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Antibiotic Resistant Bacteria: Current Situation and Treatment Options To
Accelerate The Development of a new antimicrobial arsenal

Abstract

Introduction

Antibiotic resistance is one of the biggest public health threats worldwide. Currently,
antibiotic-resistant bacteria kill 700,000 people every year. These data represent the near
future in which we find ourselves, a "post-antibiotic era" where the identification and
development of new treatments are key. This review is focused on the current and emerging
antimicrobial therapies which can solve this global threat.

Areas covered

Through a literature search using databases such as Medline and Web of Science, and search
engines such as Google Scholar, different antimicrobial therapies were analyzed, including
pathogen-oriented therapy, phagotherapy, microbiota and antivirulent therapy. Additionally,
the development pathways of new antibiotics were described, emphasizing on the potential
advantages that the combination of a drug repurposing strategy with the application of
mathematical prediction models could bring to solve the problem of AMRs.

Expert Opinion

This review offers several starting points to solve a single problem: reducing the number of
AMR. The data suggest that the strategies described could provide many benefits to improve
antimicrobial treatments. However, the development of new antimicrobials remains
necessary. Drug repurposing, with the application of mathematical prediction models, is
considered to be of interest due to its rapid and effective potential to increase the current
therapeutic arsenal.

Keywords

Antibiotic resistance, antivirulent therapy, drug repurposing, mathematical prediction model,
microbiota therapy, POT, phagotherapy.
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Article Highlights Box

The present and near future in which we find ourselves is a "post-antibiotic era",
where the therapeutic arsenal we have is unable to combat the bacterial infections
that are emerging

Different techniques are being studied to act as adjuvants of traditional antibiotic
treatments by prolonging the efficacy of current antibiotics and providing more time
to discover new drugs and new effective alternatives to AMRs.

Alternative treatments can provide many benefits to improve infection treatments
but the development of new antimicrobials remains necessary.

As for the development of new molecules, the costs, the low success rate and long
periods of time make it impossible to obtain an effective therapeutic arsenal against
current AMRs.

Drug repurposing could contribute to the cost-effective search of new antibiotics in a
faster and cost-effective way compared to traditional methods.

Plain Language Summary

What is the context?

Antibiotic resistance is currently one of the biggest public health threats worldwide.
Many of the available antibiotics are useless against drug resistant bacteria.

The present and near future in which we find ourselves is a "post-antibiotic era",
where the therapeutic arsenal we have is unable to combat the bacterial infections
that are emerging

What is new?

We accessed published studies to explore different techniques that are available to
improve current treatment options. Currently, these strategies cannot replace
antibiotic therapy. The existing knowledge leaves all these alternatives as adjuvant
treatments to antibiotics. Therefore, research into new antibiotics remains
important.

This review exposes that drug repurposing could contribute to the cost-effective
search of new antibiotics in a faster and cost-effective way compared to traditional
methods.

What is the impact?

The review emphasizes the urgency of identifying new targets that can aid in the
development of new therapies.

Drug repurposing can greatly shorten the time and cost of development of new
antibiotics. This strategy adds to the value of certain commercialized molecules,
recovering part of the investment. In addition, it provides greater knowledge about
other therapies and about the mechanisms by which bacteria develop resistance.
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1. Introduction

Antibiotic resistance is currently one of the biggest public health threats globally [1, 2]. The
emergence of antimicrobial-resistant bacteria implies an increase in mortality and morbidity
rates, as well as an increase in hospital admissions and their duration, causing a higher
likelihood of nosocomial infections [1, 3]. Currently, antibiotic-resistant bacteria kill 700,000
people every year worldwide, and the annual number of deaths caused by antimicrobial
resistance (AMR) is expected to be 10 million by 2050, surpassing diabetes, cancer,
cardiovascular disease and traffic accidents, and assuming a cost of around 100 billion dollars
worldwide [4, 5]. Therefore, this problem does not only affects the health sector, but is also
associated with an increase in costs in terms of economic losses, presenting a significant

impact on the world economy [1].

In 2017, the World Health Organization (WHO) published a list of pathogens of global priority
and classifying these microorganisms as critical, high and medium priority bacteria depending

on the urgency there is to search for new antibiotics against them [Table 1] [6, 7].

Table 1. WHO list of priority pathogens for the research for new antibiotics [6]

Acinetobacter baumannii, carbapenem-
resistant.

Priority 3: Medium

Enterococcus faecium, vancomycin
resistant.

Streptococcus pneumoniae,
penicillin resistant.

Pseudomonas aeruginosa, carbapenem-
resistant.

Staphylococcus aureus, methicillin
resistant, intermediate vancomycin
susceptibility and vancomycin
resistant.

Haemophilus influenzae,
ampicillin resistant.

Mycobacterium tuberculosis, B-lactams
resistant, macrolides resistant,
aminoglycosides resistant, anphenicols
resistant, quinolones resistant,
tetracyclines resistant, isoniazid
resistant, etambutol resistant,
pyrazinamide resistant and rifampicin
resistant.

Shigella spp., fluoroquinolones
resistant.

Helicobacter pylori, clarithromycin
resistant.

Campylobacter spp., fluoroquinolones
resistant.

Salmonella spp., fluoroquinolones

Enterobacterales (Klebsiella pneumoniae,
Escherichia coli, Enterobacter spp.,
Serratia spp., Proteus spp., Providencia
spp, and Morganella spp.), carbapenem-
resistant, 3™ generation cephalosporin-
resistant and broad spectrum B-lactams
resistant.

resistant.

