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Abstract: Antibiotic resistance is a public health threat of the utmost importance, especially when
it comes to children: according to WHO data, infections caused by multidrug resistant bacteria
produce 700,000 deaths across all ages, of which around 200,000 are newborns. This surging issue has
multipronged roots that are specific to the pediatric age. For instance, the problematic overuse and
misuse of antibiotics (for wrong diagnoses and indications, or at wrong dosage) is also fueled by the
lack of pediatric-specific data and trials. The ever-evolving nature of this age group also poses another
issue: the partly age-dependent changes of a developing system of cytochromes determine a rather
diverse population in terms of biochemical characteristics and pharmacokinetics profiles, hard to
easily codify in an age- or weight-dependent dosage. The pediatric population is also penalized by the
contraindications of tetracyclines and fluoroquinolones, and by congenital malformations which often
require repeated hospitalizations and pharmacological and surgical treatments from a very young
age. Emerging threats for the pediatric age are MRSA, VRSA, ESBL-producing Enterobacteriaceae,
carbapenem-resistant Enterobacteriaceae and the alarming colistin resistance. Urgent actions need to
be taken in order to step back from a now likely post-antibiotic era, where simple infections might
cause infant death once again.

Keywords: multidrug resistance; antibiotics; antibiotic resistance; childhood; infections; antimicro-
bial stewardship

1. Introduction

At present times, antimicrobial resistance (AMR) is one of the most important public
health threats worldwide and should be considered a high priority by all healthcare workers
and institutions.

To understand the relevance of the threat posed by AMR, WHO estimated that ev-
ery year in the world, infections caused by multidrug resistant (MDR) bacteria result in
700,000 deaths across all ages, of which around 200,000 are newborns [1]. In Europe, MDR
infections in pediatric patients may represent up to 30% of the total cases [2]. In regions of
the Middle East, 90% of newborns with sepsis, hospitalized in ICU, had resistant bacte-
ria [3]; in some areas of South East Asia, 83% of children have E. coli resistant to first line
antibiotics [4]; in Sub-Saharan Africa, 66% of neonatal sepsis and meningitis were found to
be caused by bacteria resistant to antibiotics [5]; in a USA study, 20% of pediatric patients
receiving colistin to treat already MDR Gram negative bacteria developed resistance [6].

The prevalence of multidrug-resistant organisms (MDROs) is surging up and is
associated with a significant morbidity and mortality in affected patients. Infections
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caused by MDR bacteria are more difficult to treat and are related to a more severe and
prolonged illness that leads to longer hospitalization times, with a 20% increase of length
of stay and a poorer outcome, raising mortality by up to 40% in MDR hospital-acquired
infection [7-10]. This translates also into a monetary cost with a deep impact on healthcare
systems, with 2.39 billion dollars estimated to have been spent to treat MDR infections in
the USA alone [11,12].

This problematic condition for our present poses a threat to our future and is linked
with causes that are diverse and interconnected. Even though Alexander Fleming had
warned the scientific and medical community regarding antibiotic overuse in 1945, still, an
era of antibiotic abuse in agriculture, livestock, veterinary, and human medical practices
started after World War II. This abuse was the leading driver of the evolution of resistance
in bacteria [13,14]. Furthermore, medical malpractice contributed to select MDR strains of
bacteria through unnecessary, inappropriate or suboptimal prescribing, which has been
observed in 30% to 60% of the antibiotic therapies given to outpatients as well as to
inpatients in some studies [15,16].

These behaviors are accelerating an already quick natural selection of MDROs. If
we consider the time elapsed between the introduction of a new antibiotic in the market
and the appearance of MDROs for that drug, we can observe how the antibiotic with the
longest period of time without resistance was vancomycin with 16 years. But this interval
drops to only two years for penicillin, and even one year for the more recent daptomycin
and ceftaroline [17,18].

In such a quickly evolving context, without urgent actions we are headed towards a
post-antibiotic era where common infections might once again be fatal, and this is especially
true for children, who are frequently exposed to common infections, and consequently to a
selective antimicrobial pressure after the perinatal period. This is particularly true also for
newborns younger than a week, because of the presence of MDR bacteria populations in
their gastrointestinal tract probably due to the exposure to environmental and maternal
bacteria during and immediately after delivery [19,20]. According to a projection made
by the WHO, if this trend is not reversed, drug-resistant diseases could cause 10 million
deaths each year by 2050, with an estimated annual cost for healthcare systems and gross
domestic product loss of $300 billion [1,7]. It is a burden on our society that must be limited
by promoting antimicrobial stewardship and halting antibiotic abuse in any field.

For these compelling reasons, we conducted a review on the current pediatric AMR,
its emerging threats, and potential strategies to overcome it.

2. The Roots of Antibiotic Resistance in Childhood

Children are known to receive antibiotics more often than any other type of drug,
as they are frequent subjects of infections of various etiologies, from the more common
urinary tract infections to the less frequent meningitis.

2.1. Antibiotic Overuse and Misuse in Hospitalized Children and Outpatient Care

The improper use of antibiotics is the most important cause of the modern expansion
of antibiotic resistance [21,22]. The roots of improper antibiotic use are the poor knowledge
of pathogens associated with different infections, and of pharmacokinetic and pharmacody-
namic characteristics of the specific antibiotic classes. These features highly influence and
affect drug choice, correct doses, posology and duration of a treatment course. In addition,
antibiotics are still commonly prescribed for wrong diagnoses, such as viral infections,
especially in outpatient care [23-25].

In 2012, the Worldwide Antibiotic Resistance and Prescribing in European Children
(ARPEC) group obtained detailed information on antibiotic use in hospitalized neonates
and children from a multicenter retrospective cohort study for the first time. More than
17,000 pediatric hospital admissions in 226 hospitals from 41 countries all over the world,
of which 6499 inpatients received at least one antimicrobial, were analyzed. They showed
high level of use of broad-spectrum antibiotics in certain regions, possibly explained by
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high incidence of ESBL-producing or carbapenem-resistant Gram-negative organisms.
However, the high level of empirical broad-spectrum antibiotic use may indicate that at
least a portion of this prescribing may be inappropriate. Such inappropriate use was also
found by Levy et al. [26] in pediatric intensive care units (PICUs) and pediatric wards,
which the authors attributed to failure to discontinue or de-escalate therapy. In poorer
and resource-limited settings, where de-escalation can be less considered and where
bacteriological cultures are less often performed, successful de-escalation of carbapenems
has been reported nonetheless [27]. The ARPEC study also found a significantly high use
of amikacin in neonates admitted to Western European, Southern European, Asian and
Latin American hospitals, and meropenem was prescribed at an alarmingly wide scale to
Asian newborns.

On the other hand, a striking regional difference in antibiotic prescribing was observed
among hospitalized children (older than 28 days). A high proportion of African, Australian,
Western European and Northern European children continued to receive older narrow-
spectrum antibiotics, mainly benzylpenicillin, sulfamethoxazole/trimethoprim, amoxicillin
and gentamicin. In Eastern and Southern Europe, Asia, North and Latin America, children
received more broad-spectrum antibiotics, mainly third-generation cephalosporins and
carbapenems. Thus, it seems that resource-limited settings favor the empiric employment
of older narrow-spectrum antibiotics, while developed countries (thus, hospitals) prefer to
prescribe new-generation antibiotics, which offer a broader spectrum.

