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Abstract

Antibiotic resistance of microorganisms is the most pressing global health problem
due to the ever-increasing number of deaths caused by ineffective antibiotic therapy.
The COVID-19 pandemic has only exacerbated pre-existing issue of increasing
resistance of bacterial strains worldwide. Lack of public awareness about proper use
of antibiotics directly impacts on uncontrolled antibiotic administration associated
with weak antibiotic dispensing controls as well as limited access to health facilities
in low- and middle-income countries. It is reported that 68.9% of COVID-19 patients
used antibiotics for prophylaxis against bacterial complications or to treat
coronavirus infection (mainly azithromycin and ceftriaxone) before hospitalization,
with a self-medication rate of 33.0%. The most antibiotic-resistant and dangerous to
global public health group of microorganisms is known as ESKAPE: Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, Enterobacter species. The proportion of resistant strains
among these microorganisms can reach 95%. In light of the rapid increase in the
number of infections caused by antibiotic-resistant strains, a need to create new
antibacterial drugs is the most urgent task.

The development of new antibiotics is a high-cost goal and it’s often ineffective.
Therefore, more and more often their developers resort to the use of antibiotics
combinations or using them together with adjuvants of different mechanisms of
action. In recent years, special devices and coatings with nanoparticles of various
metals deposited on their surface have become increasingly widespread. Some
successes achieved in the use of antimicrobial peptides have been leveled by the loss
of activity in the human body and their high production cost. In this regard, the use
of bacteriophages, especially in combination with antibiotics, has been becoming a
promising approach. The observed synergism both in vitro and in vivo experiments
allow to hope for certain successes in the fight against ESKAPE group multidrug-

resistant pathogens.
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Pe3rome

AHTHOMOTHUKOPE3UCTEHTHOCTh MHUKPOOPIaHM3MOB — HamOoJiee aKTyajbHas
npo0semMa MUPOBOTO 3JJpaBOOXpAHEHMs], 00yCIOBICHHAs Bce 00Jiee BO3PACTAIOIIUM
KOJIMYECTBOM CMEpTEH 1Mo npuinHe Hed(pPeKTUBHOM aHTHOAKTEPHAIBHOM TEpaInu.
[Mangemus COVID-19 mumpb ycyryousna u 6€3 TOoro CymiecTBYIOUIYIO MpoOsieMy
HapacTaHUsl PE3UCTEHTHOCTU IITaMMOB OakTepuil Bo BceM mupe. OTCyTCTBUE
OCBEJIOMJICHHOCTH HACeJIEHUs 00 aIeKBATHOM IMPUMEHEHNY aHTHOMOTHUKOB OKA3aJIo
npsiMOe BIUSIHUE Ha UX OECKOHTPOJIbHOE MPUMEHEHHE, CBS3aHHOE CO CIa0bIMHU
MepaMu KOHTPOJISI OTITyCKa aHTHOMOTHUKOB, a TAK)KE€ OTPAHUYCHHBIM JIOCTYTIOM K
METUITMHCKAM YUIPEKIECHUSIM B CTpaHaX ¢ HU3KAM U CPEIHUM YPOBHEM JI0XOJIOB.
Coobmaercs, uto 68,9% mnanuentoB ¢ COVID-19 ucnons3oBain aHTHOMOTHKH B
KauecTBEe NPOPUIAKTUKK OaKTEpUATbHBIX OCJIOKHEHUNH JHO0 Mg JIeYeHUs
KOPOHABUPYCHON HHGEKIHH (B OCHOBHOM a3UTPOMHIIMH M IHEPTPHAKCOH) [0
TOCIUTAIM3AIMHN, TIPU 3TOM YpOBeHb camojedeHus coctaBui 33,0%. Haubonee
yCTOWUYMBAs K aHTUOMOTHKAM M OTacHAs JIJIT MUPOBOTO 37IPAaBOOXPAHCHHS TPYIINA
MUKpooprann3MoB u3BecTHa kak ESKAPE: Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, Enterobacter species. I[Ipu 3ToM 10Ji1 pE3UCTEHTHBIX IITAMMOB CPEIN
TUX MHUKPOOPTAaHU3MOB MOXeET jgocturath 95%. B cBere cTpeMuTenbHOro pocrta
KOJMYECTBA CIIy4acB MHQEKIMHA, BBI3BAHHBIX aHTHOMOTHKOPE3MCTCHTHBIMU
mTaMMaMHi, HEOOXOJUMOCTh CO3/IaHHS HOBBIX AHTHOAKTEpUATBHBIX MpPEnapaToB
ABJIsIETCSA HanboJiee akTyallbHOU 3aa4eil.

Pa3paboTka HOBBIX aHTHOMOTHKOB BBEICOKO3aTpaTHA M 3a4acTyr0 MaIod(h(HEKTUBHA.
[ToaTOoMy Bce yarie ux pa3padOTUYUKKU MPUOETAIOT K UCIIOJIb30BAaHUIO KOMOMHAITUI
AHTUOMOTHKOB WM COYECTAHMIO WX C aJbIOBAaHTaMH C pPa3HBIM MEXaHH3MOM
nerictBusg. B mocnennue roasl Bce O0see MIMPOKOE PACIpPOCTPAHCHHE IMOTYYaroT
CHeIMaIbHBIC YCTPOWCTBA M TOKPHITHS C HAHECEHHBIMH Ha WX IOBEPXHOCTH
HAHOYACTHUIIAMH PAa3JIMYHBIX METAIOB. HEekoTopwie ycIiexu, JOCTUTHYTHIE TIPH

HCIIOJIb30BaHHUHN aHTI/IMI/IKp06HI)IX INCITUI0B, ObBLIN HHUBCJIMPOBAHBLI HOTepeﬁ



aKTUBHOCTH B OPTaHU3ME YEJIOBEKA M BBICOKOW CTOMMOCTHIO MX MPOU3BOJCTBA. B
CBS3M C OTHUM TEPCICKTUBHBIM HAIPaBICHUEM CTAHOBUTCS WCIIOJIb30BAHHE
0aktepruodaroB, 0ocOOCHHO B cOYeTaHWU ¢ aHTHOMOTHKaMmu. HabmromaeMbrit mpu
9TOM CHHEPI'H3M KakK B SKCIIEPUMEHTax IN Vitro, Tak u in ViVo, T03BOJIIECT HAIeAThCS

Ha OIIPCHACIICHHBIC YCIICXU B 60pL6e C MOJUPC3UCTCHTHBIMUA IIATOI'CHAMMU TI'PYIIIIbI

ESKAPE.

KitoueBbie cJI0Ba: aHTUOMOTUKOPE3UCTEHTHOCTD, MHO’KECTBEHHAas
JIEKapCTBEHHAS YCTOMYMBOCT, IPaMIIOJIOKUTEIbHBIE OakTepuu,
rpamMoTpuuaTenbHbie 0akrepun, 6akrepun rpynnsl ESKAPE, cuneprusm ¢aros c

AHTHOMOTUKAMM.
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1 Introduction

In recent decades, the overuse and misuse of antibiotics, as well as social and
economic factors, have accelerated the spread of antibiotic-resistant bacteria,
making the etiologic therapy of infectious processes with antibacterial drugs
ineffective. In 2024, in light of growing antibiotic resistance, the World Health
Organization (WHO) published a list of pathogens designated by the acronym
ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa and members of the genus
Enterobacter). It is these microorganisms that pose the greatest threat to global
health [110]. Understanding the resistance mechanisms of these bacteria is a key
step in the development of new antimicrobial agents to combat antibiotic-resistant
bacteria [63].

Currently, at least 700,000 people worldwide die each year from bacterial infections
due to antimicrobial resistance. WHO predicts that without new and more effective
treatments, this number could rise to 10 million by 2050 [74]. The global problem
of antibiotic resistance was greatly exacerbated during the COVID-19 pandemic.
Despite the fact that antibiotics are not effective against viruses, including the
causative agent of COVID-19, antibiotic use increased throughout the pandemic

along with the number of new COVID-19 infections.

Of concern is the dramatic increase in resistance of ESKAPE strains to carbapenems,
which has become a major public health problem due to the lack of effective
alternative antibacterial agents, as well as significant difficulties in developing new
antibiotics. In 2021, only six of the thirty-two antibiotics in clinical development had
some efficacy against ESKAPE group bacteria and were categorized as novel. This
situation prompted the search for alternative treatments for bacterial infections to

avoid the emergence or spread of resistance in microorganisms [20].
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Alternative modern therapies currently in practice or undergoing trials include the
use of antibiotics in combination with adjuvants, bacteriophage therapy, the use of
antimicrobial peptides and antibodies, phytochemicals, and nanoparticles as

antibacterial agents [64].
Main part
1. Background.

Researchers all over the world note that microorganisms of the ESKAPE group are
the main cause of nosocomial infections [24]. Carbapenem-resistant A. baumannii
and representatives of the Enterobacteriaceae family (K. pneumoniae, K. aerogenes,
Enterobacter cloacae, etc.) resistant to 3rd generation cephalosporins and
carbapenems are included by WHO in the list of pathogens with critical priority,
while vancomycin-resistant E. faecium and methicillin-resistant E. faecium and
methicillin-resistant S. aureus (MRSA) and carbopenem-resistant P. aeruginosa are

listed as a high priority group [110].

One of the critical microorganisms is A. baumannii. It is defined as multidrug
resistant when the pathogen is resistant to at least 3 classes of antibiotics (penicillins
and cephalosporins including their combinations, fluoroquinolones and
aminoglycosides) and as extensively drug resistant when it is resistant to more than
3 classes of antibiotics and to carbapenems. A strain resistant to all the above
antibiotics as well as to polymyxin and tigecycline is referred to as panresistant [62].
The ability of A. baumannii to persist on surfaces and resist disinfectants helps the

survival of the bacteria in healthcare settings [65].

A. baumannii poses a major challenge to clinicians due to the presence of a number
of resistance determinants: efflux pumps, internal ADC cephalosporinase, OXA-51
B-lactamase, and acquired carbapenemases such as OXA (Figure 1: Global

carbapenem resistance of A. baumanii strains) [9].
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P. aeruginosa is an opportunistic microorganism with intrinsic resistance
mechanisms including impaired cell wall permeability to drugs, efflux pumps for
drug efflux from the cell, and cephalosporinase [55]. In addition, P. aeruginosa
expresses many virulence factors [46]. The resistance of P. aeruginosa clinical
isolates worldwide is increasingly complemented by acquired resistance
determinants, including extended-spectrum beta-lactamases and carbapenemases

(Figure 2: Global carbapenem resistance of Ps. aeruginosa strains) [5].

B-lactam antibiotics are the therapy of choice for infections caused by methicillin-
sensitive Staphylococcus aureus (MSSA). Meanwhile, methicillin-resistant
Staphylococcus aureus (MRSA) shows resistance to most B-lactams (Figure 3.
Global antibiotic resistance of MRSA (methicillin-resistant Staphylococcus aureus)

strains.

Therefore, vancomycin remains the antibiotic of choice in the therapy of
staphylococcal infections. Toxicity and increasing resistance to vancomycin require
a reassessment of the treatment strategy for such infections. However, clinical data
on the use of alternative agents do not provide reliable evidence for the complete

replacement of vancomycin as the working antibiotic for MRSA infections [67].

Enterococci are commensals of the human gastrointestinal tract. Most E. faecalis
isolates retain sensitivity to ampicillin with low resistance to vancomycin (5-10%)
[68]. At the same time, hospital-acquired E. faecalis strains are resistant to ampicillin
in most cases, and 0.3-3% of strains are resistant to vancomycin in Eastern Europe,
30-60% of strains in South America, and 20-50% of strains in the United States

(Figure 4: Global vancomycin resistance of E. faecalis strains) [3].