Neisseria gonorrhoeae, cephalosporin
resistant and fluoroquinolones
resistant.
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A group of bacterial species known as ESKAPE pathogens are responsible for most life-
threatening nosocomial infections and can "escape" the bactericide action of antimicrobial

agents through various resistance mechanisms [Figure 1] [1,8].
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Figure 1. Diagram showing ESKAPE bacteria and their resistance mechanisms by which they inhibit the effects
of antimicrobials [8].

One of the main pathogens producing nosocomial infections is the gram-negative
coccobacillus Acinetobacter baumannii, classified in the WHO list of critical priority for finding
new antibiotics. It has been estimated that infection rates for multidrug-resistant (MDR)
strains of A. baumannii range from 47% in regions such as North America, to 93% in Europe
and the Middle East [9]. This multiresistance capacity is due to a variety of well-documented
mechanisms such as the production of chromosomal B-lactamase and intrinsic oxacillinase, in
addition to the loss of expression of some porins and the overexpression of various active
expulsion systems [9-11]. A. baumannii presents a set of enzymes involved in the process of
protein phosphorylation to form the biofilm matrix [8]. Glycosylation mediated by
glycosyltransferases and oligosaccharyltransferases, together with N-acylation also involved
in biofilm synthesis, in adittion to having an important role in virulence, metabolic stress and

antibiotic resistance Similarly, acylation, phosphorylation and glycosylation of lipid A confer
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A. baumannii resistance to colistin due to modifications in the structure of
lipopolysaccharides (LPS). Another mechanism of interest in the resistance is the specific
prepilin peptidase that participates in the modifications of the pyline subunit, the main
constituent of the fibers of the pili. The combination of these mechanisms provides A.
baumannii with resistant properties, having observed strains with extreme resistance
(resistance to 2 groups of antibiotics), multiresistance (resistance to 3 or more families of
antibiotics) and even panresistance (resistance to all available antimicrobials) in different

studies [6, 8, 11].

Pseudomonas aeruginosa is also listed as a critical priority because it is, along with A.
baumannii, the most common human pathogen in nosocomial infections [6, 7, 12]. It is one
of the main causes of disease and mortality in humans, causing acute infections and even
prolonged infections in cases of patients with immunosuppressive or chronic diseases (such
as cystic fibrosis, AIDS, burns, injuries and cancer) [11-13]. The natural resistance spectrum of
P. aeruginosa encompasses most penicillins, first, second, and most third generation
cephalosporins, tetracyclines, cotrimoxazole, rifampicin , carbapenems, aminoglycosides,
and quinolones have also been observed [12, 14, 15]. This wide resistance capacity is due to
the low permeability of the outer membrane, the existence of several excretion systems and
the presence of different beta-lactamases and carbapenemases [11]. In addition, metabolic
mechanisms such as ADP-ribosylation, DNA-methylation and glycosylation of target proteins,
together with phosphorylation, N-acetylation and the initiator of methionine cleavage into
host proteins, caused by various toxins and enzymes, improve its resistance and virulence
[8, 15]. All the mechanisms that P. aeruginosa presents to resist most of the antibiotics

available result in serious limitations in the therapeutic options against this agent.

Staphylococcus aureus is a human pathogen associated with high rates of infection and
mortality, and is one of the leading causes of minor, nosocomial, and food poisoning
infections, as well as serious health problems such as toxic shock syndrome, endocarditis, and
osteomyelitis [2, 16-18]. This microorganism is classified as high priority due to its
extraordinary ability to acquire resistance to many antibiotics, finding methicillin-resistant
(MRSA), vancomycin-resistant (VRSA) strains as well as other antimicrobial agents of last
resort such as linezolid and daptomycin [2, 16, 19]. Additionally, S. aureus may exhibit

transient resistance to antibiotics by entering a latent state of non-division known as
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persistent bacteria [2,4]. Persistent bacteria show high resistance to most current antibiotics.
This is because they target proteins that participate in the biosynthetic processes of the
pathogen, which are minimized or inactive in the latent state, preventing the effect of these
drugs [2]. Other mechanisms that increase its resistant properties are those that participate
in a post-translational way in the organism, such as proteolysis and prenylation. The latter
consists of the addition of a sequence of amino acids in proteins and molecules, such as
antibiotics, by means of a prenyl group, modifying its structure. Studies suggest that strains
of S. aureus capable of prenylation have advantages in colonization, as well as improved
resistance to antibiotics targeting the cell wall, antimicrobial peptides (AMP) and
aminoglycosides [8]. Hydroxymethylation, S-sulfhydration and phosphorylation of certain
surface proteins provide this agent with an increase in its virulence, in addition to preventing
infection by phages and inhibition of the kinase activity produced by certain antibiotics,

resisting the cell death that this would cause.

Streptococcus pneumoniae is a gram-positive bacteria classified as a medium priority in the
search for new treatments for its ability to colonize the upper respiratory tract and cause
infections such as meningitis, sinusitis, bronchitis, and pneumonia, among others. There are
strains resistant to different antibiotics such as penicillin, erythromycin, tetracycline and/or
trimethoprim-sulfamethoxazole, and resistance to tetracyclines, chloramphenicol and
fluoroquinolones has been reported recently [16, 20]. Their resistance is due to changes in
the target proteins of antibiotics, such as changes in the penicillin binding domains of
transpeptidase, or by efflux pumps, such as the expulsion of fluoroquinolones mediated by
the PmrA pump [20]. These modifications occur by chromosomal mutations or by the
acquisition of genome from other bacteria by horizontal transfer. In addition, S. pneumoniae
is also able to make post-translational changes in antibiotic target proteins. Processes such as
phosphorylation and glycosylation improve the ability of this pathogen to generate biofilms,

and consequently resist antibiotic treatment [21].