In conclusion, the 2016 ARPEC study identified potential quality indicators of correct
antimicrobial use in pediatric populations:

prevalence of broad-spectrum agents use

discontinuation or de-escalation of antibiotics according to microbial culture results
rates of antibiotic use by ward, hospital or nation

early switch from parenteral to oral therapy

good documentation of the reason for prescription in the patient’s medical charts
<24 h perioperative administration of antibiotics for surgical prophylaxis.

2.2. Posology and Dose Appropriateness for the Pediatric Age

The pediatric population deserves pharmacological treatments that meet their needs,
in terms of appropriate prescription, safety, posology and efficacy profiles. This is especially
true when the great pediatric variability of pharmacokinetics (PK), which is in part age-
dependent, is taken into consideration.

The lack of specific pediatric clinical trials on antibiotics and the common practice of
complete or partial extrapolation of adult pharmacokinetic and pharmacodynamics (PD)
data to the pediatric population (with weight or body surface area as the only discerning
indicator) contribute to a scarcity of high-evidence-level knowledge and strictly pediatric
guidelines. Even though extrapolation of drugs’ efficacy data to the pediatric population
is an important tool to reduce the need for pediatric efficacy trials, dose-finding and
safety pediatric trials are still crucial to offer the best standard of care to this important
population. The practice of extrapolation and the lack of specific pediatric clinical trials
on antimicrobials can often cause antibiotic misuse, over- or under-dosage, leading to a
relative risk of toxicity and/or to a development of antibiotic-resistant bacterial strains
specific to the pediatric age.

In particular, the complex variability of PK comes from the great range of pediatric
age groups, from premature to neonates and from infants and children to adolescents.
While age-related physiologic development continues into childhood and adolescence,
the most prominent differences, compared with adults, are in neonates and infants. This
is true especially considering kidney function, which has been proven to be extremely
variable and age-dependent: the glomerular filtration rate increases quickly through the
first two weeks of life and then rises steadily until adult rates are reached at 8-12 months
of age [28]. Moreover, tubular secretion is immature at birth and reaches adult function
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throughout the first year of life. This kidney function developmental variability directly
correlates with a highly diverse drug clearance through the pediatric age.

Strategies to optimize pediatric dosing, preventing ethical issues and specific pediatric
difficulties in conducting trials on this population [29], have been put forward. In addition,
there are practical difficulties which should be taken into consideration when approaching
such a specific age group, such as child-friendly formulations and feeding regimens.

Developmental pharmacology has indeed advanced in recent decades and has pro-
vided more specific indications on the effects of maturation on absorption, elimination
and effects of antibiotics. Nevertheless, further studies are needed to better understand
PK and PD in the pediatric population so that antibiotic prescription can live up to the
best standards of care, especially in children with underlying conditions. In particular,
the population pharmacokinetic-pharmacodynamics method is ideal for this population,
as it requires only a few samples per patient at flexible times [29]. It describes both the
average behavior of a homogeneous population and the interindividual differences. The
use of the population PK-PD method on this population has been widely endorsed by
regulatory agencies and is highly detailed in the Guidance Documents of the Food and
Drug Administration (FDA) and European Medicines Agency (EMA) [30,31]. Another
proposed approach to characterize drugs’ uptake, effects and PK in this population is the
physiologically based pharmacokinetic (PBPK) model, a promising method to support
first-time dosing studies in children [32]. This model combines the developmental physio-
logical processes of children with adult PK data: they require adult PK parameters and
pediatric-specific information on the anatomical, physiological and biochemical variables
from birth to age 18. The use of PBPK models has been advocated to support first-time
dosing in children as well as in the design of pediatric clinical trials [33,34].

Despite the recent developmental pharmacology advances, there still is a strong need
for more research on the development of drug metabolizing enzymes, transporters, receptor
system and disease course. As knowledge on pediatric developmental physiology grows,
drugs will be prescribed to children with greater accuracy, efficacy and safety.

2.3. Contraindicated in Children: Sometimes, It Is a Matter of a Lack of Options

It is also relevant to note that some antibiotics have precise contraindications when it
comes to pediatric age, and this affects the range of antimicrobial options to treat infections.

For instance, fluoroquinolones remain largely not used in children due to safety
concerns. These antibiotics have shown irreversible adverse events on cartilage devel-
opment in young animals through the inflammation and disruption of weight-bearing
joints [35,36]. The potential occurrence of these severe arthropathies has limited the use
of fluoroquinolones in children, as these events have been clearly reported in various
pediatric studies comparing fluoroquinolones to non-fluoroquinolone treatments. One
additional concern about fluoroquinolone use is their predisposition to create increased
bacterial resistance. In the past 25 years, resistance patterns to fluoroquinolones have
significantly worsened in adults, and may become an important concern in the pediatric
population with persistent use. Fluoroquinolones have nonetheless been used successfully
in a variety of pediatric infections, including cystic fibrosis exacerbations, though most of
the literature supporting the use of fluoroquinolones in children comes from retrospective
or small, uncontrolled studies. Benefits and risks of this antibiotic therapy must be care-
fully weighed. In 2006, the American Academy of Pediatrics (AAP) recommended fluoro-
quinolones only in three major circumstances: (1) FDA-approved indications; (2) MDROs
with no safe or effective alternative; and (3) oral fluoroquinolone sensitivity when all
other options are intravenous only. They may be considered in pediatric patients with
gastrointestinal infections, acute otitis media, sinusitis, lower respiratory tract infections,
pneumonia or Mycobacterium infections [37].

Another class of antibiotics largely unused in the pediatric age is represented by
tetracyclines. Tetracyclines were first introduced in 1948 with some warnings for tooth
discoloration in children already reported in 1956 [38]. This event is more likely to occur
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during the tooth-calcification process, completed by age eight [39], thus this class of antibi-
otics is relatively contraindicated in children aged less than eight years. In older children,
tetracyclines have been successfully used for respiratory infection, community-acquired
S. aureus resistant to methicillin (MRSA), malaria and acne. Of note, another adverse event
is tetracycline-induced photosensitivity, which usually manifests as a photosensitive rash,
similar to an intense sunburn. Phototoxicity can represent a significant concern, though
the permanent tooth discoloration is a sufficient reason to avoid the prescription of these
antibiotics in young children whenever possible. When tetracycline use is essential, limited
evidence suggests that minimizing the total dose and length of exposure and employing
the lower calcium-binding tetracycline (e.g., doxycycline) may reduce the risk of tooth
discoloration. The AAP recommended the use of tetracycline in pediatric infections when
the benefits outweigh the risks of adverse events. Their indications include rickettsial
infections, cholera, anthrax and they suggest prescribing doxycycline, as it has a lower risk
of dental staining with less frequent posology intervals [40].

2.4. Two Modern Infection-Predisposing Issues: Biofilms and Chronic Conditions

Biofilms are associated with chronic subsequent infections and with an inherent
resistance to antibiotic therapy, due to the bacteria adhering to the damaged tissue or
implanted medical device. Bacteria in biofilms persist by a strategy of tenacious survival
rather than aggressive virulence. Biofilm infections can linger for months or even years,
rarely being fatal but often sitting undisturbed by antibiotic treatment.

