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New antibiotic development: barriers and opportunities
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ABSTRACT

Antibiotic resistance represents a serious threat to public health worldwide, leading to increased healthcare costs, prolonged
hospital stays, treatment failures and deaths. To address the emergency of multidrug-resistance, the major international societies
of infectious diseases and public health have developed strategies and guidelines to reduce unnecessary antimicrobial use as
well as to incite the development of new antibiotics targeting multidrug-resistant pathogens. Even though pharmaceutical com-
panies have been developing new antibiotics since 2010, the global situation is still worrisome. Indeed, the currently available
data regarding new antibiotics are limited to microbiological activity and pharmacokinetic profile and their use for the treatment
of life-threatening infections (i.e., sepsis) is often off-label. The aim of this article is to present the antibiotic molecules recently
commercialized and with which clinicians will deal quite often in next years. We describe ceftolozane/tazobactam,
ceftazidime/avibactam, eravacycline, plazomicin, dalbavancin, oritavancin and tedizolid in terms of mechanism of action, an-
timicrobial spectrum, trials behind the approval and possible indications for the future. In last few years, the US Food and Drug
Administration (FDA) and the European Medicines Agency (EMA) approved many new antibiotic molecules but, unfortunately,
they lack in biological innovation and in wide clinical indications. These agents show appealing properties for off-label use, as

we propose in the article, but caution is still needed considering that high-quality clinical data are limited.

Introduction

According to the Centers for Disease Control and
Prevention in the United States (CDC) and to the Eu-
ropean Center for Disease Prevention and Control
(ECDC), antibiotic resistance is a serious threat to
public health worldwide, leading to increased health-
care costs, prolonged hospital stays, treatment failures,
and sometimes deaths. In 2013 CDC estimate that ap-
proximately 2 million people every year become in-
fected with a multidrug-resistant bacterium, entailing
at least 23,000 deaths annually.! Moreover, infections
due to multidrug-resistant pathogens are common in
patients with well-known risk factors, such as recent
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antibiotic treatment, presence of prosthetic devices,
hospitalization, admission from a nursing home or
long-term facilities and the presence of these microor-
ganisms is frequently related to delays in the prescrip-
tion of an adequate treatment with consequent
increases in mortality, length of hospital stay and
healthcare costs.>?

In order to address the emergency of multidrug-re-
sistance, the major international societies of infectious
diseases and public health have developed strategies
and guidelines to reduce unnecessary antimicrobial
use as well as to incite the development of new antibi-
otics targeting multidrug-resistant pathogens. Indeed,
while in the past decades the antibiotic advancements
have overwhelmed the emergence of new bacterial re-
sistances, in 2010 there were only few antibiotics in
the pipeline and they were not enough to face the chal-
lenge against multidrug-resistant bacteria.

In recent years, the US White House, the United
Kingdom Prime Minister and the European Parliament
have stated the necessity of a global effort to reduce
the selective pressure for resistant bacteria and to pro-
mote and support the pharmaceutical research into
new antibiotics. The documents published, which pro-
vide for a roadmap for fighting antimicrobial resist-
ance, assembled many different sectors, such as public
health, health care, veterinary and agriculture, in order
to reduce the antibiotic misuse from the environment
and the livestock to the humans. Specifically, the
health care’s improvement wished by these documents
could be translated into the implementation of health
care policies and antimicrobial stewardship programs
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that could improve patient outcomes and minimize re-
sistance development by ensuring each patient re-
ceives the appropriate antibiotic at the right time, at
the correct dose and for the appropriate duration.

While the adoption of antimicrobial stewardship
strategies is contributing to the control of the spread
of bacterial resistance and although in recent years
pharmaceutical companies have developed many new
antibiotics, the global situation is still worrisome. In-
deed, the indications for these new drugs are limited
to the treatment of local infections in adult patients,
hence for the treatment of severe, life-threatening in-
fections (i.e., sepsis) the use of these new antibiotics
is often off-label. Moreover, for the majority of new
antibiotics the currently available data are unfortu-
nately limited to the microbiological activity and phar-
macokinetic profile, while information about their
effectiveness and safety in vivo is still pending.

The aim of this article is to describe each new an-
tibiotic molecule in terms of mechanism, spectrum,
trials behind the approval and its possible indications
in the future.

Ceftolozane/tazobactam

Ceftolozane, previously known as CXA-101 and
FR264205, is a new, broad-spectrum cephalosporin
that differs from ceftazidime in the presence of a heav-
ier pyrazole ring, an aminothiazole ring and an oxime
group that can prevent hydrolysis of the a-lactamase
active site among AmpC a-lactamase over-producing
Pseudomonas aeruginosa and confer stability against
a-lactamases different from AmpC, increasing the in-
hibitory activity against Enterobacteriaceae species,
including Escherichia coli and Klebsiella spp..* Fur-
thermore, Ceftolozane is not affected by changes in
porin permeability and upregulation of efflux pump,
antimicrobial resistance mechanisms that are typical
of P. aeruginosa.’ The coformulation with tazobactam,
a well-established a-lactamase inhibitor, extends the
spectrum of activity against the pathogens that harbour
class A a-lactamases, including most common ex-
tended spectrum a-lactamases (ESBLs) enzymes such
as TEM, SHV, CTX and some class C enzyme such
as AmpC, though it is not active against microorgan-
ism that produce class A serine carbapenemases and
class B metallo-a-lactamases.®’

Ceftolozane, as with cephalosporins, exhibits bac-
tericidal activity through the binding of penicillin-
binding proteins and, hence, the inhibition of bacterial
cell-wall synthesis.

Similar to other cephalosporins, the pharmacody-
namics parameter that best predicts bacteriologic ef-
ficacy for ceftolozane/tazobactam is time above the
MIC (T>MIC as a time-dependent efficacy) for 40-
50% of the dosing interval.’

[page 256]

[Italian Journal of Medicine 2016; 10:790]

press

N

Pharmacokinetics studies of ceftolozane, when ad-
ministered alone or in combination with tazobactam
as an intravenous infusion, showed a plasma protein
binding of approximately 20% and an extravascular
sites distribution.’ Moreover, ceftolozane is not a sub-
strate for the cytochrome p450 system and has no ef-
fects on cytochrome p450 enzymes at therapeutic
plasma concentrations. Indeed, it has an exclusive
renal route of elimination without significant metab-
olism since its metabolites could be found unchanged
in urine 24 h after the administration.'®!' Therefore,
subjects with a creatinine clearance equal or lower
than 50 mL/min or receiving hemodialysis, require a
lower daily dose of ceftolozane/tazobactam and, on
hemodialysis days, an administration of the drug after
completion of dialysis.!?

In a US multicenter, a surveillance study that in-
cluded multidrug-resistant P. aeruginosa and Enter-
obacteriaceae spp., ceftolozane/tazobactam remained
active in 79% and 44% of the isolates, respectively.'?
This drug, as well as other cephalosporins, has limited
activity against anaerobes, both Gram-negative and
positive, hence, when a specific anaerobic coverage is
required, an additional agent is recommended. Among
Gram-positive organisms, ceftolozane/tazobactam is
active against Streptococcus species, but has limited
activity against Staphylococcus spp. and minimal ac-
tivity against Enterococcus species.®

The clinical efficacy of ceftolozane/tazobactam
was evaluated in three phase-3 trials involving sub-
jects with complicated intra-abdominal infections
(ASPECT-cIAI), complicated urinary tract infections
(ASPECT-cUT]I) and ventilated nosocomial pneumo-
nia (ASPECT-NP).

