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ABSTRACT

The indiscriminate and massive antibiotic use in the clin-
ical practice and in agriculture or cattle during the past few
decades has produced a serious world health problem that en-
tails high morbidity and mortality: the antibiotic multi-drug
resistance. In 2017 and 2019, the World Health Organization
published a list of urgent threats and priorities in the context
of drug resistance, which only included Gram-negative bac-
teria and specially focused on carbapenem-resistant Acine-
tobacter baumannii and Pseudomonas aeruginosa, as well
as carbapenem and third generation cephalosporin-resistant
Enterobacteriaceae. This scenario emphasizes the need of de-
veloping and testing new antibiotics from different families,
such as new beta-lactams, highlighting cefiderocol and its
original mechanism of action; new beta-lactamase inhibitors,
with vaborbactam or relebactam among others; new quinolo-
nes such as delafloxacin, and also omadacycline or eravacy-
cline, as members of the tetracycline family. The present work
reviews the importance and impact of Gram-negative bacterial
infections and their resistance mechanisms, and analyzes the
current therapeutic paradigm as well as the role of new antibi-
otics with a promising future in the era of multi and pan-drug
resistance.

Keywords: Gram-negative rods, multi-resistance, new antibiotics,
cefiderocol

INTRODUCTION

Gram-negative bacterial infections are one of the major
global public health problems. The high rate of antibiotic re-
sistance and the increasing frequency of outbreaks of health-
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care-associated infections lead to high morbidity and mortal-
ity [1-3]. Enterobacteriaceae (Enterobacteriaceae family) and
non-fermenting Gram-negative bacilli are the two main groups
of isolates with the highest pathogenicity and multidrug re-
sistance causing hospital infections. In the case of the former,
Escherichia coli, Klebsiella spp, Enterobacter spp, Proteus spp,
Citrobacter spp, or others with frequently digestive involvement
such as Salmonella spp, Shigella spp, or Yersinia spp. are among
the most frequently isolated microorganisms, producing urinary
tract infections, hospital-acquired bacterial pneumonia (HABP)
and mechanical ventilation-related pneumonia (VAP), meningi-
tis, intra-abdominal infections, bacteremia, and sepsis of various
foci, among others. As for the latter, Acinetobacter baumannii,
Stenotrophomonas maltophilia or Burkholderia cepacia are of
interest due to their role as opportunistic pathogens especially
in critical care units and special hosts, and Pseudomonas aerug-
inosa, due to its high virulence and prevalence [1,4-6].

In 2017 and, later, in 2019, the World Health Organization
(WHO) published a list of resistant pathogens stratified into
different degrees of priority based on criteria such as mortali-
ty, socioeconomic burden, prevalence of resistance, transmis-
sibility, preventability in the healthcare setting, and treatment
options [7]. The critical priority multidrug-resistant (MDR)
pathogens included only Gram-negative bacteria, namely car-
bapenem-resistant A. baumannii and P. aeruginosa, as well as
enterobacteria resistant to carbapenems and third-generation
cephalosporins. This multi-resistance results from the expres-
sion of drug inactivating enzymes or diverse non-enzymatic
derivatives, being transmissible through the transfer of mobile
genetic elements such as plasmid beta-lactamases or amino-
glycoside-modifying enzymes; or they could be non-transmis-
sible through chromosomal mutations, as happens with efflux
pumps, alterations in membrane permeability or some inacti-
vating enzymes, among others [5,8].

Therefore, the present work aims to review the impor-

tance and impact of Gram-negative bacterial infections and
their resistance mechanisms, in addition to analyzing the cur-
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rent therapeutic paradigm and the role of new antibiotics with
a promising future in this era of multi- and pan-resistance,
with special emphasis on cefiderocol.

INFECTIONS BY GRAM-NEGATIVE BACTERIA AT
“BIRD'S EYE VIEW"

With great clinical importance and high morbimortality
and prevalence, infections by Gram-negative bacteria have
a high rate of antibiotic resistance that threatens healthcare
systems worldwide, generating outbreaks of nosocomial infec-
tion of particular importance in critical care units and immu-
nocompromised patients [1-3].

In contrast to Gram-positive microorganisms, Gram-neg-
ative bacteria have two membranes surrounding the peptido-
glycan bacterial wall. While the membrane is involved in mul-
tifunctional processes, both structural and molecular transport
and biosynthetic functions, one of the most potent major bac-
terial inducers of the immune response, lipopolysaccharide, or
LPS, is found in the lipid bilayer that makes up the outer mem-
brane [9]. Composed of a hydrophilic polysaccharide, antigen
0 and lipid A, the latter is responsible for the high endotoxic
activity of Gram-negatives and is thus one of the most impor-
tant determinants of pathogenicity [5, 6]. Moreover, this mem-
brane structure is the main procurer of many of the mecha-
nisms of resistance to a wide range of antibiotics that make
Gram-negatives one of the major health threats. While hy-
drophobic drugs, such as aminoglycosides or macrolides, pass
through passive diffusion, the highly hydrophilic beta-lactams
cross the outer membrane through porins [10], so that their
protein and lipid composition has a great impact on antibacte-
rial susceptibility and the generation of high-grade resistance,
to a greater extent than in Gram-positive bacteria [10,11].

With great clinical importance and high morbimortality
and prevalence, infections by Gram-negative bacteria have
a high rate of antibiotic resistance that threatens healthcare
systems worldwide, generating outbreaks of nosocomial infec-
tion of particular importance in critical care units and immu-
nocompromised patients [1-3].

Two main groups are responsible for most of the significant
clinical isolates of high pathogenicity and multidrug-
resistance, causing hospital infections: enterobacteria
- Enterobacteriaceae family - and non-fermenting Gram-
negative bacilli.

With more than 30 genera and 100 species, enterobac-
teria account for practically 80% of infections caused by
Gram-negative bacteria in the hospital setting, including
urinary tract infections, nosocomial and VAP, meningitis,
intra-abdominal infections, bacteremia and sepsis of differ-
ent foci, as well as endotoxic shock, among others. Among
the most frequent are E coli, Klebsiella spp, Enterobacter
spp, Proteus spp, Citrobacter spp, or others with frequent
digestive involvement such as Salmonella spp, Shigella spp,
or Yersinia spp. On the other hand, the group of non-fer-
menting Gram-negative bacilli includes pathogens of high

virulence, prevalence and antibiotic resistance such as P.
aeruginosa, to microorganisms with a lower degree of path-
ogenicity and frequency, but of interest as originators of
opportunistic infections or with high multidrug resistance in
the hospital environment and, predominantly, in critical care
units or in patients with comorbidities, high risk of coloni-
zation and frequent exposure to antibiotherapy, such as A.
baumannii, S. maltophilia or B. cepacia [1,4-6].

THE ERA OF RESISTANCE

Since the discovery of penicillin by Alexander Fleming in
1929, a large number of antibiotic agents have been devel-
oped that have contributed to the global shift from infectious
and contagious pathology as the main cause of morbidity and
mortality to chronic non-communicable pathology. However,
the massive and indiscriminate use of antibiotics in clinical
practice and in agriculture or animal husbandry during the last
decades has generated a problem that threatens, once again,
the control that health systems had achieved over infectious
pathology: antibiotic resistance [12]. In the USA, more than 2.8
million infections due to resistant microorganisms occur an-
nually, causing more than 35,000 deaths per year and with an
associated cost of more than 2 billion dollars [13].

In the last 15 years, the problem of antibiotic resistance
to two or more drugs, or multidrug resistance, particularly in
Gram-negative bacteria, has increased exponentially, challeng-
ing the management of severe nosocomial infections, increas-
ing morbidity and mortality again, and generating strains with
extreme resistance and even pan-resistance (PDR) [14,15].

In 2017, WHO published a list of resistant pathogens strat-
ified into different degrees of priority (critical, high, and medi-
um priority) based on the threat they pose to public health
and the urgency of the need for new antibiotics or therapeutic
tools with which to address them [7]. The critical priority mul-
tidrug-resistant (MDR) pathogens included only Gram-nega-
tive bacteria, namely carbapenem-resistant A. baumannii and
P. aeruginosa, as well as carbapenem-resistant enterobacteria
and third-generation cephalosporins. This classification, based
on criteria such as mortality, socioeconomic and health system
burden, resistance prevalence and 10-year trend, transmissi-
bility, preventability in the health care setting, and treatment
options, aims to prioritize research and development of new
antimicrobial strategies [7].

The mechanisms of antimicrobial resistance in gram-nega-
tive bacteria result on the one hand from the expression of en-
zymes capable of inactivating the drug or, on the other hand,
are derived from diverse non-enzymatic mechanisms. In turn,
they may originate from non-transmissible mechanisms due to
chromosomal mutations (inactivating enzymes, efflux pumps,
alterations in the molecular target or in membrane permea-
bility) or may be transmissible through the transfer of mobile
genetic elements such as plasmid beta-lactamases, aminogly-
coside-modifying enzymes, or plasmidic non-enzymatic mech-
anisms as part of quinolone resistance in enterobacteria [5,8].
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Following the WHOQ's critical prioritization, we will now
review the clinical importance and the main resistance mecha-
nisms of the main Gram-negative bacterial threats in this new
era of multidrug resistance.

Acinetobacter baumannii is an aerobic Gram-negative
bacillus that frequently causes nosocomial infections in critical
care patients, such as VAP. The treatment of severe A. bau-
mannii infections resistant to all beta-lactams, their combi-
nations with beta-lactamase inhibitors and fluoroquinolones
has become a serious challenge in clinical practice. This fact
has required recovering antimicrobial treatments of yesteryear
with significant toxicity as rescue therapy, including among
others polymyxins (colistin and polymyxin B) [16,17]. Carrier
of an intrinsic AmpC-type cephalosporinase, its main mecha-
nism of multidrug resistance consists in the production of be-
ta-lactamases. Although efflux pumps can also be found (i.e.
tigecycline efflux by overexpression of RND or AdeABC type
pumps), aminoglycoside modifying enzymes (acetyltransferas-
es, adenylyltransferases and phosphotransferases encoded by
plasmids as well as integrons and transposons), alterations in
membrane permeability (due to lower expression of porins as-
sociated with resistance to carbapenems or loss of LPS with
decreased sensitivity to colistin), or alterations of molecular
targets of antibiotherapy, such as the well-known PBPs and
their diverse resistance associated with beta-lactams or DNA
gyrase, in relation to decreased susceptibility to quinolones
[5,18,19].

Emphasizing the main resistance mechanisms, the 4 class-
es of beta-lactamases have been described in A. baumannii.
While some have a narrower spectrum (e.g., TEM-1, SCO-1 or
CARB-4), the isolation of extended-spectrum beta-lactama-
ses (ESBL)-producing strains, such as GES-11 or CTX-M, with
reduced susceptibility to carbapenems is frequent [5]. In ad-
dition, class B beta-lactamases or metallo-beta-lactamases
(MBL), which are a major problem worldwide, have potent car-
bapenemase activity and confer resistance to all beta-lactams
except monobactams [18, 19]. It can also be a producer of
class C beta-lactamases, defined by resistance to cephamycins
and which can be identified in the antibiogram by their re-
sistance to cefoxitin, with penicillinase and cephalosporinase
activity. We cannot forget the class D beta-lactamases or OXA
beta-lactamases, especially in our environment, capable of hy-
drolyzing a broad spectrum of cephalosporins and carbapen-
ems and which, in the case of A. baumannii, OXA-23, OXA-24
and OXA-58 constitute emerging carbapenemases capable of
generating serious outbreaks of nosocomial infection with dif-
ficult and complex therapeutic approach [18-20].

Pseudomonas aeruginosa is one of the most frequent
nosocomial pathogens [21]. In addition to presenting intrinsic
antibiotic resistance mechanisms (such as overexpression of
efflux pumps or altered permeability, as previously described
with A. baumannii), it is capable of acquiring exogenous ge-
netic material, resulting in the emergence of MDR strains with
combined resistance to beta-lactams -including carbapen-
ems-, aminoglycosides and fluoroquinolones [22].

Regarding endogenous mechanisms, the production of
AmpC-type beta-lactamases induced by some beta-lactam
antibiotics such as imipenem, or their overexpression pro-
duced by mutations in ampC, ampR, ampD or ampE genes
[19] should be highlighted. In addition, we start from an in-
trinsic resistance to a wide range of antimicrobials product
of the low intrinsic permeability of its outer membrane and
the expression of efflux pumps, added to the inducible AmpC
enzyme. In P. aeruginosa, class A, B, C and D beta-lactama-
ses have also been identified, capable of conferring diverse
resistance to the most commonly used antipseudomonal
cephalosporins such as ceftazidime or cefepime [23], as well
as piperacillin-tazobactam and carbapenems. The ease of
acquiring resistance, both by chromosomal mutations and
through horizontal acquisition of resistance determinants,
has led to an increase in the prevalence of MDR or extremely
resistant isolates (XDR). The production of IMP or VIM-type
MBLs in P. aeruginosa strains with potent and broad carbap-
enemase activity has emerged as a serious emerging prob-
lem and is one of the reasons why WHO has considered these
strains as a critical priority threat [7].

P. aeruginosa shares the mechanisms of aminoglyco-
side resistance previously discussed for A. baumannii through
aminoglycoside-modifying enzymes, and resistance to fluo-
roquinolones is determined both by chromosomal mutations
in genes encoding DNA gyrase or topoisomerase |V, as well
as expulsion of the drug into the extracellular space by active
transport [5].

Enterobacterales resistant to third-generation cepha-
losporins and those resistant to carbapenems constitute the
other two critical threats highlighted by the WHO to prioritize
the development of new drugs and therapeutic strategies [7].
Resistance of the Enterobacteriaceae family to cephalosporins
is determined by the production of beta-lactamases. New mu-
tations can be added to some class A, lower spectrum, capa-
ble of hydrolyzing ampicillin, amoxicillin, and early generation
cephalosporins such as TEM-1, TEM-2, or SHV-1, generating
extended spectrum resistance to third generation cephalo-
sporins, coexisting, on the other hand, with other ESBL such
as CTX-M, capable of hydrolyzing cefotaxime more efficiently
than ceftazidime [5].

However, resistance to carbapenems is an emerging
problem of greater therapeutic complexity, of particular
importance in critical care units. Since their description in
the 1990s, their incidence has been increasing relatively
homogeneously worldwide. Beyond those enterobacteria
with intrinsic resistance to imipenem, such as Proteus spp,
Morganella morganii or Providencia spp, the main problem is
the production of carbapenemases [24,25]. There are 5 main
types; the KPC or carbapenemases of Klebsiella pneumoniae
(predominant, as their name indicates, in K. pneumoniae but
not exclusive and also present in other enterobacteria), the New
Delhi type MBL (or NDM), the VIM type MBL, both of global
importance in the family, or the IMP type MBL -of importance,
as has been mentioned, fundamentally in P. aeruginosa, as well
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as the OXA-48 incidents, characteristic of K. pneumoniae and E.
coli isolates, which exhibit varying degrees of hydrolytic activity
and resistance to carbapenems [26].

FUNDAMENTALS OF THE TREATMENT OF
INFECTIONS CAUSED BY MULTIDRUG RESISTANT
GRAM-NEGATIVE BACTERIA

The selection of the appropriate antibiotic treatment
for infections by resistant Gram-negative bacteria in com-
plex patients depends on numerous highly interrelated
factors, including characteristics of the pathogen and the
origin of the infection, host-dependent factors, as well as
factors related to antibiotherapy. In the factors related to
the microorganism, it is essential to have data on the phar-
macoepidemiology of resistance and the local epidemio-
logical pattern, and it is necessary to consider not only the
clinical focus, but also the community, healthcare-related
or nosocomial context of the infection. In addition, in many
cases, the choice of treatment is determined by the micro-
biological history of the patient, his clinical, immunological
and comorbidity status, and by considerations that combine
characteristics of the host and the drug or drugs chosen,
such as pharmacokinetic or pharmacodynamic parameters,
the safety profile and individualized toxicity, the ability to
penetrate tissues or biofilms, as well as the spectrum, ac-
tivity and post-antibiotic effect. We should not forget, also,
in a public health system such as ours, the importance of
taking into account the costs involved, the relevance of the
use of some drugs or others, and the limitations of availa-
bility.

Multidrug-resistant Gram-negative pathogens present
sometimes extremely limited therapeutic options, not only
because of their sensitivity profile, but also because of the
constellation of factors previously highlighted, which have
led to a renewed interest in older drugs, previously discarded
because of their high toxicity, such as colistin [17,27], and
to use higher doses with new infusion regimens (prolonged
or continuous infusion) or routes of administration (topical,
nebulized inhalation, instillation) and combination treat-
ments with a consequent increase in the risk of adverse ef-
fects.

Following the WHO critical threats approach, A. bau-
mannii is one of the paradigms of extreme resistance to
antibiotherapy. In sensitive strains, carbapenems are ide-
al agents for use. However, due to high-grade resistance,
for more than a decade, treatment of severe A. baumannii
infections has relied on the use of colistin, both in mon-
otherapy and combination regimens [28,29]. However, in
addition to nephrotoxicity and limitations in the knowl-
edge of the drug that have forced its rediscovery in the
strictly literal pharmacological sense, randomized clinical
trials have shown that polymyxins generally present sub-
optimal efficacy [30]. Aminoglycosides may be useful, de-
spite the obvious limitations, such as the high rate of re-
sistance, nephrotoxicity, low pulmonary concentration in

systemic treatments, and the scarce evidence of efficacy
in inhaled treatments of both aminoglycoside and colis-
tin [16]. The use of minocycline or tigecycline seems to
be synergistic with colistin and they are better tolerated
[31,32]. In cases with resistance to minocycline or colis-
tin, their combination can be effective, as well as with
trimethoprim-sulfamethoxazole or rifampicin [5]. On the
other hand, sulbactam monotherapy or combined regi-
mens with sulbactam have shown at least similar efficacy
compared to other possibilities described [33].

Pseudomonas infections are more virulent than A. bau-
manniiand those produced by MDR, XDR, and even PDR strains
are of special concern. Although the therapeutic arsenal has
recently expanded with the appearance of ceftolozane-tazo-
bactam or ceftazidime-avibactam, polymyxins, in some cases,
represent the only therapeutic option [34]. In this type of in-
fections, not only the combination of drugs, especially with 2
or more, such as fosfomycin, aminoglycosides or quinolones,
but also the increase of dosage and extended perfusion reg-
imens with time-dependent antibiotics, such as carbapenems,
which seek to optimize PK/PD parameters and time above the
minimum inhibitory concentration (MIC) [34], has a special
role [34]. In P. aeruginosa MDR isolates with AmpC production
and mutation in porins, resistant to carbapenems but without
carbapenemase production, ceftolozane-tazobactam in com-
bination regimen with may be a valid alternative. On the other
hand, with respect to the MBL problem, the role of possible
new combinations, such as that of a monobactam (aztreon-
am) with a new beta-lactamase inhibitor from new molecular
groups (for example, from the diaza-bicyclo-octanones, such
as avibactam), formulated as aztreonam-avibactam, should al-
so be highlighted [35].