Several members of the ESKAPE group belong to the Enterobacteriaceae family,
including K. pneumoniae, Klebsiella aerogenes, and Enterobacter cloacae [97].
Escherichia coli is also a serious threat [80]. These microorganisms often manifest

in urinary tract infections (UTIs), pneumonia, and bacteremia [79], and possess a
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genome complemented with conjugative plasmids carrying resistance genes:
extended-spectrum B-lactamases and carbapenemases (e.g., KPC and OXA-48-like
serine carbapenemases; NDM, VIM, and IMP metallo-B-lactamases) (Fig. 5:

Carbapenem-resistant strains of the Enterobacteriaceae family) [86].

Thus, today there is an urgent need to develop new strategies for the therapy of
bacterial infections, as existing drugs are increasingly ineffective. The search for
new antibiotics seems to be the surest way out, as alternative therapies for bacterial
infections have gained insufficient evidence and clinical trial base. But there are

factors holding back the search for new antibiotics [20]:

1. High requirements for new antibiotics. Drugs including antibiotics undergo
many tests and clinical trials to ensure their safety and efficacy. New antibiotics must
meet strict criteria that are set by regulatory organizations. Recently approved
antibiotics are delafloxacin, varobactam + meropenem (Vabomere), plazomicin,
eravacycline, omadacycline, relabactam + imipenem (Recarbrio), lefamulin,
pretomanid, lascufloxacin, cefiderocol, levonadifloxacin [36]. Of the 11 new
antibiotics approved since 2017, including three newly approved antibiotics from
2019, only two, varobactam + meropenem and lefamulin, represent new classes.
Resistance has already been detected to these antibiotics [13], as bacteria are forming
resistance much faster than new antibacterial drugs entering the market. Other
recently approved antibiotics are derivatives of existing classes whose clinical utility

is limited and for which resistance mechanisms already exist.

2. High research costs, which are not always recouped due to the fact that most
antibiotics are used for short courses of treatment, which may not be profitable for
drug manufacturers in the long term. Because of this, many pharmaceutical

companies are not interested in developing new antibiotics [36].
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That is why our review emphasizes the need to develop modern alternative therapies
for bacterial infections that will provide an opportunity to avoid the spread of global

microbial resistance [109].

Alternative therapies currently in practice or undergoing clinical and preclinical
trials include the use of antibiotics in combination or with adjuvants, phage therapy,
the use of antimicrobial peptides, antibacterial antibodies, phytochemicals, and

nanoparticles as antibacterial agents [64].
2. Phage therapy.

With the increasing resistance of bacteria to antibiotics, bacteriophages have
attracted the attention of researchers. The use of bacteriophage preparations has a
significant advantage: phages have strict specificity without increasing the risk of
opportunistic infections; the need for low doses to achieve a therapeutic effect; rapid
proliferation within host bacteria and achievement of the necessary therapeutic
concentrations [28]. In contrast to antibiotics, phages also have the advantage of
being able to evolve and mutate with their host, circumventing emerging resistance
[78]. Phages can become both therapeutic alternatives and adjuvants to traditional
antibiotics [33].

A considerable amount of preclinical data and a growing body of clinical data
indicate the enormous therapeutic potential of bacteriophages in a wide range of
infectious diseases [58]. However, the use of phage therapy can be complicated by
the development of resistance to bacteriophages and the need to tailor phage
cocktails for the specific bacterial strain causing the infection, which confronts

clinicians with strict public health legislation [99].

One of the limitations of using phages as stand-alone antimicrobials is that bacteria
develop resistance to phages as well with high frequency [39]. The use of a
combination of phages can limit resistance, but like antibiotics, combinations need

to be carefully selected [41].
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Various methods of administration of bacteriophages have been investigated and
data from clinical studies have been reported, including topical, inhalation, oral, and
injectable methods of administration (intravenous, intramuscular, subcutaneous, and
directly into the lesion). When phages are administered orally, recombination
between phage genomes in the intestine is possible [10], but intravenous delivery is
effective in almost all known cases [23,98] (Table 1. Studies on the in vivo use of

bacteriophages).

Phage-antibiotic combinations are a promising therapeutic alternative, especially
when limited antibiotic options are available. Combination therapy has achieved
success in the treatment of infectious diseases such as endocarditis, bacteremia,
osteomyelitis and peritonitis [25]. Reports [94] describing the effects of phage-
antibiotic combinations often demonstrate enhanced phage activity in the presence
of sub-inhibitory concentrations of antibiotics. This phenomenon was named [21]
phage-antibiotic synergy (PAS), which is characterized by an increase in the number
of phages released after phage cell lysis in the presence of sublethal doses of -

lactam antibiotics.

The effectiveness of combinations of antibiotics and lytic bacteriophages was first
shown in 1941 by the example of the combined use of bacteriophages with
sulfonamide drugs against S. aureus and Escherichia coli [49]. Later, the positive
effects of joint exposure were demonstrated in animal models [25]. Similar results
were obtained with penicillin [42]. The term “synergism” (“synergistic effect”) was
introduced in 2007. An increase in the size of lysis zones of E. coli culture under the
action of bacteriophage in the presence of subinhibitory concentrations of antibiotics
(aztreonam, cefotaxime, ticarcillin, piperacillin, ampicillin, nalidixic acid,
mitomycin C) was described [21]. Over time, the term “synergism” acquired a
broader meaning. It began to be understood as cases when the efficacy of the phage
and antibiotic combination as a whole significantly exceeds the sum of individual

effects [90, 26]. In one of the studies, positive effects are subdivided into additive
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effect, synergism and facilitation, where under additive effect the authors understand
the result when the combined use of two agents leads to cell growth suppression
equal to the sum of the effects of each component separately, under synergism -
exceeding the additive effect, and under facilitation - the effect when the combined
action gives a more significant suppression of bacterial growth than the most
effective agent when administered separately, but less in comparison with additive
effect [90].

3. Combination therapy.

Combination therapy is the use of several antibiotics in combination to target
different mechanisms of bacterial resistance simultaneously. Combination therapy
can be effective in the treatment of bacterial infections because it targets several
aspects of the pathogen's infectious potential simultaneously. Combination
antimicrobial therapy has become an option for the treatment of infections caused
by multidrug-resistant bacteria due to its broader coverage of susceptible
microorganisms and synergistic effect [11]. However, with such therapy, there is a

risk of increased toxicity and development of multidrug resistance [70].

Combination of antibiotics has been tested as a treatment method by a number of
researchers because the probability of pathogen resistance development to a
combination of two drugs is much less than to a single drug. The combination of
drugs also extends the spectrum of action [100] in severe infections caused by
multidrug-resistant pathogens [1]. Gram-positive members of ESKAPE, E. faecium
and S. aureus, have been tested against a combination of fosfomycin and
daptomycin, which successfully eliminated the infection [92,22]. Most combinations
tested against S. aureus in vitro include daptomycin or vancomycin with other
antibiotics, including ceftaroline, an antibiotic recently approved for use. The effects
of these and other similar combinations have also been tested in various mouse
models that eliminated staphylococcal infection with minimal toxicity [60]. The
efficacy of combination therapy has also been demonstrated with combinations with
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colistin. Colistin (polymyxin E) is an antibiotic of last resort prescribed against
Gram-negative bacteria. In recent years, studies on the treatment of infections caused
by K. pneumoniae and A. baumannii using the combination of colistin or tigecycline
with other antibiotics in vitro and in cohort studies have been conducted and

promising results have been shown [4,108].

The original B-lactam-p-lactamase B-lactamase inhibitor (BL-BLI) combinations
(i.e., amoxicillin-clavulanic acid, ampicillin-sulbactam, cefoperazone-sulbactam,
piperacillin-tazobactam, and ticarcillin-clavulanic acid) were highly active against
class A serine B-lactamases [29, 75]. K. pneumoniae resistance to them evolved with
the emergence of four structurally and functionally different groups of B-lactamases:
class B metallo-B-lactamases (MBL), class C serine B-lactamases AmpC,
oxacillinases (OXA)-class D serine -lactamases, and novel class A carbapenemases
(KPC) [29,75].

As a result, BL-BLIs with activity against all clinically important B-lactamases (e.g.,
KPC-2, OXA-23, OXA-24/40, AmpC, and New Delhi MBL-1 [NDM-1]) have
become less effective, but new combinations such as cefepime-taniborbactam and
cefepime-zidebactam are being developed that cover a broad spectrum of these

enzymes and may fulfill this need [75,106].

Diazabicyclooctanes (DBOs) are non-B-lactam synthetic inhibitors of B-lactamases
[29]. Most studies show that DBOs inhibit class A and C -lactamases, while minor
activity against class D B-lactamases has also been observed [75]. In February 2015,
avibactam became the first DBO drug approved by the FDA, the Food and Drug
Administration, which is responsible for protecting and promoting public health
through the control and supervision of food, drugs, and cosmetics. The activity of
avibactam depends on the partner (e.g., ceftazidime, ceftaroline, aztreonam,
cefepime, or imipenem), B-lactam-avibactam combinations are potentially highly
effective against many ESKAPE pathogens, including Enterobacteriales and P.
aeruginosa [72]. Replacing the -lactam partner antibiotic with a clinically available
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B-lactamase inhibitor is another approach to treat infections caused by strains
carrying multiple classes of -lactamases, such as combining tazobactam with the

novel cephalosporin ceftolozane [107, 104].

Nevertheless, the increasing resistance of microorganisms every year requires
testing more and more new combinations of antibiotics, which leads to an endless
search. Therefore, antibiotic combinations are a temporary solution to preserve the

use of existing drugs while alternative strategies are being developed and tested.
4, Nanoparticles

Nanomedicine is one of the emerging areas for the elimination of antibiotic-resistant
pathogens. Various nanomaterials with intrinsic antibacterial properties are being
developed: metal-based nanoparticles (NPs) (e.g. silver, gold, copper and zinc
oxide). They are widely used not only to enhance the efficacy of already existing
antibiotics but also to reduce bacterial drug resistance [34,61]. At the nanoscale, the
physical and chemical properties of metals change dramatically compared to bulk
material due to size and shape effects and the high surface area to volume ratio of
nanomaterials [95]. That is, several properties must be considered at once: ion

release, hardness, plasmon and superparamagnetism [19].

Nanoparticles affect the cell in several ways at once. Physical contact of bacteria
with nanoparticles leads to membrane damage due to their adsorption and
penetration into the cell [96]. Adsorption of nanoparticles causes depolarization of
the cell wall, changing its negative charge and making it more permeable. As a
result, the cell wall is destroyed and reactive oxygen species are formed [81] causing
DNA denaturation [91]. The antibacterial activity of nanoparticles can also be due
to leaching of ions. These ions can diffuse inside the cell and interact with the cell
membrane and wall, as well as with cell macromolecules such as proteins and
nucleic acids [16,52] High concentrations of reactive oxygen species produced

inside or outside the cell due to nanoparticles, damage the cell membrane [83], put
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bacterial cells into oxidative stress, carry out lipid peroxidation, and destroy the cell
wall by disrupting the structure of peptidoglycan [43,44], degrade proteins and

nucleic acids [32], leading to cell death.

One of the most common applications of nanoparticles in modern medicine is
implantable devices. Implants must have biocompatibility, corrosion resistance, and
antibacterial properties that nanoparticles can provide [56]. Nanoparticles are used
to treat catheters, dental implants, and are used as antibacterial additives in dressings
to treat skin wounds and burns. Both Gram-positive and Gram-negative pathogenic
bacteria can cause chronic infections associated with skin wounds. For example,
silver nanoparticles significantly inhibit bacterial growth and increase the rate of
wound healing when used in combination with polyvinyl alcohol and chitosan
[18,35,57].