The ASPECT-cIAI was a double-blind, multicenter,
non-inferiority randomized clinical trial that compared
ceftolozane/tazobactam [1.5 g intravenously (iv) every
8 h] plus metronidazole (500 mg iv every 8 h) versus
meropenem (1 g iv every 8 h) plus placebo for 4-14
days for the treatment of hospitalized cIAL! In total
806 subjects were eligible for the microbiological in-
tent-to-treat (MITT) analysis and approximately 50%
of the subjects in each group received therapy for up to
7 days. The most common diagnosis was appendiceal
perforation and abscess, with the most common
pathogen Enterobacteriaceae. Overall, in the
ceftolozane/tazobactam plus metronidazole and in
meropenem arms, clinical cure was found in 83% and
87.3% of patients, respectively, for the MITT popula-
tion, meeting the primary objective of non-inferiority.
In the subgroup analyses of patients with ESBL-pro-
ducing Enterobacteriaceae, the clinical cure rate was
95.8% (23/24) in the ceftolozane/tazobactam plus
metronidazole arm and 88.5% (23/26) in the
meropenem one. One-half of the ESBL-producing En-
terobacteriaceae isolates at baseline had CTX-M-14
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and CTX-M-15. Of note, although no Klebsiella pneu-
moniae carbapenemase (KPC)-producing microorgan-
ism was isolated in this study, ceftolozane/tazobactam
plus metronidazole presented higher activity against an-
tibiotic-resistant strains than meropenem [100% (13/13)
vs 72.7% (8/11)]. The incidence of any side effects and
the rate of discontinuation were similar in the two
groups. The ASPECT-cUTI was a double-blind, non-
inferiority, randomized clinical trial evaluating
ceftolozane/tazobactam (1.5 g iv every 8 h) versus lev-
ofloxacin (750 mg iv once daily) for 7 days for the treat-
ment of complicated lower UTI or pyelonephritis.'s The
primary efficacy endpoint was defined as complete res-
olution or marked improvement of clinical symptoms
and microbiological eradication at the visit occurred 7
days after last dose in the microbiological modified
MITT (mMITT) population, which included the 800
subjects who received medication and had at least one
pathogen in the urine. The most common diagnosis was
pyelonephritis, with E. coli being the most prevalent
uropathogen (78.6%). In the mMITT population, the
clinical cure rate was 76.9% in the ceftolozane/tazobac-
tam arm and 68.4% in the levofloxacin one, with this
statistically significant difference mainly due to 26.5%
of the pathogens that had baseline resistance to lev-
ofloxacin. In a subgroups analysis of subjects with
ESBL-producing pathogens, the clinical cure rate was
90.2% in the ceftolozane/tazobactam arm and 73.7% in
the levofloxacin one. The incidence of adverse effects
was similar in both groups and the most common one
was headache and gastrointestinal symptoms.

The ASPECT-NP is an ongoing, prospective, dou-
ble-blind, multicenter, randomized clinical trial which
compares ceftolozane/tazobactam (3 g iv every 8 h)
with meropenem (1 giv every 8 h) for 8 or 14 days (the
longer time if the infection was due to P. aeruginosa),
for the treatment of either ventilator-associated pneu-
monia or ventilated hospital acquired pneumonia.'® This
study is still recruiting participants and results will not
be available up to October 2018.

Currently, ceftolozane/tazobactam is approved by
US Food and Drug Administration (FDA) and Euro-
pean Medicines Agency (EMA) at the dosage of 1.5 g
iv every 8 h for 7 days for the treatment of cUTI, in-

Table 1. Renal dose adjustment for ceftolozane/tazobactam.

cluding acute pyelonephritis, and for 4-14 days, in com-
bination with metronidazole 500 mg iv every 8 h, for
the treatment of cIAl The drug is indicated only for in-
fections in adult and it is required caution in patients
with renal impairment.!” The current renal dosage ad-
justment recommendations are listed in Table 1.

Ceftolozane/tazobactam demonstrated in vitro ac-
tivity beyond its currently FDA/EMA-approved indi-
cations, including ESBL-producing Enterobacteriaceae
and drug-resistant P. aeruginosa. However, at this time,
clinical data are not sufficient to support its routine clin-
ical use in patients infected with these pathogens.

As for blood stream infections, while few patients
with concurrent bacteremia were included in the AS-
PECT-NP trial, nowadays, there is no knowledge about
the use of ceftolozane/tazobactam in this kind of infec-
tion. Recently, two papers have been published reporting
a successful treatment of sepsis due to multidrug-resis-
tant P. aeruginosa with ceftolozane/ tazobactam in an
adult'® and paediatric'” patient, respectively. Further
studies and further experiences are needed to clarify the
efficacy of ceftolozane/tazobactam in infection other
that those approved by FDA/EMA, but already available
data on microbiological efficacy and tolerability of this
drug make us hope that it would be a precious empiric
antibiotic therapy for severe and acute infections in pa-
tients with risk factors for multidrug-resistant Gram-neg-
ative bacteria.

Ceftazidime/avibactam

Ceftazidime is a third-generation cephalosporin
that was introduced in clinical use in 1985 and it re-
mains, as well other cephalosporins, an important
agent in the treatment of bacterial infections because
of its broad-spectrum activity, well-characterized
pharmacokinetics and pharmacodynamics properties
and proven efficacy and safety. Ceftazidime’s specific
chemical structure, with the presence of an aminoth-
iazole ring and an oxyimino group, strengthens its ac-
tivity against Pseudomonas spp., while it presents
lower activity against Enterobacteriaceae and Gram-
positive bacteria compared with other third-generation
cephalosporins.

Estimated CrCl (mL/min)*

Ceftolozane/tazobactam

>50 1.5g/8h

50 to 30 750 mg/8 h

29to 15 375 mg/8 h
Hemodialysis LD 750 mg, MD 150 mg/8 h°

*In the dialysis days, after dialysis; °creatinine clearence (CrCl) calculated using the Cockroft-Gault formula. LD, loading dose; MD, mantenance dose.
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Ceftazidime, as with cephalosporins, exhibits bac-
tericidal activity through the binding of penicillin-
binding proteins (PBP3 is specifically bound by
ceftazidime) and, hence, the inhibition of bacterial
cell-wall synthesis.

Avibactam, previously known as NXL104 or
AVEI1330A4, is a new semi-synthetic non-a-lactam, o-
lactamase inhibitor that forms a covalent acetylation of
the a-lactamase active-site serine residue. This process
differs from other a-lactamase inhibitor’s activity for
that fact that while others, that are known as suicide in-
hibitors, undergo an irreversible reaction producing in-
termediates that are hydrolysed, the acetylation of
avibactam is reversible since it is followed by a process
of deacylation that restores its activity.’

In vitro avibactam shows activity against class A
a-lactamase, including ESBLs and serine kinases
(KPC), class C a-lactamase, such as AmpC and some
class D a-lactamases, such as OXA-48, while it does
not inhibit Ambler’s class B metallo a-lactamase, such
as VIM, NDM, IMP and OXA-type carbapenemases
in Acinetobacter spp. owing to the absence of the ac-
tive-site serine residue.?!