Treatment of infections caused by colonization of biofilms often fails as these infections
require high antibiotic doses for a prolonged time. The known mechanisms of antimicrobial
resistance, such as modifying enzymes, target mutations and efflux pumps, do not seem to
be associated with the protection of bacteria in biofilms. In fact, when bacteria are dispersed
from biofilm, they usually become sensitive to antibiotics, which suggests an inherent
antibiotic resistance due to the peculiar habitat this film of cells creates. Conventional
antibiotic resistance mechanisms fail to clarify most cases of antibiotic-resistant biofilm
infections, so three main hypotheses may explain this phenomenon. The first hypothesis
is the chance of slow or incomplete penetration of the antibiotic into the biofilm [41];
the second hypothesis depends on an altered chemical microenvironment within the
biofilm [42]; a third mechanism of antibiotic resistance is a subpopulation of bacteria in
a biofilm shifting to a unique, highly protected phenotypic state—differentiating into
“persister cells”. Persister cells are a subgroup of temporarily antibiotic-tolerant bacterial
cells, often with a slow or arrested growth, and are able to continue growth after severe
stress. They are associated with recurrent persistent bacterial infections and are linked to
an increased risk of AMR [43].

It has been found that children can be exceptional hosts of biofilms. They are the recipients
of medical devices that can be as simple as central venous catheters up to complex heart defect
patches and ventriculoperitoneal shunts. These devices can be a formidable breeding ground
for biofilms and bacteria, virtually unreachable by antibiotics. These may predispose to long-
term infections, which may sometimes be definitively treated only through the removal and
replacement of the device.

Broadly speaking, a relevant portion of infections in children are correlated to biofilms,
even in the absence of a biomedical device. Biofilms have also been found in the nasophar-
ynx of children affected with repeated upper airways and middle ear infections, which may
explain the frequent lack of efficacy of antibiotic therapy in these cases [44]. In particular,
biofilms have been recognized as responsible for recurrent acute otitis media and otitis
media with effusion, a finding that may be explained by the evidence that otitis media with
effusion frequently presents with a negative culture despite a positive molecular research
for pathogens, is often unresponsive to antibiotics and is highly recurrent. Moreover, chil-
dren affected with chronic rhinosinusitis are more prone to have biofilms than children
with no underlying condition or children with acute rhinosinusitis, so much so that mature
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biofilms were found in 95% of adenoids removed from children affected with chronic
rhinosinusitis [45].

Chronic conditions, such as cystic fibrosis (CF), are associated with significant morbid-
ity and early mortality due to recurrent acute and chronic infections that may either occur
because of the precise pathophysiology of the disease, and/or of frequent and prolonged
hospitalizations, as the chronic use of multiple antibiotics increases the chance of MDR. In
particular, pediatric CF patients seem to harbor different opportunistic infections compared
to adults and this is due to how different bacteria use type VI secretion systems to mediate
interbacterial competition [46]. This also impacts antibiotic treatment in young and adult
CF patients, and may explain the emergence of AMR.

3. Emerging Threats

The WHO recently published a list of bacteria for which new antimicrobials are
urgently needed [47]. This comes from the observation of a progressive depauperation of
the R&D pipeline of new antibiotics, in dire contrast with the concerning rise of resistant
infections. The most urgent needs in terms of antibiotics R&D for the pediatric population
are oral formulations for community-acquired infections with high morbidity, like drug
resistant ESBL-producing Enterobacteriaeceae, Neisseria gonorrhoeae, and Salmonella typhi.

3.1. Resistant Staphylococcus Aureus

Strains of MRSA were first identified as a threat in adult patients in the 1960s.
MRSA infections were uncommon in children until the 1990s, when these resistant
strains were noted in infections in adults and children who had no prior predispos-
ing risk or healthcare institutions contact [48]. Thus, healthcare-acquired MRSA (HA-
MRSA) began circulating together with community-acquired MRSA (CA-MRSA). [49].
Trimethoprim-sulfamethoxazole and clindamycin are often used in the treatment of CA-
MRSA: resistance to trimethoprim/sulfamethoxazole is relatively uncommon, though
clindamycin resistance has increased in the past decade [49]. To help eradicate MRSA
carriage and limit its spread, the application of mupirocin ointment into anterior nares
has been put in practice, often together with chlorhexidine baths: since these practices
started, resistance to mupirocin and chlorhexidine have emerged [50].

Vancomycin has long been considered the last resort for treating MRSA infections,
though in 1997 the first strain of vancomycin-intermediate susceptible Staphylococcus aureus
(VISA) was isolated from a surgical wound of a Japanese child whose infection did not
respond well to long-term vancomycin therapy [51]. Since then, vancomycin resistance
has cast a dark shade upon anti-MRSA antibiotic treatment, especially for children, whose
therapeutic options remain few, including daptomycin and linezolid. Nonetheless, dap-
tomycin is of no use in treating lung infections as it binds surfactant with its consequent
inactivation [52]. Interestingly, ceftaroline, which is often overlooked, has a good efficacy
on MRSA, maintaining the safety of a cephalosporin with a variety of indications both on or
off label [53], and has been approved for children older than two months of age without a
recognized widespread resistance so far identified.

3.2. ESBL-Producing Enterobacteriaceae (ESBL-Ent) and Carbapenem-Resistant
Enterobacteriaceae (CRE)

In the U.S.A,, there has been a significant increase of ESBL-Ent infections in chil-
dren, correlated with the spread of MDR ST131 CTX-M-producing E. coli strains [54]. The
acquisition of ESBL-Ent has a great variability depending on country, age, healthcare
exposure, organism and ESBL genotype. International studies carried out in hospital
settings characterize an increase in ESBL-Ent colonization: younger gestational age, low
birth weight, antibiotic use and prolonged mechanical ventilation are risk factors for this
population [55]. Outside the neonatal age, risk factors for ESBL-Ent infections are com-
parable to those of adults, including antibiotic use, chronic clinical conditions, healthcare
access and recurrent infections [56], while neurological diseases might be a predisposing
risk typical of the pediatric population [57]. Therapeutic options for ESBL-Ent include
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piperacillin-tazobactam, ceftazidime-avibactam, cefepime, fluoroquinolones, aminoglyco-
sides, tigecycline, fosfomycin and carbapenems, although these options remain limited for
children by safety profiles and often unclear dosage guidelines. In addition, carbapenem-
sparing strategies should be taken into consideration first to combat their overuse, and
when possible, a step-down strategy should be employed after empirical therapy.

Decreased sensitivity to carbapenems might be due to either the production of car-
bapenemases, which are 3-lactamases hydrolizing penicillins (cephalosporins, carbapenems
and monobactams), or to the production of ESBL or to downregulated porins. Resistance
to carbapenems in pediatric populations has been described as dramatically increasing in
recent decades, and the 2013 CDC report addressed this threat as urgent, highlighting a
50% mortality rate in hospitalized patients with bloodstream CRE infection [16]. A signif-
icant increase in CRE frequency in some pediatric populations was noted, especially for
the Enterobacter species, from 0% in 2000 to 4.5% in 2012, especially in ICU settings [58].
Therapeutic options for CRE are few, and pediatric options are further limited: the use of
tigecycline is carefully weighed for people <18 years of age due to its safety profile; colistin
and other polymyxins have optimal dosing issues for the pediatric population; oral fos-
fomycin may be used for CRE bladder infection, though dosing guidelines are available only
for older children and adolescents [59]. Moreover, ESBL-Ent and carbepenemase-producing
bacteria are often carriers of other plasmid-transmitted genes that confer resistance also to
aminoglycosides, sulfonamides and fluoroquinolones, which characterizes these bacteria as
true MDROs [60].