In the field of new antibacterial agents, nanoparticles represent a promising
alternative to antibiotics. Due to the combination of different effects on the bacterial
cell, they have a wide range of antibacterial activity, affecting also drug-resistant
microorganisms [40]. Nevertheless, toxicity to eukaryotic cells at high dosages of
nanoparticles, as well as acceleration of horizontal transfer of resistance genes at low
dosages, sublethal for bacteria, requires further study of this area and refinement of

existing methods of nanoparticle application [93].
5.  Antibiotic adjuvants

Antibiotic adjuvants are compounds that are used in combination with antibiotics to
enhance their action against bacterial infections. Some molecules are combined with
antibiotics to make an ineffective drug effective. These molecules, called
“adjuvants” or “resistance disruptors”, have little or no intrinsic antimicrobial
activity [38], but can inhibit mechanisms that confer resistance, making pathogens
susceptible to the action of antibiotics [7]. Adjuvants can effectively enhance the

action of existing antibiotics by reducing the minimum inhibitory concentration of
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antibiotic required to kill bacteria, allowing the use of existing therapies that may

have been ineffective for a particular patient [66].

Several classes of adjuvants are known such as efflux pump inhibitors, B-lactamase
inhibitors, quorum sensing inhibitors and adjuvants that disrupt bacterial cell wall
synthesis and membrane permeability [73]. Also, depending on the intended purpose
and the tasks performed, adjuvants can be categorized into 2 classes: class |
antibiotic adjuvants act directly on the resistance mechanisms of bacterial cells to
help antibiotics regain their efficacy, while class 11 adjuvants enhance the activity of
the antibiotic in the host [105]. Class | includes active resistance inhibitors (-
lactamase inhibitors) [38], passive resistance inhibitors (efflux pump inhibitors [88],
quorum sensing inhibitors [37, 47], biofilm inhibitors [37] and cell membrane
permeability enhancers [82]. Class Il includes antibiotic action enhancers

(antimicrobial peptides that stimulate immunity) [2].

The strategy of using antibiotic adjuvants also has certain limitations, such as the
labor-intensive and expensive identification of compounds and substances with the
required physicochemical properties that can be used as adjuvants and administered
together with antibiotics. In addition, it is necessary to evaluate the possibility of

side effects when using certain adjuvants in each patient [17].
6. Antimicrobial peptides

Antimicrobial peptides are short, positively charged defense oligopeptides produced
by all living organisms including protozoa, bacteria, archaea, fungi, plants and
animals [103]. They show a broad spectrum of activity against a large number of
bacterial pathogens. The ability of antimicrobial peptides to interact with the
bacterial cell membrane and thereby induce cell lysis makes them a potential
alternative for combating multidrug-resistant pathogens [6]. In addition, unlike

antibiotics, antimicrobial peptides physically damage the bacterial cell through
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electrostatic interactions, thereby making it difficult for bacteria to develop

resistance to them [77].

Histatin 5 is a natural cationic peptide of human saliva that is rich in histidine. This
peptide shows strong antibiofilm and bactericidal activity against ESKAPE in vitro
[30]. The cationic peptide WLBU-2 and the natural antimicrobial peptide LL-37
demonstrated 90% biofilm inhibition compared to tobramycin, ciprofloxacin,

ceftazidime and vancomycin [54].

Similar to the positive in vitro results, antimicrobial peptides also show promising
in vivo activity against ESKAPE group bacteria. For example, the peptide HLR1r, a
structural derivative of the human milk protein, lactoferrin, at a very low
concentration (5 mg/kg) was found to exhibit antimicrobial activity against an
MRSA-infected rat wound excision model, as well as anti-inflammatory and anti-
cytotoxic effects in vitro, suggesting the use of HLR1r in topical application

formulations for the treatment of skin infections [8].

However, the paucity of antimicrobial peptides seeking clinical approval makes
them an underpowered alternative to antibiotics for widespread use in healthcare
settings. Despite their high in vitro and in vivo activity, antimicrobial peptides have
yet to be clinically tested. Also, cytotoxicity for mammalian cells, tendency to
degradation by tissue proteases, loss of activity at low salt concentrations or in the
presence of plasma proteins, and higher production costs compared to other

antimicrobial agents make it difficult to implement this type of therapy [59,85].

7. Conclusion.
Economic incentives for pharmaceutical companies and private and public sector
collaboration can help filling the gap in antimicrobial drug development. Continuous
epidemiologic surveillance and monitoring of antibiotic prescribing and

consumption can delay the spread of antibiotic-resistant microorganisms. In
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addition, other potential ways to reduce the incidence of resistance are the use of

antibiotic combinations or the development of alternative therapies [102].

However, despite the large number of studies conducted on the efficacy of
alternative therapies for bacterial infections, each of them has been found to have
drawbacks that hinder their adoption into routine use by clinicians. When
combinations of antibiotics are used, the phenomenon of antagonism may occur
[15]. The toxicity of such a drug increases [31,70]. The use of adjuvants is
complicated by labor costs in the search for new representatives and insufficient base
of clinical use [101]. When phage therapy is used, resistance is also formed due to
alteration of phage receptors of the host cell, and patient side effects are also possible
[70]. Antibacterial peptides lose their activity at low salt concentrations or in the
presence of plasma proteins and also have cytotoxicity [85, 60]. Nanoparticles are
not used in routine clinical practice due to the lack of research base to verify toxicity,

immunomodulatory response and pharmacokinetics conducted in vivo, [69].

Therefore, document No. 2045-r (dated September 25, 2017) “Strategy for the
Prevention of the Spread of Antimicrobial Resistance” was adopted at the state level,
according to which one of the main directions of public health will be to study the
mechanisms of antibiotic resistance, create alternative drugs for treatment, and

inform the population about the rational use of antibiotics.



TABJINIbI

Table 1. Studies on the use of bacteriophages in vivo.

Target Study model Agent, doses Effectiveness

microorganism

P. aeruginosa Clinical case, |1 x 108 PFU of|Elimination of
man, 76 years old, | personalized phage | infection
chronic aortic | cocktail + ceftazidime
graft infection intravenously 2 times

daily for 21 days [14].

P. aeruginosa Clinical case, |4 x 10° PFU of | Elimination of
man, 26 years old, | personalized phage | infection
cystic  fibrosis, | cocktail intravenously
bacterial lung | every 8 hours daily for
infection. 8 weeks [51].

P. aeruginosa Clinical case, |2 x 10" PFU of | Elimination of
man, 67 years old, | personalized phage | infection
bacterial infection | cocktail + colistin and
of urinary tract. meropenem into the

bladder every 12 hours
daily for 10 days [45].

K. pneumoniae | Clinical case, | 6,3 x 10° PFU of | Elimination of
man, 62 years old, | monovalent infection
knee prothesis | bacteriophage
infection. intravenously daily for

40 days [12].

A. baumanii Clinical case, | 8,5 x 107 PFU of|Elimination of

man, 77 years old, | monovalent infection




hospital-acquired
bacterial infection

after craniectomy.

bacteriophage
suspended in Ringer
solution with lactate

through the central
catheter every 2 hours

98 times [50].

S. aureus

Clinical case,

woman, 35 years

3.2 x 101 PFU of the

phage cocktail

Treatment

failure, purulent

old, trophic leg | topically on the wound | inflammation of
ulcer. surface daily for 7 days | the wound
[48, 84].
K. pneumoniae | Clinical case, | 2-phage cocktail with 2 | Elimination  of

woman, 40 years
old,

fibrosis, bacterial

cystic

lung infection.

x  10° PFU by
inhalation and 1.8 x 10°
PFU

nasogastric tube for 4

daily via

the pathogen in
bronchoalveolar
lavage but

presence in feces

days [87].
E. faecalis Clinical case, 3|2 x 10° PFU of |Elimination of
men, 52, 61 and | personalized phage | infection
68 years old, | cocktail rectally 2
chronic bacterial | times a day for 1 month
prostatitis. [53].
E. coli Clinical case, | Intesti and Ses phage | Elimination  of
man, 66 years, | cocktails orally and | infection

chronic bacterial

prostatitis.

rectally daily for 30
days [45].
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Figure 1. Global carbapenem resistance of A. baumanii.
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Figure 2. Global carbapenem resistance of P. aeruginosa.
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Figure 3. Global antibiotic resistance of MRSA (methicillin-resistant

Staphylococcus aureus).
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Figure 4. Global vancomycin resistance of E. faecalis.

Vancomycin-resistant E. faecalis

L L bbb

1997-2000 2001-2004 2005-2008 2009-2012 2013-2016 2017-2020 2021-2022

== NN W
U ©O U1 © U1 O

Resistant bacteria, %

o

H North America ®Europe ™ Latin America ™ Asia

Notes: Percentage of vancomycin resistant E. faecalis from 1997 to 2022 worldwide.

Russian Journal of Infection and Immunity ISSN 2220-7619 (Print)
ISSN 2313-7398 (Online)



NEW APPROACHES OF COMBATING ESKAPE
BOPBBA C PESUCTEHTHBIMHU ESKAPE 10.15789/2220-7619-NAF-17784

Figure 5. Global carbapenem resistance of Enterobacteriaceae.

Carbapenem-resistant Enterobacteriaceae
20

15

it

1997-2000 2001-2004 2005-2008 2009-2012 2013-2016 2017-2020 2021-2022

vl

Resistant bacteria, %

m North America ™ Europe ™ Latin America ™ Asia

Notes: Percentage of carbapenem resistant Enterobacteriaceae from 1997 to 2022
worldwide.

Russian Journal of Infection and Immunity ISSN 2220-7619 (Print)
ISSN 2313-7398 (Online)



TUTYJbHBINA JIUCT METAJAHHBIE

Bbaok 1. Uudopmanusi 060 aBTOpe 0TBETCTBEHHOM 32 MEPENUCKY

PoraueBa EauszaBera BiagumupoBHa, K.0.H., MJIAIIIUNA HAy4YHBIM COTPYIHHK
7a00paTOPUN METUIMHCKON OaKTEPUOJIOTHH;

®bYH HUU snupemuonorun u Mukpoouosoruu umenu [lactepa,

aapec: 197101, r. Canaxr-IletepOypr, yi. Mupa, a. 14. 197101;

tenedon: 8(812)644-63-15;

e-mail; elizvla@yandex.ru

Rogacheva Elizaveta Vladimirovna, phD, junior researcher in the laboratory of
medical bacteriology;

Saint-Petersburg Pasteur Institute;

address: Saint-Petersburg, Russia, Mira st, 14;

telephone: 8(812)644-63-15;

e-mail: elizvla@yandex.ru

baok 2. Undopmanusi 06 aBTopax
Konkova L.S., junior researcher in the laboratory of medical bacteriology;
KonbkoBa JI.C., muanmuii Hay4dHBIM COTPYJHUK Ja0OpaTOPUU MEIUITUHCKON

oaktepuonoruu ®bYH HUU snunemuonorun u Mmukpobuosnioruu numenu Ilacrepa.

Krayeva L.A., professor of medicine, the head of the laboratory of medical
bacteriology;
Kpaesa JI.A., 1. M. H., 3aBeayroIIas J1abOpaTOPUH MEAUITMHCKON OaKTEpHOIOTHN

®bYH HUM snunemuonoruu u mukpooOuonoruu umenu Ilacrepa.


mailto:elizvla@yandex.ru
mailto:elizvla@yandex.ru

baok 3. MeragaHHbIe CTATBH

NEW APPROACHES OF COMBATING POLYRESISTANT ESKAPE
PATHOGENS

COBPEMEHHBIE [IOAXO/Jbl K BOPBBE C I[NOJIMPE3UCTEHTHBIMU
[TATOTEHAMU I'PYIIIIbI ESKAPE

CokpalieHHOe HA3BaHUE CTAThHU JJIsl BEPXHEro KOJOHTHUTYJIA:
NEW APPROACHES OF COMBATING ESKAPE
BOPBEA C PESUCTEHTHBIMU ESKAPE

Keywords: antibiotic resistance, multidrug resistance, gram-negative bacteria,
gram-positive bacteria, phage-antibiotic synergy, ESKAPE pathogens.