Addition of avibactam to ceftazidime greatly re-
duces MICs (4-1024 times) for most Enterobacteri-
aceae isolates compared with ceftazidime alone and
it also showed activity against ceftazidime-resistant P
aeruginosa.*>? As showed in the paper written by
Sader et al., ceftazidime/avibactam can inhibit a very
high percentage and broader range of Enterobacteri-
aceae that harbour ESBLs, including carbapenemases.
Among all Pseudomonas isolates, ceftazidime/avibac-
tam was effective against 99.6% of them and in a sub-
group of isolates with ceftazidime-resistance or
meropenem-resistance, the susceptibility rates of cef-
tazidime-avibactam were reduced to 82.1% and 87.3%
respectively.? In a further study regarding the activity
of this drug against multidrug-resistant and extremely
drug-resistant Pseudomonas strains, its susceptibility
rates were 81% and 74% respectively.”® As written
above, ceftazidime/avibactam has only minimal activ-
ity against Acinetobacter spp., Gram-negative bacteria
that harbour metallo a-lactamases, anaerobic and
Gram-positive bacteria.?

Similar to other cephalosporins, the pharmacody-
namics parameter that best predicts bacteriologic effi-
cacy for ceftazidime/avibactam is time above the MIC
(T>MIC as a time-dependent efficacy) for 40-50% of
the dosing interval. Pharmacokinetics studies demon-
strated that protein binding of ceftazidime/avibactam is
lower than 10% and that 80-90% of the drug is excreted
unchanged in the urine in the first 6 h.?7*

The clinical efficacy and safety of ceftazidime/
avibactam in cIAI and cUTI was assessed by two-phase
2 and 3 clinical trials recently published.”-3? In the
prospective, double-blind, multicenter, randomized
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clinical trial conducted for patients with cIAl requiring
surgical intervention and antibiotics,*®* 303 subjects
were enrolled and then split into two groups receiving
either ceftazidime/avibactam (2.5 g iv every 8 h) plus
metronidazole (500 mg iv every 8 h) or meropenem (1
g iv every 8 h) plus placebo for a minimum of 5 days
and a maximum of 14 days. The most common isolates
were Gram-negative bacteria, first of all £. coli, which
were susceptible to both ceftazidime/avibactam and
meropenem in 100% of cases. A successful clinical re-
sponse was observed in 91.2% and 93.4% of cef-
tazidime/avibactam  plus  metronidazole  and
meropenem plus placebo groups, respectively, with an
estimated difference in response rate of —2.2%. (95%
confidence interval (CI): —20.4% to 12.2%). Moreover,
although low rates of resistant isolates, a good response
was found also in among ceftazidime-non-susceptible
bacteria (96.2% and 94.1% in the ceftazidime/avibac-
tam plus metronidazole and meropenem plus placebo
arm respectively).>

In the phase 2, prospective, double-blind, multi-
center, randomized trial conducted in patients with
cUTI, ceftazidime/avibactam (0.625 mg iv every 8 h)
was compared to imipenem/cilastatin (500 mg iv
every 6 h) for a total of 7 to 14 days, with the possi-
bility to switch to oral ciprofloxacin at least after 4
days of iv treatment.?” The most isolated pathogen was
E. coli and while 67.2% of isolated bacteria were sus-
ceptible to ceftazidime, all of them were susceptible
to imipenem. Favourable microbiological response
was achieved in 70.4% of patients treated with cef-
tazidime/avibactam and 71.4% of those receiving
imipenem/cilastatin [observed difference —1.1% (95%
CL: —27.2% to 25.0%)].% Since in both these phase-2
trials there were too few drug-resistant pathogens, a
phase-3 study (REPRISE) has been set up in order to
assess the efficacy of ceftazidime/avibactam (2.5 g iv
every 8 h) compared with the best available therapy
(carbapenem in 97% of cases) in cIAl and cUTI due
to ceftazidime-resistant pathogens. The results, re-
cently published, showed no inferiority of cef-
tazidime/avibactam treated arm in terms of efficacy,
safety and tolerability.>*

The RECLAIM-1 and RECLAIM-2 trials were
phase-3 studies evaluating the treatment with cef-
tazidime/avibactam (2.5 g iv every 8 h) plus metron-
idazole (500 mg iv every 8 h) compared with
meropenem (1 g iv every 8 h) in cIAl The study ran-
domized 1066 patients in the two arms of treatment
and, in the end, ceftazidime/avibactam was found to
be non-inferior to meropenem in clinical cure rate for
the three analyzed populations (modified intention-to-
treat, clinically evaluable and microbiologic modified
intention-to-treat).>® It is important to underline that in
this trial a subgroup analysis was performed on pa-
tients with a moderate renal impairment [creatinine
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clearance (CrCl) between 50 al 30 mL/min] at base-
line. This analysis revealed that patients receiving cef-
tazidime/avibactam had lower clinical cure rates than
those receiving meropenem (48.8% vs 74.4% respec-
tively). This outcome could possibly have resulted
from underdosing ceftazidime/avibactam in patients
with renal impairment at baseline since approximately
60% of those with CrCl <50 mL/min at baseline, had
an estimated CrCl >50 mL/min 48 h later, requiring
an increasing in the dosage of ceftazidime/avibactam.
This datum probably suggests the need for therapeutic
drug monitoring to adjust ceftazidime/avibactam
dosage in patients with renal impairment.

Others phase-3, double-blind, randomized studies
have recently been completed but their results are not
yet available: the RECAPTURE-1 and RECAPTURE-
2 evaluated the effects of ceftazidime/avibactam com-
paring doripenem for treating cUTI,*'3? while another
trial assessed the efficacy, safety and tolerability of cef-
tazidime/avibactam (2.5 g iv every 8 h) compared to
meropenem (1 g iv every 8 h) in the treatment of noso-
comial pneumonia, including ventilator-associated
pneumonia.®® Other clinical trials are currently recruit-
ing patients in order to gain pharmacokinetics data
(PK/PD parameters in critically ill patients,*® steady
state PK in cystic fibrosis,”’ ceftazidime/avibactam con-
centration in epithelial lining fluid and plasma,®® ezc.)

New antibiotic development

and to assess the efficacy and tolerability of the drug in
the paediatric population.3*4°

Currently, the US FDA approved in February 2015
the use of ceftazidime/avibactam for the treatment of
cIAlI (in combination with metronidazole) and cUTI, in
adult patients. In July 2016, EMA extended the FDA
indications for the clinical use of ceftazidime/avibac-
tam, including hospital-acquired pneumonia and venti-
lator-associated pneumonia and infections due to
aerobic Gram-negative organisms in adult patients with
limited treatment options.

The FDA and EMA indication for the clinical use
of ceftazidime/avibactam and the dosage for patient
with normal renal function (CrCl =51 mL/min) are
listed in Table 2, while Table 3 presents the recom-
mended dosage for patients with renal impairment.*'#?

Other than clinical trials, there is only little pub-
lished experience in the use of this drug for the treat-
ment of multidrug-resistant organisms (i.e.,
carbapenemase-producing bacteria). Gallagher et al.
presented an encouraging abstract with a case series of
five patients treated with ceftazidime/avibactam on
compassionate use with infections due to carbapenem-
resistant K. pneumoniae® and Camargo et al. described
a successful treatment of carbapenemase-producing
pandrug-resistant K. pneumoniae bacteracmia.* Based
on these experiences, ceftazidime/avibactam shows en-

Table 2. US Food and Drug Administration/European Medicines Agency approved indications for ceftazidime/avibactam
and its dosage for patients with normal renal function (creatinine clearance >51 mL/min).