Mycobacterium tuberculosis is a long-established threat. Tuberculosis (TB) remains a serious
public health issue worldwide, causing millions of deaths every year and an estimated one-
third of the world's population is latently infected [22]. WHO has launched the 'End TB'
strategy, which aims to reduce TB deaths by 95% and reduce new cases by 90% between 2015

and 2035. Although there has been a decline in incidence and mortality rates globally, the
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current rate of said reduction is insufficient to meet the 2035 targets mainly due to several
challenges, such as the increase in multiresistant TB and the extensive drug resistance [23].
Genetic resistance to drugs presented by M. tuberculosis is acquired mainly by spontaneous
mutations in chromosomal genes that cause modification or overproduction of the drug
target, providing the ability to inactivate drugs or decrease drug activation. This intrinsic
resistance is the result of the interaction between the cell wall, which limits drug absorption,
and the activity of efflux pumps, which transport a variety of substrates from the inside to the

outside of the cell [23].

All these pathogens are proof of the present and near future in which we find ourselves, a
"post-antibiotic era" where the therapeutic arsenal we have is unable to alleviate the
bacterial infections that are emerging, and as time goes by, its effectiveness is declining. In
order to avoid this situation, WHO promotes different prevention and control measures to
stop the appearance of these resistances [6]. One such measure is to encourage the
development of antimicrobial therapies that can combat current AMR. Throughout this
review we will focus on analyzing current and emerging antimicrobial therapies and the
development pathways of new existing antibiotics, emphasizing the drug repositioning

strategy and the potential advantages it can bring to the AMR problem.

2. Search for solutions to the problem of AMR: new therapies and

innovation in the search for new antibiotics

This review was carried out by performing a literature search using the databases PubMed
and Web of Sciences along with Google Scholar. Initially, the search was carried out using the
2015-2022 time range. However, older references have been included for definition purposes
where deemed necessary. Search terms such as “antimicrobial therapy”, “antivirulent
therapy”, “alternative antimicrobial”, “phagotherapy”, “antimicrobial development” and
“drug repurposing” were used. Both, reviews and original research papers were consulted, as

well as different official web pages such as that of WHO.
2.1 Alternative therapies to antibiotics

Different techniques are currently being explored and developed to improve the effectiveness

of the current therapeutic arsenal, such as the combination therapy that will be discussed
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later on. However, these techniques do not prevent the loss of effectiveness due to the
existence or emergence of resistance to current antibiotic families [2, 24-26]. As our available
set of antimicrobial treatments becomes less effective, it is vital to identify new targets that

can aid in the development of new treatments and strategies.

That is why one of the most interesting initiatives in recent years is the search for new
alternative therapies to antibiotics. All these alternatives act as adjuvants of traditional
antibiotic treatments. This does not only prolong the efficacy of current antibiotics, but also

provides more time to discover new drugs and new effective alternatives to AMRs.

2.1.1 Pathogen-oriented therapy. Monoclonal antibodies, antimicrobial

peptides, nanoparticles and combination therapy

Pathogen-Oriented Therapy (POT) consists of a set of strategies whose purpose is the
application of antibacterial compounds or materials directly in infected regions to treat
species or strains of pathogenic bacteria in a specific way. This specificity improves the
efficacy of the drug while reducing its concentration, and therefore factors such as non-
targeting, toxicity and the development of resistance are reduced [4]. Within this therapy we
can find strategies such as the application of monoclonal antibodies (mcA), antimicrobial

peptides (AMP), nanoparticles (NP) and combination therapy.

Before the discovery of antibiotics, the most widely used way to treat infectious diseases was
serum therapy, which was based on the obtention of antibodies from the plasma of patients
recovered from a specific infection to be administered to infected patients. With the
development of antibiotics, this therapy became less important in the treatment of infections,
because antibiotics have lower production costs [27]. However, the progressive emergence
of antibiotic-resistant bacteria presents antibody therapy as a promising alternative to the
use of antimicrobial molecules, especially after demonstrating the advantages that mcA can
provide against this problem [28, 29]. The mcA are specifically directed at the antigens
present on the surface of the pathogen or the toxins secreted by them [30, 31]. This specificity
allows to treat the infection without affecting the microbiota of the organism, which
differentiates it from broad-spectrum antibiotics. Therefore, it would be possible to treat the
infection very specifically, decreasing the use of conventional antibiotics and thus reducing

the occurrence of resistance [4]. Although the development of mcA has regained interest as
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a treatment against antibiotic-resistant infections, many have only reached clinical trials due
to its still high costs and the occurrence of adverse reactions at the immune level. Therefore,

more research is needed to improve knowledge on this therapy against AMRs [4].

POT also includes AMP, which are an essential part of the innate response in humans and
other higher organisms. AMPs are oligomers, from 8 to 50 amino acids, that have
homogeneous structural groups, usually amphipathic sequences and cationic [32]. Due to
their important antibacterial function, trials have been conducted that demonstrate
promising candidates for combating AMR [33]. These peptides contribute to the first line of
defense against infections, as they are directed against prokaryotes, providing direct
antibacterial activity and a mediation of the inflammatory response (cytokine release,
angiogenesis, cell proliferation, wound healing and chemotaxis) [16]. AMPs target the
bacterial membrane or intracellular components to achieve an antibacterial, nonstick and
antibiofilm effect. This effect is achieved by an increase in permeability and cell lysis after
targeting the cytoplasmic membrane [34, 35]. Another effect produced by AMPs is the
neutralization or disintegration of LPS, the main endotoxin responsible for gram-negative
infections, so they have an interesting role as protectors against sepsis. An advantage of AMPs
is that they do not interact with specific pathogen targets, which slows down the emergence

of resistances [35].