KnroueBbie cJioBa: AHTUOMOTUKOPE3UCTEHTHOCTD, MHOKECTBEHHAs
JICKApCTBCHHAA YCTOﬁqHBOCTB, I'paMIIOJIOKHUTCIBHBIC 6aKTepI/II/I,
rpamMoTpuuaTenbHbie 0akrepun, 6akrtepun rpynnsl ESKAPE, cuneprusm ¢aros c

AHTHOMOTUKAMM.

O0630pHI.

KomnuectBo crpanuil Tekcra — 13,
KOJIMYECTBO Ta0JMII — 1,
KOJIMYECTBO PUCYHKOB — D.

26.09.2024



CIIMCOK JIMTEPATYPBI

Serial number

Authors, publication name,

publication source, outputs

Author, publication and source

name in English

Internet address of the cited article

(URL and/or DOI)

Ahmed A., Azim A., Gurjar M.,
Baronia A. Current concepts in
combination antibiotic therapy for
critically ill patients. Indian Journal
of Critical Care Medicine, 2014, vol.
18, no. 5, pp. 310-314.

Ahmed A., Azim A., Gurjar M.,
Baronia A. Current concepts in
combination antibiotic therapy for
critically ill patients. Indian Journal

of Critical Care Medicine.

DOI:10.4103/0972-5229.132495

Ahmed S., Raqib R., Gudmundsson
G., Bergman P., Agerberth B., Rekha
R. Host-Directed Therapy as a Novel
Treatment Strategy to Overcome
Tuberculosis: Immune

Modulation. Antibiotics, 2020, vol. 9,

Targeting

no. 1, p. 21.

Ahmed S., Raqib R., Gudmundsson
G., Bergman P., Agerberth B.,
Rekha R. Host-Directed Therapy as
a Novel Treatment Strategy to
Overcome Tuberculosis: Targeting

Immune Modulation. Antibiotics.

DOI:10.3390/antibiotics9010021




Akimkin V., Tutelyan A., Shulakova
N., Voronin E. COVID-19 pandemic:
a new round of antibiotic resistance.
Infekcionnye bolezni, 2021, vol. 19,
no. 3, pp. 133-138.

Akimkin V., Tutelyan A., Shulakova
N., Voronin E. COVID-19
pandemic: a new round of antibiotic

resistance. Infekcionnye bolezni.

DOI: 10.20953/1729-9225-2021-3-
133-138

Baronia A., Ahmed A. Current
concepts in combination antibiotic
therapy for critically ill patients.
Indian Journal of Critical Care
Medicine, 2014, vol. 18, no. 5, pp.

310-314.

Baronia A., Ahmed A. Current
concepts in combination antibiotic
therapy for critically ill patients.
Indian Journal of Critical Care

Medicine.

DOI:10.4103/0972-5229.132495

Barrio-Tofifo E., Lopez-Causapé¢ C.,
Oliver A. Pseudomonas aeruginosa
epidemic high-risk clones and their

association ~ with  horizontally-

acquired  P-lactamases. Int J

Barrio-Tofiio E., Lopez-Causapé
C., Oliver A.

aeruginosa

Pseudomonas
epidemic  high-risk
clones and their association with
horizontally-acquired B-lactamases.

Int J Antimicrob Agents.

DOI: 10.1016/j.1jantimicag.2020.10
6196




Antimicrob Agents, 2020, vol. 56, no.
6, pp. 106-126.

Berglund N., Piggot T., Jefferies D.,
Sessions R., Bond P., Khalid S.
Interaction of the Antimicrobial
Peptide Polymyxin Bl with Both
Membranes of E. coli: A Molecular
Dynamics Study. PLoS Comput Biol,

2015, vol. 11, no. 4, pp. 1004-1018.

Berglund N., Piggot T., Jefferies D.,
Sessions R., Bond P., Khalid S.
Interaction of the Antimicrobial
Peptide Polymyxin Bl with Both
Membranes of E. coli: A Molecular
Dynamics Study. PLoS Comput
Biol.

DOI:10.1371/journal.pcbi.1004180

Bernal P, C.,,

Daddaoua A., Llamas M. Antibiotic

Molina-Santiago

adjuvants: Identification and clinical
use. Microb Biotechnol, 2013, vol. 6,
no. 5, pp. 445-449.

Bernal P., Molina-Santiago C.,

Daddaoua A., Llamas M. Antibiotic
and

adjuvants: Identification

clinical use. Microb Biotechnol.

DOI:10.1111/1751-7915.12044

Bjorn C., Mahlapuu M., Mattsby-

Baltzer 1., Hakansson J. Anti-

infective efficacy of the lactoferrin-

Bjorn C., Mahlapuu M., Mattsby-
Baltzer 1., Hakansson J. Anti-

infective efficacy of the lactoferrin-

DOI:10.1016/j.peptides.2016.08.00
4




derived antimicrobial peptide HLR 1r.
Peptides (NY), 2016, vol. 81, pp. 21—
28.

derived  antimicrobial

HLRIr. Peptides (NY).

peptide

Bonomo R., Szabo D. Mechanisms of
Multidrug Resistance in
Acinetobacter Species and
Pseudomonas aeruginosa. Clinical
Infectious Diseases, 2006, vol. 43,

no. 2, pp. 49-56.

Bonomo R., Szabo D. Mechanisms
of  Multidrug  Resistance in
Acinetobacter Species and
Pseudomonas aeruginosa. Clinical

Infectious Diseases.

DOI: 10.1086/504477

10

Briissow H. Phage therapy: The
Escherichia coli
Microbiology, 2005, vol. 151, p.
2133-2140.

experience.

Briissow H. Phage therapy: The
Escherichia coli experience.

Microbiology.

DOI: 10.1099/mic.0.27849-0

11

Cai Y., WangJ., Liu X., Wang R., Xia
L. A review of the combination
therapy of low frequency ultrasound

with antibiotics. BioMed Research

Cai Y., Wang J., Liu X., Wang R.,
Xia L. A review of the combination

therapy of low frequency ultrasound

DOI:10.1155/2017/2317846




International. Hindawi  Limited,

2017, vol. 2017, pp. 1-14.

with antibiotics. BioMed Research

International. Hindawi Limited.

12

Cano E., Caflisch K., Bollyky P., Van
Belleghem J., Patel R., Fackler J.
Phage Therapy for Limb-threatening
Prosthetic Knee Klebsiella
pneumoniae Infection: Case Report
and in Vitro Characterization of Anti-
biofilm Activity. Clinical Infectious

Diseases, 2021, vol. 73, no. 1, pp.
144-151.

Cano E., Caflisch K., Bollyky P.,
Van Belleghem J., Patel R., Fackler
J. Phage Therapy for Limb-
threatening Prosthetic Knee
Klebsiella pneumoniae Infection:
Case Report and in Vitro
Characterization of Anti-biofilm
Infectious

Activity. Clinical

Diseases.

DOI:10.1093/cid/c1aa705

13

Castanheira M., Kimbrough ],
DeVries S., Mendes R., Sader H.
Trends of P-Lactamase Occurrence

Among  Escherichia coli and

Castanheira M., Kimbrough 1.,
DeVries S., Mendes R., Sader H.
Trends of B-Lactamase Occurrence

Among  Escherichia coli and

DOI:10.1093/0fid/ofad038




Klebsiella pneumoniae in United
States Hospitals During a 5-Year
Period and Activity of Antimicrobial
Agents Against Isolates Stratified by
B-Lactamase Type. Open Forum
Infect Dis, 2023, vol. 10, no. 2, pp. 1-
11.

Klebsiella pneumoniae in United
States Hospitals During a 5-Year
Period and Activity of

Antimicrobial ~ Agents  Against
Isolates Stratified by B-Lactamase

Type. Open Forum Infect Dis.

14

Chan B., Turner P., Kim S., Mojibian
H., Elefteriades J., Narayan D. Phage
treatment of an aortic graft infected
with Pseudomonas aeruginosa. Evol
Med Public Health, 2018, vol. 2018,
no. 1, pp. 60-66.

Chan B., Turner P, Kim S,
Mojibian H., Elefteriades J.,
Narayan D. Phage treatment of an
aortic ~ graft  infected  with
Pseudomonas aeruginosa. Evol Med

Public Health.

DOI: 10.1093/emph/eoy005

15

Chang S., Hsieh S., Chen M., Sheng
W., Chen Y. Oral fusidic acid fails to
eradicate methicillin-resistant

Staphylococcus aureus colonization

Chang S., Hsieh S., Chen M., Sheng
W., Chen Y. Oral fusidic acid fails to
eradicate methicillin-resistant

Staphylococcus aureus colonization

DOI:10.1016/50732-
8893(99)00116-9.




and results in emergence of fusidic

acid-resistant strains. Diagn

Microbiol Infect Dis, 2000, vol. 36,
no. 2, pp. 131-136.

and results in emergence of fusidic
acid-resistant strains.

Microbiol Infect Dis.

Diagn

16 Chatterjee A., Chakraborty R., Basu | Chatterjee A., Chakraborty R., Basu | DOI:10.1088/0957-
T. Mechanism of antibacterial | T. Mechanism of antibacterial | 4484/25/13/135101
activity of copper nanoparticles. | activity of copper nanoparticles.
Nanotechnology, 2014, vol. 25, no. | Nanotechnology.
13, pp. 101-135.
17 Chawla M., Verma J., Gupta R., Das | Chawla M., Verma J., Gupta R., Das | DOI:10.3389/fmicb.2022.887251
B. Antibiotic Potentiators Against | B. Antibiotic Potentiators Against
Multidrug-Resistant Bacteria: | Multidrug-Resistant Bacteria:
Discovery, Development, and | Discovery, Development, and
Clinical Relevance. Front Microbiol, | Clinical Relevance. Front
2022, vol. 13, pp. 1-19. Microbiol.
18 Chen P., Wu Z., Leung A., Chen X., | Chen P.,, Wu Z., Leung A., Chen X., | DOI: 10.1088/1748-605X/aael5b

Landao-Bassonga E., Gao .

Landao-Bassonga E., Gao .




Fabrication of a silver nanoparticle-
coated collagen membrane with anti-
bacterial and anti-inflammatory
activities for  guided  bone
regeneration. Biomedical Materials,

2018, vol. 13, no. 6, pp. 14-25.

Fabrication of a silver nanoparticle-
coated collagen membrane with
anti-bacterial and anti-inflammatory
activities  for  guided  bone

regeneration. Biomedical Materials.

19 Chernousova S., Epple M. Silver as | Chernousova S., Epple M. Silver as | DOI: 10.1002/anie.201205923
Antibacterial Agent: Ion, | Antibacterial Agent: Ion,
Nanoparticle, and Metal. | Nanoparticle, and Metal.
Angewandte Chemie International | Angewandte Chemie International
Edition, 2013, vol. 52, no. 6, pp. | Edition.
1636—-1653.
20 Chinemerem Nwobodo D., Ugwu M., | Chinemerem Nwobodo D., Ugwu | DOI:10.1002/jcla.24655

Oliseloke A., Al-Ouqaili M., Chinedu
I., Victor C. Antibiotic resistance:
The challenges and some emerging

strategies for tackling a global

M., Oliseloke A., Al-Ougqaili M.,
Chinedu I., Victor C. Antibiotic
resistance: The challenges and some

emerging strategies for tackling a




menace. Journal of  Clinical
Laboratory Analysis, 2022, vol. 36,

pp. 1-10.

global menace. Journal of Clinical

Laboratory Analysis.