Type of infection FDA indication = EMA indication Dosage Frequency Infusion time (h) Duration of treatment
clAl Yes Yes 25¢g Every 8 h 2 5-14 days

cUTI (including Yes Yes 25¢g Every 8 h 2 5-10 days
pyelonephritis)

HAP (including VAP) No Yes 25¢g Every 8 h 2 7-14 days
Infection due to No Yes 25¢g Every 8 h 2 Guided by the severity

Gram-negative bacteria
in patients with limited
treatment options

of the infections, the pathogen
and the patient’s clinical
and bacteriological progress

FDA, Food and Drug Administration; EMA, European Medicines Agency; cIAl, complicated intra-abdominal infections; cUTI, complicated urinary tract infections; HAP, hospital

acquired pneumonia; VAP, ventilator-associated pneumonia.

Table 3. Recommended dosage of ceftazidime/avibactam for patients with renal impairment.

Estimated CrCl (mL/min)* Dosage Frequency Infusion time (h)
50to 31 125¢g Every 8 h 2
30to 16 094 ¢ Every 12 h 2
15to 6 094 ¢ Every 24 h 2
<5° 094 g Every 48 h 2

*On hemodialysis days, administer the drug after completion of hemodialysis; °creatinine clearence (CrCl) as calculated using the Cockroft-Gault formula.
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couraging data for the treatment of carbapenem-resis-
tant bacteria Gram-negative.

Eravacycline

Eravacycline, previously known as TP-434, is the
first novel synthetic fluorocycline that contains the
typical tetracycline structure but that is characterized
by the presence of a fluorine atom at C7 and a pyro-
lidinoacetamido group at C9.* These structural differ-
ences make eravacycline able to overcome
tetracycline-specific resistance mechanism such as ac-
tive efflux pump and ribosomal protection proteins or
ribosome hydrolysis.*® As well as other tetracyclines,
eravacycline inhibits bacterial protein synthesis
through binding to the 30S ribosomal subunit and its
microbiological activity includes Gram-positive and
Gram-negative drug-resistant bacteria and anaerobes.
Indeed, eravacycline demonstrates a potent activity
against staphylococci, both methicillin susceptible and
resistant, enterococci, including vancomycin-resistant
Enteroccous faecium, and streptococci.*” Moreover,
eravacycline shows activity against a wide spectrum
of Gram-negative multidrug-resistant pathogens such
as ESBL-producing and carbapenemase-producing
Enterobacteriaceae and Acinetobacter baumannii,
against which eravacycline exhibits a fourfold higher
activity compared to tigecycline,* but, similarly to
tigecycline, eravacycline is not active against P. aerug-
inosa.’ Recently, the activity of eravacycline against
carbapenem-resistant and tigecycline-resistant Enter-
obacteriaceae and A. baumannii has been assessed
through two in vitro studies: both of them stated that
eravacycline MICs correlates closely with those of
tigecycline, but mostly were twofold lower.**>

One of the most interesting characteristics of this
new drug is the availability of both oral and intra-
venous formulations, representing an attractive option
for early oral switch from intravenous therapy. Intra-
venous eravacycline exhibits linear, dose-dependent
activity and a non-linear, concentration-dependent
protein binding profile, as reported in tigecycline, that
ranges from 12.5 to 97.3% (mean 71.4%, standard de-
viation 17.1%).’!

Eravacycline’s bacterial killing profile has been re-
cently assessed through a pharmacokinetic study on a
murine thigh infection model with two different me-
thicillin-resistant S. aureus (MRSA) and three Enter-
obacteriaceae isolates, compared to linezolid,
vancomycin and tigecycline.’? Authors demonstrated
that, although eravacycline, as well as other antibiotics
with ribosome-mediated mechanism of action, is con-
sidered bacteriostatic, its killing effect varies with the
species being tested, performing as a bactericidal drug
(at least 3-log reduction in bacterial density over a 24-
h period) against MRSA within 48 h whereas van-
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comycin, tigecycline and linezolid achieved the same
result after 72 h.%

As described by Leighton ef al. in the poster pre-
sented at the 21% European Congress of Clinical Mi-
crobiology and Infectious Diseases, the oral
bioavailability of oral solution of eravacycline ranges
from 26 to 32% with a mean of 28%.33

The phase 1 study published by Connors et al.
evaluating the distribution of eravacycline in blood
and bronchoalveolar lavage, shows an interesting abil-
ity of the drug to reach and concentrate in lungs. In-
deed, after a total of 7 doses of drug (1 mg/kg iv every
12 h) the concentrations of eravacycline in epithelial
lining fluid and in alveolar macrophages were 6-fold
and 50-fold higher than in plasma, respectively.>

Clinical efficacy and safety of eravacycline (1
mg/kg iv every 12 h or 1.5 iv mg/kg every 12 h) in
cIAl was evaluated in a phase 2 clinical trial with er-
tapenem (1 g iv every 24 h) as comparator. In all
groups the clinical response was above 90% and,
analysing the subgroup of ESBL-producing
pathogens, the successful response was 80%, 100%
and 100%, respectively.? Since this study demon-
strated that the efficacious dose of eravacycline was 1
mg/kg iv every 12 h, the following IGNITE-1 phase
3, prospective, double-blind, multicenter, randomized
trial demonstrated the non-inferiority of this dosage of
eravacycline to 1 g iv every 24 h compared to er-
tapenem (1 g iv every 24 h) for the treatment of cIAL.>¢
At the same time, the IGNITE-2, another phase 3,
prospective, multicenter, double-blind, non-inferiority
randomized trial was comparing the clinical efficacy
of eravacycline (1.5 mg/kg iv every 24 h followed by
200 mg os every 12 h) and levofloxacina (750 mg iv
every 24 h followed by 750 mg os every 24 h) for the
treatment of cUTIL.>” Each patient received a minimum
of three days of intravenous treatment and then, if clin-
ically indicated, the therapy could be switched to oral
regimen for the remaining dose for a total treatment
of 7 days. Even though the enrolment of participant
for IGNITE-2 is over and the trial’s primary end-point
of statistical non-inferiority compared to iv/os lev-
ofloxacin was not achieved, more analyses are still on-
going in order to assess the reasons for this result.*®

The most common adverse events reported in clin-
ical trials were, as well as during tigecycline treatment,
mild gastrointestinal symptoms such as nausea and
vomiting.>®

The in vivo efficacy of eravacycline and its possi-
bility to be an attractive option for the treatment not
only of cIAl and cUTI but also for other serious infec-
tions with a high incidence of drug-resistant Gram-pos-
itive and Gram-negative bacteria, was demonstrated by
murine model study performed by Grossmann et al..>
Indeed, Grossmann and colleagues found that eravacy-
cline was as effective as linezolid and more effective
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than vancomycin in MRSA lung infection models and
that, in lung infections due to tetracycline-resistant
Streptococcus pneumoniae, eravacycline was able to be
even more effective than linezolid.*

In conclusion, eravacycline is a promising antibi-
otic that extends the clinical efficacy and use of tetra-
cyclines against multidrug-resistant Gram-negative
and positive bacteria with mild common side effects
and the possibility of an early switch from a twice-
daily intravenous therapy to an oral one. Even though
eravacycline has not yet been approved by both the
FDA and the EMA and, FDA asked for the IGNITE-2
results to support a new drug application, it seems to
be credible that the use of eravacycline would be pre-
cious as an effective carbapenem-sparing regimen for
severe infection (not only cIAI and cUTI) due to
Gram-negative resistant pathogens.