3.3. Colistin Resistance

In mid-1990s, the rise of MDR Gram-negative bacteria along with a plunge in new
antimicrobials production active towards them pushed clinicians to reconsider old, disused
antibiotics, such as fosfomycin and, more interestingly, colistin [61]. After being introduced,
colistin was quickly replaced by newer, safer parenteral antibiotics in the 1970s due to reports
of nephrotoxicity and neurotoxicity [62]. When colistin use decreased in the 1980s, resistance
to it had hardly been documented and resistance mechanisms were still unclear [63], but
as this drug was reintroduced in clinical pediatrics as salvage therapy for difficult-to-treat
MDR Gram-negative infections, patterns of resistance were for the first time noticed and
reported. While a chromosomically encoded resistance to colistin had already been reported,
over the past decade intrinsic mutations or adaptive mechanisms, as well as the discovery
of an mcr-1 gene conferring resistance via plasmid transfer, were better described [64].

In conclusion, colistin activity needs to be preserved, as it is one of the very last few
drugs effective against carbapenem-resistant Gram-negative organisms. In order to do so,
it should be employed in very limited cases in clinical practice, keeping in consideration its
complicated PK and its narrow therapeutic window, especially in pediatric patients.

4. Future Perspectives: Stepping Back from the Edge
4.1. Overcoming

A first step needed for the control of AMR is the implementation of an antimicrobial
stewardship strategy in acute care, long-term care and outpatient care settings. Antimicro-
bial stewardship is defined as “coordinated interventions designed to improve and measure
the appropriate use of antibiotic agents by promoting the selection of the optimal drug
regimen including dosing, duration of therapy and route of administration” [65]. Thus,
actions that must be implemented in a pediatric context in order to avoid the emergence of
AMR and reverse the actual trend should include:

e  The creation of an institutionalized team of experts formed by infectious disease spe-
cialists, clinical pharmacologists, microbiologists and pediatricians able to draw up
local guidelines, provide advice on antimicrobial use and also to implement educa-
tional interventions;

e  Regular auditing and reviewing of local antimicrobial prescriptions;
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e Pharmacodynamics/pharmacokinetic-guided dosing, considering physiological de-
velopmental processes of the child.

Regarding the last point, in pediatrics precision dosing is of extreme importance,
especially for antimicrobials therapy. The use of a software that is able to predict the correct
dosage taking into account the characteristics of the particular drug, the developmental
changes in pharmacokinetic and pharmacodynamics based on the maturation stage and
the actual clinical condition of the newborn, infant or child, should be implemented in
clinical practice. In line with this, the EMA Guidelines on the role of pharmacokinetics in
the development of medicinal products in the pediatric population recommends putting
effort “into finding markers correlated to maturation-related changes in pharmacokinetics,
making individualization of the dose possible between individuals, as well as within an
individual over time” [66].

4.2. Rapid Diagnosis

Empirical treatments are the culprit for antibiotic misuse and overuse: 50% of antibiotic
therapies are started inappropriately and without a correct identification of the etiologic
agent [13]. A rapid diagnosis is essential for the correct management of infectious disease
and quick and accurate antimicrobial susceptibility testing (AST) is essential to avoid the
spread of AMR and to choose the right antimicrobial agent at the right time. To date, the evo-
lution of technologies is favoring the implementation of new diagnostic tools for rapid AST.
Methods and equipment applying nucleic acid amplification, integrating mass-spectrometry
and biosensor-based AST, are being validated. Moreover, in most advanced diagnostic
centers, third generation technologies of whole genome sequences (WGS) are available
and are able to quickly identify pathogens and test for drugs’ susceptibility genes [67].
The ideal management of antimicrobials requires a rapid analysis able to identify the eti-
ological agent and to quickly give answers regarding susceptibility testing. Furthermore,
the determination of the best antimicrobial dose based on personalized pharmacokinetic
parameters is essential to achieve the right concentrations, avoiding AMR emergence and
spread. This is particularly true in a pediatric context, where intervention timing is essential
and pharmacokinetic variability should be carefully considered.

4.3. New Antibiotics for Children

There are some new antibiotics approved for pediatric use in the clinical armamentarium
directed against MDR pathogens, such as ceftaroline [68,69] and ceftazidime /avibactam [70].
Other novel antibiotics are showing interesting evidence of efficacy in the pediatric population,
such as ceftolozane/tazobactam [71], tedizolid [72] or dalbavancin [73], but more clinical trials
are needed to confirm such data.

In particular, besides safety and efficacy trials, specific pharmacokinetics studies
should be implemented, in order to determine the best dose regimen among specific age
populations instead of extrapolating it from adult dosages. This will allow us to administer
the appropriate dosage, avoiding the onset of new resistances and thus preserving the few
new weapons at our disposal. Furthermore, the whole scientific community should be
committed to implementing pharmacokinetic studies in pediatric populations, even for
old drugs that are reappearing in wards as a viable option against MDR pathogens. In
addition, pharmaceutical companies should also be strongly encouraged to engage in the
pharmacological development of new antibiotics by including children in trials.

5. Conclusions

Antibiotic resistance is a worldwide threat, raising the menace of a post-antibiotic era
where children will once again die because of simple, previously treatable infections.

Specific pediatric issues, such as reckless antibiotic prescriptions for wrong diagnoses,
the limited options, the lack of trials on children, and the evolving nature of this diverse
population, are the culprits in this complex perspective.
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A relatively new problem, subsequent to antibiotic introduction in the medical world,
needs new solutions. These may include the creation of new clinical teams for antibiotic
prescriptions in wards, the use of a software able to consider multiple variables and return
a specific drug and dosage, the implementation of quick antimicrobial susceptibility tests
to direct an empirical therapy, encouraging the use of new antibiotics and favoring the
inclusion of children in both old and new drugs’ trials.

Author Contributions: C.D.G. and ES. contributed to the article conception. A.R., A.P. and PA.S.
contributed to drafting and writing the article. G.A.C.P,, C.D.G. and ES. overviewed the paper
drafting and gave critical revision for intellectual content and accuracy. All authors have read and
agreed to the published version of the manuscript.

Funding: This work received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

Conflicts of Interest: The authors declare no conflict of interest in the production of this work.

References

1.

10.

11.

12.

13.

14.

15.

16.

Fight Antimicrobial Resistance: Protect Mothers and Newborns. In 4th Global Conference of Women Deliver; WHO Regional Office
for Europe: Copenhagen, Denmark, 2016; Available online: http://who.int/drugresistance/activities/ Women-Deliver- AMR-
side-event-Handout-May2016.pdf?ua=1 (accessed on 19 March 2021).

