibits the K. pneumoniae carbapenemase (KPC)
B-lactamases often responsible for meropenem
resistance in P. aeruginosa.

D. Imipenem/relebactam has expanded
antipseudomonal activity because relebactam
inhibits the KPC B-lactamases often responsible for
imipenem resistance in P. aeruginosa.

Because your institution has a high rate of carbapenem-
resistant Enterobacteriaceae (CRE), the Carba-R assay
was incorporated 2 years ago into the routine microbiol-
ogy workflow for CRE. Reviewing all CRE cases since its
incorporation reveals carbapenemase identification as
69% KPC, 24% OXA-48, 6% Verona integron—based metal-
lo-B-lactamase (VIM), and 1% carbapenemase negative.
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Which one of the following is best to recommend for for-
mulary addition for CRE infections?

A. Ceftolozane/tazobactam
B. Meropenem/vaborbactam
C. Imipenem/relebactam
D. Ceftazidime/avibactam

A patient presents with bacterial peritonitis caused by
an isolate of Proteus vulgaris that is positive for KPC on
the Carba-R assay. Susceptibility testing to novel agents
is pending. Which one of the following is best to recom-
mend for this patient?

A. Plazomicin

B. Eravacycline

C. Imipenem/relebactam

D. Meropenem/vaborbactam

The antimicrobial stewardship committee at a large
academic medical center identifies a relatively high
incidence of B-lactam—nonsusceptible gram-negative
infections and intends to add some combination of novel
antibacterials to its formulary, together with clinical
pathways to guide prescribers to their appropriate use.
To make an informed decision, the microbiologist runs
a report of all non-urinary gram-negative isolates that
tested nonsusceptible to all conventional B-lactams in
the past year with the following results:

Total No. of Isolates 537
Enterobacteriaceae 172 of 537 (32%)

Carba-R results of this subset:

KPC 99%

VIM 1%

OXA-48 0

IMP 0

NDM 0
P. aeruginosa 256 of 537 (48%)
A. baumannii 89 of 537 (17%)
S. maltophilia 20 of 537 (4%)
Burkholderia cepacia 0

Considering the clinical use of novel agents and their
associated costs, which one of the following combina-
tions of agents and associated clinical pathways would
be best suited for formulary addition against B-lactam—
nonsusceptible isolates?

A. Meropenem/vaborbactam for KPC-positive
Enterobacteriaceae, ceftolozane/tazobactam for P.
aeruginosa, and eravacycline for A. baumannii and S.
maltophilia
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B. Cefiderocol for all B-lactam—nonsusceptible gram-
negative infections

C. Imipenem/relebactam for KPC-positive
Enterobacteriaceae and P. aeruginosa and
omadacycline for A. baumannii and S. maltophilia

D. Ceftazidime/avibactam for KPC-positive
Enterobacteriaceae and P. aeruginosa and
cefiderocol for A. baumannii and S. maltophilia

A 48-year-old man currently receives plazomicin 900 mg
intravenously every 24 hours as a 30-minute infusion
for pyelonephritis caused by KPC-positive K. pneumo-
niae. Thirty minutes before his second dose, the plazo-
micin trough concentration is 5.2 mcg/mL. According to
FDA-approved labeling, which one of the following is best
to recommend for this patient?

A. Continue plazomicin 900 mg intravenously every
24 hours.

B. Change to plazomicin 600 mg intravenously every
24 hours.

C. Change to plazomicin 600 mg intravenously every
36 hours.

D. Change to plazomicin 900 mg intravenously every
36 hours.

The antimicrobial stewardship committee is deciding
between cefiderocol, eravacycline, and omadacycline for
formulary addition to have an option against XDR A. bau-
mannii. Which one of the following best pairs the agent
with its appropriate rationale for formulary addition?

A. Cefiderocol should be added because it was
associated with a trend toward decreased mortality
in clinical trials that included patients with
infections caused by A. baumannii.

B. Eravacycline should be added because it has lower
MICs against A. baumannii than omadacycline and is
the least expensive option.

C. Omadacycline should be added because it is
available for oral administration and has shown
noninferiority in clinical trials that included patients
with infections caused by A. baumannii.

D. The least-expensive agent should be selected
because they all have similar in vitro activity but
currently lack clinical data in infections caused by
A. baumannii.

Despite awareness of in vitro data, an infectious disease
physician is skeptical of the combination of ceftazidime/
avibactam plus aztreonam against S. maltophilia and
wants to understand the rationale behind this combina-
tion. Which one of the following is best to share with this
colleague regarding how this combination overcomes
resistance in S. maltophilia?
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A. S. maltophilia develops resistance to either
aztreonam or ceftazidime/avibactam by
up-regulated efflux pumps. In combination, however,
avibactam preferentially saturates the efflux pumps,
thereby restoring the activity of aztreonam.

B. Aztreonam preferentially saturates the metallo-B-
lactamase (MBL) of S. maltophilia, thereby enabling
ceftazidime/avibactam to become active against its
remaining KPC B-lactamases.

C. S. maltophilia typically expresses an MBL and other
enzymes such as ESBL or AmpC. In combination,
ceftazidime/avibactam inhibits the ESBL/AmpC
enzymes, thereby enabling aztreonam to become
active because it is inherently stable against MBLs.

D. Aztreonam is typically hydrolyzed by the AmpC
B-lactamase of S. maltophilia, whereas ceftazidime
becomes inactive as a result of efflux pumps. In
combination, however, avibactam inhibits the AmpC
enzyme, thereby restoring the activity of aztreonam.

You receive notification of a prescriber ordering plazomi-
cin for a patient with a UTI. On reviewing the patient’s
case, you note that plazomicin was chosen because of
an NDM-positive urinary isolate of K. pneumoniae and
that susceptibility to plazomicin is unavailable. Which
one of the following points is best to share with this col-
league regarding why plazomicin may not be the best
choice in this scenario?

A. MBLs also have crossover ability to hydrolyze
aminoglycosides, including plazomicin.

B. Isolates expressing MBLs often coexpress
ribosomal methyltransferases, conferring
plazomicin resistance.

C. MBL-producing CRE often coexpress efflux
pumps that decrease intracellular plazomicin
concentrations, conferring resistance.

D. lIsolates expressing MBLs often have thickened cell
walls that decrease the entry of plazomicin into the
cell, diminishing its ability to reach its target site.
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