Plazomicin

The aminoglycosides, one of the oldest classes of
antibiotics, have a broad spectrum of activity and a
bactericidal action due to the inhibition of protein syn-
thesis and the subsequent death of the cell. They have
often been used in combination with a-lactams or
quinolones for the treatment of severe infection,
mainly due to Gram-negative bacteria. In recent years,
their therapeutic use has been limited by concerns of
toxicity, such as nephrotoxicity and ototoxicity, and
increasing rates of antimicrobial resistance, even
though aminoglycosides maintain sufficient level of
susceptibility against multidrug-resistant pathogens,
compared to other antimicrobials.

Plazomicin, formerly known as ACHN-490, is a
next-generation aminoglycoside that has enhanced ac-
tivity against MRSA and many multidrug-resistant
Gram-negative bacteria since it is stable and active
against a wide range of the most clinically relevant
aminoglycosides-modifying enzymes (AMEs), which
are common in ESBL- or carbapenem-producing En-
terobacteriaceae.®®! Indeed, plazomicin’s chemical
structure is distinguished from the one of other classi-
cal aminoglycosides by the presence of an unsaturated
hydroxyethyl tail and an amino group in the gentam-
icin ring, which provide no substrate for the AMEs.%

Several studies have demonstrated the potential in
vitro activity of plazomicin against Gram-positive bac-
teria, mainly Staphylococcus aureus, and Gram-neg-
ative ones, such as Enterobacteriaceae and P
aeruginosa.**® In order to fill the gap in the knowl-
edge of plazomicin’s efficacy against A. baumannii,
Garcia-Salguero and colleagues evaluated its in vitro
activity against carbapenem-resistant 4. baumannii
and, in the end, they stated that though they found syn-
ergy with several antibiotic combinations, the best one
was plazomicin plus carbapenems since this resulted
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to be active against all strains of multidrug-resistant
A. baumannii, indipendently of the carbapenemases
possessed.® Presumably, the synergy observed could
be the result of the fact that the inhibition of proteins
synthesis by the aminoglycosides, which in turn re-
duces the production of the carbapenemase-enzymes,
restores the activity of carbapenems. On the other
hand, the evidence that the in vitro concentration of
aminoglycosides is 2-fold to 64-fold decreased by the
presence of carbapenems may also contribute to re-
duce aminoglycosides toxicity in humans.®® Further-
more, animal studies and two randomized,
double-blind, placebo-controlled clinical studies ob-
served only mild to moderate, transient adverse effects
and no evidence of nephrotoxicity or ototoxicity.*

Plazomicin has a linear and concentration-depend-
ing pharmacokinetic profile, with a good penetration
in the epithelial lining fluid.

The phase-2 double-blind, multicenter, random-
ized, comparator-controlled study in which plazomicin
(10 mg/kg iv every 24 h or 15 mg/kg iv every 24 h)
was compared to levofloxacin (750 mg iv every 24 h)
for the 5-days treatment of cUTI, including acute
pyelonephritis, evidenced that the clinical efficacy of
the novel aminoglycosides is comparable to the one
of levofloxacin (88% vs 81%, respectively).%> On the
basis of this results, a subsequent phase-3, double-
blind, multicenter, non-inferiority trial is now recruit-
ing subjects in order to compare plazomicin to
meropenem for the treatment of cUTI and acute
pyelonephritis in terms of clinical and microbiological
efficacy and safety. At the same time, another phase-
3, open-label, superiority, randomized trial is compar-
ing the efficacy and safety of plazomicin with colistin
when combined with a second antibiotic (either
meropenem or tigecycline) in the treatment of patients
with bloodstream infection, hospital acquired pneu-
monia, including ventilator-associated pneumonia due
to carbapenem-resistant Enterobacteriaceae.®

With the results of the phase-3 trials, expected in
late 2017 and 2018 respectively, plazomicin will be
able to go through the new drug application process
in order to gain the FDA approval and the subsequent
possibility to be used in clinical settings.

Dalbavancin

Dalbavancin, formerly called A40926, is a syn-
thetic lipoglycopeptide that maintains the classical
heptapeptide core common to all glycopeptides and,
within them, is more similar to teicoplanin, but with
differences that enhance its binding affinity and pro-
long its half-life. Indeed, the chemical structure of dal-
bavancin is characterized by the addition of a
dimethylaminopropylamide group, the lack of the
acetylglucosamine group and the substitution of an
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acylaminoglucuronate on ring 4. These changes also
lend a more rapid and powerful activity than with clas-
sical glycopeptides among Staphylococcus spp..5"%

The mechanism of action of dalbavancin is the in-
hibition of bacterial cell wall synthesis as a result of
the binding of the drug’s heptapeptide core to the C-
terminal D-alanyl-D-alanyl (D-ala D-ala) of the grow-
ing peptidoglycan.

Since dalbavancin has demonstrated no absorption
by enteral route, the intravenous administration is the
only available with a linear pharmacokinetics profile
and a high protein binding property. As regarding the
distribution of dalbavancin, Buckwalter and Dowell de-
termined that what describes the best its behaviour is a
two-compartment model: within the first 48 h, the con-
centration of dalbavancin in the central compartment
(plasma) rapidly decreases as the drug distributes into
the peripheral compartment (tissues), thereby achieving
a volume of distribution in tissues at least three times
larger than the plasma one.®® Other studies, detecting
the drug in brown fat, kidney, liver, skeletal muscle and
skin tissue, stated that dalbavancin appears to distribute
relatively equally throughout many tissue.”*’!

Furthermore, dalbavancin showed no impact on
human cytochrome (CY) P450 system and, similarly to
other glycopeptides, has a primarily renal excretion.
Currently, limited information is available for the use of
this antibiotic in patients with renal impairment, but
since studies demonstrated that the mean plasma con-
centration of dalbavancin increases by 11%, 35% and
47% in patients with mild, moderate and severe renal
impairment, respectively, preliminary FDA-approved
guidance suggests the dose adjustment listed in Table 4.

The antibacterial activity of dalbavancin is prima-
rily against Gram-positive bacteria. Even though the
use of dalbavancin is approved by FDA for the treat-
ment of infection due to S. aureus, both methicillin-
susceptible and resistant, Streptococcus pyogenes,
Streptococcus agalactiae and the Streptococcus angi-
nosus, many in vitro studies revealed that this antibi-
otic is active against other anaerobes, such as
Enterococcus and Lysteria isolates, and anaerobes
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Gram-positive bacteria, such as Corynebacterium and
Clostridium species.”>” Moreover, the in vitro study
performed by Johnson and colleagues for the evalua-
tion of interaction between dalbavancin and others an-
tibiotics used in clinical settings, showed partial
synergy, indifference and additive activity in 34.4%,
33.3% and 22.2% of simulations, respectively. More-
over, dalbavancin showed a great synergy with
oxacillin when used against MRSA."™

The clinical efficacy and safety of dalbavancin for
the treatment of skin and skin structures infections was
assessed in four phase-3 clinical trials. The first one
was a double-blind, multicenter, non-inferiority, ran-
domized trial, performed by Jauregui et al. in 2003,
comparing dalbavancin (1000 mg day 1 plus 500 mg
day 8) to linezolid (600 mg every 12 h) for 14 days
and dalbavancin achieved the statistical non-inferior-
ity endpoint [clinical success 88.9% vs 91.2% in the
dalbavancin and linezolid group, respectively (95%
CI lower limit: —7.3%)].7° As regard the tolerability,
both regimens seem to be safe: participant reported
56% and 61% of side effects in the dalbavancin and
the linezolid group respectively, but they were mild in
the majority of cases since less than 4% of patients in
either treatment regimen discontinued the therapy.”