Cassini, A.; Hogberg, L.D.; Plachouras, D.; Quattrocchi, A.; Hoxha, A.; Simonsen, G.S.; Colomb-Cotinat, M.; Kretzschmar,
M.E,; Devleesschauwer, B.; Cecchini, M.; et al. Attributable deaths and disability-adjusted life-years caused by infections with
antibiotic-resistant bacteria in the EU and the European Economic Area in 2015: A population-level modelling analysis. Lancet
Infect. Dis. 2019, 19, 56-66. [CrossRef]

Al Jarousha, A.M.; El Jadba, A.H.; Al Afifi, A.S.; El Qougqa, I.A. Nosocomial multidrug-resistant Acinetobacter baumannii in the
neonatal intensive care unit in Gaza City, Palestine. Int. |. Infect. Dis. 2009, 13, 623-628. [CrossRef]

Le Doare, K.; Barker, C.I,; Irwin, A.; Sharland, M. Improving antibiotic prescribing for children in the resource-poor setting. Br. |.
Clin. Pharmacol. 2015, 79, 446—455. [CrossRef]

Okomo, U.; Akpalu, EN.K,; Le Doare, K.; Roca, A.; Cousens, S.; Jarde, A.; Sharland, M.; Kampmann, B.; Lawn, ].E. Aetiology of
invasive bacterial infection and antimicrobial resistance in neonates in sub-Saharan Africa: A systematic review and meta-analysis
in line with the STROBE-NI reporting guidelines. Lancet Infect. Dis. 2019, 19, 1219-1234. [CrossRef]

Tamma, PD.; Newland, J.G.; Pannaraj, P.S.; Metjian, T.A.; Banerjee, R.; Gerber, J.S.; Weissman, S.J.; Beekmann, S.E.; Polgreen, PM.;
Hersh, A.L. The use of intravenous colistin among children in the United States: Results from a multicenter, case series. Pediatr
Infect. Dis. J. 2013, 32, 17-22. [CrossRef]

Naylor, N.R,; Atun, R.; Zhu, N.; Kulasabanathan, K,; Silva, S.; Chatterjee, A.; Knight, G.M.; Robotham, J.V. Estimating the burden
of antimicrobial resistance: A systematic literature review. Antimicrob. Resist. Infect. Control. 2018, 7, 58. [CrossRef]

Travers, K.; Barza, M. Morbidity of infections caused by antimicrobial-resistant bacteria. Clin. Infect. Dis. 2002, 34, S131-5134.
[CrossRef]

Meropol, S.B.; Haupt, A.A.; Debanne, S.M. Incidence and Outcomes of Infections Caused by Multidrug-Resistant Enterobacteri-
aceae in Children, 2007-2015. ]. Pediatric Infect. Dis. Soc. 2018, 7, 36—45. [CrossRef]

Barrasa-Villar, J.I; Aibar-Remon, C.; Prieto-Andrés, P.; Mareca-Dofiate, R.; Moliner-Lahoz, J. Impact on Morbidity, Mortality, and
Length of Stay of Hospital-Acquired Infections by Resistant Microorganisms. Clin. Infect. Dis. 2017, 65, 644—652. [CrossRef]
Johnston, K.J.; Thorpe, K.E.; Jacob, ].T.; Murphy, D.]J. The incremental cost of infections associated with multidrug-resistant
organisms in the inpatient hospital setting—A national estimate. Health Serv. Res. 2019, 54, 782-792. [CrossRef]

Mauldin, P.D.; Salgado, C.D.; Hansen, 1.S.; Durup, D.T.; Bosso, J.A. Attributable hospital cost and length of stay associated with
health care-associated infections caused by antibiotic-resistant gram-negative bacteria. Antimicrob. Agents Chemother. 2010, 54,
109-115. [CrossRef] [PubMed]

Ventola, C.L. The antibiotic resistance crisis: Part 1: Causes and threats. Pharm. Ther. 2015, 40, 277-283.

Davies, J.; Davies, D. Origins and evolution of antibiotic resistance. Microbiol. Mol. Biol. Rev. 2010, 74, 417-433. [CrossRef]
Luyt, C.E.; Bréchot, N.; Trouillet, J.L.; Chastre, J. Antibiotic stewardship in the intensive care unit. Crit. Care 2014, 18, 480.
[CrossRef] [PubMed]

CDC Report: Antibiotic Resistance Threats in the United States. 2013. Available online: https://www.cdc.gov/drugresistance/
pdf/ar-threats-2013-508.pdf (accessed on 5 April 2021).


http://who.int/drugresistance/activities/Women-Deliver-AMR-side-event-Handout-May2016.pdf?ua=1
http://who.int/drugresistance/activities/Women-Deliver-AMR-side-event-Handout-May2016.pdf?ua=1
http://doi.org/10.1016/S1473-3099(18)30605-4
http://doi.org/10.1016/j.ijid.2008.08.029
http://doi.org/10.1111/bcp.12320
http://doi.org/10.1016/S1473-3099(19)30414-1
http://doi.org/10.1097/INF.0b013e3182703790
http://doi.org/10.1186/s13756-018-0336-y
http://doi.org/10.1086/340251
http://doi.org/10.1093/jpids/piw093
http://doi.org/10.1093/cid/cix411
http://doi.org/10.1111/1475-6773.13135
http://doi.org/10.1128/AAC.01041-09
http://www.ncbi.nlm.nih.gov/pubmed/19841152
http://doi.org/10.1128/MMBR.00016-10
http://doi.org/10.1186/s13054-014-0480-6
http://www.ncbi.nlm.nih.gov/pubmed/25405992
https://www.cdc.gov/drugresistance/pdf/ar-threats-2013-508.pdf
https://www.cdc.gov/drugresistance/pdf/ar-threats-2013-508.pdf

Antibiotics 2021, 10, 393 10 of 12

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Fridkin, S.K.; Hageman, J.; McDougal, L.K.; Mohammed, J.; Jarvis, W.R.; Perl, T.M.; Tenover, EC. Vancomycin-Intermediate
Staphylococcus aureus Epidemiology Study Group. Epidemiological and microbiological characterization of infections caused by
Staphylococcus aureus with reduced susceptibility to vancomycin, United States, 1997-2001. Clin. Infect. Dis. 2003, 36, 429-439.
[CrossRef]

Long, S.W.; Olsen, R.J.; Mehta, S.C.; Palzkill, T.; Cernoch, P.L.; Perez, K.K.; Musick, W.L.; Rosato, A.E.; Musser, ] M. PBP2a
mutations causing high-level Ceftaroline resistance in clinical methicillin-resistant Staphylococcus aureus isolates. Antimicrob.
Agents Chemother. 2014, 58, 6668—-6674. [CrossRef] [PubMed]

Eck, A.; Rutten, N.B.M.M; Singendonk, M.M.].; Rijkers, G.T.; Savelkoul, PH.M.; Meijssen, C.B.; Crijns, C.E.; Oudshoorn, ].H.;
Budding, A.E.; Vlieger, A.M. Neonatal microbiota development and the effect of early life antibiotics are determined by two
distinct settler types. PLoS ONE 2020, 15, e0228133. [CrossRef] [PubMed]

Chong, C.Y.L.; Bloomfield, FH.; O’Sullivan, ].M. Factors Affecting Gastrointestinal Microbiome Development in Neonates.
Nutrients 2018, 10, 274. [CrossRef]

