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Abstract

Purpose of Review The purpose of this review is to investigate the evolution and epidemiology of Kiebsiella pneumoniae
carbapenemase (KPC)-producing organisms and the current and future treatment options for infections caused by KPC-
producing isolates.

Recent Findings The emergence of resistance in Enterobacteriaceae producing carbapenemases globally has increased the
challenges in treating infections caused by these organisms. One of the prominent mechanisms of resistance is the production
of KPC enzymes. Infections caused by organisms producing KPCs have limited treatment options and are associated with poor
clinical outcomes. The rapid rise of KPC-producing organisms necessitated the use of drugs with pharmacokinetic and toxicity
limitations, including polymyxins, tigecycline, fosfomycin, and aminoglycosides. The availability of new beta-lactamase inhib-
itor combinations that are effective against KPC-producing organisms represent an advance in safety and efficacy. Several agents
are currently being studied that have activity against KPC-producing organisms and appear to represent promising additions to
our armamentarium.

Summary KPC-producing organisms cause infections with high morbidity and mortality. Limited treatment options are avail-
able, though new therapies have been developed. Pipeline agents are likely to have a place in therapy for the treatment of
infections caused by KPC-producing isolates.

Keywords Carbapenemases - KPC - Multi-drug resistance - KPC treatment - KPC infections - KPC epidemiology

Introduction cases of KPC-producing organisms [4¢]. There are multiple

elements that contributed to the rapid spread of KPCs, such as

The emergence of resistant Enterobacteriaceae that produce
carbapenemases globally has led to the development of seri-
ous infections associated with significant morbidity and mor-
tality [1e, 2]. In 2014, the World Health Organization (WHO)
released a report that stated that carbapenem-resistant
Klebsiella pneumoniae has spread to all regions of the world
[3¢¢]. The CDC currently reports that all states in the United
States, with the exception of Maine and Idaho, have reported
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plasmid borne genes and widespread international travel [Se].

Infections caused by these organisms are often difficult to
treat due to resistance. Agents that are used include carbapen-
em combinations, polymyxins, fosfomycin, tigecycline, ami-
noglycosides, ceftazidime-avibactam, and meropenem-
vaborbactam, however, trials supporting their use are uncom-
mon. New treatments with activity against KPCs are currently
being studied to help mitigate the threat of resistance.

This paper will review the evolution and epidemiology of
KPCs, current treatment options, and pipeline antibiotics for
infections caused by KPC-producing organisms.

Evolution and Epidemology
KPC enzymes are class A carbapenemases that contain a ser-

ine residue in the active site and are comprised of 265-269
amino acids. The term “KPC” arose from “Klebsiella
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pneumoniae carbapenemase,” as they were first identified in
this organism [6]. To date, at least nineteen variants of KPC
have been reported although KPC-2 and KPC-3 appear to be
most prevalent [7].

KPC-producing organisms typically exhibit high levels of
penicillin and cephalosporin resistance and variable carbapen-
em resistance. However, unlike other Ambler Class A beta-
lactamase producers, KPCs are insufficiently inhibited by the
beta-lactam-based beta-lactamase inhibitors clavulanate, tazo-
bactam, and sulbactam [8]. KPC-producing organisms also
tend to be multi-drug resistant as blagpc is carried on large
plasmids with accompanying resistance determinants, includ-
ing those responsible for resistance to aminoglycosides, quin-
olones, trimethoprim, sulfonamides, and tetracyclines [9, 10].

The first organism harboring blaygpc was a K. pneumoniae
isolate recovered in 1996 from a patient in North Carolina [11].
In 1998, blaxpc was identified in an isolate of Salmonella
cubana that was recovered from the stool of a 4-year-old child
with gastroenteritis in Maryland [12]. In the same year, KPC was
detected in K. pneumoniae isolated from four adult patients in a
Baltimore hospital and K. oxytoca in a patient from New York
[12, 13]. In 20002001, a New York City hospital reported the
first known outbreak of hospital-acquired KPC-producing organ-
isms, which involved 14 infected patients, eight of whom died as
a result of their infection [14]. By the mid-2000s, some hospitals
in New York City were reporting that nearly half of their
K. pneumoniae isolates carried blaxpc genes [15¢]. The CDC
currently reports that all states in the United States with the ex-
ception of Maine and Idaho have reported infections with bacte-
ria containing blagpc [4+]. Interestingly, epidemiologists in New
York City recently reported significant declines in prevalence of
KPC-producers and suggested that reduction of indwelling de-
vice utilization (e.g., urinary catheters), improved techniques for
sterilization of endoscopes, and application of infection preven-
tion strategies may have contributed to this decline [16¢].
Additional surveillance data will be required to determine if this
trend occurs in other parts of the USA and to see if it continues.