An example of AMP is thyrotricin, a natural antimicrobial composed of two polypeptides,
thyrocidin and gramicidin, which has been used for more than 60 years. Thyrotricin was
isolated and identified in 1939 from Bacillus brevis and demonstrated antibacterial activity
against gram-positive bacteria in guinea pig wounds as a substitute for synthetic antibiotics
[36]. Several types of AMP have since been discovered, such as teixobactin, a polypeptide
discovered in 2015 and produced by the bacterial species Eleftheria terrae [Figure 2] [37, 38].
Teixobactin has been shown to be effective against gram-positive bacteria such as S. aureus,
VRSA and M. tuberculosis [37]. This is because teixobactin inhibits bacterial wall synthesis by
binding to non-proteogenic molecules involved in plasma membrane formation [39]. Another
recent example is a study where possible oligomers with antibiotic function were analyzed in
the human proteome by searching for physicochemical determinants of AMPs [32]. A total of
2603 encrypted AMPs derived from plasma proteins, clotting factors or diuretic hormones

were discovered. In the same study, 55 of the 2603 encrypted AMPs were synthesized and
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characterized to evaluate their antimicrobial activity. In this way, it was found that encrypted
AMPs had antibiotic activity against pathogens such as E. coli, S. aureus, P. aeruginosa, K.
pneumoniae, and A. baumannii, in addition to acting as modulators of the human microbiota,
an effect not exerted by traditional AMPs [32, 34, 35]. These new AMPs have turned out to
be a great discovery in the search for new antimicrobials, since they present a structure and
a mechanism of action that differs from the AMPs registered in the Peptide Activity and

Structure Database (BDAEP) [40] and may be part of a new class of AMP.

Figure 2. 3D structure of the AMP teixobactin, a polypeptide which has been shown antibiotic effects [37].

Treatment of bacterial infections with AMP appears to be a good option due to its favorable
characteristics: broad spectrum of activity, low incidence of bacterial resistance, a specific
mechanism of action, and rapid elimination kinetics [34, 35]. However, AMPs present several
limiting factors: firstly, sensitivity to proteolytic digestion in different body fluids affects their
stability and pharmacokinetic profile. In this way, most AMPs are restricted to topical or
intravenous application due to their short half-life, as they are susceptible to proteolytic
degradation. Secondly, the mechanisms of action for the inhibition of biofilm, cell adhesion,
and interference of quorum sensing (QS) remain unclear [8]. This regulation is very important
at the level of resistance production, as it triggers collective responses such as the formation
of biofilms [13]. Finally, AMPs also entail high production costs and risk of cytotoxicity. Due
to all these disadvantages, studies are being carried out aiming to improve the knowledge of
their mechanisms of action and the development of more stable and specific PAMs (called

peptidomimetics) in order to solve these limitations [1, 41].
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The development of NP is another strategy that is part of the POT group. NPs are particles
less than 100nm in at least one of their dimensions, but larger than atoms and molecules. This
small size allows them to be absorbed by phagocytes and introduce the antibiotic into
eukaryotic cells, targeting intracellular pathogens [42]. In addition, the versatility of NPs
allows them a large drug dose, a high adaptability of these molecules, regardless of their
hydrophobic or hydrophilic nature, and adequate stability in physiological fluids [43]. All this
allows a correct administration of the antibiotic in the desired target, with a good
bioavailability and therapeutic effect, in addition to a controlled biodegradation, minimizing
adverse effects. Therefore, NP therapy has advantages in terms of lower resistance and side
effects compared to traditional antimicrobial therapies [44]. Despite the advantages offered
by nanoparticles, there are still challenges to be addressed, such as improving
physicochemical properties, improved pharmacokinetic profiles, and comprehensive studies
on long-term exposure in humans. These limitations mean that, despite their antibacterial
potential, NPs are more often applied as a delivery system for other compounds, such as
antibiotics, with which the combination has been shown to produce a synergy capable of
treating infections caused by starins with emerging bacterial resistance (44, 45). In this regard,
nanohybrids, also called metal-nanoparticles (MNP), are being designed to combine different
metals with different antimicrobial agents. These MNPs (alone or in combination with other
antimicrobial agents) provide improvements in this technique to combat the development of
AMRs [46]. Examples of MNP are silver-NPs (AgNPs), which have been shown to be a potential
candidate for treating infectious diseases [47]. This is due to its ability to alter the permeability
of the bacterial membrane, interacting with different compounds and releasing silver ions,
obtaining an antibacterial effect [48]. In the same way, gold (AuNP), zinc oxide (ZnONP) and
titanium dioxide (TiO,NP) have proven their effectiveness against gram-positive and gram-
negative pathogen strains [49-51]. Currently NP are not widely used in clinical practice, but
with appropriate studies, they may have great potential against the problem of AMRs, being

able to improve current antimicrobial treatments [52].