Finally, with the increase in recent decades in the prev-
alence of infections by ESBL-producing Enterobacterales,
carbapenems became the empirical therapy of first choice
in areas with an unfavorable epidemiological situation, and
in high-risk patients, which has made carbapenemase-pro-
ducing Enterobacteriaceae an even greater problem [26,36],
with very limited treatment options. While tigecycline and
colistin have historically, and out of necessity in the absence
of other options, been considered the first-choice treatment
for infections caused by carbapenemase-producing Entero-
bacteriaceae [37,38], resistance to these drugs is now being
added [38], forcing, as previously, the use of combinations
with fosfomycin or aminoglycosides or, on the other hand,
increasing the shock and maintenance doses of drugs such
as tigecycline, given their safety profile [1,26,36]. However,
dual therapy with carbapenems at higher doses, in extend-
ed perfusion, and/or in combination regimens may be useful
in carbapenemase-producing Enterobacteriaceae with MICs
lower than 8 mg/L of meropenem. The role of new drugs and
combinations with beta-lactamase inhibitors, such as avibac-
tam in combination with ceftazidime against beta-lactama-
ses (carbapenemases) of groups A or D (0XA-48 type), should
also be highlighted [39].
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Adapted and modified from: https://www.pewtrusts.org/en/research-and-analysis/issue-briefs/2021/03/tracking-the-global-pipeline-of-antibiotics-in-development

NEEDS IN ANTIBIOTIC THERAPY AGAINST GRAM-
NEGATIVE BACILLI IN THE REAL WORLD SETTING:
TOWARDS A NEW SCENARIO

Despite the fact that public health initiatives and preven-
tive actions and optimization of antibiotic use, whether at the
clinical, agricultural or veterinary level, constitute the most
durable mechanisms to curb the development of new resist-
ances, the creation of new antibiotics remains a critical and
urgent need [2]. The history of the successive emergence of
resistances is, in turn, the chronicle of the research and devel-
opment of new antibiotics to overcome them, in a relentless
but staggered chronological testimony over the decades of the
antibiotic era (Figure 1).

Due to the costly, time-consuming and inefficient process
involved in the development of new antibiotics, pharmaceuti-
cal companies decreased their involvement in the research of
new antimicrobial agents in the 1990s and 2000s [40]. In re-
cent years, new agents derived from the already known phar-
macological categories, such as those discussed above (e.g.
ceftazidime-avibactam), have come onto the market, although
new mechanisms of resistance have emerged [41], exposing
the need to search for novel mechanisms of action that are
capable of functioning as rescue treatments in complex and
extreme situations. The use and familiarity with these new
antibiotics directed against resistant Gram-negative bacilli,
in addition to the threat of multi- and pan-resistance, have

once again stimulated research into novel agents capable of
meeting future public health needs in terms of antimicrobial
resistance [2,42].

We have commented throughout the review on the im-
portance of combinations with new beta-lactamase inhibitors,
such as ceftazidime-avibactam for its greater activity against
KPC-type carbapenemases, and some D-type carbapenemases,
together with a discrete potency against beta-lactamase-pro-
ducing P. aeruginosa in combination with other antibiotic
resistance mechanisms [39], ceftolozane-tazobactam and its
role against non-metalloenzyme-producing P. aeruginosa not
producing metalloenzymes, or even the emerging combina-
tion of aztreonam and avibactam, with an extended profile
against carbapenemases type A (KPC), type B (NDM, VIM), ac-
tivity also against S. maltophilia and partial potency against
carbapenem-resistant P. aeruginosa isolates, but with limita-
tions against class D carbapenemases (OXA) and no activity
against carbapenem-resistant A. baumannii. The combination
of traditional carbapenemics with new beta-lactamase inhib-
itors has also burst onto the new therapeutic scene against
multidrug-resistant Gram-negative bacilli, together with new
antibiotics from other pharmacological categories such as
eravacycline (a fluorocycline) or plazomicin (a semisynthet-
ic aminoglycoside), among others, directed against resistant
Gram-negative infections, whose antimicrobial activity profile
can be consulted in Table 1.
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Table 1 New and classic repositioned antibiotics with activity against multidrug resistant Gram-negative
bacteria (beta-lactams and non-beta-lactams)
Antibiotics ESBLand AmpC ~ KPC producer ~ NDM producer ~ OXA-48-like producer Carbapenem‘—reswtant Carbapenem—remﬁtant . maltaphilia
producer (class A) (class B) (class D) P. aeruginosa A. baumannii

Aztreonam-avibactam
Cefepime-taniborbactam
Cefepime-enmetazobactam
Cefepime-zidebactam
Cefiderocol
Ceftazidime-avibactam
Ceftolozane-tazobactam
Colistin and polymyxin B
Eravacycline

Fosfomycin
Imipenem-relebactam
Meropenem-vaborbactam
Murepavadine?®
Plazomicin

Temocillin

Tigecycline

Color code: Green: activity >800%; Yellow orange: activity 30-80%; red: activity <30%; Gray: not evaluated.

ESBL: extended-spectrum beta-lactamases. NDM: metallo-beta-lactamase (class B carbapenemase) of the New Delhi type. KPC: class A carbapenemase of Klebsiella
pneumoniae. 0XA-48-like: 0XA-48-like oxacillininases with class D carbapenemase activity.

*Murepavadine is a cyclopeptide mimetic with high activity against Pseudomonas aeruginosa;

Adapted from: Tamma PD, Hsu AJ. Defining the Role of Novel -Lactam Agents That Target Carbapenem-Resistant Gram-Negative Organisms. J Pediatric Infect Dis Soc.
2019 Jul 1;8(3):251-260. doi: 10.1093/jpids/piz002. PMID: 30793757; PMCID: PMC6601385.

a) New beta-lactams
On the table

Among the novelties of immediate incorporation into
clinical practice, it is worth mentioning cefiderocol, a new si-
derophore cephalosporin -or sideromycin-, approved in 2020
for the treatment of infections caused by Gram-negative bac-
teria with limited treatment options, with a novel mechanism
of action and broad antibacterial activity, including in the con-
text of MDR and XDR [43]. This sideromycin will be discussed
later and in great detail throughout this monographic issue.

Coming soon

Research efforts on new beta-lactams have focused on
improving the activity profile of carbapenem agents, as well
as their PK/PD parameters and, fundamentally, their oral bio-
availability.

On the one hand, the first orally administered carbap-
enems, such as tebipenem, have been developed in recent
years. Already approved in 2009 in Japan for pediatric use in
combination with a pivoxyl ester, like cefditoren, its applica-
tion in adult patients with ESBL- or AmpC enzyme-producing

Gram-negative infections as sequential de-escalation therapy
is recently being re-evaluated [44].

On the other hand, sulopenem, also with both parenteral
and oral formulations, is currently under development for use
in uncomplicated UTls due to resistant Gram-negative bacilli,
with an activity profile similar to that of ertapenem, without
coverage against P. aeruginosa [45].

b) New beta-lactamase inhibitors
On the table

Vaborbactam is a new beta-lactamase inhibitor derived
from boronic acid, whose combination with meropenem, ap-
proved in 2017 by the FDA for complicated urinary tract in-
fections, has demonstrated very potent in vitro activity against
99% of KPC-producing K. pneumoniae isolates, but main-
taining high MICs against OXA-48-like or MBL-type carbap-
enemases [46). It highlights its lack of ability to increase the
activity of meropenem in monotherapy against carbapen-
em-resistant P. aeruginosa or A. baumannii [47, 48]. Merope-
nem-vaborbactam thus shows potent in vitro activity against
class A enzyme-producing enterobacteria (e.g., KPC-type car-
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bapenemases), whereas activity against carbapenemase-pro-
ducing strains belonging to other classes remains very limit-
ed. Meropenem-vaborbactam is approved by the FDA for the
treatment of complicated UTls and by the EMA for this and
other indications such as the treatment of VAP, nosocomial
pneumonia, complicated intra-abdominal infections and in-
fections caused by aerobic Gram-negative bacilli in adult pa-
tients with limited treatment options.

On the other hand, the combination of relebactam, struc-
turally related to avibactam, with imipenem-cilastatin presents
a similar profile [49], targeting ESBL, AmpC-type beta-lacta-
mases and class A carbapenemases (KPC), in addition to excel-
lent activity against carbapenem-resistant P. aeruginosa, due
to the ability of relebactam to hydrolyze AmpC-type enzymes
characteristically produced by Pseudomonas [50]. It may have
greater activity or specificity against KPC-2 and KPC-3 type
enzymes than vaborbactam.

Imipenem-relebactam thus combines the classic carbape-
nem of the 1980s with relebactam, a diaza-bicyclo-octanone,
non-beta-lactam beta-lactamase inhibitor, with the ability
to inhibit class A, but not class B and D carbapenemases. Al-
though this is in line with the inactivity of imipenem-relebac-
tam against carbapenem-resistant A. baumannii and P. aerug-
inosa (in the case of the latter with production of MBL), the
activity against carbapenem-resistant isolates of P. aeruginosa
isolates resistant to carbapenems but not carbapenemase pro-
ducers may be retained due to their activity against P. aerug-
inosa strains with carbapenem resistance due to loss of OprD
porin combined with overexpression of AmpC, in addition to
the fact that neither imipenem nor relebactam is affected
by the MexAB-OprM efflux pump. Intrinsic resistance of S.
maltophilia and B. cepacia complex to imipenem and reduced
activity against A. baumannii may preclude the use of imipen-
em-relebactam for the treatment of infections caused by these
nonfermenting Gram-negative bacilli.

Its combination with imipenem-cilastatin has recently
been approved by the FDA for use in complicated UTI, com-
plicated intra-abdominal infection, VAP and nosocomial pneu-
monia. It has also been approved by the EMA for the treat-
ment of aerobic Gram-negative bacilli infections with limited
treatment options in adult patients. In the RESTORE-IMI 2
randomized clinical trial (which demonstrated non-inferiority
of imipenem-relebactam to piperacillin-tazobactam for the
treatment of these nosocomial pneumonias and VAP), there
was a favorable clinical response in patients with P. aerugi-
nosa pneumonia in 47% (7/15) and 68% (17/25) of patients
in the imipenem-relebactam and piperacillin-tazobactam
arms, respectively (difference 21.3%, 95% Cl 49.7 to 10.0). For
28-day all-cause mortality in patients with P. aeruginosa, it
was 33.3% (5/15) and 12.0% (3/25) in the imipenem-relebac-
tam and piperacillin-tazobactam arms, respectively (differ-
ence 21.3%, with 95% Cl 4.5 to 48.9) [58]. The RESTORE-IMI
1 trial was a randomized double-blind clinical trial comparing
imipenem-relebactam versus colistin plus imipenem for the
treatment of complicated UTI, complicated intra-abdominal
infection, nosocomial pneumonia, and VAP caused by imipe-

nem-resistant bacteria, which in 77% of cases were carbap-
enem-resistant P. aeruginosa strains. An overall favorable
response (primary endpoint, defined as 28-day all-cause mor-
tality for pneumonias, clinical response for intra-abdominal
infection, and a combination of clinical response and microbi-
ological response for complicated UTI) in patients with carbap-
enem-resistant P. aeruginosa was 81% (13/16) and 63% (5/8)
in the imipenem-relebactam and colistin plus imipenem arms,
respectively. In particular, treatment-emergent nephrotoxicity
was recorded overall in 10% (3/29) and 56% (9/16) of patients
in the imipenem-relebactam group and the colistin plus imi-
penem group, respectively (difference of 45.9%, 95% Cl 69.1
to 18.4). The probable nephroprotection traditionally offered
by cilastatin due to inhibition of renal dehydropeptidases, in
combination with imipenem, should not be forgotten.

Coming soon

Following the line of boronic acid derivatives, tanibor-
bactam, a new beta-lactamase inhibitor similar to the already
approved vaborbactam but with a broader spectrum, in com-
bination with cefepime, is currently in Phase 3 clinical trials
and has demonstrated good activity against KPC-producing
enterobacteria, as well as A-type carbapenemases, some OXA-
48 and OXA-48-like, VIM- and NDM-type, and combined ESBL-
or AmpC-producing strains, including S. maltophilia (Table 1).
However, MICs remain elevated against IMP-type class B car-
bapenemases and, in one third of the cases, against NDM-type
enzyme-producing enterobacteria. Moreover, such potentia-
tion is not observed against multidrug-resistant nonferment-
ing Gram-negative bacilli such as P. aeruginosa or MBL-pro-
ducing A. baumannii, possibly due to lower drug incorporation
or higher efflux pump activity [51].

Enmetazobactam is a tazobactam derivative that, com-
bined with cefepime, has shown great activity against ES-
BL-producing Gram-negative bacteria, with greater potency
than its predecessor and also being able to reduce MICs, not
only with respect to cefepime, but also in combination with
tazobactam. While it is active against ESBL enzymes, AmpC,
and OXA-48, its potency is limited against KPC-producing K.
pneumoniae isolates and VIM-type carbapenemases [52], as
well as P. aeruginosa.

Finally, a new beta-lactamase inhibitor, zidebactam, is
also combined with cefepime to increase its activity against
MDR isolates of Enterobacteriaceae, P. aeruginosa and, even,
A. baumannii, being able to inhibit type A, B and D carbapen-
emases, as well as P. aeruginosa strains with multiple mecha-
nisms of resistance, including hyperexpression of efflux pumps,
AmpC enzymes or non-functioning or decreased OprD-type
porins [53].

¢) Other pharmacological categories

Delafloxacin. Among the new quinolones, delafloxa-
cin stands out because, unlike the other available fluoro-
quinolones, it has the particularity of being an acidic an-
ionic molecule which gives it a greater tropism towards
acidotic regions, with a microenvironment rich in reactive
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oxygen species (ROS), all of which in turn gives it greater
antimicrobial activity and a high degree of penetration into
infected tissues [54]. The fact that it is active against acid-
ic pH environments makes it very interesting in the clin-
ical role it could have in the context of special situations
(cystic fibrosis, abscesses or skin necrosis), highlighting in
addition its penetration in biofilms. On the other hand, the
activity of fluoroquinolones against Gram-positive and
Gram-negative bacteria is due to the preferential inhibition
of topoisomerase IV or DNA gyrase, respectively. With a low
in vitro mutation rate that decreases the risk of resistance
and maintaining activity even in isolates with resistance to
levofloxacin and moxifloxacin, delafloxacin is equipotent in
such inhibition and has action against both Gram-positive
bacteria, including methicillin-resistant Staphylococcus au-
reus (MRSA) and high potency against Streptococcus pneu-
moniae, and against enterobacteria and nonfermenting ba-
cilli such as P. aeruginosa [55, 56]. It is FDA approved for
use in skin and soft tissue infections (STBI) and communi-
ty-acquired pneumonia (CAP).

Eravacycline is a new synthetic fluorocycline with ac-
tivity against ESBL-producing and carbapenemase-producing
enterobacteria, but also against MRSA and vancomycin-resist-
ant enterococci. However, it lacks activity against P. aerugi-
nosa, although it shows activity against carbapenem-resistant
strains of A. baumannii. Eravacycline has also been shown to
be active in vitro against S. maltophilia, but not against B. ce-
pacia complex. This novel fluorocycline can circumvent some
resistance mechanisms affecting tetracyclines and has been
shown to be able to evade common resistance mechanisms
such as ribosomal protection, common in Gram-positive bacil-
li, and also mechanisms present in Gram-negative bacilli, such
as efflux pumps [57].

Eravacycline has been approved by the FDA and EMA for
the treatment of complicated intra-abdominal infections. In
the randomized clinical trial IGNITE 1 (showing non-inferiority
of eravacycline versus ertapenem for the treatment of these
complicated intra-abdominal infections requiring surgical or
percutaneous intervention), clinical cure in patients with P.
aeruginosa infection was recorded in 83% (15/18) and 90%
(18/20) of patients in the eravacycline and ertapenem arms,
respectively, while in patients with infection due to Acineto-
bacter spp. clinical cure was observed in 100% (8/8) and 100%
(6/6) of patients in the eravacycline and ertapenem arms, re-
spectively. In the IGNITE 4 trial (showing non-inferiority of
eravacycline to meropenem for the treatment of identical
intra-abdominal infections), clinical cure in patients with P.
aeruginosa infection was recorded in 95% (18/19) and 90%
(18/20) of patients in the eravacycline and meropenem arms,
respectively, while in patients with infection due to Acineto-
bacter baumannii, clinical cure was observed in 100% (5/5)
and 100% (2/2) of patients in the eravacycline and meropen-
em arms, respectively.

Omadacycline. Similar in category to eravacycline, oma-
dacycline is a novel aminomethylcycline with good oral bi-

oavailability, exhibits activity against a multitude of both
Gram-positive and Gram-negative pathogens, including me-
thicillin-sensitive S. aureus and MRSA, Streptococcus spp, En-
terobacteriaceae, Clostridioides difficile, and vancomycin-re-
sistant enterococci, among others [57]. It was approved in
2018 for use in IPTB and CAP.

Plazomicin is a new semisynthetic aminoglycoside de-
rived from sisomycin that shows a broad spectrum of potent
in vitro activity against Gram-negative bacteria, including
ESBL- and carbapenemase-producing enterobacteria, par-
ticularly with KPC-type enzymes, as well as aminoglyco-
side-modifying enzyme-producing strains, exhibiting a lower
rate of cross-resistance (although methyltransferases have
already been described that could inactivate it). However, it
has less activity against NDM-type metallo-beta-lactamases,
as well as carbapenem-resistant P. aeruginosa and A. bau-
mannii. In contrast to its predecessors, its broad spectrum
and minimal renal toxicity make it an optimal alternative
against MDR and XDR Gram-negative bacilli infections, even
in monotherapy [57,58]. Plazomicin is FDA-approved for the
treatment of complicated UTls caused by enterobacteria,
while the EMA application for approval has recently been
withdrawn.

CEFIDEROCOL, AN IRON TROJAN HORSE

Next, after the novel antibiotics discussed, the description
of the main characteristics, peculiarities and contributions that
cefiderocol can offer is introduced in the list of those included,
in a brief and practical way, since the rest of this monographic
work will go in depth into each and every one of its aspects in
the different chapters.

Mechanism of action. Cefiderocol, like other cephalo-
sporins, produces a disruption of the bacterial wall, albeit with
a unique mechanism that attempts to mimic the natural pro-
cess that bacteria undergo when in an iron-depleted environ-
ment. The chlorocatechol group at the end of the C3 side chain
of cefiderocol acts as a siderophore that forms a complex with
insoluble iron, allowing the antibiotic to cross the outer mem-
brane of Gram-negative bacteria via specific iron transporters,
allowing for an additional mechanism of cell entry, combined
with passive transport through outer membrane porins [59].
Upon entering the periplasmic space, iron dissociates from the
siderophore and the cephalosporin ring of cefiderocol cova-
lently binds to penicillin-binding proteins (PUPs or PBP), espe-
cially PBP3, blocking peptidoglycan synthesis.