The first report of a KPC-producing organism outside of
the United States was a patient with prostatic carcinoma who
had a bilateral nephrostomy performed in December 2004 at a
New York City hospital. He was admitted to a hospital in Paris
in February 2005 for acute urine retention. K. pneumoniae
with blagpc was isolated from urine and blood cultures [17].
Additional early cases were reported in Brazil, the United
Kingdom, France, and China. Subsequently, KPCs have dis-
seminated rapidly throughout the globe and have been detect-
ed in virtually all clinically relevant Enterobacteriaceae [18].

A number of factors contributed to the rapid spread of KPC
enzymes. First, blagpc is plasmid-borne. Plasmids with blagpc
undergo horizontal transfer through conjugation with other bac-
terial cells. Thus, rapid movement of blaypc from cell-to-cell is
a major contributor to its general spread and accompanying
resistance determinants. Second, by the late 2000s, multilocus
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sequencing typing (MLST) revealed that while blagpc is pres-
ent in over 100 different strains of K pneumoniae, ST258 pre-
dominates in the United States and around the world. The rea-
son underlying the success of ST258 is unclear but its remark-
able ability to disseminate suggests a possible selective or fit-
ness advantage over other clones [5¢]. Finally, widespread in-
ternational travel most certainly facilitated intercontinental
transmission of organisms harboring blagpc.

Outbreaks involving KPC-producing organisms have been
described primarily in healthcare settings [19+¢]. Risk factors
for acquisition of KPC-producing organisms are not specific,
but include exposure to acute care hospitals or long-term acute
care facilities, higher degrees of comorbidity, prior antibiotic
use, elevated colonization pressure in endemic settings, and
the prolonged use of indwelling and central venous catheters
[14, 19ee, 20e, 21]. Transfer of patients between long-term
acute care hospitals (LTACs) with high KPC levels and other
healthcare facilities has been identified as an important mech-
anism of hospital-to-hospital transmission [22]. Liibbert et al.
showed that following an outbreak involving KPC-producing
organisms, nearly two-thirds of the 84 colonized study pa-
tients spontaneously cleared and tested negative repeatedly
by KPC PCR after 6 months, but that colonization for > 3 years
was observed in some patients. This underscored the impor-
tance of following the colonization status of these cases and
consistently applying isolation precautions when they access
healthcare [23]. Finally, environmental contamination is
thought to be an important mechanism of transmission of
KPC-producing organisms. Leitner et al. described a
prolonged outbreak involving K. oxytoca with blagpc in an
Austrian hematology ward. Identical ST4 clones of blagpc.,
were recovered from the sinks in the rooms where cases were
admitted in addition to the sink of a medication room. The
authors hypothesized that water hitting the mesh in the sink
drains aerosolized organisms with KPC when patients were
using the sinks for personal hygiene. Renewed enforcement of
contact precautions, hand hygiene, and cleaning of the envi-
ronment (including sinks and equipment) eventually con-
trolled the outbreak [24¢].

The use of bundled interventions that include 2% chlorhex-
idine baths, contact precautions, enhanced environmental
cleaning, surveillance cultures, serial point prevalence surveil-
lance, and personnel training has been reported to mitigate
patient-to-patient transmission [24s, 25, 26¢]. The use of fecal
microbiota transplantation (FMT) to displace colonizing
multi-drug resistant organisms is a new and novel approach
that is under investigation [27e¢].