Another alternative within this set of strategies is combination therapy, which consists in the
combination of two antibiotics (also called antibiotic-antibiotic conjugates [AAC]) or an
antibiotic and an antibiotic adjuvant (efflux pump inhibitors, antibiotic-modifying enzymes

and/or mcA and AMP) or even two adjuvants [16]. This combination improves the efficacy of
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individual antibiotics or adjuvants [1, 53]. Depending on the molecules present in this
combination, it is possible to improve the inhibitory function of these drugs, in addition to
alleviating pharmacokinetic problems such as the toxicity profile of the drugs. This
improvement in the pharmacokinetic profile is due to the advantage of achieving an optimal
antibiotic effect with lower doses of the combined compounds, which could also reduce the
occurrence of resistance [1, 54]. Along these lines, quinolones/fluoroquinolones with
oxazolidinone have demonstrated efficacy against gram-positive pathogens, as well as the
combination of aminoglycosides with ciprofloxacin against gram-negative bacteria [54, 55]. In
their study, Liu et al. [25] highlight the importance of antibiotic adjuvants in combination
therapies, where both molecules are not antibiotic compounds and target non-essential but
synthetically lethal gene functions. In this way, immune enhancers could present mild
antivirulent or antibiotic activity, since they treat infection and minimize the appearance of

resistance due to their selective low pressure against microbial populations.

Despite the advantages of the combination therapy, this strategy pays more attention to
whether it has equal or higher antibacterial activity compared to classic antibiotic treatments.
However, most studies lack systematic research on the mechanism and occurrence of
resistances that appear or may appear after treatment with this therapy [4]. More studies are
needed to consolidate combination therapy as an equally effective alternative to traditional

antimicrobial therapies without increasing cases of resistance to these drugs.
2.1.2 Microbiota therapy. Probiotics

Interest in the role of the microbiota in human health has been growing in recent years. The
role of bacteria present at the intestinal level in various infectious diseases has been widely
proven, as well as the effect of their manipulation or therapeutic care in the evolution of
certain diseases. It is also important to note that recent studies have found that antibiotic
resistance can also be transmitted in the intestinal environment even without the use of these
drugs [56]. This is due to the already named persistent bacteria, which, by their ability to enter
a state of latency in which they minimize their metabolism, avoid the effect of antibiotics.
Once they leave this state and start to colonize and grow the ability to enter a latent state is
transferred through resistance genes to other bacteria of the same or even different species.
To avoid the risk of resistance caused by antibiotic treatment, fecal microbiota transplant

therapy is used, which consists of the recovery of an optimal intestinal microbiota for the
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patient by transplanting intestinal microorganisms from human feces [57]. Therefore, it is of
interest to study the changes or corrections that can be made in the human microbiota, not
only as a treatment for bacterial infections, but also as a strategy to reverse the appearance

of AMR.

It is also possible to modify the microbiota by administering probiotics. Probiotics are
microorganisms that, when administered in adequate amounts, are able to inhibit or exclude
the growth of pathogenic microorganisms in the microbiota, conferring benefits for host
health [24]. The main objective of probiotics is to contribute to the maintenance of the
composition of the microbiota for which they are designed. Probiotics achieve this beneficial
effect by competing for nutrients or adhesion space, reducing the coaggregation of pathogens
that are antagonized by producing fatty acids. It also secretes molecules with antimicrobial
effects (bacteriocins, hydrogen peroxide, nitric oxide), stimulate the immune system
(increase the production of macrophages, cytokines, interleukins, and tumor necrosis factor)
and carry out a barrier function that stimulates the tissue reducing pathogenic bacterial
populations and altering biofilms [58]. Several studies show that the use of probiotics as
prophylactics reduces the risk of infectious diseases in both humans and animals, which in
turn reduces the use of antibiotics [59—-61]. In addition, the treatment has little chance of
causing the appearance of resistance, as it neither destroys the human microbiota nor
increases the risk of reinfection. There are studies where the efficacy of this therapy has been
demonstrated in cases of diarrhea due to Clostridioides difficile, and even as a prophylactic
and therapeutic treatment in P. aeruginosa infections [62, 63]. Another advantage of the use
of probiotics is the reduction in the incidence, duration and/or severity of antibiotic-
associated diarrhea, improving adherence to treatment and consequently reducing the
occurrence of resistance [16]. Although microbiota therapy is an alternative that can prevent
and/or resolve the onset of AMRs, the direct role of probiotics in the treatment of antibiotic-
resistant infections has not yet been established. In fact, several clinical trials have shown
mixed results on the overall benefit of probiotics, many of them without significant
differences between the application or not of different probiotics in different patient
populations (64-78). This demonstrates the need for more studies that evaluate and better
understand the mechanisms of action involved in the fight against AMRs, in addition to

acquiring a deeper knowledge of the role that the microbiota has in the human being [58, 63].
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In addition, the process of manufacturing and designing probiotic products is expensive and
complex, with few effective models. It must be noted that probiotics must be specifically
selected so as not to be carriers of antibiotic resistance [16]. Further research into the
potential of this therapy is needed in order to become an optimal pathway for the treatment

of AMRs.
2.1.3 Phagotherapy

Bacteriophages were discovered by Félix d'Herelle in the early twentieth century, observing
the existence of viruses with exclusive bactericidal activity [79]. Bacteriophages are viruses
that infect bacteria and can replicate inside them through the lytic or lysogenic cycle.
Regardless of the cycle, bacteriophages attach to the host bacterial cell and inject DNA into
the cell. During the lysogenic cycle, the DNA of the virus is integrated into the DNA of the
bacterium and, therefore, replicates according to it and is called prophage. When conditions
are right, the lysogenic cycle changes to the lytic cycle [79]. During lytic infection, the virus
uses the bacteria's machinery for its own replication and assembly, followed by cell lysis and
the release of progeny bacteriophages. This progeny is able to infect new bacteria, repeating

the process of bacteriophage replication and death of infected bacterial cells.