Later, the registrational phase-3, double-blind,
multicenter, non-inferiority, randomized trials DIS-
COVER-1 and DISCOVER-2, compared dalbavancin
(1000 mg day 1 plus 500 mg day 8) to vancomycin
(15 mg/kg every 21 h) for 14 days. Physicians, blinded
to the regimen, could switch to oral regimen if clini-
cally possible: oral linezolid 600 mg every 12 h in the
vancomycin arm and oral placebo every 12 h in the
dalbavancin one. The primary endpoint in the intent-
to-treat population of non-inferiority at the 48-72-h
evaluation, was met by dalbavancin. Indeed, the early
clinical response was achieved by 79.7% and 79.8%
of subjects in the dalbavancin and vancomycin group,
respectively (95% CI: —4.5 to 4.2%) and, by the end
of the treatment, almost all subjects were successfully
treated (90.7% in the dalbavancin arm and 92.1% in
the vancomycin/linezolid one).”®

Table 4. Dose recommendation of dalbavancin in patients with renal impairment.

Regimen Estimated CrCl (mL/min)* Dosage (mg) Infusion time (h)
2-doses >30 1000 mg day 1 plus 500 mg day 8 0.5
<30 750 mg day 1 plus 375 mg day 8 0.5
Hemodialysis No adjustment 0.5
1-dose >30 1500 mg day 1 0.5
<30 1125 mg day 1 0.5
Hemodialysis No adjustment 0.5

*Creatinine clearence (CrCl) as calculated using the Cockroft-Gault formula.
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As found by Jauregui ef al., dalbavancin treatment
was well tolerated since only 32.8% of subjects re-
ferred adverse effects and, among them, only 2.1%
were serious enough to discontinue the treatment (in
vancomycin/linezolid group were 37.9% and 2.0%, re-
spectively).”

On the basis of these promising findings, in 2016
Dunne ef al. published the results of another phase-3,
double-blind, multicenter, non-inferiority, randomized
trial which compared the standard two-doses regimen
of dalbavancin (100 mg day 1 plus 500 mg day 8) to
a novel one-dose dalbavancin shot (1500 mg day 1)
for the treatment of acute bacterial skin and skin struc-
ture infections (ABSSSIs). Since the non-inferiority
primary endpoint was achieved (early clinical re-
sponse in 81.4% vs 84.2% in single dose and two-
doses regimen, respectively) and severe adverse
events were similar between the groups (1.7% vs 1.4%
in single dose and two-doses regimen, respectively),
the FDA and the EMA recently added to the already
approved two-doses regimen of dalbavancin, also the
single dose for the treatment of ABSSSIs.””7®

The use of dalbavancin in clinical real-life repre-
sents many new benefits since, being maximum a 1-
week-shot treatment, it could reduce the hospital
admission and hospital staying and, avoiding the need
of a central line, its use could increase patient’s com-
pliance and reduce the risk of central venous catheter
complication, even in terms of infections.

Currently, dalbavancin is approved only for the
treatment of cutaneous infection in adults and off-label
use (severe infection due to Gram-positive bacteria such
as sepsis, catheter-related infections and osteomyelitis)
should be carefully evaluated case by case until more
clinical data will be available. Moreover, nowadays
many trials are ongoing in order to assess the pharma-
cokinetics profile, the clinical efficacy and safety for
the use of dalbavancin in the pediatric population.”-8!

Oritavancin

Oritavancin is a new-generation lipoglycopeptide,
structurally similar to vancomycin, but with important
modifications from both structural and stereochemical
point of view. Indeed, oritavancine’s chemical struc-
ture is characterized by the presence of both two 4-
epi-vancosamine monosaccharides, one replacing
vancosamine and the other linked to ring-6 via an
amino acid residue and a highly hydrophobic N-alkyl-
p-chlorophenylbenzyl substituent linked to the disac-
charide sugar. Moreover, the capability of oritavancin
to dimerize enhances its ability both to bind and to an-
chor more effectively the peptidoglycan cell wall of
Gram-positive organisms, increasing drug’s potency.

Oritavancin exhibits its rapid bactericidal activity
through two different mechanism of actions. Indeed,
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as vancomycin, oritavancin is able to block the trans-
glycosylation and transpeptidation activities, which
are essential in peptidoglycan synthesis, but then, dif-
ferently from vancomycin, oritavancin is able to create
a second bind to the pentaglycyl (Asp/Asn) bridging
segment within peptidoglycan, which enhances orita-
vancin’s capacity of maintaining binding affinity for
the modified peptidoglycan peptide termini of van-
comycin-resistant pathogens.

Furthermore, the presence of the hydrophobic group
in oritavancin’s chemical structure, allows for interac-
tion and disruption of the cell membrane, resulting in
depolarization, permeabilization, and concentration-de-
pendent, rapid cell death. This mechanism of action,
that oritavancin shares with telavancin but not van-
comycin, makes it similar to daptomycin with the dif-
ference that oritavancin, with its multiple mechanism
of actions, has activity even against daptomycin-non-
susceptible Gram-positive organisms.®? Moreover, this
membrane-targeted mechanism of action seems to be
independent of cellar growth and division as described
by Belley and colleagues who analyzed the in vitro ac-
tivity of oritavancin against MRSA isolates in a non-di-
viding state.®

Hence, from a microbiological point of view, ori-
tavancin demonstrates activity against Gram-positive
pathogens, such as staphylococci, including MRSA,
hVISA and VISA, streptococci and enterococci, in-
cluding VRE, Micrococcus spp., Listeria monocyto-
genes and Corynebacterium spp..5*% In particular,
against MRSA, oritavancin has been shown to be 16-
to 32-fold more potent than vancomycin and linezolid
and 8-fold more potent than daptomycin when tested
against isolates in both the USA and Europe.®

In pharmacokinetics studies, oritavancin displays
consistent linear kinetic profile, the bound to serum pro-
teins is around 85-90% and the distribution into tissues
is massive, with a volume of distribution of 87.6 L.
After a single dose infusion and the initial distribution
phase, less than 10% of the drug’s peak concentration
remains in serum 24 h after, since it is accumulated into
tissues and slowly released, presenting a terminal half-
life of more than 10 days. Oritavancin is predominantly
cleared via the reticuloendothelial system and then
slowly excreted unchanged in urine and feces (<5% and
1% of drug is eliminated after 14 days, respectively).$
Hence, oritavancin does not require dose adjustment in
patients with both hepatic and renal dysfunction, even
those in hemodialytic treatment, since the drug is not
removed by dialysis.®

In time-kill experiments, oritavancin exhibits con-
centration-dependent bactericidal activity by 24 h
against all most common Gram-positive bacteria.” In-
triguingly, oritavancin’s multiple mechanisms of ac-
tion confer activity against vancomycin-susceptible
and -resistant organisms, as well as rapid, concentra-
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tion-dependent killing versus actively growing, sta-
tionary phase, and biofilm-producing Gram-positive
organisms.