Goossens, H.; Ferech, M.; Vander, S.R.; Elseviers, M. ESAC Project Group. Outpatient antibiotic use in Europe and association
with resistance: A cross-national database study. Lancet 2005, 365, 579-587. [CrossRef]

Chung, A ; Perera, R.; Brueggemann, A.B.; Elamin, A E.; Harnden, A.; Mayon-White, R.; Smith, S.; Crook, D.W.; Mant, D. Effect of
antibiotic prescribing on antibiotic resistance in individual children in primary care: Prospective cohort study. BM] 2007, 335, 429.
[CrossRef]

Nicolini, G.; Dona, D.; Mion, T; Barlotta, A ; Girotto, S.; Borgia, E.; Franceschetto, G.; Scamarcia, A.; Picelli, G.; Cantarutti, L.; et al.
Use of amoxicillin, amoxicillin/calvulanate and cefaclor in the Italian pediatric population. J. Pediatr. Infect. Dis. 2013, 9, 1-9.
[CrossRef]

Taylor, B.; Fergusson, D.; Abbott, G.D. Antibiotics for presumed viral respiratory infections. Br. Med. ]. 1977, 2, 1290-1291.
[CrossRef]

Harnden, A; Perera, R.; Brueggemann, A.B.; Mayon-White, R.; Crook, D.W.; Thomson, A.; Mant, D. Respiratory infections for
which general practitioners consider prescribing an antibiotic: A prospective study. Arch. Dis. Child. 2007, 92, 594-597. [CrossRef]
Levy, E.R.; Swami, S.; Dubois, 5.G.; Wendt, R.; Banerjee, R. Rates and appropriateness of antimicrobial prescribing at an academic
children’s hospital, 2007-2010. Infect. Control. Hosp. Epidemiol 2012, 33, 346-353. [CrossRef] [PubMed]

Apisarnthanarak, A.; Bhooanusas, N.; Yaprasert, A.; Mundy, L.M. Carbapenem de-escalation therapy in a resource-limited setting.
Infect. Control. Hosp. Epidemiol. 2013, 34, 1310-1313. [CrossRef] [PubMed]

van den Anker, ].N.; Schoemaker, R.C.; Hop, W.C.; van der Heijden, B.J.; Weber, A.; Sauer, PJ.; Neijens, H.].; de Groot, R.
Ceftazidime pharmacokinetics in preterm infants: Effects of renal function and gestational age. Clin. Pharmacol. Ther. 1995, 58,
650-659. [CrossRef]

Meibohm, B.; Lier, S.; Panetta, ].C.; Barrett, ].S. Population pharmacokinetic studies in pediatrics: Issues in design and analysis.
AAPS J. 2005, 7, E475-E487. [CrossRef]

Guidance for Industry: General Considerations for Pediatric Pharmacokinetic Studies for Drugs and Biological Prod-
ucts. Available online: https:/ /www.fda.gov /regulatory-information/search-fda-guidance-documents/general-clinical-
pharmacology-considerations-pediatric-studies-drugs-and-biological-products (accessed on 5 April 2021).

Manolis, E.; Osman, T.E.; Herold, R.; Koenig, F; Tomasi, P.; Vamvakas, S.; Saint, R.A. Role of modeling and simulation in pediatric
investigation plans. Paediatr. Anaesth. 2011, 21, 214-221. [CrossRef] [PubMed]

Bouzom, F.; Walther, B. Pharmacokinetic predictions in children by using the physiologically based pharmacokinetic modelling.
Fundam. Clin. Pharmacol. 2008, 22, 579-587. [CrossRef] [PubMed]

Johnson, T.N.; Rostami-Hodjegan, A. Resurgence in the use of physiologically based pharmacokinetic models in pediatric
clinical pharmacology: Parallel shift in incorporating the knowledge of biological elements and increased applicability to drug
development and clinical practice. Paediatr. Anaesth. 2011, 21, 291-301. [CrossRef]

Zhao, P.; Zhang, L.; Grillo, ].A.; Liu, Q.; Bullock, ].M.; Moon, Y.J.; Song, P.; Brar, S.S.; Madabushi, R.; Wu, T.C.; et al. Applications
of physiologically based pharmacokinetic (PBPK) modeling and simulation during regulatory review. Clin. Pharmacol. Ther. 2011,
89, 259-267. [CrossRef]

American Academy of Pediatrics Committee on Infectious Diseases. The use of systemic fluoroquinolones. Pediatrics 2006, 118,
1287-1292. [CrossRef] [PubMed]

Bradley, J.S.; Jackson, M.A. Committee on Infectious Diseases, American Academy of Pediatrics. The use of systemic and topical
fluoroquinolones. Pediatrics 2011, 128, e1034—1045. [CrossRef] [PubMed]

Jackson, M.A; Schutze, G.E. Committee on Infectious Diseases. The Use of Systemic and Topical Fluoroquinolones. Pediatrics
2016, 138, €20162706. [CrossRef]

Gilman, A ; Rall, TW.; Nies, A.S.; Taylor, P. (Eds.) The Pharmacological Basis of Therapeutics, 8th ed.; Pergamon Press: New York,
NY, USA, 1990; pp. 1117-1118.

Conchie, ].M.; Munroe, J.D.; Anderson, D.O. The incidence of staining of permanent teeth by the tetracyclines. Can. Med. Assoc. ].
1970, 103, 351-356.

Pickering, L.K.; Baker, C.J.; Kimberlin, D.W.; Long, S.S. Tetracyclines. In Red Book: 2009 Report of the Committee on Infectious
Diseases, 28th ed.; American Academy of Pediatrics: Elk Grove Village, IL, USA, 2009; p. 739.


http://doi.org/10.1086/346207
http://doi.org/10.1128/AAC.03622-14
http://www.ncbi.nlm.nih.gov/pubmed/25155594
http://doi.org/10.1371/journal.pone.0228133
http://www.ncbi.nlm.nih.gov/pubmed/32023276
http://doi.org/10.3390/nu10030274
http://doi.org/10.1016/S0140-6736(05)17907-0
http://doi.org/10.1136/bmj.39274.647465.BE
http://doi.org/10.3233/JPI-140405
http://doi.org/10.1136/bmj.2.6097.1290-c
http://doi.org/10.1136/adc.2007.116665
http://doi.org/10.1086/664761
http://www.ncbi.nlm.nih.gov/pubmed/22418629
http://doi.org/10.1086/673976
http://www.ncbi.nlm.nih.gov/pubmed/24225617
http://doi.org/10.1016/0009-9236(95)90021-7
http://doi.org/10.1208/aapsj070248
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/general-clinical-pharmacology-considerations-pediatric-studies-drugs-and-biological-products
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/general-clinical-pharmacology-considerations-pediatric-studies-drugs-and-biological-products
http://doi.org/10.1111/j.1460-9592.2011.03523.x
http://www.ncbi.nlm.nih.gov/pubmed/21244569
http://doi.org/10.1111/j.1472-8206.2008.00648.x
http://www.ncbi.nlm.nih.gov/pubmed/19049658
http://doi.org/10.1111/j.1460-9592.2010.03323.x
http://doi.org/10.1038/clpt.2010.298
http://doi.org/10.1542/peds.2006-1722
http://www.ncbi.nlm.nih.gov/pubmed/16951028
http://doi.org/10.1542/peds.2011-1496
http://www.ncbi.nlm.nih.gov/pubmed/21949152
http://doi.org/10.1542/peds.2016-2706

Antibiotics 2021, 10, 393 11 of 12

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.
63.
64.