21

Comeau A., Tétart F., Trojet S., Prére
M., Krisch H. Phage-antibiotic

synergy  (PAS): B-lactam and

quinolone  antibiotics  stimulate
virulent phage growth. PLoS One,

2007, vol. 2, no. 8, pp. 1-4.

Comeau A., Tétart F., Trojet S.,
Prére M., Krisch H. Phage-
antibiotic synergy (PAS): B-lactam
and quinolone antibiotics stimulate

virulent phage growth. PLoS One.

DOI:10.1371/journal.pone.0000799

22

Coronado-Alvarez N., Parra D.,
Parra-Ruiz J. Clinical efficacy of
fosfomycin combinations against a
variety of gram-positive cocci.
Enferm Infecc Microbiol Clin, 2019,

vol. 37, no. 1, pp. 4-10.

Coronado-Alvarez N., Parra D.,
Parra-Ruiz J. Clinical efficacy of
fosfomycin combinations against a
variety of gram-positive coccl.

Enferm Infecc Microbiol Clin.

DOI: 10.1016/j.eimc.2018.05.009

23

Dabrowska K. Phage therapy: What

factors shape phage

Dabrowska K. Phage therapy: What

factors shape phage

DOI: 10.1002/med.21572




pharmacokinetics and
bioavailability?  Systematic  and
critical review. Medicinal Research
Reviews, 2019, vol. 39, pp. 2000—

2025.

pharmacokinetics and
bioavailability? Systematic and
critical review. Medicinal Research

Reviews.

24

Denissen J., Reyneke B., Waso-
Reyneke M., Havenga B., Barnard T.,
Khan S. Prevalence of ESKAPE
pathogens in the environment:

Antibiotic resistance status,
community-acquired infection and
risk to human health. International
Journal of Hygiene and
Environmental Health, 2022, vol.

244, pp. 1-17.

Denissen J., Reyneke B., Waso-
Reyneke M., Havenga B., Barnard
T., Khan S. Prevalence of ESKAPE
pathogens in the environment:
Antibiotic resistance status,
community-acquired infection and
risk to human health. International
Journal of  Hygiene and

Environmental Health.

DOI: 10.1016/j.1jheh.2022.114006




25

Diallo K., Dublanchet A. A Century
of Clinical Use of Phages: A
Literature Review. Antibiotics, 2023,
vol. 751, no. 12, 1-23.

Diallo K., Dublanchet A. A Century
of Clinical Use of Phages: A

Literature Review. Antibiotics.

DOI:10.3390/antibiotics 12040751

26

Dickey J., Perrot V. Adjunct phage
treatment enhances the effectiveness
of low antibiotic concentration
against

biofilms in vitro. PLoS One, 2019,

Staphylococcus  aureus

vol. 14, no. 1, pp. 1-17.

Dickey J., Perrot V. Adjunct phage
treatment enhances the
effectiveness of low antibiotic
concentration against
Staphylococcus aureus biofilms in

vitro. PLoS One.

DOI:10.1371/journal.pone.0209390

27

Diekema D., Pfaller M., Shortridge
D., Zervos M., Jones R. Twenty-year
trends in antimicrobial
susceptibilities among
Staphylococcus aureus from the

SENTRY Antimicrobial Surveillance

Diekema D., Pfaller M., Shortridge
D., Zervos M., Jones R. Twenty-
year trends in  antimicrobial
susceptibilities among
Staphylococcus aureus from the

SENTRY Antimicrobial

DOI:10.1093/0fid/0fy270




Program. Open Forum Infect Dis,

Surveillance Program. Open Forum

2019, vol. 6, pp. 47-53. Infect Dis.
28 Domingo-Calap P., Delgado- | Domingo-Calap  P.,  Delgado- | DOI:10.3390/antibiotics 7030066
Martinez J. Bacteriophages: | Martinez J. Bacteriophages:
Protagonists of a post-antibiotic era. | Protagonists of a post-antibiotic era.
Antibiotics, 2018, vol. 7, 1-16. Antibiotics.
29 Drawz S., Bonomo R. Three decades | Drawz S., Bonomo R. Three | DOI: 10.1128/CMR.00037-09
of PB-lactamase inhibitors. Clinical | decades of B-lactamase inhibitors.
Microbiology Reviews, 2010, vol. | Clinical Microbiology Reviews.
23, pp. 160-201.
30 Du H., Puri S., McCall A., Norris H., | Du H., Puri S., McCall A., Norris | DOI:10.3389/fcimb.2017.00041

Russo T., Edgerton M. Human
Salivary Protein Histatin 5 Has
Potent Bactericidal Activity against
ESKAPE Pathogens. Front Cell
Infect Microbiol, 2017, vol. 7, pp. 1-
12.

H., Russo T., Edgerton M. Human
Salivary Protein Histatin 5 Has
Potent Bactericidal Activity against
ESKAPE Pathogens. Front Cell
Infect Microbiol.




31

Durante-Mangoni E., Signoriello G.,
Andini R., Mattei A., De Cristoforo
M., Murino P. Colistin and rifampicin
compared with colistin alone for the
treatment of serious infections due to
extensively drug-resistant
Acinetobacter baumannii: a
multicenter, randomized clinical trial.
Clinical infectious diseases, 2013,

vol. 57, no. 3, pp. 349-358.

Durante-Mangoni E., Signoriello
G., Andini R., Mattei A., De
Cristoforo M., Murino P. Colistin
and rifampicin compared with
colistin alone for the treatment of
serious infections due to extensively
drug-resistant Acinetobacter
baumannii: a multicenter,
randomized clinical trial. Clinical

infectious diseases.

DOI:10.1093/cid/cit253

32

Ezraty B., Gennaris A., Barras F.,
Collet J. Oxidative stress, protein
damage and repair in bacteria. Nat
Rev Microbiol, 2017, vol. 15, no. 7,
pp. 385-396.

Ezraty B., Gennaris A., Barras F.,
Collet J. Oxidative stress, protein
damage and repair in bacteria. Nat

Rev Microbiol.

DOI: 10.1038/nrmicro.2017.26




33 Fauconnier ~A. Phage therapy | Fauconnier A. Phage therapy | DOI: 10.3390/v11040352
regulation: From night to dawn. | regulation: From night to dawn.
Viruses, 2019, vol. 11, no. 4, pp. 1-8. | Viruses.
34 Franco D., Calabrese G., | Franco D., Calabrese G., | DOI: 10.3390/microorganisms 1009
Guglielmino S., Conoci S. Metal- | Guglielmino S., Conoci S. Metal- | 1778
Based Nanoparticles: Antibacterial | Based Nanoparticles: Antibacterial
Mechanisms and Biomedical | Mechanisms  and  Biomedical
Application. Microorganisms, 2022, | Application. Microorganisms.
vol. 10, no. 9, pp. 1-22.
35 Galiano K., Pleifer C., Engelhardt K., | Galiano K., Pleifer C., Engelhardt | DOI:10.1179/016164107X229902

Brossner G., Lackner P., Huck C.
Silver segregation and bacterial
growth of intraventricular catheters
impregnated with silver nanoparticles

in cerebrospinal fluid drainages.

K., Brossner G., Lackner P., Huck
C. Silver segregation and bacterial
growth of intraventricular catheters
impregnated with silver
nanoparticles in cerebrospinal fluid

drainages. Neurol Res.




Neurol Res, 2008, vol. 30, no. 3, pp.
285-287.

36 Geneva: World Health Organization. | Geneva: World Health | URL:
Antibacterial agents in clinical and | Organization. Antibacterial agents | https://www.researchgate.net/public
preclinical development: an overview | in  clinical ~ and  preclinical | ation/362630806 2021 Antibacteri
and analysis, 2021. development: an overview and |al agents in_clinical and preclini

analysis, 2021. cal development an overview an
d_analysis

37 Ghosh A., Jayaraman N., Chatterji D. | Ghosh A., Jayaraman N., Chatterji | DOI:10.1021/acsomega.9b03695
Small-Molecule Inhibition of | D. Small-Molecule Inhibition of
Bacterial Biofilm. ACS Omega, | Bacterial Biofilm. ACS Omega.
2020, vol. 5, no. 7, pp. 3108-3115.

38 Gonzélez-Bello C. Antibiotic | Gonzélez-Bello C.  Antibiotic | DOI:10.1016/j.bmcl.2017.08.027

adjuvants — A strategy to unlock
bacterial resistance to antibiotics.

Bioorganic and Medicinal Chemistry

adjuvants — A strategy to unlock
bacterial resistance to antibiotics.
Bioorganic and Medicinal

Chemistry Letters.




Letters, 2017, vol. 27, pp. 4221-
4228.

39 Hampton H., Watson B., Fineran P. | Hampton H., Watson B., Fineran P. | DOI: 10.1038/s41586-019-1894-8
The arms race between bacteria and | The arms race between bacteria and
their phage foes. Nature, 2020, vol. | their phage foes. Nature.
577, pp. 327-336.

40 Hemeg H. Nanomaterials for | Hemeg H. Nanomaterials for | DOI:10.2147/1JN.S132163
alternative antibacterial therapy. Int J | alternative antibacterial therapy. Int
Nanomedicine, 2017, vol. 12, pp. | J Nanomedicine.
8211-8225.

41 Hesse S., Rajaure M., Wall E., |Hesse S., Rajaure M., Wall E., | DOI:10.1128/mBi0.02530-19

Johnson J., Bliskovsky V., Gottesman
S. Phage resistance in multidrug-
resistant ~ Klebsiella ~ pneumoniae
st258 evolves via diverse mutations

that  culminate in  impaired

Johnson J.,,  Bliskovsky V,
Gottesman S. Phage resistance in
multidrug-resistant Klebsiella
pneumoniae st258 evolves via
diverse mutations that culminate in

impaired adsorption. mBio.




adsorption. mBio, 2020, vol. 11, no.
1, pp. 1-14.

42

Himmelweit F. Combined action of
penicillin and bacteriophage on
staphylococci. The Lancet, 1945, vol.
246, pp. 104-105.

Himmelweit F. Combined action of
penicillin and bacteriophage on

staphylococci. The Lancet.

DOI:10.1016/s0140-
6736(45)91422-x

43

Ivask A., ElBadawy A.,
Kaweeteerawat C., Boren D., Fischer
H., Ji Z. Toxicity Mechanisms in
Escherichia coli Vary for Silver
Nanoparticles and Differ from Ionic
Silver. ACS Nano, 2014, vol. 8, no. 1,

pp. 374-386.

Ivask A., ElBadawy A.,
Kaweeteerawat C., Boren D.,
Fischer H., Ji Z. Toxicity
Mechanisms in Escherichia coli
Vary for Silver Nanoparticles and

Differ from Ionic Silver. ACS Nano.

DOI:10.1021/nn4044047

44

Jahnke J., Cornejo J., Sumner J.,
Schuler A., Atanassov P., Ista L.
Conjugated gold nanoparticles as a

tool for probing the bacterial cell

Jahnke J., Cornejo J., Sumner J.,
Schuler A., Atanassov P., Ista L.
Conjugated gold nanoparticles as a

tool for probing the bacterial cell

DOI:10.1116/1.4939244




envelope: The case of Shewanella
oneidensis MR-1. Biointerphases,

2016, vol. 11, no. 1, pp. 1-18.

envelope: The case of Shewanella

oneidensis MR-1. Biointerphases.