Bacteriophage therapy usually takes advantage exclusively of bacteriophages with lytic cycles
because the therapeutic goal is the rupture of the bacterial cell. Although the idea of using
bacteriophages as a treatment in bacterial infections was initially rejected after the discovery
of antibiotics, it is currently receiving great interest due to the crisis of resistance to these
drugs. Thus, there is growing interest in the discovery and development of new
bacteriophages, especially with the availability of genome sequencing [80-82].
Bacteriophages self-amplify, kill bacteria by penetrating them and altering many or all
bacterial processes without affecting the patient's microbiota [83]. At the same time, they are

unable to penetrate eukaryotic cells, providing safety for human use.

Bacteriophages are especially effective for the eradication of bacterial biofilms, penetrating
them and exploiting water channels or altering the matrix of extracellular biofilm through the
expression of depolymerases, and are amplified while targeting latent bacteria [84]. An
example of this is the study conducted by Waters et al. which demonstrated the efficacy of

the bacteriophage PELP20 against biofilms produced by P. aeruginosa in patients with cystic
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fibrosis [85]. In addition, bacteriophages increase the effect of antibiotics and have a high
potential to be used as combination therapy. Thus, Kuraman et al. [86] studied the effect of
bacteriophage SATA-8505 and antibiotic-bacteriophage treatment against S. aureus biofilms.
It was found that there was a significant reduction in viable cells associated with the biofilm
when treatment with bacteriophages preceded antibiotics, providing proof that

bacteriophages can increase antibiotic activity against S. aureus biofilms.

Another interesting contribution of this therapy is its use in the CRISPR-Cas system of bacteria.
The CRISPR system is an acquired immune defense mechanism that has evolved from the
constant attack of viruses [81]. This system presents different Cas proteins that participate in
the processes of crRNA synthesis, the integration of spacer sequences and the recognition
and cleavage of exogenous DNA. In the case of DNA cleavage, bacteria are unable to repair
such cleavage, triggering cell death. Therefore, the use of the CRISPR-Cas system may be an
interesting line of development as an antibacterial therapy, as it can specifically cut the DNA
fragments of the bacterium that are of interest (such as resistance genes or genes essential
for the survival of the bacterium). Citorik et al. [82] used bacteriophages that activated the
CRISPR-Cas9 system in such a way that they specifically eliminated resistance genes to certain
beta-lactams. With the same procedure, they were able to eliminate pathogenic E. coli strains
without altering the integrity of other bacteria. However, bacteriophage-based release
systems remain inadequate in terms of efficacy and safety [83]. Efficacy is impaired by the
ability of bacteria to neutralize bacteriophages, and safety by issues such as the possible rapid
emergence of bacterial endotoxins as a result of bacterial lysis [84]. More well-designed
randomized research and clinical trials are needed to define the role of bacteriophages as a
new treatment option and to better understand the interaction between bacteriophages and

antibiotics [24, 84].
2.1.4 Antivirulent therapy

Bacteria infect and spread within hosts using a multitude of virulence factors, such as efflux
pumps or adhesion proteins [13]. Antivirulent therapy consists in the alteration of virulence
factors through interaction with molecules that have the ability to inhibit or modify them. The
advantage of this therapy is that it does not try to kill the pathogen but to reduce its virulence

by inhibiting factors not essential for its survival [13]. This causes a decrease in the selective
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pressure of the bacteria, making it possible to treat the infection while hindering the

appearance of resistance [85].

Several studies have shown that antivirulent therapy could be effective against multiresistant
bacteria, not only as an individual therapy, but also as an adjuvant to current antibiotic
treatments [13, 23, 87-93]. One study showed compounds, such as verapamil, that acted as
inhibitors of efflux pumps in M. tuberculosis infections, proving the ability of this therapy to
improve existing treatments against this pathogen [Figure 3] [23]. In addition to inhibiting
efflux pumps, they could help overcome the intrinsic resistance of M. tuberculosis and
prevent the occurrence of mutations that confer antibiotic resistance [23]. Several studies
also talk about the attenuation of the virulence factors of S. aureus and/or immunity
modulation, demonstrating antivirulent effects in models of Caenorhabditis elegans [88-93].
A part of this therapy highlights the importance of acting on QS since there are studies that
have shown the ability to block virulence, and even lead to the metabolic suicide of several
pathogens by activating QS regulatory enzymes [13, 87]. However, this therapy has drawbacks
when interacting with QS, due to its complexity and high degree of plasticity. In addition,
molecules that have exhibited antivirulent activity often present toxicity problems [23].
Therefore, it is necessary to carry out more studies that improve this technique, since it could
be an alternative to traditional antibiotics or return the susceptibility of pathogens to the

current therapeutic arsenal [87].
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Figure 3. 3D structure of Verapamil, a well-known antihypertensive drug that has been shown to decrease
virulence and the development of resistance in M. tuberculosis. [23].

The information presented in this section demonstrates the importance of exploring
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therapies based on AMP, antibodies, probiotics, bacteriophages and antivirulents to discover
10 their full potential against the problem of antibiotic resistance, since they could become
12 alternatives capable of replacing antibiotics and/or reducing the appearance of resistances.
Despite the variety of therapies, these strategies cannot completely replace traditional
antibiotic therapy. The lack of studies and the presence of disadvantages in terms of efficacy
17 or safety leaves all these alternatives as adjuvant treatments to antibiotics. That is, these
19 treatment pathways are still under development and require a lot of time, resources and

21 efforts to move forward [Table 2] [4].
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Table 2. Advantages and disadvantages of alternative therapies to antibiotics