Treatment

Treatment options for infections caused by KPC-producing
organisms are limited and outcomes for these infections are
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generally poor. It has been found that patients with blood-
stream infections caused by carbapenem-resistant organisms
are more likely to have a longer hospital stay, be admitted to
an intensive care unit, and suffer increased mortality com-
pared to patients with either ESBL-producing
K. pneumoniae or susceptible K. pneumoniae [1e°, 28].
Delays in administration of active therapy to patients with
KPC-producing infections are common and may affect out-
comes, including mortality [29-31]. Appropriate treatment is
a modifiable predictor of infection outcome.

Current antimicrobial options for infections caused by
KPC-producing organisms are limited by their pharmacoki-
netics, toxicities, and lack of strong clinical evidence
supporting their efficacy. Two new beta-lactamase inhibitor
combinations have been made available with in the last few
years that have been shown to be safer and possibly more
efficacious for the treatment of infections caused by KPC-
producing organisms compared to some of the older agents,
however, supportive data is limited. In addition, KPCs contin-
ue to evolve and have developed resistance against some of
the current treatment options. Below are currently available
treatment options and evidence supporting (or not supporting)
their use.

Carbapenem Combinations

Carbapenems are counterintuitive choices of therapy for KPC-
producing organisms, but they have been described as useful
in some studies, particularly when administered as prolonged
or continuous infusions or in combination with other agents,
particularly for organisms with only moderately elevated min-
imum inhibitory concentrations (MICs). However, KPC-
producing K. pneumoniae exhibit a marked inoculum effect
and MICs may not predict the efficacy of carbapenems against
KPC-producing infections [32]. Combination of a prolonged
carbapenem infusion with another agent with activity against
carbapenemases is a better option than carbapenems alone. A
multi-centered, retrospective, cohort study with 661 adult pa-
tients illustrated that combination regimens that included
meropenem were associated with significantly higher survival
rates when the KPC-producing isolate had a meropenem MIC
<8 pg/mL [33].

Dual carbapenem therapy has also been studied for the
treatment of infections caused by KPC-producing organ-
isms. This combination is active due to the higher affinity
of KPCs for ertapenem, allowing it to function as a sui-
cide substrate and enhance the activity of the concomitant
carbapenem [34]. A few case reports and series support
the use of dual carbapenem therapy for treatment of in-
fections caused by KPC-producing organisms [35¢, 36]. A
recent case-control study investigated the clinical impact
of regimens including two carbapenems in 144 patients
with infections caused by carbapenem-resistant

K. pneumoniae (90% producing KPCs) and found that
28-day mortality was lower in patients who received a
double-carbapenem regimen compared to those who re-
ceived treatment with dual or triple agent combinations
of colistin, tigecycline, and gentamicin (p =0.04).
Likewise, clinical cure and microbiological eradication
were significantly higher when double-carbapenem thera-
py was used in patients infected with carbapenem-
resistant K. pneumoniae resistant to colistin (13/20
(65%) versus 10/32 (31.3%), p=10.03 and 11/19 (57.9%)
versus 7/27 (25.9%), p = 0.04, respectively) [37¢¢].

Although the use of carbapenem-based combination regi-
mens for the treatment of infections caused by KPC-
producing organisms has some utility, evidence is limited
and testing for synergy is difficult. There are pros and cons
with using these regimens (Table 1). If one of them is used, it
is important that the pharmacodynamics of the carbapenem
used be maximized through prolonged or continuous
infusions.

Polymyxins

The polymyxins are a class of polypeptide antibiotics that
have been revitalized for the treatment of infections caused
by resistant Gram-negative organisms, including those pro-
ducing KPCs. Polymyxins have in vitro activity against most
K. pneumoniae, however, heteroresistance is common [38ee,
39, 40]. When the isolate is exposed to a polymyxin, killing of
the susceptible population amplifies resistant subpopulations.
In vitro studies suggest that polymyxin monotherapy may lead
to emergence of resistance and that they should be adminis-
tered in conjunction with other agents [41, 42¢°].
Carbapenems have been studied in combination with poly-
myxins and showed in vitro synergy with polymyxins against
carbapenem-resistant K. pneumoniae, including KPC-
producing K. pneumoniae [42¢°, 43].