In addition, the C7 side chain mimics the mechanism of
ceftazidime with respect to the aminothiazole ring, increasing
the affinity for PBP and increasing antibacterial activity. The
carboxypropyl group increases the permeability of the outer
membrane [60]. Also, the quaternary ammonium of the C3 side
chain, thanks to its positive charge, orients the antibiotic ap-
propriately with respect to the negative charge of the bacterial
inner membrane, in a manner similar to what happens with
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cefepime [60]. These multiple complementary structure-activi-
ty relationships of cefiderocol are shown in Figure 2.

Antibacterial spectrum and the role of cefiderocol
in multidrug-resistance. Cefiderocol is effective against
Gram-negative bacilli of the Enterobacteriaceae family and
also against nonfermenting bacilli such as P. aeruginosa, A.
baumannii, and S. maltophilia, including carbapenem-resist-
ant strains and multidrug-resistant strains [61]. Cefiderocol
showed MIC < 2 mg/L against a wide range of enterobacterial
species (Enterobacter spp., E. coli, Klebsiella spp., Proteus spp.,
Providencia spp., Samonella spp., Yersinia spp.,), in addition to
Acinetobacter spp, Pseudomonas spp, Burkholderia spp, Vibrio
spp, Haemophilus spp. and Neisseria spp [61]. However, it has
very low activity against Gram-positive and anaerobic bacteria
due to the different structural characteristics of the bacterial
wall and the absence of active ferric transport through the tar-
get of action of cefiderocol in these bacteria [62].

In the new era of multidrug resistance, with coexistence
of multiple molecular mechanisms of resistance [8], the unique
mechanism of entry and action of cefiderocol represents an
innovative advantage over other drugs, capable of "by-pass-
ing" the resistance mechanisms by alterations of the secondary
membrane permeability through porins, and through expul-
sion pumps. Also, thanks to the pyrridoline ring attached to the
catechol group of the C3 chain, cefiderocol is stable against
the hydrolytic action of a wide variety of beta-lactamases, in-
cluding carbapenemases. The dimethyl group on the C7 side

Relationship between structure and activity of cefiderocol

chain also acts against enzyme binding to the antibiotic core.
In particular, cefiderocol remained stable on exposure to puri-
fied enzyme extracts KPC-3, IMP-1, VIM-2, NDM-1, L1, OXA-
48, OXA-40 and OXA-23 [59, 63]. In fact, its antibacterial activ-
ity against ESBL and carbapenemases such as those mentioned
is well documented [64]. Cefiderocol also showed antibacterial
activity against AmpC-producing strains of P. aeruginosa and
Enterobacter cloacae, as well as low affinity for chromosomal
and inducible AmpC-type beta-lactamases [65].

All this contributes to a very special characteristic of cefi-
derocol, which is the low or lower risk of cross-resistance with
other beta-lactams.

Pharmacokinetics and pharmacodynamics. Cefiderocol
presents linear pharmacokinetics after infusion, by perfusion
for 3h (EMA) of single or repeated doses both at standard dos-
es of 2g -to be administered every 8h or every 6h- and half
doses of 1g in healthy subjects, with a half-life between 1.98
to 2.74h [43]. Unlike other cephalosporins, it hardly binds to
plasma proteins and unchanged cefiderocol is the predomi-
nant fraction in plasma, in more than 92% of the administered
dose [66]. Given its water-soluble nature, which also explains
its mechanism of action, the main route of excretion of the
drug is renal, with more than 98% eliminated through urine,
of which 90.6% is unchanged [66]. Because of this, and after
confirmation in phase | and phase Il studies, dose adjustment
is required in patients with renal insufficiency. It has been
shown that in a conventional hemodialysis session lasting 3
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to 4h, 60% of the administered dose is eliminated, so that the
adjusted dose in these patients (0.75g every 12h), should be
administered immediately after the session and, in case of di-
alysis after administration, requires infusion of a supplemen-
tary dose to achieve adequate plasma concentrations [43,67].

Like the other beta-lactams, cefiderocol is a time-depend-
ent drug. Thus, the pharmacodynamic parameter with the
highest correlation with antimicrobial activity is the percent-
age of time above MIC (t>CMI) which, at a standard dose of 2g
every 8h through a 3h infusion according to the technical data
sheet, reaches percentages of 100% for MIC values less than or
equal to 4 mg/L [68]. In animal models of infection by E. colj,
K. pneumoniae, P. aeruginosa, A. baumannii and S. maltophil-
ia it has been shown that with t>CMI around 75% adequate
therapeutic efficacy is achieved with 1-2 log elimination of
the bacterial inoculum [69, 70], with the highest values being
found in the case of A. baumannii in the pneumonic infection
model, which required t>CMI of approximately 88% [70]. In
addition, pharmacodynamic studies in murine models confirm
that prolonged infusion has greater efficacy against carbape-
nem-resistant P. aeruginosa, A. baumannii and K. pneumoniae
and suggest an MIC of 4 mg/L as the cut-off point for cefider-
ocol [71].

From bench to bedside: From efficacy to effective-
ness. Two in vitro studies demonstrated the effectiveness of
cefiderocol against a wide variety of Gram-negative bacil-
li with different degrees of antimicrobial sensitivity. The first
one was SIDERO-WT-2014-2016 with Gram-negative isolates
from the United States and Europe, including some strains not
sensitive to carbapenems. It showed that the activity of cefi-
derocol against enterobacteria (MICy 1 mg/L) was comparable
to that of ceftazidime/avibactam (MICg 0.5 mg/L), improving
the activity demonstrated by ceftolozane/tazobactam (MICo
4 mg/L) and by colistin (MICyy >8 mg/L). In addition, cefi-
derocol maintained potent activity (MICs =4 mg/L) against
strains not sensitive to carbapenems and was twice as potent
as its comparators according to MICe. As for P. aeruginosa,
and based on MICy values, cefiderocol (MICg 0.5 mg/L) was 4
times more potent than colistin and more than 8 times more
potent than any other comparator tested. Similarly, its activi-
ty against A. baumannii (MICs 2 mg/L) was =32-fold greater
than cefepime, ceftazidime/avibactam, ceftolozane/tazobac-
tam, and meropenem, and 4-fold greater than colistin [72].

The second study was SIDERO-CR-2014-2016, which ana-
lyzed the in vitro bacterial activity of cefiderocol against car-
bapenem-resistant and MDR (defined as resistant to carbap-
enems, fluoroquinolones and aminoglycosides) nonfermenting
strains of different international isolates. For European iso-
lates of K. pneumoniae, the activity of cefiderocol was similar
to that of colistin but superior to that of other comparators
(>16-fold more potent than cefepime, ceftazidime/avibactam
and ceftolozane/tazobactam). Specifically, cefiderocol (MICs
1 mg/L) was >64-fold more potent than the aforementioned
comparators against P. aeruginosa MDR, and comparable to
colistin, and also demonstrated activity against A. baumannii

(MICg 8 mg/L) >8-fold more potent than the others, although
8-fold less potent than colistin [72].

Subsequently, several studies were developed that aimed
to analyze the activity of cefiderocol in vivo to corroborate
its effectiveness. The 2018 APEKS-cUTI non-inferiority, mul-
ticenter, double-blind, parallel, randomized, non-inferiori-
ty study aimed to compare the clinical and microbiological
outcomes of cefiderocol versus imipenem/cilastatin adminis-
tration in patients hospitalized for UTI, with or without pye-
lonephritis, or acute uncomplicated pyelonephritis (APNPE),
caused by Gram-negative pathogens in 452 subjects. Cefider-
ocol achieved microbiological eradication and clinical cure in
the test of cure (TOC) in 73% of patients (n=183/252), a re-
sult superior to that achieved by imipenem/cilastatin of 55%
(n=65/119) (95% Cl: 8.23, 28.92; p=0.0004), concluding its
non-inferiority. It also showed a group-adjusted difference of
17.25%, suggesting superiority of cefiderocol over imipenem/
cilastatin treatment [73].

The 2019 APEKS-NP trial, also a multicenter, double-blind,
parallel, randomized, controlled trial, also aimed to analyze
the non-inferiority of cefiderocol to high-dose meropenem in
patients with nosocomial pneumonia or VAP in 300 patients.
Cefiderocol achieved non-inferiority at 14 days of treatment
in all-cause mortality (ACM) (95% CI -6.6-8.2%, p=0.002). It
was also similar to high-dose meropenem at 28 days of treat-
ment in ACM (95% Cl -8.7-9.8%) and in terms of microbiologi-
cal eradication and clinical cure [74], which postulates it as a
suitable treatment alternative for nosocomial pneumonias in
patients at risk of MDR Gram-negative bacilli infection.

The CREDIBLE-CR trial, from 2020, presented a multi-
center, open-label, parallel, randomized design. Patients over
18 years of age with nosocomial pneumonia, complicated
urinary tract infections, bacteremia or sepsis with isolation of
Gram-negative bacteria with resistance to carbapenems were
included. The aim was to compare the effectiveness of cefider-
ocol with respect to the best available treatment (BAT), for 7 to
14 days, in a total of 152 patients with a 2:1 allocation. Results
in TOC were comparable to BAT in patients with pneumonia
(20/40 in the cefiderocol group and 10/19 in the BAT group),
complicated urinary tract infections (12/17 in cefiderocol and
2/5 in BAT) and in patients with bacteremia or sepsis (10/23
in cefiderocol and 6/14 in BAT), regardless of the microorgan-
ism found. The results, in terms of microbiological eradication,
were also similar to those of BAT, and favor cefiderocol numer-
ically, although with a very small sample size [75].

However, more deaths were documented in the cefider-
ocol group (18.8% of ACM at day 14, and 12.2% in the BAT,;
and 24.8% at day 28 in the cefiderocol group with respect to
18.4% in the BAT) especially in the subgroup of patients in
whom Acinetobacter spp. isolation was found. However, an
imbalance was found in the baseline and comorbid charac-
teristics of the patients treated with cefiderocol with respect
to the BAT group, despite randomization. The former, present-
ed a higher proportion of severe-to-moderate renal function
impairment (GFR of 69.4mL/min for the BAT and 59.2mL/min
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for the cefiderocol-treated group) and also, there were more
patients older than 65 years (44.9% in the BAT and 63.4% in
the cefiderocol group). As for the design, the trial was open-la-
bel and purely descriptive, without performing uniform statis-
tical analyses. For all these reasons, and after disaggregating
all causes of mortality and analyzing them exhaustively, the
observed mortality was not related to the administration of
cefiderocol per se [75].

It should be taken into account that the CREDIBLE-CR
study included patients with significant comorbidity in ex-
treme clinical situations where cefiderocol could constitute
the last resort in their treatment, and whose effectiveness in
rescue could be limited in such circumstances.

Although the increase in mortality was uncertain due to
these data limitations, the FDA has approved the use of cefi-
derocol for complicated UTI as well as HABP/VAP, and also al-
lowing its dispensation also in compassionate use programs in
which there is no other therapeutic alternative (EMA). There are
a number of published cases that prove the possible effective-
ness of cefiderocol in these situations. Administration of cefi-
derocol in a patient with P. aeruginosa XDR together with colis-
tin and meropenem allowed her aortic valve replacement after
controlling bacteremia [76]. Another case, published in 2019,
showed the efficacy and safety of cefiderocol in monotherapy
for the treatment of VAP with bacteremia due to A. baumannii
XDR and KPC-producing K. pneumoniae [77]. It was also used
effectively for the treatment of an intra-abdominal P. aerugino-
sa MDR infection in a patient with numerous comorbidities [78].

In order to obtain approval for other indications, further
studies with a more controlled design and a larger sample size
than the CREDIBLE-CR mentioned above are needed to eval-
uate safety in an exhaustive manner, in order to confirm or
refute the doubts regarding mortality published in this study.

All these studies and the novelties contributed by other
clinical trials already completed or under development will be
extensively described in the corresponding chapter.

Safety. The FDA and EMA approved cefiderocol in 2019
for use in complicated UTls [43], including pyelonephritis,
caused by the following sensitive Gram-negative bacteria: E.
coli, K. pneumoniae, P. mirabilis, P. aeruginosa, and E. cloacae
complex. There are other published phase 3 trials using cefi-
derocol effectively for the treatment of other infections, such
as VAP or bacteremia [74]. However, the multicenter, open-la-
bel, randomized CREDIBLE-CR study [75] documented higher
mortality in the cefiderocol group compared to BAT group in
the treatment of carbapenem-resistant Gram-negative bacte-
rial infections. As indicated in the previous subsection of this
article, this increased mortality has not yet been well estab-
lished and may be due to methodological limitations of the
study, but it entails greater vigilance in patients treated off-la-
bel. This increased mortality has not been documented in the
other phase 3 trials conducted [73,74]. Phase 1 studies have
ruled out a possible effect of cefiderocol on cardiac repolariza-
tion, with normal QTc interval and other electrocardiographic
parameters despite dose increases [79].

On the other hand, adverse effects similar to those related
to the administration of other cephalosporins have been de-
scribed, such as seizures, C. difficile diarrhea or hypersensitivity
reactions. The most frequently encountered adverse effect in
the APEKS-cUTI clinical trial evaluating the non-inferiority of
cefiderocol versus imipenem/cilastatin [73] was diarrhea (4%
of 300 patients vs. 6% in impinem/cilastatin), followed by skin
reaction at the infusion site (4% vs. 5%). In the APEKS-NP
clinical trial, which compared the non-inferiority of cefider-
ocol versus high-dose meropenem in nosocomial or ventila-
tor-associated pneumonias [74], transient elevation of liver
enzymes (16% cefiderocol vs 16% meropenem), followed by
hypokalemia (11% vs 15%) and diarrhea (9% vs 9%) were de-
tected as the most frequent adverse effects. All these adverse
reactions are more frequent in patients with renal insufficien-
cy, so dose adjustment is required according to the estimated
glomerular filtration rate [67].

On the other hand, it should be remembered that cefider-
ocol can produce false-positive results in the detection of pro-
tein, occult blood, or ketone bodies by test strip systems [43].

As a rough balance, it can be recapitulated that cefidero-
col is a very useful addition to the therapeutic options avail-
able for these difficult-to-treat resistant infections, largely
based on recent studies in which it has shown excellent in
vitro activity against all species of Gram-negative microorgan-
isms, regardless of the key focus of infection and the MIC of
carbapenem [80]. The European study shows how cefiderocol
maintained high activity in carbapenem-resistant isolates, and
the difference in activity between carbapenem-resistant and
carbapenem-sensitive isolates was lower for cefiderocol than
for other comparative agents (ceftazidime-avibactam, ceftolo-
zane-tazobactam, colistin, and meropenem).

CONCLUSIONS

In the new era of resistance, patients with multidrug-re-
sistant Gram-negative bacteria infections constitute a complex
therapeutic challenge that requires going beyond the evidence,
reusing old drugs with numerous limitations in terms of activity
and safety, using combination treatments at high doses or new
perfusion strategies. Beta-lactams are still, at present, one of the
most efficient pharmacological classes against MDR microor-
ganisms. The recent discovery of new drugs, motivated by the
urgency of public health and the growing morbimortality asso-
ciated with infections by MDR bacteria, such as cefiderocol, the
new beta-lactamase inhibitors, and other antibiotics belonging
to other categories or families (such as plazomicin, eravacycline
or delafloxacin), among several of the most novel ones, opens
an expectant door to the future in the more favorable manage-
ment of these patients. There are also new futuristic perspec-
tives with non-antibiotic treatments, such as phage therapy,
immunotherapy or biological treatments, gene therapy with
gene editing techniques such as CRISPR-Cas9 or nanoantibiot-
ics, which, without forgetting anti-virulence factor drugs and
vaccines, augur hopeful and paradigmatic new strategies in the
field of infectious diseases and bacterial multidrug resistance.
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ABSTRACT

Gram-negative bacilli are intrinsically resistant to many
antibiotics due to the low permeability of their outer membra-
ne. The most effective strategy to solve this problem has been
the design of antibiotics that cross the membrane using speci-
fic transport systems. This is the case of cefiderocol, which, un-
like cefepime or ceftazidime, has a chlorocatechol group at the
end of the C-3 side chain. This group is recognized by trans-
porters located in the outer membrane that allow cefiderocol
to accumulate in the periplasmic space. Furthermore, cefidero-
col is not a substrate for efflux pumps and the configuration
of the side chains at C-7 and in particular at C-3 confer it a
high stability against hydrolysis by most beta-lactamases of
clinical interest including class A (KPC, BLEEs), C (ampC) or D
(OXA-48) serine beta-lactamases and metallo-betalactamases
(NDM, VIM. IMP). In order to better understand the mechanism
of action of cefiderocol, the importance of iron in bacterial
metabolism and the competition for iron between bacteria and
host are reviewed.

Keywords: cefiderocol, mechanism of action, Gram-negative, siderophore

INTRODUCTION

Gram-negative bacilli are intrinsically resistant to many
antibiotics due to the low permeability of their outer mem-
brane that slows the passive diffusion of hydrophobic com-
pounds of high molecular weight, which are active against
Gram-positive microorganisms. The outer membrane is an
asymmetric lipid bilayer formed, in its superficial layer, by li-
popolysaccharides (LPS) and, in its deeper or inner layer, by
phospholipids of similar composition to those of the cytoplas-
mic membrane. The outer layer is less fluid (more rigid) than
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the inner layer because, unlike the phospholipid molecules
that can move freely through the membrane, the negatively
charged lipopolysaccharide molecules are neutralized and held
together by divalent cations such as Mg2+. The outer mem-
brane also contains two main classes of proteins, the lipopro-
teins and the proteins known as OMP (outer membrane pro-
teins). The former bind the inner layer of phospholipids to the
peptidoglycan and the OMPs can form channels (pores) that
allow the passage of small hydrophilic molecules into the peri-
plasmic space.

In addition to the difficulties of diffusion through the
outer membrane, there are active transporters (ejector pumps)
that can extract antibiotics from the periplasmic space or from
the bacterial cytoplasm (Acrb-TolC in E. coli or MexAB-OprM in
Pseudomonas aeruginosa). In Enterobacteriaceae, the struc-
ture of the most frequent porins (OmpF, OmpC) allows access
to molecules with a molecular weight of 600-700 Da. On the
other hand, the most frequent porins in P. aeruginosa (OprF,
OprD), B. cepacia (OpcP1/0pcP2) or Acinetobacter baumannii
(OmpA-AB), have a significantly lower permeability than that
observed in Escherichia coli, which prevents the passage of
molecules weighing more than 200 Da (the size of a mono-
saccharide) and are therefore called “slow" porins. This reduced
permeability is compensated by: i) the secretion of nutri-
ent-degrading enzymes, ii) the expression of a high number
of nutrient-specific porins (OprB for glucose or OprD for basic
amino acids) and iii) the expression of specific transporter pro-
teins [1]. OprD is the main channel for entry of carbapenems
through the outer membrane, and reduced expression or loss
of OprD is frequently observed in carbapenem-resistant clini-
cal isolates.

The slow penetration of the B-lactams through the porins,
together with the removal from the periplasmic space by ef-
flux pumps, allows the trapping and hydrolysis of the antibiot-
ic molecules by the B-lactamases, before they reach the PBPs.