Examples General characteristics Advantages Disadvantages References
Application of antibacterial Specific application, which improves the Depending on the molecules:
POT compounds or materials effectiveness of the drug at a lower production problems, toxicity,
directly to infected regions.  concentration. Reduction of the instability, and inefficacy.
development of resistances.
17H12, 8F12, Appllcatlc.)r? of antibodies . . High cost of production and
Monoclonal that specifically target the Specific strategy without adverse effects .
o 2C7, SA-13, SA-15 ) . . . adverse reactions at the 29, 30
antibodies external antigens of the on the body's microbiota. Reduction of .
and SA-17. . immune level.
pathogen. the development of resistances.
- Oligomers that target the . . - S
. . Thyrotricin, '8 . B They do not interact with specific targets, Pharmacokinetic limitations,
Antimicrobial o bacterial membrane or . . . . 33,34
. gramicidine, . slowing down the emergence of high production costs and risk
Peptides (AMP) . . intracellular components \ .
teixobactin. . ) . resistances. of cytotoxicity.
performing an antibacterial
effect.
. They have versatility in the loading and Physicochemical properties
Small particles that can v V Y v 8 y prop
. . adaptability of the drug and adequate and unfavorable
Nanoparticles AgNP, AuNP, penetrate eukaryotic cells e . . . . - . 48-51
. . stability in physiological fluids. Improving  pharmacokinetic profiles.
(NP) ZnONP, TiO,NP. and target intracellular . . .
athogens the effectiveness of the drug and slowing  Need for studies on long-term
P gens. down the emergence of resistance. exposure in humans.
I I ing the effecti f t .
L MCB3681, Combination of molecules mp?rc')vmg € eftec |v'e'ness ° 'curren Lack of studies on the
Combination . S antibiotics. Better toxicity profile and . 53,54
cadazolid, (antibiotics or not) that have . . mechanism and appearance of
therapy . L efficacy of the molecules involved. .
zaviceft. an antibiotic effect. resistance after therapy.

Decrease in the appearance of
resistance.
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Microbiota therapy

Phagotherapy

Antivirulent therapy

Fecal microbiota
transplant,
modified E. coli
strains.

®ORGN,4m.1 and
q)RG Nshv-18-

Thioridazine,
verapamil, and
closantel.
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Administration of beneficial
microorganisms for the
reestablishment of a healthy
microbiota.

Application of
bacteriophages that target
and penetrate pathogenic
bacteria.

Drug interaction in targets
not essential for the
pathogenic microorganism.

Antimicrobial effect, immunostimulant
effect and improvement of the barrier
function of the body's tissue. Low
chances of emergence of resistances.
Harmless to the human microbiota.

Specificity. Harmless to eukaryotic cells.
Effectiveness in the eradication of
biofilms. Improvement of the
effectiveness of antibiotics.

Improvement of current antibiotic
treatments. Ability to decrease virulence
and the appearance of resistance.

Lack of studies regarding the
mechanisms of action involved
and high production costs.

Small number of patients
studied, lack of trials and
studies explaining the phage-
antibiotic interaction.

Lack of studies and knowledge
about this therapy and risk of
toxicity of known molecules.
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2.2 Development of new antibiotics. De novo synthesis and drug repurposing

Since the discovery of Salvarsan in 1912, the pharmaceutical industry has been involved in
the search and development of new molecules that would prevent the spread of infectious
diseases [94]. Techniques such as lead design and computational design were developed and
attained great importance in the search for such molecules. It was through these techniques
that it was possible to increase the therapeutic arsenal against bacterial infections in the
Golden Age of antibiotics [94, 95]. Unfortunately, bacteria have been developing resistance
to these antibiotics, reducing their effectiveness, which has decreased the treatment options
available against infectious diseases [5]. Molecules such as colistin, whose application had
been banned for human use due to its toxicity, are reintroduced into the therapeutic arsenal
as a last resort in resistant infections like carbapenemase-producing Enterobacteriaceae. Due
to the emergence of resistance, the industry has lost interest in searching for and developing
new antimicrobial molecules. In fact, almost all the antibiotics used today are based on
discoveries made more than 30 years ago. In addition, the de novo development of new
antibiotics is a slow process due to the progressive increase in unsatisfactory clinical data,
such as unexpected pharmacokinetic parameters, poor stability, low permeability, and lack of
in vivo activity and efficacy [26, 94]. Historical data show that the success rate of clinical drug
development is low and that only one-fifth of the products studied will be approved for Phase
| clinical trials [96]. All these difficulties have an impact on one of the limiting factors in the
development of antibacterial compounds, the economic one. Currently, commercializing a
new molecule costs between 2000 and 3000 million dollars and is a process that lasts between
13 and 15 years [5, 94, 97]. However, in the case of antibiotics this time can be extended to
20 years and reach costs between 568 and 700 million dollars. In addition, the success rates
are quite hopeless; among antibiotics from existing classes in preclinical development, only 1
in 15 will be approved and reach patients. In the case of new classes of antibiotics, only 1 in
30 will be a success [5]. This is because the fundamental problem with the development of
new antimicrobials is that the market is inherently limited by their design. In order to slow
down and control continued antimicrobial resistance, newer medicines have restricted uses.
This makes it challenging for biopharmaceutical research companies to recoup research and
development costs in subsequent sales [5]. To this we must add the problem of the speed at