Oritavancin was evaluated in two phase-3, double-
blind, multicenter, non-inferiority trials, SOLO-1 and
SOLO-2, which compared a single-dose of oritavancin
(1200 mg iv followed by place iv every 12 h for the
remaining days of treatment) to vancomycin (15
mg/kg iv every 12 h for 7-10 days) for the treatment
of acute bacterial skin and skin structure infections.”'?
These trials enrolled a total of 1959 subjects and, no-
tably, rates of MRSA identification were considerable
between arms and in both trials (21.9% and 20.9% in
SOLO-1 and 19.9% and 20.1% in SOLO-2). In both
studies, oritavancin met the non-inferiority primary
clinical response endpoint (82.3% vs 78.9% in orita-
vancin vs vancomycin arms, respectively, in SOLO-1
and 80.1% vs 82.9% in oritavancin vs vancomycin
groups, respectively, in SOLO-2). Oritavancin met
also non-inferiority in two other endpoints in both tri-
als: the additional predefined efficacy one of investi-
gator-assessed clinical cure and the proportion of
patients attaining a lesion reduction above 20%. As re-
gard to the safety profile of oritavancin, the two reg-
istration trials showed similar rates of adverse effects
in both arms and the most common (>3%) were nau-
sea, headache and vomiting. Serious side effects were
reported only in 5.8% and 5.9% of patients on orita-
vancin and vancomycin, respectively. Compared to
vancomycin, oritavancin group had more events of in-
fusion site phlebitis, elevation of ALT levels and limb
and subcutaneous abscess.

Intriguingly, oritavancin differentiates to van-
comycin in drug-drug and drug-lab interactions. In-
deed, in a study that enrolled healthy adult volunteers,
oritavancin acted as a non-specific, weak inhibitor of
some CYP450 enzymes (2C9, 2C19) and as an in-
ducer of others (3A4, 2D6). Hence, when oritavancin
was co-administered with warfarin and omeprazole,
CYP2C9 and CYP2C19 substrates, it was registered
a 31% and 15% increase in the warfarin and omepra-
zole plasma concentration, respectively.®* In addi-
tion, the interaction between oritavancin and
CYP3A4, CYP2D6 enzymes resulted in a decreased
exposition to midazolam (—18%).

Furthermore, oritavancin, due to its ability to bind
to the phospholipid reagent, is able to interfere with
several laboratory values, such as the prolonged acti-
vated partial thromboplastin time and the prolonged
prothrombin time/international normalized ratio.
These drug-laboratory interactions make the use of
these tests unreliable. Nowadays, many trials are on-
going with the aim to better evaluate oritavancin-lab-
oratory interactions and to help clinicians dealing with
patients who are on chronic warfarin anticoagulation
therapy while they are on oritavancin treatment.’*%
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In August 2014 and in March 2015, the US FDA
and the EMA approved, respectively, the use of orita-
vancin for the treatment of the acute bacterial skin and
skin structure infections in adult. The recommended
dosage for healthy adult is a single-dose treatment of
1200 mg iv of drug and no adjustments are required
for both hepatic and renal impairment.***’

Despite the FDA and EMA approved labelled indi-
cations are narrow, the pharmacokinetic and pharma-
codynamic characteristics of oritavancin let clinicians
think to this antibacterial agent as an innovative treat-
ment for infections other than the cutaneous ones. In-
deed, its broad spectrum and the activity against
vancomycin-resistant enterococcli, its tolerability profile
with an only minimal nephrotoxicity and its easy han-
dling are characteristics that lead clinicians to use this
molecule in managing difficult-to-treat Gram-positive
infections, such as bacteraemia, endocarditis and os-
teomyelitis, or infections in fragile subjects, such as
those with renal impairment or with low compliance to
any kind of multiple-doses antibiotic regimen.

Tedizolid

Tedizolid, formerly known as TR700, is a second-
generation oxazolidinone with an expanded-spectrum
of activity and a reassuring safety profile. It is com-
mercialized as an inactive prodrug tedizolid phosphate
that is rapidly converted in humans to the active com-
pound tedizolid by hydrolysis of the phosphate group.
As well linezolid, tedizolid inhibit protein synthesis
by binding to the 50S ribosomal subunit, hampering
aminoacyl t-RNA binding to the A-site of the peptidyl
transferase center (PTC).”** The PTC binding-site for
tedizolid is the same as for linezolid, even though the
D-ring of tedizolid may engage additional sites on the
ribosome and it is likely responsible for the greater po-
tency than linezolid.!%

Tedizolid broad spectrum of activity was assessed
in many studies, showing that it has great activity
against staphylococci, streptococci and enterococci, in-
cluding multidrug-resistant pathogens, such as van-
comycin-resistant, daptomycin-nonsusceptible and
linezolid-resistant strains.'*'"'> Compared to linezolid,
tedizolid has been shown to have 4- to 16-fold greater
in vitro activity against methicillin-susceptible and -re-
sistant S. aureus, streptococci and enterococci and to
maintain its efficacy against linezolid-resistant S. aureus
with ¢fi- multidrug-resistance gene mutation.!?! To date,
the plasmid-borne ribosomal methyltrasferase gene, cfr,
has been identified in many Gram-positive and Gram-
negative pathogens around the world and will likely
continue its spreading because of a low cost of fit-
ness.!'® Acquisition of the ¢fi gene leads to a broad
cross-resistance to linezolid, as well as to phenicols, lin-
cosamides, streptogramins and macrolides.”®!% As re-

OPEN 8ACCESS



\“_,l"'ess New antibiotic development

gard to linezolid, cfr-mediated methylation of 23S
rRNA impedes the binding of the antibiotic molecule
to its target for steric reasons. Hence, the substitution
of the acetamide group with a smaller hydroxymethyl
one in tedizolid, allows the binding of the drug and thus
activity is retained even against ¢fi-positive isolates.!"!
Furthermore, tedizolid differentiates from linezolid also
for the fact that it does not select the retention of the
cfr-gene, suggesting a therapeutic advantage for tedi-
zolid when cfi-positive strains may be present.'%

In despite of the activity of tedizolid against sus-
ceptible Gram-positive bacteria and linezolid-resistant
methicillin-resistant S. aureus is maintained,'’’ re-
cently Klupp and colleagues evaluated the in vitro ac-
tivity of this new oxazolidinon against vancomycin-
and linezolid-resistant E. faecium isolates with 23S
rDNA mutations. Unfortunately, preliminary results
evidenced that, although tedizolid MICs were lower
than linezolid ones, they remained above the FDA-ap-
proved tedizolid breakpoint (2-32 mcg/mL), limiting
the value of an empiric treatment with tedizolid when
a linezolid-resistant vancomycin-resistant E. faecium
is suspected.!%®

Currently, the antimicrobial susceptibility MIC
breakpoints that are available and FDA-approved for
tedizolid are against S. aureus and the MIC values are
<0.5, 1 and 2 mcg/mL for susceptible, intermediate and
resistant strains, respectively. Moreover, nowadays, no
commercially available susceptibility testing method is
usable for clinical microbiology laboratories, although
a lyophilized broth microdilution system (Sensititre®;
Thermo Fisher Scientific, Oakwood Village, OH, USA)
seems to be at hand in next future.'?”