When using polymyxins, appropriate dosing and potential
adverse effects are concerns. Modern pharmacokinetic and
pharmacodynamic studies show that dosing recommendations
in both polymyxin B and colistin package inserts are inaccu-
rate [44, 45]. The prodrug colistimethate sodium (CMS) is
cleared renally while the active drug colistin is eliminated
through non-renal means. However, since colistin is adminis-
tered as CMS, the amount of formed active drug is dependent
on renal function. In fact, these studies show difficulty in
achieving adequate plasma concentrations of formed colistin
in patients with a creatinine clearance >80 mL/min/1.73m?
[46¢°¢]. The ability to reach therapeutically useful lung concen-
trations is also uncertain [47+¢]. In contrast, pharmacokinetic
studies investigating polymyxin B showed that doses should
not be based on renal function as recommended in the package
insert because polymyxin B is not renally cleared [48].
Accordingly, colistin would be the better choice of the
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Table 1

Pros and cons of treatments for infections caused by Klebsiella pneumoniae carbapenemase-producing organisms

Treatment options Pros

Cons

Carbapenem combinations

Polymyxins * High susceptibility rates

* Low cost

Fosfomycin * Available orally

* Generally safe option
* Additive with other agents

Aminoglycosides * Can be used as monotherapy for
treatment of UTIs
* Shown to have clinical benefit when

used in combination with another agent

Tigecycline * High susceptibility rates

* Mortality benefit seen when given in combinations

Ceftazidime-avibactam

« Contains novel non-beta-lactam-beta-lactamase inhibitor

* Beta-lactam-based regimen

Meropenem—vaborbactam  * Superior to best available therapy in a

* Less expensive compared to other options

* Mortality benefit seen when compared to colistin

* Optimal combinations difficult to discern
* In vitro testing of combinations difficult to perform

+ Limited clinical evidence supported by well-designed
studies for treatment of infections caused by
KPC-producing organisms

* Colistin has unpredictable PK

* High risk of nephrotoxicity (higher in colistin)

* Polymyxin B is unavailable in many areas

* Higher mortality rates seen in patients receiving
colistin-containing regimens compared to
beta-lactam inhibitor regimens

* Selection of resistance to class when used as monotherapy
* Resistance can develop when used as monotherapy

* IV formulation only available in Europe

* Oral formulation only effective for cystitis

* Limited clinical evidence supporting the use of oral
fosfomycin for treatment of infections caused
by KPC producing organisms

* Cost
* Nephrotoxicity and ototoxicity

* High mortality rates when used as monotherapy
for infections (not UTIs)

* May need high doses for high MICs

* Boxed warning for higher all-cause mortality

* Low serum drug concentrations

 Higher doses may be needed for pneumonia

* GI toxicity

« Resistance can develop to drug during treatment

* Resistance to drug has developed during treatment
* Cost

* Cost

prospective study of carbapenem-resistant infections

* Contains novel boron-containing serine-beta

lactamase inhibitor
* Beta-lactam-based regimen

VKPC: Klebsiella pneumoniae carbapenemase
2 PK: Pharmacokinetics

3IV: Intravenous

4 UTlIs: Urinary tract infections

> MIC: Minimum inhibitory concentrations

® GI: Gastrointestinal

polymyxins for urinary tract infections (UTIs). Although both
agents have the potential to cause nephrotoxicity and neuro-
toxicity, several comparisons have shown a significantly
higher risk of acute kidney injury in patients who received
colistin compared to polymyxin B [49e, 50, 51].
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In practice, these agents are limited by their toxicity, the
unfavorable pharmacokinetics of colistin, and a lack of avail-
ability of polymyxin B in some parts of the world. Though
polymyxin-based regimens have been commonly used for
KPC-producing infections, recent small studies of new beta-
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lactamase inhibitor combinations have shown favorable re-
sults compared to these polymyxin-containing regimens.

Fosfomycin

Fosfomycin is frequently active against KPC-producing or-
ganisms [52]. However, resistance develops rapidly when
fosfomycin is used as monotherapy, therefore, combination
therapies are recommended [53]. In vitro studies have evalu-
ated fosfomycin in combination with imipenem, ertapenem,
tigecycline, colistin, meropenem, gentamicin, and amikacin
and showed additive effects against KPC-producing strains
with fosfomycin and amikacin showing the most potent activ-
ity even when the causative bacteria were resistant to amikacin
[54, 55¢, 56].