Different strategies aimed at increasing the concentration
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of antibiotic in the periplasmic space include i) the use of out-
er membrane sensitizing compounds, ii) the use of inhibitors of
efflux pump activity, iii) modification of the structure or elec-
trical charge of the antibiotic, and iv) the design of antibiotics
that cross the membrane using specific transport systems such
as siderophore-Fe3+ complex receptors.

To date, several outer membrane sensitizers have been
studied. None of these sensitizers, with the exception of
SPR206, has shown promising antipseudomonal activity.
SPR206 is active against P. aeruginosa with potency similar to
polymyxin B and is currently in clinical trial [2].

Inhibitors of efflux pumps include Phe-Arg-b-naphth-
ylamide, D13-9001, polyamines and bacteriophage OMKO1.
Phe-Arg-b-naphthylamide (PAbN) is a broad-spectrum pep-
tidomimetic compound capable of interfering with the four
clinically relevant RND (resistance nodulation division) efflux
pumps of P. aeruginosa. It probably functions as a substrate
for these pumps. However, both PAbN and derivatives of this
compound have not been approved, as toxic effects have
been reported during Phase 1 clinical trials. The pyridopyrim-
idine derivative D13-9001 is active against the MexAB-OprM
efflux pump [3]. Specificity against a single pump limits its
use to coadministration with antibiotics cleared exclusively
by it. Polyamines are aliphatic carbon chains containing sev-
eral amino groups. A polyamine structure has been identified
as a strong efflux pump inhibitor without direct antimicrobi-
al activity. Association with aztreonam, chloramphenicol or a
tetracycline decreased the MIC,, by 5- to 8-fold [4]. Finally,
the lytic bacteriophage (of the family Myoviridae), OMKO1
("Outer membrance porin OprM Knockout dependent phage
1"), utilizes OprM of the MexAB and MexXY efflux systems
as a binding site. Selection to resist attack by bacteriophage
OMKO1 creates an evolutionary compensation in P. aerugi-
nosa consisting of reduced OprM expression, leading to in-
creased susceptibility to ciprofloxacin, tetracycline, ceftazi-
dime, and erythromycin [5).

The passage of an antibiotic through a porin occurs by fa-
cilitated diffusion. The protein that forms the porin has a loop
towards the middle of the channel that decreases its span. The
amino acids in this region have electrical charges that cause
an electrostatic interaction between the antibiotic or substrate
and the channel wall. This explains the specificity of a given
porin for a particular antibiotic, as is the case with OprD and
carbapenems, whose structure and electrical organization are
very similar to the natural substrate of the porin (basic amino
acids such as arginine). Selective modification of an electrical
charge in meropenem has shown improved passage through
an alternative porin to OprM. However, this change reduces its
ability to acylate with PBP and thus its antibacterial activity,
although it retains some efficacy against P. aeruginosa OprD-
strains [6]. In the future, the design of new antibiotics could
incorporate the analysis of passage through one or more por-
ins.

The most effective strategy to solve the problem of dif-
fusion through the external wall has so far been the design of

antibiotics that cross the membrane using specific transport
systems such as the receptors of the siderophore-Fe3+ com-
plex. This is the case of cefiderocol and to better understand its
mechanism of action we will review the importance of iron in
bacterial metabolism and the competition for it between bac-
teria and host.

RELEVANCE OF IRON IN BACTERIAL METABOLISM
AND THE BATTLE FOR ITS ACQUISITION WITH THE
HOST'S PROTEINS

[ron is an essential element for aerobic respiration. The
respiratory chain in bacteria is located on the cytoplasmic side
of the inner membrane and is composed of a set of proteins
(complexes) that aim to create an electrochemical proton gra-
dient by transporting electrons between molecules capable of
donating and/or accepting 1 or 2 electrons (oxide-reduction
reactions) to a final acceptor (oxygen) that allows the syn-
thesis of ATP. The ferrous ion (Fe2+) is a good electron donor
and therefore an essential element of the respiratory chain of
eukaryotic and prokaryotic cells, which is transported through
the chain attached to a cytochrome.

The intracellular concentration of iron necessary to guar-
antee the viability of a bacterium is 10-6M, this is a very high
concentration if we take into account that the concentration
of free iron in serum or in any tissue of the host is of the or-
der of 10-24M. Under physiological conditions iron is bound
to hemoglobin, in intracellular deposits such as ferritin or to
extracellular proteins such as transferrin. At physiological pH
transferrin has a high affinity for Fe3+, as pH decreases the
affinity decreases and ferric ions are released into the medium.
This circumstance occurs in a septic focus where the presence
of organic acids reduces the pH. To counteract this situation
and prevent bacteria from obtaining free iron, neutrophils syn-
thesize lactoferrin, which has an affinity for Fe3+ 300 times
higher than transferrin, and this affinity increases in an acidic
medium [7].

HOW DOES A GRAM-NEGATIVE BACILLUS ACQUI-
RE IRON FROM THE INVADED TISSUE?

To reach the intracellular iron concentration necessary
for their metabolism, bacteria synthesize molecules capable of
binding iron with high affinity (association constants of 1020
to 1030 M-1) known as siderophores (e.g. enterobactin, pio-
verdin, salmochelins). These molecules are dumped into the
medium to bind scarce free iron (Fe3+) for which they com-
pete efficiently with host proteins [8]. The siderophore-Fe3+
complex is recognized by receptors located on the outer mem-
brane that are able to move it to the periplasmic space with
the help of protein complexes of the cytoplasmic membrane
(TonB and ExbB/ExbD family proteins) that generate the ener-
gy necessary for active transport. Once inside the bacterium,
the iron will be incorporated into the respiratory chain.
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MECHANISM OF ACTION OF CEFIDEROCOL

Cefiderocol is a cephalosporin with high affinity main-
ly for PBP 3 and a structure similar to that of cefepime due
to the presence of a pyrrolidin group in the C-3 side chain,
which confers potent antibacterial activity and greater stabili-
ty against beta-lactamases. In addition, it possesses a carboxy-
propanoxymino group in the C-7 side chain similar to that of
ceftazidime which improves transport across the outer mem-
brane [9]. But unlike cefepime or ceftazidime, cefiderocol pos-
sesses a chlorocatechol group at the end of the C-3 side chain
(Figure 1a) that confers siderophore activity. Siderophores can
be grouped according to the structure fixing the iron atom in-
to catecholamates, hydroxamates or polycarboxylates (Figure
1b). This catechol group is recognized by transporters such as
CirA and Fiu in E. coli or PiuA in P. aeruginosa and allow cefi-
derocol to accumulate in the periplasmic space (“Trojan horse")
avoiding resistance mechanisms such as loss of porins, Fur-
thermore, cefiderocol is not a substrate for efflux pumps and
the configuration of the side chains at C-7 and in particular at
C-3 confers low affinity and/or high stability against hydrolysis
of most beta-lactamases of clinical interest including class A
(KPC, ESBLs), C (ampC) or D (0XA-48) serine beta-lactamases
and metallo-betalactamases (NDM, VIM, IMP) [10].
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ABSTRACT

Cefiderocol, a siderophore catechol cephalosporin, recent-
ly introduced in the market has been developed to enhance
the in vitro activity of extended spectrum cephalosporins and
to avoid resistance mechanisms affecting cephalosporins and
carbapenems. The in vitro study of cefiderocol in the laboratory
requires iron depleted media when MIC values are determined
by broth microdilution. Disk diffusion presents good correlation
with MIC values. In surveillance studies and in clinical trials it
has been demonstrated excellent activity against Gram-nega-
tives, including carbapenemase producers and non-fermenters
such as Pseudomonas aeruginosa, Acinetobacter baumannii
and Stenotrophomonas maltophilia. Few cefiderocol resistant
isolates have been found in surveillance studies. Resistance
mechanisms are not directly associated with porin deficiency
and or efflux pumps. On the contrary, they are related with
gene mutations affecting iron transporters, AmpC mutations
in the omega loop and with certain beta-lactamases such us
KPC-variants determining also ceftazidime-avibactam resist-
ance, certain infrequent extended-spectrum betalactamases
(PER, BEL) and metallo-beta-lactamases (certain NDM variants
and SPM enzyme).

Keywords: Cefiderocol, antimicrobial activity, surveillance, breakpoints

INTRODUCTION

The World Health Organisation has warned that anti-
microbial resistance is one of the most important threats to
humanity. It has also indicated that several actions are ur-
gently needed to address the problem of bacterial resistance
and that new antimicrobials need to be developed [1,2]. In re-
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cent years, the Food and Drug Administration (FDA) and the
European Medicines Agency (EMA) have granted marketing
authorisation for several antimicrobials [3]. The latter include
beta-lactam combinations with beta-lactamase inhibitors and
a new class of cephalosporins, represented by cefiderocol. The
originality of this cephalosporin is that it has a catechol group
in its structure that favours its penetration into the bacteria,
as it competes with the transport of iron. This unique mech-
anism of entry into the bacterial cell has been described as
“Trojan horse" [4,5]. Cefiderocol also contains in its structure
radicals present in ceftazidime and cefepime cephalosporins
which make this drug particularly active against Gram-neg-
ative bacilli, including non-fermenters. These radicals doubly
favour its enhanced intrinsic activity compared to other ex-
tended-spectrum cephalosporins by facilitating penetration
through porins and its resistance to a large number of be-
ta-lactamases [6,7]. Due to these characteristics, the arrival at
PBPs, the site of action of beta-lactams, is very efficient, which
makes it active even in most of the carbapenem resistant and
carbapenemase-producing microorganisms.

In this paper we review the activity of cefiderocol on
Gram-negative microorganisms with information obtained
from isolates obtained in cefiderocol clinical trials and epide-
miological surveillance studies. We also include methodologi-
cal aspects in the determination of cefiderocol susceptibility,
including clinical breakpoints interpretation and published da-
ta related to the potential mechanisms of resistance to this
antimicrobial.

TECHNICAL ASPECT IN THE STUDY OF IN VITRO
ACTIVITY OF CEFIDEROCOL

Cefiderocol, as a siderophore cephalosporin, needs ac-
tive iron transporters to enter the periplasm and access to the
PBPs. These transporters are upregulated under iron-depleted
conditions as it would happen in vivo, which is considered ad-
vantageous for the antibiotic activity [8]. Because of this, iron
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concentrations in antimicrobial susceptibility testing media
need special consideration when cefiderocol is tested in order
to mimic /n vivo conditions and accurately predict clinical ef-
ficacy [4]. Moreover, resistance to cefiderocol has been already
described [10-13] and should be accurately detected in the
laboratory.

Broth microdilution and disk diffusion techniques have
been used to determine the in vitro activity of cefiderocol. MIC
obtained by agar dilution method do not match with those
obtained by broth microdilution and it is not a recommend-
ed technique for this compound [14]. Other techniques, such
as gradient diffusion strips, are also now available but experi-
ence is limited and manufactures only recommend it for Pseu-
domonas aeruginosa isolates and no other non-fermentative
rods or Enterobacterales [4]. Nevertheless, a recent study used
cefiderocol MIC strips (Liofilchem, IT) in comparison with MIC
obtained in iron-depleted broth (reference method) and disk
diffusion in a collection of carbapenemase producing Entero-
bacterales [15]. The conclusion was that MIC strip should be
avoided in these isolates due to the high number of discrep-
ancies (only 64% of categorical agreement and 94.9% of very
major errors due to critical underestimation of MICs), which
were highly reproducible.

The inclusion of cefiderocol in panels used in automatic
system is still waiting due to the fact of technical challenges of
cefiderocol testing.

Broth microdilution. Standard cation-adjusted Muel-
ler-Hinton broth (CAMHB) is not a medium controlled for iron
concentration and this may vary among the different manu-
facturers. Some studies referred by the Clinical and Laborato-
ry Standards Institute (CLSI) guidelines already demonstrated
that MICs were higher when standard CAMHB was used, com-
pared to those obtained with iron-depleted CAMHB (ID-CAM-
HB) [16]. These results are supported by the idea that iron
transport, as well as the uptake of cefiderocol, are increased in
low iron-concentration conditions.

A study demonstrated reproducibility of the ID-CAMHB in
broth microdilution technique by testing 19 clinical isolates of
Gram-negative bacilli (including 9 Acinetobacter baumannii
isolates) over 10 replicates in CAMHB from 3 different manu-
facturers. More than 95% of MIC results were within one dou-
bling dilution when analysed by individual medium lot. Besides
this, when all medium lots were combined, 92.2% of MIC re-
sults were within one doubling dilution and 99.8% within two
dilutions [17]. Thus, iron depletion is necessary to accurately
perform MIC testing and to use this data to predict in vivo ef-
ficacy of cefiderocol. Moreover, MICs determined under these
conditions have been proved to be reproducible and correlate
with in vivo activity in animal models [18].

Following CLSI guidelines, the solvent and diluent required
to prepare the medium for broth microdilution is a solution
of 0.85% to 0.9% NaCl. To prepare the ID-CAMHB, both the
European Committee of Antimicrobial Susceptibility testing
(EUCAST) and the Clinical and Laboratory Standards Institute
(CLSI) recommendations use chelation with a resin to remove

the polyvalent metal cations in the medium with a final iron
content below 0.03 mg/L. After that, the resin is filtered out
and the non-iron cations are re-added to concentrations of
20-25 mg/L of calcium, 10-12.5 mg/L of magnesium, and
0.5-1.0 mg/L of zinc; all the reagents should have a low con-
tent of iron. The pH should be checked after the chelation and
the addition of cations and adjusted if required. The rest of
the procedure is like the susceptibility testing of other cepha-
losporins [16,19].

To read the MIC values, the MIC of cefiderocol corre-
sponds to the first well in which a button of <1 mm or a faint
turbidity can be observed, with the positive control showing
a strong growth (button of >2 mm or heavy turbidity) [19].
In some organisms such as Acinetobacter spp., a trailing has
been reported, where up to 30% of isolates demonstrated such
effect [4]. The MIC should then be read as the first well with a
significant reduction of growth, ignoring buttons <1 mm and
faint turbidity comparted with the control growth [17].

Disk diffusion. To determine the susceptibility by the disk
diffusion technique, standard recommendations for non-fas-
tidious organisms should be followed using a cefiderocol 30-
mg disk. In contrast to broth microdilution, this method has
been developed to be performed on regular unsupplemented
Mueller-Hinton agar (MHA), since only small variations in the
zone diameters were found when MHA with different concen-
trations of iron (0.03 to 10 mg/L) were tested [4]. Although it
may vary among different manufacturers, the medium usual-
ly contains around 0.5 mg/L of iron. It is thought iron to be
bound in the agar, simulating iron-depleted conditions with-
out interfering with the results [20]. Regarding reading of
inhibition zones and the interpretation of the results, some
colonies may be found within inhibition zone and need to be
taken into consideration. Zone diameters should be measured,
therefore, as the inner zone without bacterial growth. [4]

BREAKPOINTS AND EPIDEMIOLOGICAL CUT-OFF
VALUES OF CEFIDEROCOL

The clinical breakpoints for cefiderocol have been estab-
lished by both EUCAST and CLSI [15,21]. In the first case, they
are those listed in the summary of product characteristics of
the EMA (SmPC) [21]. In the United States, the FDA and the
United States Committee on Antimicrobial Susceptibility Test-
ing (USCAST) have also published clinical breakpoints that dif-
fer in some cases from those defined by CLSI (Table 1) [23,24].
In the case of EUCAST, the susceptible breakpoints are one
dilution lower than CLSI. This decision was based on the PK/
PD analysis which is explained in their rational document [25].
EUCAST also does not recognize a "susceptible, increased ex-
posure” (I) ("intermediate” in CLSI terms) category as the mar-
keting authorization only includes a single dose (2 /8 h over 3
hours of infusion). Moreover, EUCAST, unlike CLSI, have not yet
stablished clinical breakpoint for Acinetobacter spp. and Sten-
otrophomonas malthophilia due to the lack of clinical data
to correlate outcomes with MIC values. In the future, real life
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Table 1 Clinical breakpoints for cefiderocol published by breakpoint committees and/or regulatory agencies in
2022
EUCAST - EMA USCAST CLsI FDA
Microorganisms and non-species ~ MIC, mg/L Inhibition zone MIC, mg/L Inhibition zone ~ MIC, mg/L inhibition zone ~ MIC, mg/L  inhibition zone

related PK/PD breakpoints diameter, mm?

diameter, mm? diameter, mm diameter, mm?

S >R =25 <R A® S >R

>S <R <S >R >S <R S =R >S <R

Enterobacterales 22 22 22 1822 22(4)° 48
Pseudomonas aeruginosa 2 2022 22 1422 (4 4 (8¢
Acinetobacter spp. e e A - IE IE
Stenotrophomonas maltophilia ~ 1E~ IE " -h - IE IE
PK/PD 2 2 - - - - -

4 16 16 8 4 16 16 8
- 4 16 18 2 1 4 2 12
4 16 15 - 1T 4 19 1
- - 1 - 15! - - - - -

230-pg disk content; °ATU: area of technical uncertainty; “oreakpoints for pneumonia; “breakpoints for non-pneumonia; °IE: insufficient evidence; Zone diameters of =17
mm for the cefiderocol 30-pg disk correspond to MIC values below the PK-PD breakpoint of S < 2 mg/L; 9Disk diffusion diameters <14 mm should not be interpreted or
reported because zone diameters <14 mm occur with resistant, intermediate and susceptible isolates. For isolates with zone diameters <14 mm, do not report cefiderocol
without performing an MIC test; "Zone diameters of =20 mm for the cefiderocol 30-pg disk correspond to MIC values below the PK-PD breakpoint of S < 2 mg/L;

iBreakpoints are based on PK/PD properties, and limited clinical data.

studies will help to define these breakpoints. In the absence of
them, PK/PD breakpoints have been defined, which can help to
take decisions of the use of this drug when other therapeutic
alternatives are not available [21]. To note that, USCAST is the
only breakpoint committee that discriminates breakpoints for
pneumonia and non-pneumonia infections being one-fold di-
lution lower in the former than in the later.

The epidemiological cut off values (ECOFF) of cefiderocol
have been recently published but to a low number of species
due to the technical particularities that arise when MIC val-
ues are determined [25]. These values have been established
following EUCAST guidelines. Tentative ECOFFs (TECOFF, based
in 3-4 MIC distributions) for Escherichia coli, Klebsiella pneu-
moniae and P. aeruginosa are 0.25 mg/L, 0.125 mg/L and 0.5
mg/L, respectively. For A. baumannii and S. maltophilia ECOFFs
(based in at least 5 MIC distributions) are 0.25 mg/L and 0.06
mg/L, respectively.

Disk diffusion breakpoints are also included in table 1. EU-
CAST includes for Enterobacterales and Pseudomonas spp. an
area of technical uncertainty (ATU) when interpreting disk dif-
fusion susceptibility due to difficulties in correlating inhibition
zones with MIC values at the wild-type end of the population.
In this case, it is recommended to establish susceptibility to
cefiderocol by calculating and interpreting MIC values.

IN VITRO ACTIVITY OF CEFIDEROCOL IN
SURVEILLANCE STUDIES

The in vitro activity of cefiderocol has been studied both
nationally and internationally. Among the international stud-
ies, we highlight SIDERO-WT-2014, SIDERO-WT-2015 and the
studies carried out by different investigators [27-29].