45 Johri A., Johri P, Hoyle N.,|Johri A., Johri P, Hoyle N., | DOI: 10.3389/fphar.2023.1243824
Nadareishvili L., Pipia L., | Nadareishvili L., Pipia L.,
Nizharadze @ D. Case  report: | Nizharadze D. Case report:
Successful treatment of recurrent E. | Successful treatment of recurrent E.
coli infection with bacteriophage | coli infection with bacteriophage
therapy for patient suffering from | therapy for patient suffering from
chronic bacterial prostatitis. Front | chronic bacterial prostatitis. Front
Pharmacol, 2023, vol. 14. Pharmacol.
46 Juan C., Pefia C., Oliver A. Host and | Juan C., Penia C., Oliver A. Host and | DOI:10.1093/infdis/jiw299

Pathogen Biomarkers for Severe
Pseudomonas aeruginosa Infections.
J Infect Dis, 2017, vol. 215, no. 1, pp.
44-51.

Pathogen Biomarkers for Severe
Pseudomonas aeruginosa

Infections. J Infect Dis.




47 Kalia V. Quorum sensing inhibitors: | Kalia V. Quorum sensing inhibitors: | DOI:10.1016/j.biotechadv.2012.10.
An overview. Biotechnol Adv, 2013, | An overview. Biotechnol Adv. 004
vol. 31, no. 2, pp. 224-245.
48 Khawaldeh A., Morales S., Dillon B., | Khawaldeh A., Morales S., Dillon | DOI: 10.1099/jmm.0.029744-0
Alavidze Z., Ginn A., Thomas L. | B., Alavidze Z., Ginn A., Thomas L.
Bacteriophage therapy for refractory | Bacteriophage therapy for
Pseudomonas aeruginosa urinary | refractory Pseudomonas aeruginosa
tract infection. J Med Microbiol, | urinary tract infection. J Med
2011, vol. 60, no. 11, pp. 1697-1700. | Microbiol.
49 Klem J., Domotor D., Schneider G., | Klem J., Domotor D., Schneider G., | DOI:10.1556/AMicr.60.2013.4.3
Kovacs T., Toth A., Rakhely G.|Kovacs T., Toth A., Rakhely G.
Bacteriophage  therapy  against | Bacteriophage therapy  against
staphylococci.  Acta  Microbiol | staphylococci.  Acta  Microbiol
Immunol Hung, 2013, vol. 60, no. 4, | Immunol Hung.
pp. 411-422.
50 LaVergne S., Hamilton T., Biswas B., | LaVergne S., Hamilton T., Biswas | DOI:10.1093/ofid/ofy064

Kumaraswamy M., Schooley R.,

B., Kumaraswamy M., Schooley R.,




Wooten D. Phage Therapy for a
Multidrug-Resistant ~ Acinetobacter
baumannii Craniectomy Site
Infection. Open Forum Infect Dis,

2018, vol. 5, no. 4.

Wooten D. Phage Therapy for a
Multidrug-Resistant Acinetobacter
baumannii  Craniectomy  Site

Infection. Open Forum Infect Dis.

51

Law N., Logan C., Yung G., Furr C.,
Lehman S., Morales S. Successful
adjunctive use of bacteriophage
therapy for treatment of multidrug-
resistant Pseudomonas aeruginosa
infection in a cystic fibrosis patient.
Infection, 2019, vol. 47, no. 4, pp.
665—-668.

Law N., Logan C., Yung G., Furr C.,
Lehman S., Morales S. Successful
adjunctive use of bacteriophage
therapy for treatment of multidrug-
resistant Pseudomonas aeruginosa
infection in a cystic fibrosis patient.

Infection.

DOI:10.1007/s15010-019-01319-0

52

Lemire J., Harrison J,, Turner R.
Antimicrobial activity of metals:

mechanisms, molecular targets and

Lemire J., Harrison J,, Turner R.
Antimicrobial activity of metals:
mechanisms, molecular targets and

applications. Nat Rev Microbiol.

DOI: 10.1038/nrmicro3028




applications. Nat Rev Microbiol,
2013, vol. 11, no. 6, pp. 371-384.

53

Letkiewicz S., Miedzybrodzki R.,
Fortuna W., Weber-Dagbrowska B.,
Gorski A. Eradication of
Enterococcus faecalis by phage
therapy in chronic bacterial prostatitis
— case report. Folia Microbiol
(Praha), 2009, vol. 54, no. 5, pp. 457—

461.

Letkiewicz S., Migdzybrodzki R.,
Fortuna W., Weber-Dabrowska B.,
Gorski A Eradication of
Enterococcus faecalis by phage
therapy in  chronic  bacterial
prostatitis — case report. Folia

Microbiol (Praha).

DOI:10.1007/512223-009-0064-z

54

Lin Q., Deslouches B., Montelaro R.,
Di Y. Prevention of ESKAPE
pathogen biofilm formation by
antimicrobial peptides WLBU2 and
LL37. Int J Antimicrob Agents, 2018,
vol. 52, no. 5, pp. 667-672.

Lin Q., Deslouches B., Montelaro
R., Di Y. Prevention of ESKAPE
pathogen biofilm formation by
antimicrobial peptides WLBU2 and
LL37. Int J Antimicrob Agents.

DOI:10.1016/j.1ijantimicag.2018.04.
019




55 Lister P., Wolter D., Hanson N. |Lister P., Wolter D., Hanson N. | DOI:10.1128/CMR.00040-09
Antibacterial-Resistant Antibacterial-Resistant
Pseudomonas aeruginosa : Clinical | Pseudomonas aeruginosa : Clinical
Impact and Complex Regulation of | Impact and Complex Regulation of
Chromosomally Encoded Resistance | Chromosomally Encoded
Mechanisms. Clin Microbiol Rev, | Resistance  Mechanisms.  Clin
2009, vol. 22, no. 4, pp. 582—610. Microbiol Rev.
56 Liu J., Liu J., Attarilar S., Wang C., | Liu J., Liu J., Attarilar S., Wang C., | DOI:10.3389/tbi0e.2020.576969
Tamaddon M., Yang C. Nano-| Tamaddon M., Yang C. Nano-
Modified Titanium Implant | Modified Titanium Implant
Materials: A Way Toward Improved | Materials: A Way Toward Improved
Antibacterial ~ Properties.  Front | Antibacterial ~ Properties.  Front
Bioeng Biotechnol, 2020, vol. 23, no. | Bioeng Biotechnol.
8, pp. 1-30.
57 LuL.,FuR,LiC,YuC,LiZ.,Guan | Lu L., Fu R, Li C,, Yu C,, Li Z., | DOI:10.2147/IJN.S51679
H. Silver nanoparticle/chitosan | Guan H. Silver

oligosaccharide/poly(vinyl alcohol)

nanoparticle/chitosan




nanofibers as wound dressings: a

preclinical study. Int J Nanomedicine,

2013, vol. 8, no. 1, pp. 4131 - 4145.

oligosaccharide/poly(vinyl alcohol)
nanofibers as wound dressings: a

preclinical study. Int J

Nanomedicine.
58 Luong T., Salabarria A., Roach D. | Luong T., Salabarria A., Roach D. | DOI:10.1016/j.clinthera.2020.07.01
Phage Therapy in the Resistance Era: | Phage Therapy in the Resistance | 4
Where Do We Stand and Where Are | Era: Where Do We Stand and Where
We Going? Clinical Therapeutics, | Are We Going? Clinical
2020, vol. 42, pp. 1659—-1680. Therapeutics.
59 Mahlapuu M., Hakansson J., | Mahlapuu M., Héikansson J., | DOI:10.3389/fcimb.2016.00194
Ringstad L., Bjorn C. Antimicrobial | Ringstad L., Bjorn C. Antimicrobial
Peptides: An Emerging Category of | Peptides: An Emerging Category of
Therapeutic Agents. Front Cell Infect | Therapeutic Agents. Front Cell
Microbiol, 2016, vol. 6, pp. 1-12. Infect Microbiol.
60 Mahlapuu M., Antimicrobial peptides | Mahlapuu M.,  Antimicrobial | DOI:10.1080/07388551.2020.1796

as therapeutic agents: opportunities

peptides as therapeutic agents:

576




and challenges. Critical Reviews in
Biotechnology, 2020, vol. 40, pp. 1-
15.

opportunities  and  challenges.

Critical Reviews in Biotechnology.

61 Mammari N., Lamouroux E., Boudier | Mammari N., Lamouroux E., | DOI:10.3390/microorganisms1002
A., Duval R. Current knowledge on | Boudier A., Duval R. Current | (0437
the oxidative-stress-mediated | knowledge on the oxidative-stress-
antimicrobial properties of metal- | mediated antimicrobial properties of
based nanoparticles. | metal-based nanoparticles.
Microorganisms, 2022, vol. 10, no. 2, | Microorganisms.
p. 437-448.
62 Manchanda V., Sanchaita S., Singh | Manchanda V., Sanchaita S., Singh | DOI:10.4103/0974-777X.68538
N. Multidrug resistant Acinetobacter. | N. Multidrug resistant
J Glob Infect Dis, 2010, vol. 2, no. 3, | Acinetobacter. J Glob Infect Dis.
p. 293-302.
63 Mancuso G., Midiri A., Gerace E., | Mancuso G., Midiri A., Gerace E., | DOI:10.3390/pathogens10101310

Biondo C. Bacterial antibiotic

resistance: the most critical

Biondo C. Bacterial antibiotic




pathogens. Pathogens, 2021, vol. 10,
p. 116-126.

resistance: the most critical

pathogens. Pathogens.

64 Mandal S., Roy A., Ghosh A., Hazra | Mandal S., Roy A., Ghosh A., Hazra | DOI:10.3389/fphar.2014.00105
T., Basak A., Franco O. Challenges | T., Basak A., Franco O. Challenges
and future prospects of antibiotic | and future prospects of antibiotic
therapy: From peptides to phages | therapy: From peptides to phages
utilization. Frontiers in | utilization. Frontiers in
Pharmacology, 2014, vol. 5, p. 105- | Pharmacology.
117.
65 Maragakis L., Perl T. Acinetobacter | Maragakis L., Perl T. Acinetobacter | DOI:10.1086/529198
baumannii: Epidemiology, | baumannii: Epidemiology,
antimicrobial resistance, and | antimicrobial resistance, and
treatment options. Clinical Infectious | treatment options. Clinical
Diseases, 2008, vol. 146, pp. 1254— | Infectious Diseases.
1263.
66 Melander R., Melander C. The | Melander R., Melander C. The | DOI:10.1021/acsinfecdis.7b00071

challenge of overcoming antibiotic

challenge of overcoming antibiotic




resistance: an adjuvant approach?
ACS Infect Dis, 2017, vol. 3, no. 8,
pp- 559-563.

resistance: an adjuvant approach?

ACS Infect Dis.

67

Miller W., Arias C. ESKAPE
pathogens: antimicrobial resistance,
epidemiology, clinical impact and

therapeutics. Nat Rev Microbiol,
2024, vol. 10, pp. 598-616.

Miller W., Arias C. ESKAPE
pathogens: antimicrobial resistance,
epidemiology, clinical impact and

therapeutics. Nat Rev Microbiol.

DOI:10.1038/541579-024-01054-w

68

Miller W., Murray B., Rice L., Arias
C. Resistance in vancomycin-
resistant enterococci. Infect Dis Clin
North Am, 2020, vol. 34, no. 4, pp.

751-T771.

Miller W., Murray B., Rice L., Arias
C. Resistance in vancomycin-
resistant enterococci. Infect Dis Clin

North Am.

DOI:10.1016/5.1dc.2020.08.004

69

Mohanty S., Mishra S., Jena P., Jacob
B., Sarkar B., Sonawane A. An
investigation on the antibacterial,

cytotoxic, and antibiofilm efficacy of

Mohanty S., Mishra S., Jena P,
Jacob B., Sarkar B., Sonawane A.
An investigation on the

antibacterial, cytotoxic, and

DOI:10.1016/j.nano0.2011.11.007




starch-stabilized silver nanoparticles.
Nanomedicine, 2012, vol. 8, no. 6,

pp- 916-924.

antibiofilm efficacy of starch-
stabilized silver nanoparticles.