The utility of fosfomycin is limited in the United States
since it is only available as an oral formulation. Due to its
moderate absorption, fosfomycin is limited to the treatment
of urinary tract infections. While this is a limitation, UTIs
are commonly caused by KPC-producing organisms. Only
two case reports showing that it has been clinically effective
against infections caused by KPC-producing organisms have
been published [57]. A study of IV fosfomycin for UTIs for
approval in the United States is currently being conducted
(NCT02753946) so it may be a treatment option in combina-
tion with another agent in the future in the United States.

Aminoglycosides

Aminoglycosides are well-established agents that have potent
bactericidal activity against Gram-negative bacteria [55¢]. It is
important to note that aminoglycosides do not have equal
utility against KPC-producing isolates. When tested in vitro
against 25 KPC-producing isolates, susceptibility rates were
48% to amikacin (CLSI breakpoint < 16 mg/mL, 44% to gen-
tamicin (at <4 mg/mL) and 8% to tobramycin (at <4 mg/mL)
[56]. Notably, CLSI breakpoints are higher than those sug-
gested by some other organizations, and if lower breakpoints
are used many less isolates would be considered susceptible
[58].

Based on limited data available, aminoglycosides appear to
be a suitable option for the treatment of UTIs caused by KPC-
producing isolates [55¢, 59, 60¢]. Patients in one small study
of UTIs caused by carbapenem-resistant K. pneumoniae had
significantly higher clearance rates when treated with an ami-
noglycoside (88%) compared to those receiving either a poly-
myxin (64%) or tigecycline (43%) [61]. For other infections,
evidence supporting aminoglycosides as monotherapy is lack-
ing, and studies have shown a mortality rate from 6.3—-80% in
patients that received them alone [62]. This may be due to
their limiting pharmacokinetic profile, however, they may
have a place in therapy when given in combination with an-
other antibiotic. A systematic review of 20 clinical studies

evaluating patients being treated for infections caused by
carbapenemase-producing K. pnemuoniae including KPC-
type enzymes showed that the combination of aminoglyco-
sides with a carbapenem had the lowest mortality rates [62].
The role in therapy for aminoglycosides as monotherapy
should be limited to UTIs. They also have a role in combina-
tion regimens with other active agents, though the need for
this may be somewhat mitigated by the introduction of the
new beta-lactamase inhibitor combinations. Though evidence
is lacking, they may also have an adjunctive role in as aero-
solized agents in patients with pneumonia caused by KPC-
producing organisms [63]. The utility of aminoglycosides
must always be weighed against their well-known toxicities.

Tigecycline

Tigecycline, a glycyclcycline tetracycline, has broad spectrum
activity including against KPC-producing Enterobacteriaceae.
Some in vitro studies show all KPC-producing isolates to be
susceptible to tigecycline [64]. However, clinicians should be
cautious when using tigecycline since it has limitations.
Resistance development during therapy has been seen in the
setting of carbapenem-resistant K. pneumoniae bacteruria
[65]. Pharmacokinetic limitations include bloodstream con-
centrations that average below the CLSI Enterobacteriaceae
breakpoint of 2mcg/mL due to its extensive tissue penetration
[66]. Also, since tigecycline is eliminated primarily through
biliary excretion, minimal concentrations in the bladder lead
to questionable utility for UTIs. Finally, a clinical study of
tigecycline compared with imipenem for ventilator-
associated pneumonia was statistically inferior to imipenem,
leading to the concern that higher-than-approved doses may
be necessary. Several small studies have evaluated the use of
tigecycline in KPC-producing infections, in combination with
other agents and often in higher doses than recommended in
the labeling (200 mg loading dose, than 100 mg I'V q12 hours)
[67—70]. One multicenter retrospective cohort study in 661
patients found that triple-combination therapy with colistin,
tigecycline, and meropenem was associated with lower mor-
tality [OR: 0.11;95%CI1:0.02—.69]; p =0.01, in bloodstream
infections caused by KPC-producing isolates compared to
single-drug regimens of colistin, tigecycline, or gentamicin
[33].