The SIDERO-WT-2014 [28] study includes meropenem-
and colistin-resistant Enterobacterales isolates and merope-

nem-resistant P. aeruginosa and A. baumannii isolates from
both the United States and Europe. These isolates were also
screened for the presence of genes encoding beta-lactamases,
loss of porins and resistance to colistin mediated by plasmids,
in order to later define the spectrum of cefiderocol activity
against these challenging Gram-negative isolates. Most mer-
openem-resistant Enterobacterales carried carbapenemases,
being KPC-type the most frequent enzyme. P. aeruginosa iso-
lates from the United States did not carry acquired beta-lacta-
mases, while 16% of the isolates from Europe carried VIM-,
IMP- or GES-carbapenemase. Regarding A. baumannii isolates,
the most common carbapenemase in both regions was OXA-
23 followed by OXA-24, however, 0XA-58 was only detected in
Europe. In the collection of meropenem-resistant isolates, the
MIC of cefiderocol ranged between 0.002 mg/L and 64 mg/L. A
total of 97.7% of isolates tested had cefiderocol MIC values <4
mg/L, including isolates producing KPC, IMP, VIM and OXA-48
enzymes. In these carbapenemases producing isolates, 99.6%
of them were inhibited with MIC values of cefiderocol <8 mg/L.
In meropenem-resistant Enterobacterales isolates, the MIC,,
value was 4 mg/L compared to MIC,, values =64 mg/L for
meropenem, ceftazidime, ceftolozane-tazobactam and ceftazi-
dime-avibactam, and =8 mg/L for ciprofloxacin and colistin.
Ceftazidime-avibactam showed MIC values equal to or slightly
better than cefiderocol in isolates producing KPC-, OXA-types,
and those meropenem-resistant without carbapenemase,
however, unlike cefiderocol, ceftazidime-avibactam was not
active against isolates producing VIM and IMP-enzymes. On
the other hand, no correlation was observed between cefider-
ocol MICs and the presence of different combinations of intact
and disrupted porin genes. Regarding P. aeruginosa isolates,
the MIC,, value was 1 mg/L compared with MIC,, values of
=32 mg/L for meropenem, cefepime, ceftazidime-avibactam,
and ceftolozane-tazobactam and >8 mg/L for ciprofloxacin.
With the exception of colistin, the comparator agents showed
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reduced activity against the GES and MBL producing isolates.
Finally, the MICy, value in meropenem-resistant A. bauman-
nii isolates was 1 mg/L. As in P. aeruginosa, in A. baumannii
isolates, both carbapenemase-producers and non-producers,
meropenem, cefepime and ciprofloxacin showed reduced ac-
tivity in comparison with cefiderocol. In addition, a total of
136 colistin-resistant Enterobacterales were screened for the
presence of the transmissible colistin resistance determinant
mer-1 gene. Most of these isolates (n = 101) were susceptible
to meropenem and 35 of them produced different carbapene-
mases. The MIC,, value of cefiderocol for these isolates was 2
mg/L. In summary, results of the SIDERO-WT-2014 surveillance
program demonstrate the potent in vitro activity of cefiderocol
against meropenem-resistant Enterobacterales, P. aeruginosa
and A. baumannii isolates. Cefiderocol activity was compara-
ble to that of ceftazidime-avibactam against MBL-negative
Enterobacterales isolates but superior to all the comparator
agents against NDM- and VIM-positive isolates. Furthermore,
cefiderocol was also active against colistin-resistant Entero-
bacterales, including those carrying the transmissible colistin
resistance determinant mer-1.

Data generated during the second year of this global
surveillance initiative for cefiderocol is included in the SIDE-
RO-WT-2015 study [29]. During this period, isolates of Entero-
bacterales, P. aeruginosa, A. baumannii, S. maltophilia and
Burkholderia cepacia complex were collected. Results of this
study support those obtained in the previous year demon-
strating an in vitro activity of cefiderocol superior to cef-
tazidime-avibactam, ceftolozane-tazobactam and cefepime
against of Enterobacterales, P. aeruginosa and A. baumannii
isolates. Regarding S. maltophilia and B. cepacia complex,
99.4% and 94.4% respectively, showed cefiderocol MIC values
<4 mg/L. It should be noted that there was no cross-resist-
ance between cefiderocol and colistin. This study concludes
that cefiderocol is a good therapeutic option in patients in-
fected with multidrug-resistant Gram-negative bacilli due
to its demonstrated activity against carbapenem-resistant
Gram-negative isolates and MDR phenotypes, its stability to
hydrolysis by different beta-lactamases and its activity against
bacteria resistant to carbapenems by other resistance mecha-
nisms.

At the international level, Hackel et al. [27] also demon-
strated that cefiderocol is a more potent antimicrobial than
cefepime, ceftazidime-avibactam and ceftolozane-tazobac-
tam. The study included 1,022 meropenem-resistant Entero-
bacterales isolates collected between 2014 and 2016 by med-
ical center laboratories in 52 countries (24 in Europe, 10 in
Latin America, 2 in North America, 8 in Asia, 3 in the South
Pacific, 2 in Africa and 3 in Middle East). The MIC,, value for
cefiderocol was 4 mg/L with MIC ranges between 0.004 and
32 mg/L (97% of the isolates had MIC values < 4 mg/L) [27].
Results of other studies are in agreement with those men-
tioned above, cefiderocol has excellent in vitro activity (MICq,
values =1 mg/l) against problematic isolates such as KPC-
and MBL-producing Enterobacterales (including NDM-1 en-
zymes) and ESBL producers [30]. Regarding non-fermenting

Gram-negative bacteria, Ito et al. obtained MICy, values of 2
mg/Lin A. baumanniiisolates, 1 mg/L for P. aeruginosa and 0.5
mg/L for S. maltophilia isolates. These results also demonstrate
the potent in vitro activity of cefiderocol against non-fer-
menters, with MICq, values significantly lower than those ob-
tained for ceftazidime, meropenem, levofloxacin, cefepime and
piperacillin-tazobactam. Cefiderocol was also active against A.
baumannii, including those isolates resistant to carbapenems
[31].

At the national level, studies have also been published
about the in vitro activity of cefiderocol in Spain, showing
that it is a good therapeutic option for the treatment of in-
fections caused by MDR bacteria. Thus, Cercenado et al. [32]
recently published the subset of Spanish isolates from the SI-
DERO-WT-2014-2018 study, demonstrating that cefiderocol
showed potent in vitro activity against Gram-negative bacilli
isolated in different types of infection. Furthermore, a signifi-
cant percentage of isolates (p <0.01) were susceptible to cefi-
derocol. Susceptibility to cefiderocol in Enterobacterales was
significantly better (p <0.01) than ceftolozane-tazobactam
and colistin but similar to meropenem and ceftazidime-avibac-
tam, while susceptibility to cefiderocol in non-fermenting iso-
lates was significantly better than all comparators (p <0.01).
It should be noted that cefiderocol activity was significantly
better than all comparators against isolates from patients with
nosocomial pneumonia.

In Greece, a country with high resistance rates, Falagas et
al. [33] studied the in vitro activity of cefiderocol in carbape-
nem-resistant isolates and compared it with that of commer-
cially available antibiotics. Cefiderocol demonstrated potent
in vitro activity with MICy, values <1 mg/L for all groups of
microorganisms. However, MIC,y, of cefiderocol was lower in
non-fermenters than for Enterobacterales. In addition, they
observed minor differences in MIC values according to specific
resistance mechanisms.

Ballesté-Delpierre et al. [34] tested a diverse collection of
A. baumannii clinical isolates, including Spanish one. The most
active antimicrobials against this collection were colistin and
cefiderocol, with 12.38% and 21.23% of non-susceptibility, re-
spectively. Interestingly, a high proportion of multidrug-resist-
ant (76.7%) and carbapenem-resistant (75.3%) A. baumannii
isolates remained susceptible to cefiderocol, which was clearly
superior to novel beta-lactam-beta-lactamase inhibitor com-
binations, including ceftazidime-avibactam, imipenem-rel-
ebactam and meropenem-vaborbactam. Cefiderocol-non
susceptible isolates were more frequently observed among
meropenem-resistant isolates, but could not be associated
with any particular resistance mechanism or clonal lineage.

A recent publication including isolates collected from
the United States and Europe collected as part of the SENTRY
study in 2020, showed 99.8% Enterobacterales susceptibili-
ty to cefiderocol, with similar values (98.2%) in the subset of
carbapenem resistant isolates [34]. In P. aeruginosa isolates,
cefiderocol was the most active antimicrobial (99.6% suscep-
tible). In XDR isolates cefiderocol susceptibility was very high
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Table 2 Cefiderocol resistance mechanisms

Cefiderocol MIC

Country

Microorganisms Resistance mechanism Reference
(MIC or range) (mg/L) (Year of publication)

K. pneumoniae 16 - >32 Mutation of two-component regulation system (BaeSR and OmpR/EnvZ). Japan (2020) 44

Mutation of exbD (accessory protein related to iron transport)

K. pneumoniae 4->32 KPC B-lactamase mutants France (2021) 49

E. coli

E. cloacae

K. pneumoniae 8 KPC B-lactamase mutant (KPC-31) Italy (2021) 50

E. cloacae >16 AmpC R2 loop deletion USA (2020) 10

E cloacae =256 Mutations in cirA gene Germany (2021) 13

P. aeruginosa 8 Mutations in pirA and deletion in piuA USA (2021) 43

A. baumannii >4 PER and NDM B-lactamase Russia, Turkey and USA (2020) 45

B. multivorans Disruption of iron transport genes (piuA, pirA and fiuA)

P. aeruginosa

S. maltophilia

A.baumannii >32 Loss of pirA and piuA USA (2020) 46

(97.3%) compare with meropenem (only 7.4%). In this collec-
tion Acinetobacter spp and S. maltophilia susceptibility to cefi-
derocol was 97.7% and 97.9%, respectively [35].

CEFIDEROCOL RESISTANCE MECHANISMS

Mechanisms of resistance to cefiderocol are being
described and different reviews include subheading of this
emergence [4,36-40]. Nevertheless, and according with
surveillance studies and clinical trials, prevalence of cefiderocol
non susceptible or resistant isolates remains very low and
their clinical implications remains to be clarified [41]. Table 2
summarized resistance mechanisms described to cefiderocol in
different species. These mechanisms are complex and normally,
they do not involve a single gene. Cefiderocol resistance has
been described in in vitro mutants, in isolates recovered from
surveillance studies and in clinical cases involving difficult to
treat pathogens.

In carbapenemase producing microorganisms, it has been
shown that the loss of Omp35 and Omp36 porins in K. pneu-
moniae isolates as well as the overproduction of MexA-MexB-
OprM efflux pumps in P. aeruginosa isolates do not have a
significant impact on cefiderocol activity [31]. On the contrary,
mutants in TonB dependent iron transporter pathway might
affect cefiderocol susceptibility [42]. This mechanism of resist-
ance involves potential defects in the inner membrane proteins
(TonB-ExbB-ExbD) and/or the corresponding two-component
regulator systems that affect the necessary energy for the iron
transportation and hence for cefiderocol [43].

The implication of iron transport pathway in cefiderocol
resistance have been studied in K pneumoniae isolates but
also in P. aeruginosa, A. baumannii and other Gram-nega-
tive non-fermentative rods. In that sense, Yamano et al. [44]
suggests the mutation of two-component regulation systems
(BaeSR and OmpR/EnvZ) and iron transport-related proteins
as a possible resistance mechanism involved in vitro cefidero-
col resistant mutants of K. pneumoniae isolates. Moreover, in
SIDERO-WT clinical studies, some isolates of different species
(128 A. baumannii, 22 Enterobacterales, 7 Burkholderia mul-
tivorans, 2 P. aeruginosa and 2 S. maltophilia) with cefider-
ocol MICs >4 mg/L were found. Yamano et al. [45] performed
molecular characterization of isolates with MICs >4 mg/L from
these studies. They observed that PER and NDM enzymes (bla-
PER were found in A. baumannii and blaNDM were found in
K. pneumoniae and A. baumannii) could increase cefiderocol
MIC values as well as disruption of iron transport genes (piuA,
pirA and fiuA). Similarly, cefiderocol resistance (MIC =32 mg/L)
have been described in A. baumanniiisolates due to the loss of
pirA and piuA genes which are two TonB-dependent receptors
involved in the transport of siderophores or vitamin B12 in
Gram-negative organisms, as well as carbohydrates, thiamine,
and cations [46].

In P. aeruginosa, it has been also shown that certain mu-
tations in the omega loop of the AmpC beta-lactamase can
determine resistance to both ceftolozane-tazobactam and cef-
tazidime-avibactam but also reduced susceptibility to cefider-
ocol and increased susceptibility to imipenem-relebactam [47].
In P. aeruginosa PAO1, in vitro inactivation of piuA (a gene en-
coding drug import channel) determined to a 16-fold increase
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in cefiderocol MIC (0.5 to 8 mg/L). This increase was reverted
with complementation experiments using a plasmid contain-
ing the pirA gene [48].

Within the clinical cases, in Germany, a 58-years-old male
patient developed cefiderocol resistance within 3 weeks after
therapy with cefiderocol in monotherapy. This MIC increase
was observed in NDM- and OXA-48 producing Enterobacter
cloacae and was caused by mutations of the cirA siderophore
receptor during cefiderocol treatment [13]. Emergence of re-
sistance can be also present in isolates recovered in patients
with now previous treatment with cefiderocol. An elegant re-
port published from USA by Streling et al [43] showed devel-
opment of a cefiderocol non-susceptible P. aeruginosa isolate
in a patient with previous treatment with different antimicro-
bials, including ceftazidime-avibactam. Resistance was due to
mutations in major iron transport pathways previously associ-
ated with cefiderocol uptake.

In addition, cross-resistance, both to ceftazidime-avibac-
tam and cefiderocol have been reported [49] using in vitro KPC
beta-lactamase ceftazidime-avibactam-resistant mutants. This
study evaluated the impact of these mutations on cefiderocol
MICs, so that, in 76% of the KPC mutants studied, cefidero-
col MIC increased compared to the wild isolate. This resistance
mechanism was also observed in Pisa (Italy) in clinical isolates,
where a KPC-31-producing K. pneumoniae was isolated from a
68-years-old male patient 7 days after ceftazidime-avibactam
discontinuation [50]. Moreover, Poirel et al [51] recently con-
firmed that some KPC-3 mutants that confer resistance to cef-
tazidime-avibactam might also affect cefiderocol. This occurs
with KPC-41 and to a lesser extend with KPC-50.

Apart from KPC carbapenemase variants affecting ceftazi-
dime-avibactam susceptibility, some clavulanic acid inhibited
extended spectrum beta-lactamases (ESBLs), such as PER, BEL
and some SHV derivatives (i.e. SHV-12) might increase cefi-
derocol MIC values. This is also the case for some metallo-be-
ta-lactamase (MBL) variants, including NDM and SPM. In both
cases, ESBLs and MBL, the increase in MIC is more evident in P.
aeruginosa than in E. coli or K. pneumoniae [52].

Other mechanism described that confers resistance to
ceftazidime-avibactam and cefiderocol is AmpC R2 loop de-
letion in E. cloacae, which was isolated from a hospitalized
patient with ventilator-associated pneumonia. The whole-ge-
nome sequencing of this isolate identified an alanine-proline
deletion (A294_P295del) and a leucine-to-valine substitution
(L296V) in the ampC gene. In the other hand, functional ge-
nome cloning of E. cloacae was performed obtaining several
E. coli transformants; ceftazidime-avibactam and cefiderocol
MICs of E. coliin which deletion was reverted by site-directed
mutagenesis were both 0.5 mg/L suggesting the contribution
of the R2 loop deletion to the ceftazidime-avibactam and cefi-
derocol MICs increase [10].

CONCLUSIONS

Cefiderocol is a new cephalosporin with a unique mech-

anism of action in which it also enters through the bacterial
wall using the iron transport pathway. This fact determines
that the in vitro study of cefiderocol by broth microdilution
must be performed with the usual Mueller-Hinton medium,
but depleted in iron so that MIC values are reproducible. Disk
diffusion uses standard Mueller-Hinton agar. Surveillance
studies indicate that it is one of the most active antimicro-
bials with a profile that includes Enterobacterales, including
carbapenemase producers, P. aeruginosa, Acinetobacter spp,
and other non-fermenters such as S. maltophilia. Isolates with
impaired sensitivity or resistance to cefiderocol have been
described in which the most common mechanism is disrup-
tion of the iron transport system, resulting in the loss of all or
part of the advantage of cefiderocol entry via this route. Oth-
er situations in which higher MICs to cefiderocol may occur
are in isolates expressing KPC variants that confer resistance
to ceftazidime-avibactam or certain infrequent ESBL, or met-
allo-beta-lactamases, particularly in P. aeruginosa. However,
in epidemiological surveillance studies and clinical trials such
isolates are rare.
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ABSTRACT

Cefiderocol is a new cephalosporin with a catechol in its
chemical structure faciliting its access to the interior of bac-
teria through iron channels. In addition, it is broadly stable to
beta-lactamases. The pharmacokinetic profile is a beta-lactam
one: no oral absorption, and with a wide distribution within
the vascular space and the interstitial fluid of well vascular-
ized tissues, reaching therapeutic concentrations in the alve-
olar lavage fluid and within the macrophage. The binding of
cefiderocol to human plasma proteins, primarily albumin, is
moderate (range 40-60%%). The terminal elimination half-life in
healthy adult subjects was 2 to 3 hours. Cefiderocol is main-
ly renally eliminated, so dose adjustments are recommended
in subjects with moderate | severe renal impairment, in case
of dialysis, and probably in patients with external clearance.
Like other beta-lactams, the PK /[ PD parameter that has been
shown to best correlate with efficacy is the efficacy time of
unbound plasma concentrations (%fT>MIC), which must be
close to 100% to achieve a bactericidal effect. This is possible
with 2 g in a 3-hour infusion every 8 hours. In controlled tri-
als appears to be well tolerated, similar to comparators: mer-
openem or imipenem-cilastatin. Cefiderocol has no apparent
clinically significant effect on ECG parameters nor on plasma
iron values.

Keywords: Cefiderocol; pharmacokinetic; pharmacodynamic, tolerability

INTRODUCTION

The availability of a new antibiotic is, a priori, good news,
since it represents an opportunity to potentially confront the
advance of bacterial resistance. If, as is the case, the antibiot-
ic seems to be characterized by its activity profile against this
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type of bacteria, the news can become transcendental.

Cefiderocol, at least due to its mechanism of action and
antibacterial spectrum, can be clearly included in this group of
drugs, so having the opportunity to review its pharmacokinetic
(PK), pharmacodynamic (PD) and tolerability properties seems
a magnificent opportunity.