As regard the pharmacokinetic profile, tedizolid is
a concentration-dependent antimicrobial agent with an
equivalent oral/intravenous bioavailability (91%), a
high protein bond (70 to 90%) and a large volume of
distribution (67-80 L). It is primarily metabolized in
the liver and it is excreted mostly in feces (82%).
Thanks to the high oral bioavailability, tedizolid is
available at the same dosage of 200 mg once daily for
both routes of administration and no dose adjustment
is required in patients with hepatic or renal impair-
ment.""” Furthermore, recently, a pharmacokinetic
study of tedizolid in normal weight and obese adults
has been published: although the study enrolled only
9 healthy adults in each group, it demonstrated that te-
dizolid does not require dose adjustment either in mor-
bidity obese adults.'!!

Time-to-kill studies have shown that tedizolid, as
other oxazolidinones, has a bacteriostatic activity against
both staphylococci, streptococci and enterococci.

The clinical efficacy and tolerability of tedizolid
has been assessed in two phase-3, double-blind, mul-
ticenter, non-inferiority, randomized trials (ESTAB-
LISH-1 and ESTABLISH-2) which compared a 6-day
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regimen of tedizolid (200 mg once daily) to a 10-day
therapy with linezolid (600 mg every 12 h) for the
treatment of adult acute bacterial skin and skin struc-
ture infections.!'>!"* The only difference between the
two registrational trials was that while the first study
compared oral tedizolid to oral linezolid, in the second
one subjects received at least two doses of intravenous
therapy before allowing a switch to oral regimen of
tedizolid or linezolid. In both trials methicillin-resis-
tant S. aureus was isolated in considerable and similar
rates in the tedizolid and linezolid groups (42.1% and
43.1% in tedizolid and linezolid arms, respectively in
ESTABLISH-1 trial and 27% and 28% respectively in
the ESTABLISH-2 trial). In both trials, tedizolid met
the non-inferiority primary endpoint of clinical early
response within 48-72 h."'>!"3 The safety profile of te-
dizolid has been investigated in both the ESTABLISH
studies and the most common adverse events were
mild such as nausea, headache and abscess and they
were reported in the tedizolid group less frequently
than in the linezolid one (16% vs 23%). Severe side
effects that required the discontinuation of the therapy
occurred in less than 1% in both arms. Notably, a
lower percentage of patients in the tedizolid group ex-
perienced a platelet count reduction (6.4% in the tedi-
zolid group vs 12.6% in the linezolid one), under
150,000/mmec. Furthermore, recently the findings of a
phase 1 study comparing increasing doses of tedizolid
(200, 200, 400 mg every 24 h, respectively), standard
dose of linezolid (600 mg every 2 h) and placebo in
healthy subjects, supported further clinical studies of
extended treatment duration with tedizolid since for
tedizolid, mean platelets counts decreased over time
in a dose-dependent manner and abnormal hematolog-
ical values were observed only in those participants
assuming scheduled dosage of linezolid or the highest
dosage (400 mg/die) of tedizolid."* Moreover, another
phase-1 study, with the aim to assess the effects of te-
dizolid on the QTc interval, compared tedizolid, using
both a single therapeutic dose (200 mg) and a
supratherapeutic one (1200 mg), to moxifloxacin in
healthy adults. The results of this study demonstrated
that even the higher dosage of tedizolid had fewer ad-
verse events than moxifloxacin and that those oc-
curred were generally mild and clinically
insignificant.!® In addition, differently from linezolid,
tedizolid does not appear to inhibit, in a substantial
way, the monoamine oxidase system and thus it could
be considered as an alternative treatment in patients
with concomitant use of serotoninergic agents.!!¢
Furthermore, since many studies have already as-
sessed the high pulmonary diffusion of tedi-
zolid,""!"% currently, it is ongoing a phase-3,
double-blind, randomized clinical trial with the aim
to assess the clinical efficacy of a 7-day course of te-
dizolid (200 mg iv every 24 h) compared to a 10-day
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Table 5. US Food and Drug Administration and European Medicines Agency indications and off-label possible indications

for each novel antibiotic described above.

Antibiotic

FDA approved-indication

Possible off-label indication

Ceftolozane/tazobactam cUTI, cIAI

HAP/VAP, severe and deep infections
due to suspected MDR Gram-negative bacteria

Ceftazidime/avibactam

cUTI, cIAI (EMA: also for HAP/VAP
and severe Gram-negative infections

HAP/VAP, severe and deep infections
due to MDR Gram-negative bacteria

with no other therapeutic options available)

Eravacycline Approval is still pending cUTI, cIAI, HAP/VAP, severe and deep infections
due to suspected MDR Gram-negative bacteria
Plazomicin Approval is still pending cUTI, sepsis and HAP/VAP
due to carbapenem-resistant Gram-negative bacteria

Dalbavancin ABSSSI Osteomyelitis, sepsis and endocarditis

due to Gram-positive pathogens
Oritavancin ABSSSI Osteomyelitis, sepsis and endocarditis

due to Gram-positive pathogens
Tedizolid ABSSSI Osteomyelitis, HAP/VAP, CNS infections

FDA, Food and Drug Administration; cUTI, complicated urinary tract infections; cIAI, complicated intra-abdominal infections; HAP, hospital acquired pneumonia; VAP, ventilator-as-
sociated pneumonia; EMA, European Medicines Agency; MDR, multi-drug resistant bacteria; ABSSSI, acute bacterial skin and skin structure infections; CNS, central nervous system.

course of linezolid (600 mg iv every 12 h) for the
treatment of ventilated patients with presumed gram-
positive hospital-acquired pneumonia or ventilator-
associated pneumonia (in both arms, subjects with
concurrent gram-positive bacteremia must receive a
14-day course of active treatment).!’® To date this
study is still recruiting participants and primary data
are not expected before late 2018.

Although, nowadays, tedizolid could be used only
for the treatment of adult cutaneous infections (AB-
SSSI),!12:12! jts pharmacological characteristics encour-
age clinicians to consider its use for the treatment of
other infections due to Gram-positive bacteria or for
patients who cannot bear a multiple-daily dosing reg-
imen or in whom an oral regimen is preferred.

Discussion and Conclusions

Advances in the treatment and prevention of infec-
tious diseases are one of the greatest gains in medicine
of the past century and this, at least in part, is due to
antibiotic discovery and development.!?? In recent
years, the spread of multidrug-resistant pathogens and
the presence of a weak antibiotic pipeline have led to
calls for a variety of incentives to spur development
of new antibiotic, particularly those against multidrug-
resistant bacteria.

In the last few years, the FDA and the EMA ap-
proved many new antibiotic molecules while for others
approval is still pending. As presented in this article, the
majority of the recently approved antibiotics belong to
an already-existing drug classes, first of all a-lactams
and glycopeptides, thus lacking in biological innovation
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or public health importance.'? In addition, most of reg-
istrational trials of these new antibiotics were designed
as non-inferiority trial, so that it is not possible to assess
the superiority of these newer regimens than those al-
ready existing, Indeed, none of these trials evaluated di-
rect patient outcomes as primary endpoint (patient
mortality and patient disability) and the assessment of
clinical cure and clinical response were often based on
clinician’s personal judgment.

Moreover, many of the novel antibiotics have the
same indications, as showed in Table 5.

Concluding, as antibiotic research and develop-
ment need to move forward, greater attention needs to
be focused on new molecules, with new mechanism
of actions, highly active on multidrug-resistant organ-
ism, available in oral formulations or in single-shot
regimens and with demonstrated superiority to exist-
ing antibiotics in clinical trials.

Only in this way the gains in medicine of next
decades would be as great as the one we had in the
20" century.
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