The results of evaluations of tigecycline-contained studies
have been variable and difficult to interpret due to the multiple
regimens used in the studies, but some have shown a mortality
benefit when using combination regimens that include tige-
cycline. It is important to note that these studies were conduct-
ed prior to the availability of the newer beta-lactamase-
inhibitor-containing regimens and comparisons between these
regimens are limited. In addition, any discussion of tigecyc-
line warrants mention of the boxed warning of a higher risk of
death compared to other antibacterial drugs [70]. This
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warrants caution when considering tigecycline when other
highly active agents are available but should not prevent its
use when they are not.

Ceftazidime-Avibactam

Ceftazidime-avibactam is a newly approved agent combining
an antipseudomonal cephalosporin and novel non-beta-lactam
beta-lactamase inhibitor. Avibactam has a diazabicyclooctane
structure that is not based on the beta-lactam ring and does not
function as a suicide substrate like beta-lactam-based inhibi-
tors. It is also stable against KPC enzymes [71]. One surveil-
lance study showed ceftazidime-avibactam active against
97.5% (117/120) of KPC-producing clinical isolates [72].
Prospective studies support the in vivo efficacy of
ceftazidime-avibactam against ceftazidime-resistant isolates,
with one study showing it to be superior to best available
therapy (BAT), mostly carbapenems, in UTIs caused by these
organisms [73¢]. There are limited but growing clinical data
illustrating ceftazidime-avibactam efficacy in treating infec-
tions in humans caused by KPC-producing pathogens
[74-76].

Two small studies have shown clinical efficacy of mono-
therapy ceftazidime-avibactam in treating a variety of infec-
tions caused by CRE [77¢, 78, 79]. Two studies have been
performed comparing ceftazidime-avibactam-based regimens
with other regimens for CRE infections, predominantly
caused by KPC-producing pathogens. The first retrospectively
evaluated carbapenem-resistant K. pneumoniae (97% KPC-
producing strains) bloodstream infections and found that
ceftazidime-avibactam treatment in these patients was associ-
ated with significantly higher clinical success 11/13 (85%)
compared to those that received another treatment regimen
which included a carbapenem plus aminoglycoside, (12/
25(48%); p=0.04) or colistin (12/30(40%); p =0.009) and
other regimens (15/41(37%); p =0.004) [80+°]. The second
study was a multicenter observational study comparing
ceftazidime-avibactam (n =38) to colistin (n=99) for the
treatment of multiple types of infections caused by KPC-
producing CRE. Most of these infections were bloodstream
(n =63, 46%) and respiratory (n = 30, 22%), and most patients
received an additional anti-CRE agent. From a multivariate
analysis, among patients treated with ceftazidime-avibactam
versus colistin, all cause in-hospital mortality 30 days after the
start of treatment was 3/38 (8%) versus 33/99 (33%), respec-
tively. After adjustment, the 30-day mortality after starting
treatment was 9% vs. 32% (p=0.0012), for ceftazidime-
avibactam versus colistin, respectively [81¢¢].

Resistance to ceftazidime-avibactam has been reported to
emerge during therapy. In a retrospective study in one medical
center, emergent ceftazidime-avibactam resistance was detect-
edin 3/10 (30%) of microbiological failures with carbapenem-
resistant K. pneumoniae in patients that were treated with it.

@ Springer

Most mutations have occurred within the KPC Q-loop posi-
tion, resulting in enhanced ceftazidime binding and restricted
avibactam binding [82¢+, 83]. It is important that clinicians are
aware of the possibility of emergent resistance leading to
ceftazidime-avibactam treatment failure, retesting susceptibil-
ities if KPC-producing organisms are persistent in cultures.

Meropenem-Vaborbactam

Meropenem-vaborbactam received FDA approval in August
2017. Vaborbactam is a novel boron-containing serine-beta
lactamase inhibitor that works by creating a covalent bond
between its boron moiety and the serine side chain of beta-
lactamases, preventing them from destroying beta-lactams.
When tested in vitro against 133 clinical KPC-producing
Enterobacteriaceae strains, 131 (98.5%) were inhibited by
meropenem-vaborbactam [84s].