CHEMICAL STRUCTURE

Cefiderocol (5-649266) is a cephalosporin with a very
original chemical structure since it has a chlorocatechol
ring that gives it the capacity to penetrate bacteria through
iron channels. It is an aminothiazole-cephalosporin with
a methoxymine group, common among third and fourth
generation cephalosporins [1,2]. It has a molecular weight
of 752.2 g/mol and a logP of -2.26. Its chemical name
corresponds  to  (6R,7R)-7-[[(22)-2-(2-amino-1,3-thiazol-4-
yl)-2-(2-carboxypropan-2-yloxyimino)acetyl]Jamino]-3-[[1-
[2-[(2-chloro-3,4-dihydroxybenzoyl)amino]ethyl]pyrrolidin-
1-ium-1-yllmethyl]-8-oxo-5-thia-1-azabicyclo[4.2.0]
oct-2-ene-2-carboxylate.

PHARMACOKINETICS

Cefiderocol is not absorbed after oral administration and is
only available for intravenous parenteral administration.

The behaviour of the drug has been evaluated in different
single [3] or multiple [3-5] dose studies, obtaining the parame-
ters summarized in Tables 1 and 2.

The conventional dose is 2000 mg every 8 hours admin-
istered in a 3-hour extended perfusion. With this regimen and
after administration of single and multiple doses, there was no
drug accumulation when administered to healthy subjects [3-5].

Distribution. The binding of cefiderocol to human plasma
proteins, mainly albumin, ranges from 40-60 %. The geometric
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Table 1

Pharmacokinetic parameters (geometric mean and coefficient of variation) obtained in

healthy volunteers after administration of single doses of cefiderocol (Modified from 3).

Pharmacokinetic parameters 100 mg 250 mg 500 mg 1000 mg 2000 mg
(n=6) (n=6) (n=6) (n=6) (n=6)

Cmax (mg/l) 7.76 (7.8) 189 (4.9) 46.6(10.7) 76.4 (4.6) 156 (7.9)
Tmax (h) 1 1 1 1 1

AUCo.int (mg*h1) 17.49 (8.5) 41.94 (6.3) 108.6 (22.7) 168.1(7.0) 389.7 (9.0)
t1/2 (h) 2.00(1.4) 1.98 (5.5) 2.12 (15.5) 226 (5.8) 2.74(10.2)
Cl (I/n) 5.72(8.5) 5.96 (6.3) 460 (22.7) 595 (7.0) 5.13(9.0)
Ae 0-48(%) 68.4 (3.2) 64 (5.4) 65.8 (16.2) 68.3 (6.0) 61.5(10.6)

Cmax: maximum plasma concentration. T_,.: time to maximum plasma concentration. AUC,_, : area under the plasma concentration curve. t1/2: eli-

max*

mination half-life. Cl: total clearance. Ae 0-48%: percentage of drug eliminated unchanged in urine.

Table 2

Pharmacokinetic parameters (geometric mean and coefficient of variation)

obtained in healthy volunteers after multiple dose administration of cefiderocol

(Modified from 3 and 5).

PK parameter Single dose

2000 mg in 1-hour infusion

Number of subjects 6
Crmax (mgl) 156 (7.9)
AUCo-inf (mg?h) 389.7 (9.0)
Cl (Ifn) -
T1/2 (h) 2.74(10.2)

Multiple dose (day 10) Single dose
2000 mg in 1 - hour infusion 2000 mg in 3-hour infusion
8 43
153 (12.9) 89.7 (20.5)
366.5 (14.0) 386.1(17.2)
5.46 (14.0) 5.05 (17.1)
2.72 (21.6) 2.41(14.0)

C,.e: Maximum plasma concentration. AUC, ;- area under the plasma concentration curve. Cl: total clearance. T1/2: elimination half-life.

‘max"

mean of the volume of distribution during the terminal phase
in healthy adult subjects after intravenous administration of
a single 2000 mg dose of cefiderocol was 18.0 L (CV 18.1 %),
similar to the volume of extracellular fluid [3,4,6]. In another
study in healthy subjects and in patients with varying degrees
of renal impairment, slightly lower volume of distribution val-
ues of around 13 litres were reported [7].

The intrapulmonary pharmacokinetics of cefiderocol af-
ter administration to healthy volunteers has been evaluated.
For this purpose, a single dose of 2000 mg, administered as a
one-hour intravenous infusion, was administered to a group
of healthy subjects. Each subject underwent bronchoscopy
with alveolar lavage (BAL) and collection of material for the
determination of drug concentrations. Bronchoscopy was per-
formed at different times; 1, 2, 4 and 6 hours after the start of
drug administration. Each group was composed of 5 subjects.
The geometric mean concentrations of cefiderocol in BAL fluid
in samples drawn 1, 2, 4 and 6 hours after administration were
13.8, 6.69, 2.78 and 1.38 mg/L, respectively. The range of the
total BAL concentration/plasma concentration ratio at 6 hours
after administration was 0.0927-0.116 while the ratio of the
concentration within the alveolar macrophage (AM) to plasma

was 0.00496-0.104. The ratio of AUC in BAL and MA to plasma
was 0.101 and 0.0177, respectively, when calculated with the
total drug concentration, while that calculated using the free
fraction, not bound to proteins, stood at 0.239 and 0.0419, re-
spectively [8].

These data are consistent with those described system-
atically for any cephalosporin and, therefore, consistent with
a typical distribution profile of beta-lactam antibiotics, which
is found in the vascular space and in the interstitial fluid of
well-vascularized tissues. Therefore, the higher molecular
weight of cefiderocol does not significantly influence its distri-
bution characteristics in the different tissue components.

Biotransformation. Cefiderocol undergoes virtually no
metabolism since the unmodified drug accounted for 92.3%
of the AUC in plasma after administration of a single dose of
1000 mg radiolabeled with [14C], perfused for 1 hour. The pre-
dominant metabolite, pyrrolidine chlorobenzamide (PCBA, a
degradation product of cefiderocol), accounted for 4.7% of the
plasma AUC of total radioactivity, while each of the remaining
metabolites accounted for <29% of the plasma AUC of total ra-
dioactivity [9].
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Table 3 Cefiderocol dose recommended for
patients with CrCl <90 ml/min® [6]
Renal Function Dose Frequency
Mild renal impairment (CrCl =60 to <90 ml/min) 29 Every 8 hours
Moderate renal impairment (CrCl 230 to <60 ml/min) 159 Every 8 hours
Severe renal impairment (CrCl 215 to <30 ml/min) 19 Every 8 hours
End stage renal disease (CrCl <15 ml/min) 0759  Every 12 hours
Patients with intermittent haemodialysis® 0,759  Every 12 hours

?Calculated with Cockeroft-Gault formula.
*Since cefiderocol is eliminated by haemodialysis, administer cefiderocol as soon
as possible after the end of the haemodialysis session on haemodialysis days.

Elimination. The elimination of cefiderocol is almost en-
tirely active in the urine, with 74.6, 98.5 and 98.7% of the ad-
ministered dose being detected between 0-6 hours, 0-48 hours
and 0-120 hours, respectively, after the administration of 1000
mg. Only 2.8% of the administered dose was excreted in the
feces [9].

The geometric mean clearance of cefiderocol in healthy
subjects was estimated to be 5.18 (cv 17.2%) I/h and the termi-
nal elimination half-life in healthy adult subjects to be 2 to 3
hours. Cefiderocol exhibits linear pharmacokinetics in the dose
range of 100 mg to 4000 mg [3 4,6).

PHARMACOKINETIC IN SPECIAL POPULATIONS

Several studies have been performed to evaluate the
population pharmacokinetics of cefiderocol without demon-
strating a significant relationship between the PK parameters
of cefiderocol and the various covariates evaluated, which
included, among others, age, sex, race, or the location of the
infection. The exception was renal function, as should be ex-
pected for a drug that is almost entirely eliminated in active
form in the urine and whose clearance is directly related to
creatinine clearance [10,11].

Paediatric population. No pharmacokinetic studies have
been published yet with cefiderocol in children or adolescents
under 18 years of age, although the efficacy of 60 mg/kg ad-
ministration every 8 hours in children with cystic fibrosis has
been described. A posological recommendation on the safety
of the drug in this age group cannot be established at this time
[12].

Renal function alterations. The high renal elimination
of cefiderocol implies that alterations in renal function, ei-
ther by increase or reduction, have an important impact on
its pharmacokinetics and require the corresponding dosage
adjustment.

Renal impairment. The pharmacokinetics of cefidero-
col after administration of a single 1000 mg dose has been

evaluated in subjects with mild renal insufficiency, (glomerular
filtration rate [creatinine clearance: CICr] estimated from 60
to <90 ml/min/1.73 m?), moderate renal insufficiency (CICr of
30-<60 ml/min/1.73 m?), severe renal insufficiency (CICr < 30
ml/min/1.73 m?) and end-stage renal disease (ESRD) requiring
hemodialysis, compared with that present in healthy subjects
and therefore with normal renal function (CICr > 90 ml/min).
The geometric mean ratios for cefiderocol AUC in subjects with
mild, moderate, severe renal impairment or ESRD without he-
modialysis/normal renal function, and their 90 % confidence
intervals (Cl) were 1.0 (0.8, 1.3), 1.5 (1.2, 1.9), 2.5 (2.0, 3.3) and
4.1 (3.3, 5.2), respectively. As would be expected, the increase
in AUC was due to a reduction in drug clearance without a
significant change in the volume of distribution. Approximate-
ly 60 % of cefiderocol was eliminated by a 3- to 4-hour he-
modialysis session [7]. Table 3 describes the dosage adjustment
given in the drug's SmPC.

Patients with augmented renal clearance. Simulations
using the population pharmacokinetics model demonstrated
that the recommended dose adjustment for augmented renal
clearance, administering 2000 mg every 6 hours, provides ex-
posures, and time above MIC (%fT>CMI), of cefiderocol com-
parable to those of subjects with normal renal function [6,10].

Patients with renal replacement techniques. The avail-
able information is limited, but data have been published on
plasma concentrations in 2 patients receiving cefiderocol while
being treated with these techniques, and in both cases the
values of the minimum concentration after therapeutic doses
(6000 mg) were lower than those described in other patients,
being around 15 mg/l (12 and 18 mg/l) [13]. The administration
of 1500 mg every 12 h or 1500 mg every 8 hours, respectively,
has been recommended in patients submitted to continuous
venovenous hemofiltration and continuous venovenous hemo-
dialysis or continuous venovenous hemodiafiltration [14].

Hepatic impairment. Hepatic impairment is not expect-
ed to alter the elimination of cefiderocol since hepatic metab-
olism and excretion play little role in the elimination of the
drug.

INTERACTION WITH OTHER DRUGS

The involvement of cefiderocol in interactions with the
various CYP450 isoenzymes and with various transporter pro-
teins has been evaluated. Thus, administration of 2000 mg cefi-
derocol every 8 hours did not affect the pharmacokinetics of
furosemide (a substrate of OAT1 and OAT3) or metformin (a
substrate of OCT1, OCT2 and MATE2-K). Coadministration of
the same dose increased the AUC of rosuvastatin (a substrate
of OATP1B3) by 21%, which was not considered clinically sig-
nificant or relevant and therefore no dose adjustment was re-
quired in any of the cases evaluated [15].

Cefiderocol induces CYP3A4 in vitro [4,6], therefore, the
metabolism of drugs that are CYP3A4 substrates when co-ad-
ministered, may increase and lead to an increase in their clear-
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ance with a corresponding reduction in systemic exposure. In
relation to these facts when cefiderocol is co-administered with
CYP3A4 substrates, patients should be monitored for a reduc-
tion in the efficacy of the drug whose metabolism may have
been induced. Since CYP3A4 induction in vitro by cefiderocol
is mediated by pregnane X receptor (PXR), other PXR-induci-
ble proteins, e.g. CYP2C family and P-glycoprotein (Pgp), may
also be induced, the clinical relevance of the induction is so far
unknown. As a consequence, if cefiderocol is administered to-
gether with CYP2C family or Pgp substrates, patients should be
monitored for reduced efficacy of the concomitant drug. Based
on in vitro studies and a phase 1 clinical evaluation, no sig-
nificant drug-drug interactions are anticipated between cefi-
derocol and substrates or inhibitors of cytochrome P450 (CYP)
enzymes or intestinal, renal, or hepatic drug transporters [6].

STABILITY

Chemical, microbiological, and physical stability has been
demonstrated after dilution, for 6 hours at 25°C and for 24
hours at temperatures of 2 and 8°C. If protected from light it
can be stable for more than 6 hours at 25°C [6].

PHARMACODYNAMICS

Cefiderocol is a siderophore cephalosporin with in vitro
activity against most Gram-negative bacteria resistant to other
drugs, including carbapenemase-producing bacteria. The drug
is able to passively diffuse through outer membrane porin
channels, binding to extracellular free iron through its sidero-
phore side chain, allowing active transport into the periplasmic
space by siderophore uptake systems. Subsequently, cefidero-
col will bind to penicillin-binding proteins (PBPs), inhibiting the
synthesis of the bacterial peptidoglycan cell wall, resulting in
lysis and cell death [16,17].

The activity of cefiderocol against Gram-positive or anaer-
obic bacteria is small or null due to intrinsic resistance.

In vitro studies have shown that there is no antagonism
between cefiderocol and amikacin, ceftazidime/avibactam,
ceftolozane/tazobactam, ciprofloxacin, clindamycin, colistin,
daptomycin, linezolid, meropenem, metronidazole, tigecycline
or vancomycin (6).

The critical values of the minimum inhibitory concentra-
tion established by the European Committee on Antibiograms
(EUCAST) for cefiderocol are <2 g/ml for Enterobacterales and
Pseudomonas aeruginosa [6).

PHARMACOKINETICS/PHARMACODYNAMICS
RELATIONSHIP (PK/PD)

[t has been demonstrated, in mouse infection models,
that the parameter that best correlates with the efficacy of
cefiderocol is the time during which plasma concentrations of
non-protein-bound cefiderocol exceed the minimum inhibitory
concentration (fT%>CMI) [18-21].

A study carried out in rats with respiratory infection pro-
duced by two strains of P. aeruginosa, one susceptible and the
other resistant to cephalosporins; 2 strains of Acinetobacter
baumannii resistant and two strains of Klebsiella pneumoni-
ae resistant to carbapenems, showed that the administration
of cefiderocol at doses that allowed reaching concentrations
similar to those achieved in humans with 2000 mg every 8 h in
a 3-hour perfusion for 4 days, produced a reduction of 3log,,
in the number of viable bacteria in the lung, even in the case
of carbapenem-resistant strains. When the infusion time was 1
hour, bactericidal activity was observed in all models, although
the 3log,, reduction was only achieved in three of the five car-
bapenem-resistant strains, which was related to the need to
achieve the highest possible %fT>MIC and therefore to extend
the infusion to three hours [22].

Identical results were obtained in a PK/PD characterization
study to which the efficacy of cefiderocol is adjusted, in which
it was found, in the mouse model of infection produced by P.
aeruginosa with resistance to carbapenems, that the best cor-
relation was achieved with the highest values of the efficacy
time of the free fraction (%fT>CMI) compared to the remaining
PK/PD parameters; ratio of maximum plasma concentration to
MIC (Cmax/MIC) or area under the curve of plasma levels to
MIC (AUC/MIC) [23].

PK/PD behavior of cefiderocol has been evaluated in the
treatment of the neutropenic mouse after administration of
cyclophosphamide; 150 mg/kg for 4 days, and subsequent
inoculation of Pseudomonas aeruginosa showing an MIC be-
tween 0.63 and 0.5 0.063-0.5 mg/L. Cefiderocol was adminis-
tered subcutaneously, with dose escalation between 4.2-166.7
mg/kg every 8 h. Dose-response curves were performed on the
eight isolates evaluated which showed a sigmoidal pattern with
gradually increasing reduction in the number of choline-form-
ing units with the highest doses. The percentage of time during
which free drug concentrations exceeded MIC (%fT>MIC) for
bacteriostatic effect and 1 log10 and 2 log10 reduction ranged
from: 44.4-94.7, 50.2-97.5 and 62.1-100, respectively [24].

A PK/PD analysis involving a Monte-Carlo simulation ver-
ified the probabilities of reaching the target (PTA) of the per-
centage of the interval during which the plasma concentration
was higher than the MIC (%fT>MIC) for a range of concen-
trations from 0.25 to 16 mg/L. Pharmacokinetic parameters
previously determined in patients with varying degrees of im-
paired renal function were used to perform these simulations.
The dose of 2000 mg every 8 hours administered as a 3-hour
infusion provides a 75% probability of achieving a %fT>MIC
for an MIC =4 mg/L for patients with normal renal function,
whereas more frequent administration (every 6 hours) appears
to be required when the patient has elevated renal function.
The dose should be reduced or the interval increased in pa-
tients with varying degrees of impaired renal function. Finally,
it seems necessary to administer a supplementary dose imme-
diately after the end of the hemodialysis session [25].

Recently, the results of a population pharmacokinet-
ic model using 3,427 samples of plasma levels of cefiderocol
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Table 4 Cefiderocol. Adverse reactions [6]

- Infections and infestations: Candidiasis, including oral candidiasis, vulvovaginal candidiasis, candiduria and yeast infection,
Clostridioides difficile colitis, including pseudomembranous colitis and Clostridioides difficile infection.

- Immune system disorders™: Hypersensitivity, including skin reactions and itching

- Respiratory, Thoracic and Mediastinal Disorders: Coughing

- Gastrointestinal disorders: Diarrhea, nausea, vomiting

- Skin and subcutaneous tissue disorders: Rash, including macular rash, maculopapular rash, erythematous rash and drug eruption

- General disorders and administration site changes Infusion site reaction, including pain at the infusion site, pain at the injection
site, erythema at the infusion site and phlebitis at the injection site.

- Additional tests: elevated alanine aminotransferase, elevated gamma-glutamyltransferase, elevated aspartate aminotransferase,
altered liver function, including increased levels on liver function tests, elevated liver enzymes, elevated transaminases, and liver

function test abnormalities.

Frequent (=1/100 to <1/10) *Rare (=1/1,000 to <1/100).

obtained in 91 patients without infection and 425 patients
presenting with pneumonia, BSI, sepsis or complicated urinary
tract infection have been published. The estimate of the time
during which plasma concentrations were above the MIC was
100% in most of the patients evaluated; the probability of
reaching a value of 100% was > 90% for all patients except
those with sepsis or BSI and normal renal function, where it
was 85% [11].

TOLERABILITY

Cefiderocol is a cephalosporin and as such has the usual
adverse effect profile of the group, as has been shown in the
pivotal clinical trials in which it was compared with meropen-
em [26], imipenem [27], or with the best antibiotic in the inves-
tigator's judgment [28].

A meta-analysis including the results of the three con-
trolled trials of cefiderocol demonstrated the absence of statis-
tically significant differences in the incidence of adverse effects
between cefiderocol and the comparators [29].

A review of the technical data sheet of cefiderocol clearly
reflects its beta-lactam profile in terms of tolerability, since the
typical adverse effects are described, a summary of which is
shown in Table 4.

A consequence of this good tolerability of the drug is the
absence of contraindications other than a history of hypersen-
sitivity to beta-lactams and cephalosporins [6].

Warnings and precautions include the potential risk of
Clostridioides difficile infection and seizures, again related to
class effects typical of cephalosporins [6].