65.

Shigeta, M.; Tanaka, G.; Komatsuzawa, H.; Sugai, M.; Suginaka, H.; Usui, T. Permeation of antimicrobial agents through
Pseudomonas aeruginosa biofilms: A simple method. Chemotherapy 1997, 43, 340-345. [CrossRef]

Zhang, T.C.; Bishop, P.L. Evaluation of substrate and pH effects in a nitrifying biofilm. Wat. Environ. Res. 1996, 68, 1107-1115.
[CrossRef]

Cochran, W.L,; Suh, S.J.; McFeters, G.A.; Stewart, P.S. Role of RpoS and AlgT in Pseudomonas aeruginosa biofilm resistance to
hydrogen peroxide and monochloramine. J. Appl. Microbiol. 2000, 88, 546-553. [CrossRef]

Torretta, S.; Drago, L.; Marchisio, P; Ibba, T.; Pignataro, L. Role of Biofilms in Children with Chronic Adenoiditis and Middle Ear
Disease. J. Clin. Med. 2019, 8, 671. [CrossRef]

Zuliani, G.; Carron, M.; Gurrola, J.; Coleman, C.; Haupert, M.; Berk, R.; Coticchia, J. Identification of adenoid biofilms in chronic
rhinosinusitis. Int. |. Pediatr. Otorhinolaryngol. 2006, 70, 1613-1617. [CrossRef]

Perault, A.L; Chandler, C.E.; Rasko, D.A ; Ernst, R.K.; Wolfgang, M.C.; Cotter, P.A. Host Adaptation Predisposes Pseudomonas
aeruginosa to Type VI Secretion System-Mediated Predation by the Burkholderia cepacia Complex. Cell Host Microbe. 2020, 28,
534-547. [CrossRef]

Global Priority List of Antibiotic-Resistant Bacteria to Guide Research, Discovery, and Development of New Antibiotics. Available
online: https:/ /www.who.int/medicines/publications/WHO-PPL-Short_Summary_25Feb-ET_NM_WHO.pdf (accessed on 5
April 2021).

Herold, B.C.; Immergluck, L.C.; Maranan, M.C.; Lauderdale, D.S.; Gaskin, R.E.; Boyle-Vavra, S.; Leitch, C.D.; Daum, R.S.
Community-acquired methicillin-resistant Staphylococcus aureus in children with no identified predisposing risk. JAMA 1998,
279, 593-598. [CrossRef]

Sutter, D.E.; Milburn, E.; Chukwuma, U.; Dzialowy, N.; Maranich, A.M.; Hospenthal, D.R. Changing Susceptibility of Staphylo-
coccus aureus in a US Pediatric Population. Pediatrics 2016, 137, €20153099. [CrossRef] [PubMed]

McNeil, J.C.; Hulten, K.G.; Kaplan, S.L.; Mason, E.O. Mupirocin resistance in Staphylococcus aureus causing recurrent skin and
soft tissue infections in children. Antimicrob. Agents Chemother. 2011, 55, 2431-2433. [CrossRef] [PubMed]

Hiramatsu, K.; Hanaki, H.; Ino, T.; Yabuta, K.; Oguri, T.; Tenover, F.C. Methicillin-resistant Staphylococcus aureus clinical strain
with reduced vancomycin susceptibility. |. Antimicrob. Chemother. 1997, 40, 135-136. [CrossRef]

Long, S.S.; Prober, C.G.; Fischer, M. (Eds.) Principles and Practice of Pediatric Infectious Diseases, 5th ed.; Staphylococcus aureus;
Elsevier Saunders: Philadelphia, PA, USA, 2017; pp. 692-706.

Pani, A.; Colombo, F.; Agnelli, F; Frantellizzi, V.; Baratta, F; Pastori, D.; Scaglione, F. Off-label use of ceftaroline fosamil:
A systematic review. Int. . Antimicrob. Agents. 2019, 54, 562-571. [CrossRef]

Dortet, L.; Poirel, L.; Nordmann, P. Worldwide dissemination of the NDM-type carbapenemases in Gram-negative bacteria.
Biomed. Res. Int. 2014, 2014, 249856. [CrossRef] [PubMed]

Zerr, D.M.; Miles-Jay, A.; Kronman, M.P; Zhou, C.; Adler, A.L.; Haaland, W.; Weissman, S.J.; Elward, A.; Newland, ].G.; Zaoutis, T.
Previous Antibiotic Exposure Increases Risk of Infection with Extended-Spectrum-f-Lactamase- and AmpC-Producing Escherichia
coli and Klebsiella pneumoniae in Pediatric Patients. Antimicrob. Agents Chemother. 2016, 60, 4237-4243. [CrossRef] [PubMed]

Zerr, DM.; Weissman, S.J.; Zhou, C.; Kronman, M.P,; Adler, A.L.; Berry, J.E.; Rayar, J.; Myers, J.; Haaland, W.L.; Burnham,
C.D.; et al. The Molecular and Clinical Epidemiology of Extended-Spectrum Cephalosporin- and Carbapenem-Resistant
Enterobacteriaceae at 4 US Pediatric Hospitals. |. Pediatric. Infect. Dis. Soc. 2017, 6, 366-375. [CrossRef] [PubMed]

Topaloglu, R; Er, I.; Dogan, B.G; Bilginer, Y.; Ozaltin, F,; Besbas, N.; Ozen, S.; Bakkaloglu, A.; Gur, D. Risk factors in community-
acquired urinary tract infections caused by ESBL-producing bacteria in children. Pediatr. Nephrol. 2010, 25, 919-925. [CrossRef]
Logan, L.K.; Renschler, ].P.; Gandra, S.; Weinstein, R.A.; Laxminarayan, R. Centers for Disease Control; Prevention Epicenters
Program. Carbapenem-Resistant Enterobacteriaceae in Children, United States, 1999-2012. Emerg. Infect. Dis. 2015, 21, 2014-2021.
[CrossRef] [PubMed]

Hsu, A.J.; Tamma, P.D. Treatment of multidrug-resistant Gram-negative infections in children. Clin. Infect. Dis. 2014, 58,
1439-1448. [CrossRef] [PubMed]

Paterson, D.L. Resistance in gram-negative bacteria: Enterobacteriaceae. Am. J. Med. 2006, 119, S20-570. [CrossRef]

Lee, C.Y,; Chen, PY;; Huang, FL.; Lin, C.F. Microbiologic spectrum and susceptibility pattern of clinical isolates from the pediatric
intensive care unit in a single medical center-6 years’ experience. J. Microbiol. Immunol. Infect. 2009, 42, 160-165. [PubMed]
Koch-Weser, J.; Sidel, V.W.; Federman, E.B.; Kanarek, P.; Finer, D.C.; Eaton, A.E. Adverse effects of sodium colistimethate.
Manifestations and specific reaction rates during 317 courses of therapy. Ann. Intern. Med. 1970, 72, 857-868. [CrossRef]

Sarkar, S.; DeSantis, E.R.; Kuper, J. Resurgence of colistin use. Am. J. Health Syst. Pharm. 2007, 64, 2462-2466. [CrossRef]