The clinical data supporting meropenem-vaborbactam for
KPC-producing infections is limited to a single randomized
trial (TANGO-2). It investigated the efficacy of meropenem-
vaborbactam compared with investigator-chosen BAT in pa-
tients with serious infections caused by confirmed or
suspected carbapenem-resistant Enterobacteriaceae.
Randomization in the trial was stopped early after the results
of an interim analysis showed statistically significant differ-
ences in favor of meropenem-vaborbactam over BAT for clin-
ical cure at the test of cure visit (meropenem-vaborbactam
57.1% (16/28) versus BAT 26.7% (4/15); 30.5% [95% CI:
1.5%—59.5%], p=0.04. Mortality at 28 days in the pooled
patient population with bacteremia, hospital-acquired bacteri-
al pneumonia, or ventilator-associated bacterial pneumonia
was 17.9% (5/28) for meropenem-vaborbactam versus
33.3% (5/15) for BAT [85¢].

Treatments in Late Stage Development

After years of stagnation, governmental attention and incen-
tives have encouraged the development of new antibiotics.
Several drugs in late-stage clinical development are active
against KPC-producing organisms.

Cefiderocol is a cephalosporin with a novel mechanism of
action. Unlike other beta-lactams, it contains a catechol moi-
ety that acts like a siderophore, taking advantage of active iron
transport mechanisms in bacteria instead of relying solely on
porin channels to penetrate organisms. Cefiderocol has been
shown to have potent in vitro activity against CRE, including
both KPC-producing Enterobacteriaceae and those producing
metallo-beta-lactamases [86]. Cefiderocol is currently under
clinical development and recently a registration study was
completed in patients with complicated urinary tract infection
(cUTI) (APEKS*-cUTI) (NCT02321800) (Table 2).
Cefiderocol met the primary efficacy endpoint and was
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superior to imipenem-cilastatin with a weighted difference in
primary outcome of 18.58% (95% CI 8.23%-28.92%).
Additional Phase 3 trials are being conducted (Table 2).
Plazomicin is an aminoglycoside with activity against
KPC-producing isolates. Two phase 3 trials have been com-
pleted looking at plazomicin for treatment of cUTI
(NCTO01970371) and serious infections due to CRE
(NCTO02486627) (Table 2). For the treatment of complicated
urinary tract infections including pyelonephritis, a statistically
significant difference favoring plazomicin over meropenem
was demonstrated at test of cure (TOC) visit in clinical cure
and microbiological failure, 81.7% versus 70.1%,

Table 2 Treatment options in late stage development

respectively, 11.6% (95% confidence interval (CI): 2.7—
20.3%) driven primarily by a higher microbiological eradica-
tion rate at TOC in the plazomicin group. In addition, at the
late follow-up visit, the composite cure rate was significantly
higher in the plazomicin group compared with the meropenem
group. For the treatment of serious carbapenem infections,
when used as a part of a combination regimen (tigecycline
or meropenem), plazomicin (n=17) compared to colistin
(n=20), plazomicin was associated with reduced all-cause
mortality at day 28, 11.8% vs. 40%; 28.2% (95%CI: 0.7—
52.5%). In addition to lower mortality rates, it was associated
with a favorable safety profile compared with colistin,

Drug Class Indication studied and/or being studied Notes
Cefiderocol  Siderophore cephalosporin ~ * cUTI' with or without pyelonephritis * Novel mechanism of action that relies
(S-649266) on active iron transport
« Severe infections caused by carbapenem-resistant ~ « High stability against hydrolysis by ESBLs®
Gram-negative and carbapenemase-producing organisms
pathogens (HCAP?, BSI®, HAP?, (including New Delhi metallo — beta-
sepsis, or VAP? ) lactamase)
* Treatment of nosocomial pneumonia » Showed superiority for the treatment of
caused by Gram-negative pathogens cUTIs and acute pyelonephritis compared to
imipenem-cilastin
Plazomicin Aminoglycoside « cUTI including acute pyelonephritis « Dosing strategies include using drug
monitoring
« Infections related to CRE (BSI, HAP, VAP, cUTI  « Potential for once daily dosing
including acute pyelonephritis)
* Activity against aminoglycoside modifying
enzymes
* Proved to significantly reduce 28-day all
cause mortality when compared to colistin for
treatment of CRE BSI infections
* Superior to meropenem for cUTIs
Eravacycline  Tetracycline o cIAT® * Largely unaffected by efflux pumps and
ribosomal protected proteins
 cUTI including acute pyelonephritis  Shown to be non-inferior for the treatment
of cIAls compared to ertapenem
* Did not achieve the primary endpoint when
compared to levofloxacin for the treatment of
cUTI
Imipenem- Carbapenem-beta-lactamase  * Imipenem — resistant infections * Beta-lactamase inhibitor is a
relebactam inhibitor (HAP, VAP, cIAL, cUTI) diazabicyclooctane inhibitor