Reconstitution of cefiderocol with saline for intravenous
administration involves the administration of 2 g of sodium
chloride daily, which should be considered in patients at asso-
ciated risk [6].

As with any new antibiotic, there is insufficient informa-
tion regarding the use of cefiderocol in pregnant women. Al-
though animal studies do not suggest direct or indirect harmful
effects in terms of reproductive toxicity, it is preferable to avoid
the use of this drug during pregnancy. It is also not known
whether cefiderocol or its metabolites are excreted in milk, so it
should be decided whether it is necessary to interrupt lactation
or discontinue treatment after considering the benefit of lacta-
tion for the child and the benefit of treatment for the mother.

Since the antibacterial effect of cefiderocol involves its
penetration of the bacteria using siderophores, specific iron
channels, it was important to verify the overall effect of the
drug on iron concentrations among the treated patients. The
administration of a single dose slightly modified plasma iron
concentrations, which were at the lower limit of the normal
range (range, 80 to 199 ug/dl for men and 70 to 179 ug/dl for
women) on day 5 of the 500 mg administration (71.2 pg/dl)
and on day 8 (68.3 ug/dl), and with the 1000 mg dose, only on
day 8 (76.8 ug/dl). Despite this, no changes were observed in
the group of subjects receiving 2000 mg.

In the multiple dose study, administration of cefiderocol
for 17 consecutive days in three groups of subjects; 2 groups
received 1000 mg/ 8 h and the third 2000 mg with the same
interval, the mean values of plasma iron were slightly below
the lower range of the limit of normality on days 5, 11, and
17 and 5, 11, 13, 13, 14, and 17, respectively, in each of the
groups treated with 1 g every 8 h. The higher dose (2 g) did not
produce abnormalities in plasma iron [3].

The impact of cefiderocol on the electrocardiographic QT
interval has been evaluated. In the first study, increasing sin-
gle doses of drug were used in healthy volunteers [3]. In the
other crossover study, healthy subjects received single doses
of 2000 mg and 4000 mg of cefiderocol perfused over 3 hours,
and moxifloxacin 400 mg in single oral doses. No electrocardi-
ographic alterations were observed in any of the subjects re-
ceiving cefiderocol [3,5].
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ABSTRACT

Infections by antibiotic-resistant microorganisms could be
considered a “stealth pandemic” that we fight daily in most
hospitals. Some estimates suggest that today 700,000 deaths
per year can be attributed to antimicrobial resistance. By the
year 2050, it is estimated that this will increase to ten million
deaths per year as a result of infections by multidrug-resistant
microorganisms. In this context, the availability of antimicrobi-
al therapy that is effective against these pathogens is essential
to be able to "save the lives" of our patients. Cefiderocol, a new
cephalosporin with a different mechanism of action, will be
an essential treatment in many infections caused by resistant
aerobic gram-negative bacteria. Cefiderocol has been used to
treat patients with complicated urinary tract infections (cU-
TI); hospital-acquired pneumonia (HAP), ventilator-associated
pneumonia (VAP), healthcare-associated pneumonia (HAP); in
patients with sepsis and bacteremia, some without an identi-
fied primary focus of infection.

Keywords: cefiderocol; complicated urinary tract infections; hospital-

acquired pneumonia; ventilator-associated pneumonia; healthcare-
associated pneumonia; sepsis; bacteremia

Cefiderocol is indicated for the treatment of infections
caused by Gram-negative aerobes with limited therapeutic
options [1]. It has been used to treat patients with compli-
cated urinary tract infections; nosocomial pneumonia in the
non-ventilated and associated with mechanical ventilation,
healthcare associated pneumonia; in patients with bacteremia
and sepsis and in other infections as rescue therapy [2-19].

In the following, we will review the clinical experience in
the different types of infections in which it has been used.
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URINARY TRACT INFECTIONS

On November 14, 2019, the U.S. Food and Drug Adminis-
tration (FDA) approved cefiderocol, for the treatment of adults
with complicated urinary tract infections (cUTls), including
pyelonephritis caused by sensitive Gram-negative microorgan-
isms, who have limited or no alternative treatment options.
The approval was based on substantial preclinical and clinical
data, including in vitro and in vivo work, as well as pharma-
cokinetic and pharmacodynamic studies that established that
cefiderocol is an effective agent for the treatment of cUTIs [2].

One of the first clinical trials demonstrating the efficacy
of cefiderocol in complicated urinary tract infections was the
Phase 2 trial led by Portsmouth et al [3,4]. In this multicenter,
double-blind study, cefiderocol demonstrated in patients at
risk for multidrug-resistant Gram-negative infections (exclud-
ing those with known infection with carbapenemase-resistant
bacteria at enrolment) noninferiority to imipenem-cilastatin in
both microbiological eradication and clinical cure. A total of
448 patients were treated, 300 in the cefiderocol group and
148 in the imipenem-cilastatin group. The cUTI was caused by
Gram-negative uropathogens in 252 in the cefiderocol group
and 119 in the imipenem-cilastatin group, and 183 [73%)] of
the 252 patients in the cefiderocol group versus 65 [55%] of
119 in the imipenem-cilastatin group had clinical cure.

The CREDIBLE-CR clinical trial has recently been pub-
lished (5). This is a randomized, open-label, multicenter, par-
allel-group, pathogen-focused, descriptive, phase 3 study in
95 hospitals in North America, South America, Europe and
Asia. Patients =18 years admitted to hospital with nosoco-
mial pneumonia, bacteremia or sepsis, or cUTI, and evidence
of a carbapenem-resistant Gram-negative pathogen were
included. Of the 150 patients who received treatment 101
received cefiderocol (85 [85%)] received monotherapy) and
49 received best available therapy (30 [61%] received com-
bination therapy). The most frequent carbapenem-resistant
pathogens were Acinetobacter baumannii (in 54 patients
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[46%)]), Klebsiella pneumoniae (in 39 patients [33%]) and
Pseudomonas aeruginosa (in 22 patients [19%]). Cefiderocol
had similar clinical and microbiological efficacy to the best
available therapy. However, despite the similarities in clinical
and microbiological outcomes the all-cause mortality rate in
the cefiderocol group was higher than in the best available
therapy group, primarily in patients with Acinetobacter spp.
infections. It is unclear whether the difference in all-cause
mortality is a chance finding in this heterogeneous popula-
tion or truly reflects a deficit in the activity of cefiderocol.
There was no cefiderocol-related toxicity that could explain
the difference in all-cause mortality rates. Nevertheless, the
results of this study support cefiderocol as an option for the
treatment of carbapenem-resistant infections in patients
with limited treatment options.

HOSPITAL-ACQUIRED PNEUMONIA ASSOCIATED
OR NOT TO MECHANICAL VENTILATION OR
ASSOCIATED WITH HEALTH CARE

We are currently witnessing an increase in the incidence
of nosocomial pneumonia caused by multidrug-resistant
Gram-negative microorganisms. In addition to the results of
the CREDIBLE-CR trial [5] in patients with nosocomial pneu-
monia, the APEKS-NP study [6] was conducted to compare
the efficacy and safety of cefiderocol versus high doses of
meropenem in prolonged infusion in adults with nosocomial
pneumonia. A randomized, double-blind, parallel-group, phase
3, noninferiority trial at 76 centers in 17 countries in Asia, Eu-
rope, and the United States. Adults aged 18 years and older
with hospital-acquired, mechanical ventilation-associated or
healthcare-associated Gram-negative bacterial pneumonia
were included.

The study concluded that treatment with cefiderocol was
noninferior to treatment with prolonged infusion high-dose
meropenem in terms of 14-day all-cause mortality. The results
suggest that cefiderocol is a potential option for the treat-
ment of patients with nosocomial pneumonia, including those
caused by multidrug-resistant Gram-negative bacteria.

Other clinical cases of patients with pneumonia treated
with cefiderocol have been published, such as that of Trecar-
ichi et al [7] in which they describe the cure of an adult male
patient with severe HIN1 influenza complicated with ventila-
tor-associated pneumonia and bacteremia caused by carbap-
enemase-producing K. pneumoniae (KPC-Kp).

Recently, Falcone et al [8] described their experience of
cefiderocol in the treatment of 10 patients admitted to the
Intensive Care Unit with bacteremia or ventilator-associated
pneumonia caused by carbapenem-resistant A. baumannii,
Stenotrophomonas maltophilia or New Delhi metallopro-
teinase-producing K. pneumoniae who received cefiderocol.
All strains had a minimum inhibitory concentration <2 mg/L.
Clinical success and 30-day survival rates were 70% and 90%,
respectively. Two patients had microbiological failure.

BLOOD STREAM INFECTIONS AND SEPSIS

In addition to the cases of bacteremia patients included
in the CREDIBLE-CR trial [5], an in vitro study of 300 consec-
utive isolates of imipenem-resistant Pseudomonas aerugino-
sa (n=100), imipenem-resistant A. baumannii (n=100), and S.
maltophilia (n=100), from patients with bacteremia treated at
the National Taiwan University Hospital, cefiderocol showed
more potent in vitro activity than ceftolozane/tazobactam and
ceftazidime/avibactam [9].

OTHER SERIOUS MULTIDRUG-RESISTANT GRAM-
NEGATIVE BACILLI INFECTIONS

Several clinical cases have been described in which cefi-
derocol has achieved clinical cure after use as a second or third
treatment option, mainly in the treatment of multidrug-resist-
ant Gram-negative bacilli.

Stevens et al [10] published a case of a 46-year-old man
who developed an extremely resistant intra-abdominal P.
aeruginosa infection, in which severe and life-threatening
toxicities to aminoglycoside and polymyxin antibiotics led to
the use of cefiderocol on compassionate use. The isolate was
sensitive to cefiderocol, and the patient was treated for 28
days, with clinical and radiographic resolution of his infection.

Treatment options for Achromobacter xylosoxidans are
very few. Warner et al (11) treated 8 cystic fibrosis patients
with A. xylosoxidans isolates with 12 cycles of cefiderocol and
observed a clinical response after 11/12 cycles of treatment.
However, there was a microbiological relapse, although with-
out emergence of resistance.

In immunosuppressed or critically ill patients, or in pa-
tients with post-surgical infections who have failed previous
regimens, cefiderocol-based combination therapies have been
used as "rescue” treatments. Bavaro et al [12] describe the evo-
lution of 13 patients treated from September 1, 2020 to March
31, 2021. Overall, 5/13 (38%) patients were classified as criti-
cally ill, due to pulmonary failure secondary to COVID-19; 4/13
(319%) patients had post-surgical infections and 4/13 (31%)
were patients with severe infections, immunocompromised af-
ter having received a solid organ transplant (2/4) or having a
hematologic malignancy (2/4). Overall, 10/13 infections were
caused by carbapenem-resistant A. baumannii, 1 by ceftazi-
dime/avibactam-resistant K. pneumoniae and 2 by extremely
resistant P. aeruginosa. Cefiderocol was associated with dif-
ferent accompanying drugs, in particular with high-dose fos-
fomycin and tigecycline and/or colistin. Microbiological eradi-
cation was achieved in all cases and the 30-day survival rate
was 10/13; 2 patients died of pulmonary failure due to SARS-
CoV-2, and 1 due to subsequent infections. No recurrent infec-
tions were recorded within 30 days of the end of treatment.

The same group [13] published a case of a 64-year-old
male patient with a recurrent neurosurgical site infection in
the right parietal bone due to extremely resistant P. aerugi-
nosa, who had failed previous treatment based on combined
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antimicrobial therapy plus surgical cleaning of the right pari-
etal bone and who presented clinical cure after treatment with
cefiderocol (6 g daily, divided into three doses, each admin-
istered as a three-hour infusion) plus fosfomycin (18 g daily,
divided into three doses). The patient presented clinical cure
after 14 days of treatment. He had no adverse effects to cefi-
derocol.

There are several reported cases of clinical cure of patients
with osteoarticular infections caused by multidrug-resistant
Gram-negative microorganisms treated with cefiderocol, sug-
gesting its penetration into bone tissue in sufficient concen-
trations when administered 2 g/3 times a day.

Alamarat et al [14] published the case of a 15-year-old
Nigerian adolescent with chronic osteomyelitis caused by an
extremely resistant P. aeruginosa strain carrying bla NDM-1
and an extended-spectrum -lactamase-producing K. pneu-
moniae strain. The patient developed neurologic side effects in
the form of paresthesias with polymyxin B and asymptomatic
elevation of transaminases with aztreonam (used in combina-
tion with ceftazidime-avibactam). Treatment with cefiderocol
for 14 weeks plus bone grafting resulted in cure of the patient
and prevented amputation.

Dagher et al [15] described the clinical cure of a patient
with extremely resistant A. baumannii osteomyelitis with res-
cue therapy with cefiderocol combined with surgical debride-
ment. The authors suggest that their case in addition to good
bone penetration highlights the improved side effect profile
of cefiderocol relative to alternative therapies for extremely
resistant A. baumannii, such as polymyxins, especially with re-
gard to nephrotoxicity.

Also in relation to osteoarticular infections, Simeone et al
(16) published a case of a 67-year-old man with a right knee
prosthetic joint infection caused by extremely drug-resistant
Enterobacter hormaechei. The resistance phenotype was due
to overproduction of intrinsic cephalosporinase (ACT-5) as-
sociated with the production of three acquired lactamases
(CTX-M-15, TEM-1B and OXA-1), and decreased membrane
permeability. He first received treatment with colistin-tigecy-
cline and due to adverse reactions to the drug, the treatment
was changed to cefiderocol for 12 weeks of antibiotic, with a
favorable evolution.

Other clinical cases described in which cefiderocol has
been successfully used as rescue treatment have been in a pa-
tient with left-sided endocarditis due to extremely resistant
P aeruginosa [17]; treatment of 2 patients with osteomyelitis
and 1 with pneumonia associated with mechanical ventilation
[18]; 1 patient with renal transplant [19]; 3 patients with os-
teomyelitis, bacteremia and septic thrombophlebitis respec-
tively due to extremely resistant A. baumannii [20].
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ABSTRACT

Cefiderocol is a new antimicrobial with a chemical struc-
ture similar to ceftazidime and cefepime. In this review we will
focus on the role of cefiderocol in different clinical scenarios
produced by resistant Gram-negative microorganisms, espe-
cially to carbapenems. In infections caused by Gram-negative
microorganisms, inappropriate antibiotic treatment increased
the risk of mortality almost fourfold.

In patients with hospital-acquired infection and septic
shock; with sepsis and poor functional reserve due to fragility;
in immunocompromised patients; and in those with local ecol-
ogy, individual history of colonization or previous infection
and risk factors for carbapenem-resistant Enterobacteriaceae
(CRE) such as the presence of chronic multi-morbidities, the
best option would be to start an active empirical treatment
against gram-negative bacteria resistant to carbapenems and
later in 24-36 h with the information obtained from the cul-
tures we could decide on a definitive empirical or directed
treatment and avoid unnecessary overuse of these antibiotics.
Cefiderocol would be in these cases a good candidate due to
its excellent in vitro activity against all classes of beta-lacta-
mase-producing Gram-negatives (including carbapenemase
class A, B and D producers), as well as against non-ferment-
ing Gram-negatives such as P. aeruginosa, Acinetobacter spp.
and S. maltophilia. 1t is necessary to optimize the use of new
antibiotics such as cefiderocol, guaranteeing the best availa-
ble treatment to patients while delaying the emergence and
spread of resistance.
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In 2017, the World Health Organization published the list
of antibiotic-resistant bacteria that generated the greatest con-
cern worldwide. Of the four microorganisms identified as prior-
ities, three of them are carbapenem-resistant: carbapenem-re-
sistant Enterobacteriaceae (CRE) or carbapenemase-producing
Enterobacteriaceae (CPE), carbapenem-resistant Pseudomonas
aeruginosa (CR-PS), and carbapenem-resistant Acinetobacter
baumannii (CR-AB). These are microorganisms for which we
lack effective antimicrobial treatment and which generate high
mortality in the infectious processes they cause [1]

In this regard, the Infectious Diseases Society of America
(IDSA), in view of the worldwide increase in antimicrobial re-
sistance, has recently published a clinical guideline establishing
the potential role of "new" and "old" antimicrobials in dealing
with bacterial infections caused by resistant Gram-negative
bacteria [2].

In this paper, we will review the role of cefiderocol, a new
antimicrobial with a chemical structure similar to ceftazidime
and cefepime, in different clinical scenarios produced by re-
sistant Gram-negative microorganisms, especially to carbap-
enems. Most of the available clinical data on the role of cefi-
derocol come from the APEKS-cUTI, APEKS-NP, CREDIBLE-CR
studies and publications with real-life case series [3-11].

In the clinical guidelines published by the IDSA [2], cefi-
derocol is recommended as one of the best therapeutic op-
tions for the treatment of patients with pyelonephritis and
complicated urinary tract infections caused by CRE and by P.
aeruginosa with difficult-to-treat resistance (DTR) (exhibiting
non-susceptibility to all beta-lactams, including carbapenems,
and to fluoroquinolones). Likewise, if the patient is infected by
CPE producer of metallo-beta-lactamase or an unidentified
carbapenemase, cefiderocol would be one of the best thera-
peutic options.

With the available data, we will give a personal view on
the value of cefiderocol in clinical practice for patients with
Gram-negative infections resistant especially to carbapenems.
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WHEN SHOULD WE USE CEFIDEROCOL AS EM-
PIRICAL TREATMENT AGAINST POSSIBLE GRAM-
NEGATIVE BACILLI RESISTANT TO CARBAPENEMS?

Different studies confirm the relationship between the
delay in initiating appropriate antibiotic treatment and mor-
tality [12-17]. In infections caused by Gram-negative microor-
ganisms, inappropriate antibiotic treatment increased the risk
of mortality almost fourfold [18]. Furthermore, the need for
prompt antibiotic treatment becomes extremely important in
patients with sepsis or septic shock, in whom even with treat-
ment mortality can reach 27% to 40% [19-21], in patients
with limited functional reserve due to frailty or multi-morbid-
ity, and in patients with some degree of immunosuppression.
Despite the importance of these data, the reality is that ac-
cording to Vazquez-Guillamet et al. the rate of inappropriate
antibiotic treatment continues to be almost 30% of patients
with sepsis or septic shock, and according to these authors
the number of patients needed for appropriate antimicrobial
treatment to save a life would be 5 [22]. The most important
factor predisposing to inappropriate antibiotic treatment is in-
fection by resistant microorganisms [18,22].

Knowledge of the local epidemiology is essential in order
to initiate appropriate empirical treatment. Knowing the to-
tal rate of carbapenem resistance among most of the epide-
miologically important Gram-negatives in each department
and hospital can be used as an indicator of patient risk for
the presence of carbapenem-resistant Gram-negative micro-
organisms. A threshold of 10-20% carbapenem resistance is
considered sufficient to initiate active antimicrobial treatment
for carbapenem-resistant Gram-negatives.