Nanomedicine.

70 Mulani M., Kamble E., Kumkar S., | Mulani M., Kamble E., Kumkar S., | DOI:10.3389/fmicb.2019.00539
Tawre M., Pardesi K. Emerging | Tawre M., Pardesi K. Emerging
strategies to combat ESKAPE |strategies to combat ESKAPE
pathogens in the era of antimicrobial | pathogens in the era of antimicrobial
resistance: A review. Front Microbiol, | resistance: A  review.  Front
2019, vol. 10, pp. 539-563. Microbiol.
71 Murray C., lkuta K., Sharara F., | Murray C., Ikuta K., Sharara F., | DOI:10.1016/S0140-

Swetschinski L., Robles Aguilar G.,
Gray A. Global burden of bacterial
antimicrobial resistance in 2019: a

systematic analysis. The Lancet,

2022, vol. 399, pp. 629-655.

Swetschinski L., Robles Aguilar G.,
Gray A. Global burden of bacterial
antimicrobial resistance in 2019: a

systematic analysis. The Lancet.

6736(21)02724-0




72 Nichols W., Newell P., Critchley I., | Nichols W., Newell P., Critchley I., | DOI:10.1128/AAC.02446-17
Riccobene T., Das S. Avibactam | Riccobene T., Das S. Avibactam
pharmacokinetic/pharmacodynamic | pharmacokinetic/pharmacodynamic
targets. Antimicrobial Agents and | targets. Antimicrobial Agents and
Chemotherapy, 2018, vol. 62, pp. 1- | Chemotherapy.

15.

73 De Oliveira D., Forde B., Kidd T., | De Oliveira D., Forde B., Kidd T., | DOI:10.1128/CMR.00181-19
Harris P., Schembri M., Beatson S. | Harris P., Schembri M., Beatson S.

Antimicrobial Resistance in | Antimicrobial Resistance n
ESKAPE Pathogens. Clin Microbiol | ESKAPE Pathogens. Clin
Rev, 2020, vol. 33, no. 3, pp. 181- | Microbiol Rev.
190.
74 O’Neil J. Tackling drug-resistant | O’Neil J. Tackling drug-resistant | https://amr-

infections globally: final report and

recommendations, 2016.

infections globally: final report and

recommendations.

review.org/sites/default/files/16051

8 Final%20paper with%?20cover.p
df




75

Papp-Wallace K., Bonomo R. New [3-
Lactamase Inhibitors in the Clinic.
Infect Dis Clin North Am, 2016, vol.
30, no. 2, pp. 441-464.

Papp-Wallace K., Bonomo R. New
B-Lactamase Inhibitors in the

Clinic. Infect Dis Clin North Am.

DOI:10.1016/;.1dc.2016.02.007

76

Pfaller M., Cormican M., Flamm R.,
Mendes R., Jones R. Temporal and
geographic variation in antimicrobial
susceptibility and resistance patterns
of Enterococci: Results from the
SENTRY Antimicrobial Surveillance
Program, 1997-2016. Open Forum
Infect Dis, 2019, vol. 6, pp. 54-62.

Pfaller M., Cormican M., Flamm R.,
Mendes R., Jones R. Temporal and
geographic variation n
antimicrobial  susceptibility and
resistance patterns of Enterococci:
Results from the SENTRY
Antimicrobial Surveillance
Program, 1997-2016. Open Forum

Infect Dis.

DOI:10.1093/0fid/ofy344

77

Pfalzgraff A.,
Weindl G. Antimicrobial Peptides

Brandenburg K.,

and Their Therapeutic Potential for

Bacterial Skin Infections and

Pfalzgraff A., Brandenburg K.,
Weindl G. Antimicrobial Peptides

and Their Therapeutic Potential for

DOI:10.3389/fphar.2018.00281




Wounds. Front Pharmacol, 2018, vol.
9, pp. 1-23.

Bacterial Skin Infections and

Wounds. Front Pharmacol.

78 Pirnay J., Verbeken G., Ceyssens P., | Pirnay J., Verbeken G., Ceyssens P., | DOI:10.3390/v10020064
Huys 1., de Vos D., Ameloot C. The | Huys I., de Vos D., Ameloot C. The
magistral phage. Viruses, 2018, vol. | magistral phage. Viruses.
10, no. 2, pp. 1-7.
79 Podschun R., Ullmann U. Klebsiella | Podschun R., Ullmann U. Klebsiella | DOI:10.1128/CMR.11.4.589
spp. as nosocomial pathogens: | spp. as nosocomial pathogens:
epidemiology, taxonomy, typing | epidemiology, taxonomy, typing
methods, and pathogenicity factors. | methods, and pathogenicity factors.
Clin Microbiol Rev, 1998, vol. 11, no. | Clin Microbiol Rev.
4, pp. 589-603.
80 Poirel L., Madec J., Lupo A., Schink | Poirel L., Madec J., Lupo A., Schink | DOI:10.1128/microbiolspec. ARBA

A., Kieffer N., Nordmann P.
Antimicrobial Resistance in
Escherichia coli. Microbiol Spectr,

2018, vol. 6, no. 4, pp. 1-27.

A., Kieffer N., Nordmann P.
Antimicrobial Resistance n

Escherichia coli. Microbiol Spectr.

-0026-2017




81

Ramalingam B., Parandhaman T.,
Das S. Antibacterial Effects of
Biosynthesized Silver Nanoparticles
on Surface Ultrastructure and
Nanomechanical Properties of Gram-
Negative Bacteria viz. Escherichia
coli and Pseudomonas aeruginosa.

ACS Appl Mater Interfaces, 2016,
vol. 8, no. 7, pp. 4963-4976.

Ramalingam B., Parandhaman T.,
Das S. Antibacterial Effects of
Biosynthesized Silver
Nanoparticles on Surface
Ultrastructure and Nanomechanical
Properties  of  Gram-Negative
Bacteria viz. Escherichia coli and
Pseudomonas  aeruginosa. ACS

Appl Mater Interfaces.

DOI:10.1021/acsami.6b00161

82

Ramirez D., Ramirez D., Arthur G.,
Zhanel G., Schweizer F.
Guanidinylated Polymyxins as Outer
Membrane Permeabilizers Capable
of Potentiating Rifampicin,
Erythromycin, Ceftazidime and

Aztreonam against Gram-Negative

Ramirez D., Ramirez D., Arthur G.,
Zhanel G., Schweizer F.
Guanidinylated Polymyxins as
Outer Membrane Permeabilizers
Capable of Potentiating Rifampicin,
Erythromycin, Ceftazidime and
Aztreonam against Gram-Negative

Bacteria. Antibiotics.

DOI:10.3390/antibiotics 11101277




Bacteria. Antibiotics, 2022, vol. 11,
no. 10, p. 1277.

83

Ranjan S., Ramalingam C. Titanium

dioxide nanoparticles induce
bacterial membrane rupture by
reactive oxygen species generation.
Environ Chem Lett, 2016, vol. 14, no.

4, pp. 487-494.

Ranjan S., Ramalingam C. Titanium

dioxide  nanoparticles  induce
bacterial membrane rupture by
reactive oxygen species generation.

Environ Chem Lett.

DOI:10.1007/s10311-016-0586-y

84

Rhoads D., Wolcott R., Kuskowski
M., Wolcott B., Ward L.,
Sulakvelidze @ A.  Bacteriophage
therapy of venous leg ulcers in
humans: results of a phase I safety
trial. ] Wound Care, 2009, vol. 18, no.

6, pp. 237-243.

Rhoads D., Wolcott R., Kuskowski
M., Wolcott B., Ward L.,
Sulakvelidze A. Bacteriophage
therapy of venous leg ulcers in
humans: results of a phase I safety

trial. J Wound Care.

DOI:
10.12968/jowc.2009.18.6.42801

85

Rios A., Moutinho C., Pinto F., Del
Fiol F., Jozala A., Chaud M.

Rios A., Moutinho C., Pinto F., Del
Fiol F., Jozala A., Chaud M.

DOI:10.1016/j.micres.2016.04.008




Alternatives to overcoming bacterial
State-of-the-art.
Microbiol Res, 2016, vol. 191, pp.
51-80.

resistances:

Alternatives to overcoming
bacterial resistances: State-of-the-

art. Microbiol Res.

86 Rodriguez-Bafio  J.,  Gutiérrez- | Rodriguez-Bafio J.,  Gutiérrez- | DOI:10.1128/CMR.00079-17
Gutiérrez B., Machuca 1., Pascual A. | Gutiérrez B., Machuca 1., Pascual A.
Treatment of infections caused by | Treatment of infections caused by
extended-spectrum-beta-lactamase-, | extended-spectrum-beta-lactamase-
Ampc-, and carbapenemase- |, Ampc-, and carbapenemase-
producing enterobacteriaceae. Clin | producing enterobacteriaceae. Clin
Microbiol Rev, 2018, vol. 31, no. 2, | Microbiol Rev.
pp. 79-87.
87 Rubalskii E., Ruemke S., Salmoukas | Rubalskii E., Ruemke S., | DOI:10.3390/antibiotics9050232

C., Boyle E. Warmecke G,
Tudorache I. Bacteriophage therapy

for critical infections related to

Salmoukas C., Boyle E., Warnecke
G., Tudorache 1. Bacteriophage

therapy for critical infections related




cardiothoracic surgery. Antibiotics,

2020, vol. 9, no. 5, pp. 232-244.

to cardiothoracic surgery.

Antibiotics.

88 Sapkota J., Sharma M., Shrestha D., | Sapkota J., Sharma M., Shrestha D., | DOI:10.3126/jiom.v4113.37367
Jha B. Antimicrobial susceptibility | Jha B. Antimicrobial susceptibility
pattern of Acinetobacter | pattern of Acinetobacter
calcoaceticus-Acinetobacter calcoaceticus-Acinetobacter
baumannii complex isolated from | baumannii complex isolated from
sputum in a tertiary care hospital. | sputum in a tertiary care hospital.
Journal of Institute of Medicine | Journal of Institute of Medicine
Nepal, 2019, vol. 41, no. 3, pp. 59— | Nepal.
62.
89 Shortridge D., Gales A., Streit J., | Shortridge D., Gales A., Streit J., | DOI:10.1093/ofid/ofy343

Huband M., Tsakris A., Jones R.
Geographic and temporal patterns of
antimicrobial resistance in
pseudomonas aeruginosa over 20

years from the SENTRY

Huband M., Tsakris A., Jones R.
Geographic and temporal patterns of
antimicrobial resistance in
pseudomonas aeruginosa over 20

years from  the SENTRY




Antimicrobial Surveillance Program,
1997-2016. Open Forum Infect Dis,
2019, vol. 6, pp. 63—68.

Antimicrobial Surveillance
Program, 1997-2016. Open Forum

Infect Dis.

90

Simon K., Pier W., Kriittgen A., Horz
H. Synergy between phage sb-1 and
oxacillin against methicillin-resistant

staphylococcus aureus. Antibiotics,

2021, vol. 10, no. 7, pp. 849-858.

Simon K., Pier W., Kriittgen A.,
Horz H. Synergy between phage sb-
1 and oxacillin against methicillin-

resistant  staphylococcus aureus.

Antibiotics, 2021.

DOI:10.3390/antibiotics 10070849

91

Sirelkhatim A., Mahmud S., Seeni A.,
Kaus N., Ann L., Bakhori S. Review
on Zinc Oxide Nanoparticles:
Antibacterial Activity and Toxicity
Mechanism. Nanomicro Lett, 2015,

vol. 7, no. 3, pp. 219-242.