* HAP and VAP

* Currently being studied in phase I1I studies

' ¢UTI: Complicated urinary tract infection

2HCAP: Healthcare associated pneumonia
*BSI: Blood stream infection

*HAP: Hospital-acquired pneumonia

> VAP: Ventilator-acquired pneumonia

® ESBLs: Extend-spectrum-beta-lactamases

" CRE: Carbapenem Resistant Enterobacteriaceae
8 CIAL: Complicated-intra-abdominal infection
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including a lower incidence and magnitude of serum creati-
nine elevations [87].

Relebactam is a bicyclic diazabicyclooctane, non-beta-
lactam beta-lactamase inhibitor of class A (ESBLs and
KPCs) and class C beta-lactamases that is similar in structure
to avibactam. It is being studied in combination with
imipenem-cilastatin. An amount of 4 pg/ml relebactam was
required for imipenem-resistant K. pneumoniae isolates ex-
pressing KPC carbapenemases to become susceptible to
imipenem and reduced MICs of imipenem against
Enterobacter spp. isolates, including imipenem-resistant
strains producing KPC enzymes [88¢, 89]. The efficacy and
safety of imipenem-cilastatin-relebactam has been studied
compared to the combination of colistin and imipenem-
cilastatin in a phase III trial of imipenem-resistant infections
(NCT02452047). Results are pending (Table 2).

Eravacycline is a flurocycline tetracycline with a similar
mechanism of action to other tetracyclines. This drug is dif-
ferent from others in its class because its antibacterial activity
is barely affected by active drug efflux systems and ribosomal
protection proteins [90]. Eravacycline has potent in vitro ac-
tivity against KPC-producing E. coli and K. pneumoniae, with
MIC90s of 0.5 ng/ml and 2 pg/ml, respectively [91, 92¢]. Two
clinical trials investigating the use of eravacycline for cIAI
(NCTO01844856) and cUTI (NCT01978938) have been com-
pleted. For the treatment of cIAl, the rates of clinical cure at
the test-of-cure visit were eravacycline 86.8% (191/220) ver-
sus ertapenem 87.6% (198/226) for the microbiological
intent-to-treat population. The difference in clinical cure rates
between the groups was —0.80% (95%C1,—7.1-5.5%) [93°e].
However, when compared to levofloxacin for the treatment of
complicated UTIs, eravacycline did not achieve the primary
endpoint.

Conclusion

KPC-producing organisms cause infections with high morbid-
ity and mortality. Limited treatment options are available,
though new therapies have been developed. It is likely that
the reported poor outcomes in patients with KPC-producing
infections are partially due to both delays to active therapy and
the historical need to use antibiotics with suboptimal pharma-
cokinetics and tolerability. Increased use of rapid diagnostics
can help to address therapy delays, while new agents are be-
ginning to address the latter.

Emerging data suggests that new beta-lactamase inhibitor
combinations are superior choices of therapy for most pa-
tients, though more supportive data is needed. It should be
noted that studies showing better outcomes with combination
therapies for KPC-producing infections were conducted prior
to the availability of new beta-lactamase inhibitor combina-
tions. Pipeline agents are likely to have a place in therapy for

@ Springer

the treatment of infections caused by KPC-producing isolates.
However, KPCs will continue to evolve, and new agents or
regimens should continue to be studied to mitigate the never-
ending threat of antibiotic resistance.
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