But this alone is not sufficient. Most hospital-acquired
infections are infections that originate from the endogenous
microbiota of mucosal surfaces by translocation or invasion of
predominant microorganisms depending on the density of the
bacterial population. Therefore, knowing the colonizing flora
and its antimicrobial susceptibility pattern may be important
in the choice of initial empirical treatment. Therefore, it would
seem reasonable to perform surveillance cultures on admission
to the ICU and 1-2 times a week thereafter, although changes
in the composition of the microbiota prior to the sepsis epi-
sode cannot be ruled out. An alternative strategy is to obtain a
semiquantitative rectal, pharyngeal and nasal mucosa swab at
the time of sepsis.

It is also important to assess the site of infection. In pa-
tients with risk factors for carbapenem-resistant Gram-nega-
tives, we should evaluate the use of new antibiotics such as
cefiderocol when the clinical efficacy of possible alternatives is
expected to be suboptimal, as in the case of polymyxins and/or
aminoglycosides in patients with pneumonia [23,24].

However, making decisions on the use of active empiri-
cal treatment against carbapenemase-producing Enterobac-
teriaceae can be difficult for the clinician. Scales that aim to
predict the individual risk of developing bacteremia in patients
colonized by these microorganisms have been published and

validated [25-28]. These scales have their limitations, in the
sense that they are validated in an epidemiological setting
with a specific group of patients, and that they cannot neces-
sarily be reproduced in different clinical situations.

In any case, it is crucial to initiate early empirical antibi-
otic treatment with no margin for error in patients with hos-
pital-acquired infection and septic shock, with sepsis and poor
functional reserve due to fragility, or in immunocompromised
patients. In this type of patients and in those with local ecol-
ogy, individual history of colonization or previous infection
and risk factors for CRE such as the presence of chronic mul-
ti-morbidities [29], the best option would be to start an active
empirical treatment against Gram-negative bacteria resistant
to carbapenems and later in 24-36 h with the information ob-
tained from the cultures we could decide on a definitive em-
pirical or directed treatment and avoid unnecessary overuse of
these antibiotics.

We need antibiotics that are active against the highest
possible percentage of Gram-negative microorganisms in-
volved with carbapenem resistance, with cefiderocol being, a
priori, a good candidate due to its excellent in vitro activity
against all classes of beta-lactamase-producing Gram-neg-
atives (including carbapenemase class A, B and D producers),
as well as against non-fermenting gram-negatives such as P.
aeruginosa, Acinetobacter spp. and S. maltophilia. Depending
on the infectious focus we should add antimicrobials with ac-
tivity against Gram-positive bacteria (daptomycin, linezolid,
vancomycin) and anaerobes as in the case of intra-abdominal
infection (tigecycline or eravacycline). Figure 1 summarizes
graphically the possible factors that determine the choice of
new antibiotics such as cefiderocol in empirical antimicrobial
treatment against carbapenem-resistant Gram-negatives.

CEFIDEROCOL AGAINST CARBAPENEM-RESISTANT
ENTEROBACTERALES

Cefiderocol shows in vitro activity against different car-
bapenemase-producing CRE including KPC, OXA-48 and MBLs
(NDM, IMP, VIM) [30]. According to clinical data from the
CREDIBLE-CR study [5], clinical cure of cefiderocol was similar
to the best available antimicrobial therapy (53% vs 50%). In
patients with infections caused by CRE, 19 (66%) of 29 pa-
tients in the cefiderocol group and 5 (459%) of 11 patients in
the best available antimicrobial treatment achieved clinical
cure. Notably, in infections caused by MBL-producing bacteria,
clinical cure was 75% in the cefiderocol group and 29% in the
best available antimicrobial therapy group.

The clinical guidelines recently published by the ID-
SA for antimicrobial treatment against multidrug-resistant
Gram-negative bacteria recommend the use of cefiderocol as
one of the best options for infections caused by NDM-produc-
ing CRE and other MBLs, and it is also a therapeutic alternative
against carbapenemase-producing CRE of the KPC and OXA-
48 types [2].
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Clinical algorithm for using new antibiotics as an empirical treatment against carbapenem-resistant

ESBL-E: Extended-spectrum beta-lactamases producing Enterobacterales ; E-S 3rd cephalosporin: third-generation cephalosporin-susceptible Enterobacterales; CRE:
carbapenem-resistant Enterobacterales; MBL: metallo-beta-lactamase; KPC: Klebsiella pneumoniae carbapenemase; OXA-48: 0XA-48-like carbapenemase.

CEFIDEROCOL IN TARGETED ANTIBIOTIC
TREATMENT AGAINST CARBAPENEM-RESISTANT
P. AERUGINOSA, CARBAPENEM RESISTANT A.
BAUMANNII AND S. MALTOPHILIA

Cefiderocol shows great in vitro activity against CR-PS. In
a multicenter study conducted in Europe, cefiderocol showed
activity against 97.5% of carbapenem-resistant P. aeruginosa
strains [31]. In two randomized, controlled studies, cefiderocol
was non-inferior to its comparators in patients with compli-
cated urinary tract infections and in patients with nosocomial
pneumonia including ventilator-associated pneumonia [3,4].
As previously mentioned, in the CREDIBLE-CR study, the clini-
cal cure of patients treated with cefiderocol was similar to that
of patients treated with the best available therapy for carbap-
enem-resistant Gram-negative infections [5]. In this study, 19
% of patients (22 of 118 patients included in the study) de-
veloped P. aeruginosa infections. Clinical cure in patients with
pneumonia or bacteremia in this subgroup of patients was
similar in both treatment groups.

We also have clinical evidence for patients who received
cefiderocol in a compassionate use setting, with no alterna-
tive treatment options for DTR |/ CR-PS infections. Among
29 patients with P. aeruginosa isolates that had cefiderocol
MICs up to 4 mg/L or susceptibility confirmed by disk zone

diameter, 24 receiving cefiderocol responded to treatment
(14 patients in combination therapy and 10 patients mono-
therapy) [10].

While the IDSA clinical guidelines [2] recommends cefi-
derocol as a primary treatment option exclusively for patients
with DTR P. aeruginosa UTI (uncomplicated, complicated, and
pyelonephritis), | believe that based on recent results [31] and
complex clinical cases demonstrating its efficacy in real life
[10], cefiderocol should be considered as one of the main op-
tions in the treatment of DTR P. aeruginosa in scenarios other
than UTI such as pneumonia.

In the study by Candel et al. [31], cefiderocol showed in
vitro activity against 91% of CR-AB isolates. According to
clinical data provided by the APEKS-NP study [4], 16% of pa-
tients had A. baumannii pneumonia and the clinical response
was similar in patients receiving cefiderocol (52%) or high
dose meropenem (58%). In the CREDIBLE-CR study [5], al-
though clinical cure of patients with pneumonia and bacte-
remia treated with cefiderocol versus best available therapy
was similar in both treatment groups, crude all-cause mortal-
ity at 14, 28 and 49 days was higher in patients treated with
cefiderocol [32]. This difference in mortality was observed
mainly in patients with A. baumannii infections. The cause
for this difference in mortality has not been fully established
and we do not know if these results would be reproducible
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in another study, if they could be due to chance consider-
ing the small sample size of the study, or if they are due to
not achieving optimal PK/PD targets with the currently rec-
ommended dosing [33]. In any case, it would be important
to know the true attributable mortality in both treatment
groups to determine the effect of both therapeutic interven-
tions on infection [34]. On the other hand, different real-life
cases have been published in which cefiderocol has shown
excellent results in complex infections produced by carbap-
enem-resistant, extremely resistant and pan-resistant A
baumannii [6,7,9]. An observational study including 124 pa-
tients with CR-AB infections (79 patients with bloodstream
infection, 35 with a ventilator-associated pneumonia and
10 with other infections) compared cefiderocol- and colis-
tin-containing regimens [11]. A total of 47 patients received
cefiderocol, while 77 colistin-containing regimens. Thirty-day
mortality in patients receiving colistin- compared to those
who received cefiderocol-containing regimens was 55.8%
versus 34% (p = 0.018). On multivariable analysis cefiderocol
therapy was protective with 30-day mortality and nephro-
toxicity was more common in the colistin group.

Cefiderocol should be considered as one of the best thera-
peutic options against CR-AB in patients with severe infections
such as pneumonia, given the limited treatment alternatives
available, either due to poor penetration or toxicity. Another
aspect that should be analyzed, which is beyond the scope of
this review, is whether it should be used in monotherapy or as
combination therapy.

According to the study by Candel et al. cefiderocol has an
in vitro activity against S. maltophilia of 99.6% [31]. It shows
l\/IIC90 values of 0.5 and 0.25 mg/L for isolates from North
America and Europe, respectively, and no isolate with MIC
> 4 mg/L [35]. Clinical experience is very limited. There were
only five patients included in the CREDIBLE-CR study with S.
maltophilia infections; all of them developed pneumonia and
were randomized to the cefiderocol group. Four of these five
patients did not survive [5]. However, with the small sample
size and no patients with S. maltophilia in the best available
antibiotic group, it is difficult to draw valid conclusions. Nev-
ertheless, based on published experience in some real-life cases
[9] cefiderocol should be considered as an option for severe S.
maltophilia infections.

CONCLUSIONS

With this brief review, we have tried to highlight the use
of cefiderocol in clinical practice for the treatment of resist-
ant Gram-negative infections, especially against carbapenems.
Taking into account that until very recently we did not have
antimicrobial options that were completely effective and well
tolerated against this type of infections, it is necessary to opti-
mize the use of new antibiotics such as cefiderocol, guarantee-
ing the best available treatment to patients while delaying the
emergence and spread of resistance.
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Antimicrobial treatment of most nosocomial infections in-
cludes the use of a B-lactam antibiotic. The antibacterial spec-
trum, tolerance and, in particular, clinical experience, justify
the consideration of B-lactams as antibiotics of first choice,
both in empirical treatment patterns and in targeted therapy.

Even assuming an ideal situation in which antibiotic pre-
scription is appropriate and measures to prevent the acquisi-
tion of nosocomial infection are optimal, the consumption of
B-lactam antibiotics in the hospital, especially in critical care
and oncohematology units is inevitably high and is likely to
remain so or even increase in the future with the progressive
aging of the population and the increased complexity of some
surgical procedures and the immunosuppression associated
with many medical treatments. Under these conditions, even
the rational prescription of B-lactams will end up selecting mi-
croorganisms with resistance mechanisms.

In gram-negative bacilli, resistance mechanisms can be
classified into two large groups: 1) the production of B-lacta-
mases, and 2) mechanisms that decrease the concentration
of antibiotic in the periplasmic space. Research aimed at re-
covering the activity of B-lactams has been directed, on the
one hand, to the search for inhibitors of B-lactamases with a
broader spectrum or B-lactams with lower affinity or possi-
bility of hydrolysis by B-lactamases and, on the other hand,
to the development of antibiotics with a greater capacity for
diffusion to the periplasmic space. Cefiderocol is a new cepha-
losporin that serves both purposes.

Cefiderocol has a C-7 side chain identical to ceftazidime
and a C-3 side chain similar to cefepime, but with a chloro-
catechol group at the end that makes it a siderophore. The
natural siderophores enterobactin (£. coli) and pyoverdine (P.
aeruginosa) contain similar catechol groups as an iron chelat-
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ing moiety. During the infectious process, the innate immune
response causes sequestration of intracellular iron to prevent
bacteria from utilizing it. This leads to up-regulation of the
bacterial iron transport system, which increases the uptake of
extracellular iron or, in this case, the cefiderocol-iron complex.
In the periplasmic space, iron is released and cefiderocol binds
to PBPs, especially PBP3. The entry of cefiderocol into the peri-
plasmic space simultaneously by facilitated diffusion (sidero-
phore) and passive/facilitated diffusion (by porins), to some
extent overwhelms the activity of B-lactamases [1].

Cefiderocol is not a substrate of the various efflux pumps,
is stable against BLEEs and most carbapenemases (both class A,
B and D) and has very low affinity for AmpC of P. aeruginosa
and Enterobacter. In general, B-lactamases alone are not suf-
ficient to raise the MIC of cefiderocol above the susceptibility
cutoff point. Resistance usually results from coexpression of
multiple B-lactamases and/or overexpression of B-lactamases,
possibly in combination with changes in PBP3 and mutations
associated with reduced permeability such as those affecting
the expression/function of siderophore receptors and, to a
lesser extent, porins and/or efflux pumps [2].

Cefiderocol is active with a MICg = 2 mg/L, against aer-
obic gram-negative bacilli including Enterobacteriaceae,
nonfermenting BGN (P. aeruginosa, Acinetobacter, Stenotro-
phomonas, Burkholderia, Achromobacter and Chryseobacteri-
um spp.), Vibrio, Aeromonas, Haemophilus and Neisseria spp
(except ceftriaxone-resistant N. gonorrhoeae). The activity is
lower against anaerobic bacteria and Gram-positive bacteria.
Staphylococcus and Enterococcus spp are resistant. Against S.
pneumoniae the MICq is 2 mg/L [3].

The association of cefiderocol with B-lactamase inhibitors,
particularly with avibactam, is synergistic against resistant A.
baumannii by production of PER. Likewise, in vitro synergism
has been observed with associations of cefiderocol with mero-
penem, amikacin, tigecycline and minocycline.

The administration of 2 g infused by ivin 1 hour generates
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a Cmax of 150 mg/L. Protein binding is 50%, volume of distri-
bution is 0.26 L/kg and elimination half-life is 2.5 hours. It is
almost completely eliminated by the renal route with almost
no metabolism. In case of renal insufficiency, the dose should
be reduced from a GFR < 60 mL/min, but it is not necessary to
modify it in case of hepatic insufficiency.

Antimicrobial activity is related to the time that the frac-
tion of free antibiotic remains above the MIC (0%fT x MIC).
Optimal efficacy can be expected when the concentration of
cefiderocol remains 4 times above the MIC during the 80-
100% interval between consecutive doses. The administration
of 2 g/8 hin a 3 h extended infusion obtains a free antibiotic
Cmin > 4 mg/L. In patients with GFR > 120 mL/min, the use of
2 g/6 doses should be considered. Once the vial has been re-
constituted and diluted in 100 mL of glucose or physiological
solution, it is stable for up to 6 hours at 25°C.

No clinically significant interference has been observed
between cefiderocol and substrates of different anion and
cation organic transporters (OAT, OCT, MATE, OATP, BCRP). In
vitro cefiderocol induces CYP3A4 activity and to a lesser extent
CYP2C and g-Pp. If co-administered with CYP3A4 substrates,
the efficacy of the concomitant drug should be monitored.
Tolerability of the drug is like that of other cephalosporins Side
effects observed in pivotal clinical trials classified as frequent
include gastrointestinal disturbances (nausea (3.3%), vomiting
(3.6%), diarrhea (8.29%)), increased liver enzymes (ASAT, ALAT),
hypersensitivity reactions and perfusion site reactions (pain,
erythema, phlebitis). Cases of candidiasis (oral, vulvovaginal,
candiduria) and diarrhea due to Clostridioides difficile have
been reported. Each vial of 1 g contains 7.64 mmol of sodium
(approximately 176 mg). Two grams of cefiderocol, reconsti-
tuted with 100 mL of 0.9% sodium chloride solution for injec-
tion, contains 30.67 mmol (705 mg) of sodium. Reconstitution
of 2 g with 100 mL of 5 % dextrose solution for injection con-
tains 15.28 mmol (352 mg) of sodium [4].

The clinical efficacy of cefiderocol has been investigated
in three double-blind, randomized controlled trials. A phase
Il study (APEKS-cUTI) included patients with complicated UTI,
the comparator was imipenem/cilastatin and the endpoint was
the sum of clinical and microbiological response 7 days after
cessation of treatment. The result was an efficacy difference
adjusted of 18.6% (95% Cl: 8.2-28.9; p = 0.0004) in favor of
cefiderocol, indicating that cefiderocol is not inferior to imi-
penem/cilastatin for treatment of complicated UTI. The Phase
Il study (APEKS-NP) included patients with nosocomial pneu-
monia (including that associated with mechanical ventilation)
caused by gram-negative aerobic bacteria. The comparator was
meropenem administered at a dose of 2 g/8 hours in a 3-hour
infusion. No significant differences were observed in all-cause
mortality (primary endpoint) at day 14. The third phase Il
study (CREDIBLE-CR) included patients with severe infections
(nosocomial pneumonia, bacteremia or complicated urinary
tract infection) caused by carbapenem-resistant gram-nega-
tive bacilli and the comparator was the best available therapy,
mostly based on associations of colistin with other antibiot-
ics. The most common pathogens were Acinetobacter spp (n

= 56), K. pneumoniae (n = 39) and P. aeruginosa (n = 22). The
clinical cure rate of nosocomial pneumonia or bacteremia and
the microbiological eradication rate in complicated urinary
tract infection were not numerically different between the two
groups. However, the mortality of patients with Acinetobacter
spp infection treated with cefiderocol was higher than that of
the control group [5]. On the other hand, it has been observed
that in vitro, when A. baumannii grows in the presence of hu-
man albumin or serum it undergoes down-regulation of genes
involved in iron uptake. At the same time, genes for B-lacta-
mases are expressed at higher levels. The result is an increase
in MIC that could explain the lower clinical response observed
in some infections produced by A. baumannii [6,7]. This data
contrasts with clinical experience published of isolated cases
or short series of patients with recalcitrant infections caused
by Acinetobacter spp. MDR in which cefiderocol was used in
rescue treatment or compassionate use due to colistin toxic-
ity. It cannot be ruled out that the favorable results obtained
in most of these cases are due to a possible selection and/or
publication bias.

Treatment with cefiderocol, as with any other B-lactam, is
not exempt from the risk of resistance development or failure,
particularly when used in the therapy of infections in which
one or more of the following circumstances usually coexist:
(a) infections caused by multidrug-resistant microorganisms,
which have shown a high capacity for mutation and/or incor-
poration of extrachromosomal genetic material after exposure
to different antimicrobials, (b) microorganisms against which
the MIC of cefiderocol is at the sensitivity limit (at or very
close to the cut-off point), (c) infections with a high bacterial
load and/or difficult control of the focus, or (c) infections in
patients suffering from immunosuppression or significant co-
morbidities. In these circumstances, it is essential to optimize
the PK/PD parameters (dose and administration schedule) of
cefiderocol and the use of associations at least during the first
24-48 h of treatment.

In clinical practice the indications for use of cefiderocol
include [8]:

(a) Targeted treatment of infection produced by a multid-
rug-resistant BGN against which cefiderocol is the only active
B-lactam or the B-lactam that, because of its intrinsic activity,
is most likely to achieve the optimal PK/PD parameter.

(b) Empirical treatment of severe (sepsis) or potentially se-
vere infection (patient with Charlson index = 4 and CRP = 20)
if present:

- History of infection or colonization in the last 3 months,
by a carbapenem-resistant BGN and/or resistant to associa-
tions of a B-lactam with a carbapenemase-resistant B-lacta-
mase inhibitor.

- History of having received in the last 3 months, treat-
ment with a B-lactam associated with a carbapenemase-re-
sistant B-lactamase inhibitor.

- Admission to a hospitalization unit in which there is a
high pressure of colonization by carbapenem-resistant BGN
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and/or associations of a B-lactam with a carbapenemase-re-
sistant B-lactamase inhibitor.
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