Liu, Y.Y.; Wang, Y,; Walsh, T.R;; Yi, L.X,; Zhang, R.; Spencer, J.; Doi, Y.; Tian, G.; Dong, B.; Huang, X.; et al. Emergence of
plasmid-mediated colistin resistance mechanism MCR-1 in animals and human beings in China: A microbiological and molecular
biological study. Lancet Infect. Dis. 2016, 16, 161-168. [CrossRef]

Society for Healthcare Epidemiology of America; Infectious Diseases Society of America; Pediatric Infectious Diseases Society.
Policy statement on antimicrobial stewardship by the Society for Healthcare Epidemiology of America (SHEA), the Infectious
Diseases Society of America (IDSA), and the Pediatric Infectious Diseases Society (PIDS). Infect. Control. Hosp. Epidemiol. 2012, 33,
322-327. [CrossRef]


http://doi.org/10.1159/000239587
http://doi.org/10.2175/106143096X128504
http://doi.org/10.1046/j.1365-2672.2000.00995.x
http://doi.org/10.3390/jcm8050671
http://doi.org/10.1016/j.ijporl.2006.05.002
http://doi.org/10.1016/j.chom.2020.06.019
https://www.who.int/medicines/publications/WHO-PPL-Short_Summary_25Feb-ET_NM_WHO.pdf
http://doi.org/10.1001/jama.279.8.593
http://doi.org/10.1542/peds.2015-3099
http://www.ncbi.nlm.nih.gov/pubmed/26933211
http://doi.org/10.1128/AAC.01587-10
http://www.ncbi.nlm.nih.gov/pubmed/21282426
http://doi.org/10.1093/jac/40.1.135
http://doi.org/10.1016/j.ijantimicag.2019.06.025
http://doi.org/10.1155/2014/249856
http://www.ncbi.nlm.nih.gov/pubmed/24790993
http://doi.org/10.1128/AAC.00187-16
http://www.ncbi.nlm.nih.gov/pubmed/27139486
http://doi.org/10.1093/jpids/piw076
http://www.ncbi.nlm.nih.gov/pubmed/28339623
http://doi.org/10.1007/s00467-009-1431-3
http://doi.org/10.3201/eid2111.150548
http://www.ncbi.nlm.nih.gov/pubmed/26486124
http://doi.org/10.1093/cid/ciu069
http://www.ncbi.nlm.nih.gov/pubmed/24501388
http://doi.org/10.1016/j.amjmed.2006.03.013
http://www.ncbi.nlm.nih.gov/pubmed/19597649
http://doi.org/10.7326/0003-4819-72-6-857
http://doi.org/10.2146/ajhp060501
http://doi.org/10.1016/S1473-3099(15)00424-7
http://doi.org/10.1086/665010

Antibiotics 2021, 10, 393 12 0f 12

66.

67.

68.

69.

70.

71.

72.

73.

EMA: Guideline on the Role of Pharmacokinetics on the Development of Medicinal Products for the Paediatric Population. Available
online: https://www.ema.europa.eu/en/documents/scientific-guideline / guideline-role-pharmacokinetics-development-medicinal-
products-paediatric-population_en.pdf (accessed on 5 April 2021).

Ellington, M.].; Ekelund, O.; Aarestrup, EM.; Canton, R.; Doumith, M.; Giske, C.; Grundman, H.; Hasman, H.; Holden, M.T.G.;
Hopkins, K.L.; et al. The role of whole genome sequencing in antimicrobial susceptibility testing of bacteria: Report from the
EUCAST Subcommittee. Clin. Microbiol Infect. 2017, 23, 2-22. [CrossRef]

US Food and Drug Administration Clinical Review. Available online: https:/ /www.fda.gov/files/drugs/published /N20032750
160---17-Ceftaroline-fosamil-Clinical-PREA.pdf (accessed on 22 March 2021).

European Medicines Agency Ceftaroline Fosamil. Available online: https://www.ema.europa.eu/en/documents/product-
information/zinforo-epar-product-information_en.pdf (accessed on 22 March 2021).

NDA Multi-Disciplinary Review and Evaluation-NDA 206494 Supplements 005 and 006 AVYCAZ (ceftazidime/avibactam) for
injection. Available online: https://www.fda.gov/media/124307 /download (accessed on 22 March 2021).

Larson, K.B.; Patel, Y.T.; Willavize, S.; Bradley, ].S.; Rhee, E.G.; Caro, L.; Matthew, L.; Rizk, M.L. Ceftolozane-Tazobactam
Population Pharmacokinetics and Dose Selection for Further Clinical Evaluation in Pediatric Patients with Complicated Urinary
Tract or Complicated Intra-abdominal Infections. Antimicrob. Agents Chemother. 2019, 63, €02578-e18. [CrossRef]

Roch, M.; Varela, M.C,; Taglialegna, A.; Rosato, A.E. Tedizolid is a promising antimicrobial option for the treatment of Staphylo-
coccus aureus infections in cystic fibrosis patients. J. Antimicrob. Chemother. 2020, 75, 126-134. [CrossRef] [PubMed]

Gonzalez, D.; Bradley, J.S.; Blumer, ].; Yogev, R.; Watt, KM.; James, L.P; Palazzi, D.L.; Bhatt-Mehta, V.; Sullivan, J.E.; Zhang, L.; et al.
Dalbavancin Pharmacokinetics and Safety in Children 3 Months to 11 Years of Age. Pediatr. Infect. Dis. ]. 2017, 36, 645-653.
[CrossRef] [PubMed]


https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-role-pharmacokinetics-development-medicinal-products-paediatric-population_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-role-pharmacokinetics-development-medicinal-products-paediatric-population_en.pdf
http://doi.org/10.1016/j.cmi.2016.11.012
https://www.fda.gov/files/drugs/published/N200327S0160---17-Ceftaroline-fosamil-Clinical-PREA.pdf
https://www.fda.gov/files/drugs/published/N200327S0160---17-Ceftaroline-fosamil-Clinical-PREA.pdf
https://www.ema.europa.eu/en/documents/product-information/zinforo-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/zinforo-epar-product-information_en.pdf
https://www.fda.gov/media/124307/download
http://doi.org/10.1128/AAC.02578-18
http://doi.org/10.1093/jac/dkz418
http://www.ncbi.nlm.nih.gov/pubmed/31617901
http://doi.org/10.1097/INF.0000000000001538
http://www.ncbi.nlm.nih.gov/pubmed/28060045

	Introduction 
	The Roots of Antibiotic Resistance in Childhood 
	Antibiotic Overuse and Misuse in Hospitalized Children and Outpatient Care 
	Posology and Dose Appropriateness for the Pediatric Age 
	Contraindicated in Children: Sometimes, It Is a Matter of a Lack of Options 
	Two Modern Infection-Predisposing Issues: Biofilms and Chronic Conditions 

	Emerging Threats 
	Resistant Staphylococcus Aureus 
	ESBL-Producing Enterobacteriaceae (ESBL-Ent) and Carbapenem-Resistant Enterobacteriaceae (CRE) 
	Colistin Resistance 

	Future Perspectives: Stepping Back from the Edge 
	Overcoming 
	Rapid Diagnosis 
	New Antibiotics for Children 

	Conclusions 
	References