Sirelkhatim A., Mahmud S., Seeni
A., Kaus N., Ann L., Bakhori S.
Review on Zinc Oxide
Nanoparticles: Antibacterial
Activity and Toxicity Mechanism.

Nanomicro Lett.

DOI:10.1007/s40820-015-0040-x

92

Snyder A., Werth B., Nonejuie P,
McRoberts J., Pogliano J., Sakoulas

G. Fosfomycin enhances the activity

Snyder A., Werth B., Nonejuie P.,
McRoberts J., Pogliano J., Sakoulas

G. Fosfomycin enhances the activity

DOI:10.1128/AAC.00687-16




of Daptomycin against Vancomycin-
Resistant enterococci in an in Vitro
pharmacokinetic-pharmacodynamic

model. Antimicrob Agents
Chemother, 2016, vol. 60, no. 10, pp.

5716-5723.

of Daptomycin against
Vancomycin-Resistant enterococci
in an in Vitro pharmacokinetic-
pharmacodynamic model.

Antimicrob Agents Chemother.

93 Spirescu V., Chircov C., Grumezescu | Spirescu V., Chircov C., | DOI:10.3390/1jms22094595
A., Vasile B, Andronescu E.|Grumezescu A., Vasile B,
Inorganic Nanoparticles and | Andronescu E. Inorganic
Composite Films for Antimicrobial | Nanoparticles and Composite Films
Therapies. Int J Mol Sci, 2021, vol. | for Antimicrobial Therapies. Int J
22,1n0. 9, pp. 4595-4620. Mol Sci.
94 Tagliaferri T., Jansen M., Horz H. | Tagliaferri T., Jansen M., Horz H. | DOI:10.3389/fcimb.2019.00022

Fighting Pathogenic Bacteria on Two
Fronts: Phages and Antibiotics as

Combined Strategy. Frontiers in

Fighting Pathogenic Bacteria on
Two Fronts: Phages and Antibiotics

as Combined Strategy. Frontiers in




Cellular and Infection Microbiology, | Cellular and Infection
2019, vol. 9, pp. 22-35. Microbiology.
95 Thambirajoo M., Maarof M., | Thambirajoo M., Maarof M., | DOI:10.3390/antibiotics10111338
Lokanathan Y., Katas H., Ghazalli N., | Lokanathan Y., Katas H., Ghazalli
Tabata Y. Potential of Nanoparticles | N., Tabata Y. Potential of
Integrated with Antibacterial | Nanoparticles  Integrated  with
Properties in Preventing Biofilm and | Antibacterial Properties in
Antibiotic Resistance. Antibiotics, | Preventing Biofilm and Antibiotic
2021, vol. 10, no. 11, pp. 1338-1364. | Resistance. Antibiotics.
96 Thill A., Zeyons O., Spalla O., | Thill A., Zeyons O., Spalla O., | DOI: 10.1021/es060999b

Chauvat F., Rose J., Auffan M.
Cytotoxicity of CeO 2 Nanoparticles
for Escherichia coli. Physico-
Chemical Insight of the Cytotoxicity
Mechanism. Environ Sci Technol,

2006, vol. 40, no. 19, pp. 6151-6156.

Chauvat F., Rose J., Auffan M.
Cytotoxicity of CeO 2
Nanoparticles for Escherichia coli.
Physico-Chemical Insight of the
Cytotoxicity Mechanism. Environ

Sci Technol.




97

Tindall B., Sutton G., Garrity G.
Enterobacter aerogenes Hormaeche
and Edwards 1960 (Approved Lists
1980) and Klebsiella
Bascomb et al. 1971 (Approved Lists

mobilis

1980) share the same nomenclatural
type (ATCC 13048) on the Approved
Lists and are homotypic synonyms,
with consequences for the name
Klebsiella mobilis Bascomb et al.
1971 (Approved Lists 1980). Int J
Syst Evol Microbiol, 2017, vol. 67,
no. 2, pp. 502-504.

Tindall B., Sutton G., Garrity G.
Enterobacter acrogenes Hormaeche
and Edwards 1960 (Approved Lists
1980) and Klebsiclla
Bascomb et al. 1971 (Approved

mobilis

Lists 1980) share the same
nomenclatural type (ATCC 13048)
on the Approved Lists and are
homotypic synonyms, with
consequences for the name
Klebsiella mobilis Bascomb et al.
1971 (Approved Lists 1980). Int J

Syst Evol Microbiol.

DOI:10.1099/1jsem.0.001572

98

Tsonos J., Vandenheuvel D., Briers
Y., De Greve H., Hernalsteens J.,
Lavigne R. Hurdles in bacteriophage

therapy: Deconstructing the

Tsonos J., Vandenheuvel D., Briers
Y., De Greve H., Hernalsteens J.,
Lavigne R. Hurdles n

bacteriophage therapy:

DOI:10.1016/j.vetmic.2013.11.001




parameters. Vet Microbiol, 2014, vol.
171, no. 3, pp. 460—469.

Deconstructing the parameters. Vet
Microbiol, 2014, vol. 171, no. 3, pp.
460—469.

99 Uddin T., Chakraborty A., Khusro A., | Uddin T., Chakraborty A., Khusro | DOI:10.1016/j.jiph.2021.10.020
Zidan B., Mitra S., Emran T.|A., Zidan B., Mitra S., Emran T.
Antibiotic resistance in microbes: | Antibiotic resistance in microbes:
History, mechanisms, therapeutic | History, mechanisms, therapeutic
strategies and future prospects. | strategies and future prospects.
Journal of Infection and Public | Journal of Infection and Public
Health, 2021, vol. 14, p. 1750—-1766. | Health.
100 Vazquez-Grande G., Kumar A. | Vazquez-Grande G., Kumar A.|DOI: 10.1055/s-0034-1398742

Optimizing antimicrobial therapy of
sepsis and septic shock: Focus on
antibiotic ~ combination  therapy.
Semin Respir Crit Care Med, 2015,

vol. 36, no. 1, pp. 154-166.

Optimizing antimicrobial therapy of
sepsis and septic shock: Focus on
combination

antibiotic therapy.

Semin Respir Crit Care Med.




101

Vestergaard M., Paulander W.,
Marvig R., Clasen J., Jochumsen N.,
Molin S. Antibiotic combination
therapy can select for broad-spectrum
multidrug resistance in Pseudomonas

aeruginosa. Int J Antimicrob Agents,

2016, vol. 47, no. 1, pp. 48-55.

Vestergaard M., Paulander W.,
Marvig R., Clasen J., Jochumsen N.,
Molin S. Antibiotic combination
therapy can select for broad-
spectrum multidrug resistance in
Pseudomonas aeruginosa. Int J

Antimicrob Agents.

DOI:10.1016/j.ijantimicag.2015.09.
014

102

Wang C., Hsieh Y., Powers Z., Kao C.
Defeating antibiotic-resistant

bacteria:  Exploring  alternative
therapies for a post-antibiotic era.
International Journal of Molecular
Sciences, 2020, vol. 21, pp. 1061-

1079.

Wang C., Hsieh Y., Powers Z., Kao
C. Defeating antibiotic-resistant

bacteria:  Exploring  alternative
therapies for a post-antibiotic era.
International Journal of Molecular

Sciences.

DOI:10.3390/1jms21031061

103

Wang G., Li X., Zasloff M. A
database view of naturally occurring

antimicrobial peptides:

Wang G., Li X., Zasloff M. A
database view of naturally occurring

antimicrobial peptides:

DOI:10.1079/9781845936570.0001




nomenclature, classification and
amino acid sequence analysis. In:
Antimicrobial peptides: discovery,
design and novel therapeutic
strategies. Wallingford: CABI, 2010,

vol. 18, pp. 1-21.

nomenclature, classification and
amino acid sequence analysis. In:
Antimicrobial peptides: discovery,
design and novel

strategies. Wallingford: CABI.

therapeutic

104

Wilson G., Fitzpatrick M., Walding
K., Gonzalez B., Schweizer M., Suda
K. Meta-analysis of Clinical
Outcomes Using
Ceftazidime/Avibactam,

Ceftolozane/Tazobactam, and
Meropenem/Vaborbactam for the
Treatment of Multidrug-Resistant
Gram-Negative Infections. Open

Forum Infect Dis, 2021, vol. &, no. 2.

Wilson G., Fitzpatrick M., Walding
K., Gonzalez B., Schweizer M.,
Suda K. Meta-analysis of Clinical

Outcomes Using
Ceftazidime/Avibactam,
Ceftolozane/Tazobactam, and

Meropenem/Vaborbactam for the
Treatment of Multidrug-Resistant
Gram-Negative Infections. Open

Forum Infect Dis.

DOI:10.1093/0fid/ofaa651




105 Wright G. Antibiotic Adjuvants: | Wright G. Antibiotic Adjuvants: | DOI:10.1016/1.tim.2016.06.009
Rescuing Antibiotics from | Rescuing Antibiotics from
Resistance. Trends Microbiol, 2016, | Resistance. Trends Microbiol.
vol. 24, no. 11, pp. 862—871.
106 Yahav D., Giske C., Gramatniece A., | Yahav D., Giske C., Gramatniece | DOI:10.1128/CMR.00115-20
Abodakpi H., Tam V., Leibovici L. | A., Abodakpi H., Tam V., Leibovici
New B-Lactam—B-Lactamase | L. New [-Lactam—f-Lactamase
Inhibitor Combinations. Clin | Inhibitor =~ Combinations.  Clin
Microbiol Rev, 2020, vol. 34, no. 1, | Microbiol Rev.
pp. 115-120.
107 Zhanel G., Chung P., Adam H., | Zhanel G., Chung P., Adam H., | DOI:10.1007/s40265-013-0168-2

Zelenitsky  S.,  Denisuik A,
Schweizer F.
Ceftolozane/tazobactam: A novel
cephalosporin/B-lactamase inhibitor
combination with activity against

multidrug-resistant ~ gram-negative

Zelenitsky  S., Denisuik A.,
Schweizer F.
Ceftolozane/tazobactam: A novel
cephalosporin/B-lactamase inhibitor

combination with activity against




bacilli. Drugs, 2014, vol. 74, pp. 31—
51.

multidrug-resistant gram-negative

bacilli. Drugs.

108

Zhao C., Kristoffersson A., Khan D.,
Lagerback P., Lustig U., Cao S.
Quantifying combined effects of
colistin and ciprofloxacin against
Escherichia coli in an in silico
pharmacokinetic-pharmacodynamic
model. Sci Rep, 2024, vol. 14, no. 1,
106-117.

Zhao C., Kristoffersson A., Khan
D., Lagerbédck P., Lustig U., Cao S.
Quantifying combined effects of
colistin and ciprofloxacin against
Escherichia coli in an in silico
pharmacokinetic-pharmacodynamic

model. Sci Rep.

DOI:10.1038/s41598-024-61518-0

109

World Health Organization (2017)
Global Priority List of Antibiotic-
Guide

Resistance  Bacteria to

Research, Discovery, and
Development of New Antibiotics. Int
J Mol Sci, 2020, vol. 21, no. 3, pp. 1-

18.

World Health Organization (2017)
Global Priority List of Antibiotic-
Guide

Resistance Bacteria to

Research, Discovery, and
Development of New Antibiotics.

Int J Mol Sci.

DOI:10.4103/jms.jms 25 17




110

WHO Bacterial Priority Pathogens
List, 2024: bacterial pathogens of
public health importance to guide
research, development and strategies
to prevent and control antimicrobial

resistance.

WHO Bacterial Priority Pathogens
List, 2024: bacterial pathogens of
public health importance to guide
research, development and
strategies to prevent and control

antimicrobial resistance.

https://iris.who.int/bitstream/handle

/10665/376776/9789240093461 -
eng.pdf?sequence=1