which bacterial resistance appears; the growth rate of bacterial drug resistance tends to be
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underestimated and is much faster than the rate of development of new antibiotics [2-4, 26].
In fact, the generation of resistant bacteria by horizontal transfer of resistance genes between
bacteria or chromosomal mutation takes an average of 2 years [25]. This is due to the
excessive and inappropriate use of antibiotics not only in human consumption, but also in
livestock and agriculture. Consequently, there is a widening gap between the clinical need for
new antibiotics and the discovery and development of new drugs [3, 4, 25]. The search for a
new generation of antimicrobials to mitigate the spread of antibiotic resistance is urgent [1,
12]. In order to address this need, several organizations have proposed to promote
innovation, research and development of new drugs to combat resistant pathogens [98-101].
This fund aims to bring 2-4 antimicrobials to the market by 2030, in addition to promoting
new reimbursement models and establishing incentives to enable improvements in R&D and
marketing of antimicrobials. However, the above-mentioned limitations make investment in
the development of these drugs unattractive to the pharmaceutical industry due to their lack
of profitability. Declining profits, coupled with antimicrobial efficacy issues, have led
numerous pharmaceutical companies to go bankrupt or abandon antibacterial drug discovery

lines [5, 13, 94].

Due to the existing scientific and commercial challenges in drug development, it is increasingly
difficult to find new antibiotics for clinical application using traditional methods [2, 25]. An
interesting methodology that could not only improve current therapies, but could also
contribute to the search for new molecules with antimicrobial activity in a faster and,
therefore, more cost-effective way compared to traditional methods, is the drug
repositioning/repurposing, which consists in the generation of new clinical opportunities for
molecules already known and/or approved, providing a new indication to the usual one [102-
106]. The repurposing of drugs, specifically non-antibiotic drugs that have undergone
extensive toxicological and pharmacological analysis, is an effective method of reducing the
time, cost and risks associated with conventional antibiotic innovation by moving directly to
preclinical testing and clinical trials [23, 25]. Several studies have demonstrated the
usefulness of this method to identify a new clinical use as antibiotics against different
pathogenic microorganisms in molecules already known or marketed [103-107]. In addition,
new molecules have been detected through in silico homology studies that could be reused

as new antimicrobial treatments against several microorganisms such as viruses and bacteria,
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highlighting the possibility of becoming the new seeds from which to obtain new and better
molecules with antimicrobial activity [18, 23, 103]. Therefore, drug repurposing allows the
discovery of new therapeutic opportunities for molecules already known and/or
commercialized. An important feature of this method is that these repositioned molecules
can also be found to be those considered as failures, adding value to a lost investment by
providing new input to these drugs [94]. Another advantage of this strategy is that it can
participate in the therapies listed above. In the case of combination therapy, we have talked
about antibiotic adjuvants, that is, molecules that improve antibiotic treatments by
combining them with the latter or among adjuvants themselves. Drug repurposing has shown
that it can identify antibiotic adjuvants that could work in combination with current antibiotic
treatments, regaining the effectiveness they had before the emergence of resistance. We
have also talked about antivirulent therapy, which provides a new approach that allows to
reduce the frequency with which resistance appears. However, one of the disadvantages of
molecules with this activity is toxicity. Drug repositioning could provide the tools needed to
identify safe anti-virulent molecules using molecules with an already known toxicity profile
[23]. Several studies show that drug repositioning increases knowledge and combines the
advantages that these therapies can provide [Table 3] [107-113]. An example of this is the
study carried out by Garcia-Fernandez et al., which demonstrated the ability to obtain
resistance inhibitors against pathogens such as MRSA by repositioning statins such as
zaragozic acid [107]. Another example of MRSA is the study of El-Halfawy et al.,where,
through mathematical prediction models, they found molecules with adjuvant and

antivirulent capacity simultaneously[108].

Table 3. Drugs with antimicrobial effect discovered by repositioning drugs
Antimicrobial function discovered by

Drug Usual clinical function repositioning References
Zaragozic acid Antihypercholesterolemic !nhlb'tlon of membrane lipid synthesis 107
in MRSA strains
Inhibiti f metallo-B-lact i
Captopril Antihypertensive nhibition o .me ato B actamases in 109
Gram-negative bacteria
Disulfiram Treatment of alcoholism 110
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Ticlopidine Antiplatelet

Pentamidine Antiprotozoal

Dietary supplement for sleep

Melatonin .

disorders
Closantel,
Niclosamide and Anthelmintics
Oxycloanide
Suramine Anthelmintic
Curcumin Food additive
Loperamide Antidiarrheal
Azidothymidine Antiretroviral

Inhibition of metallo-B-lactamases in
Gram-negative bacteria

Inhibition of teicoic acid biogenesis in
MRSA strains. Antibiotic adjuvant in
cefuroxime treatments.

Increased membrane permeability by
interaction with LPS of antibiotics
restricted to Gram-positive bacteria in
Gram-negative bacteria.

Increased outer membrane
permeability, promoter of oxidative
damage and inhibition of efflux pumps
in Gram-negative bacteria.

Increased membrane permeability and
inhibition of biofilm formation in Gram-
positive bacteria.

Inhibition of the SOS repair system,
increasing membrane permeability and
inhibiting the formation of biofilms in
M. tuberculosis strains.

Increased membrane permeability and
inhibition of efflux pumps in Gram-
negative bacteria

Inhibition of efflux pumps and SOS
response in Gram-negative bacteria
resistant to colistin and carbapenems.

111,112

25,113

25

25

Mathematical prediction models, which characterize biomolecular structural, physical,

chemical, and biological properties, are key to the success of machine learning models for

both drug design and repurposing [114-116]. Within these models we can find different

methodologies, such as quantitative structure-activity relationship (QSAR) models which link

chemical structures and pharmacological activities (or other properties) quantitatively for a

series of compounds through mathematical relationships [106, 116, 117]. Another method is

molecular docking, which consists of predicting ligand-molecule conformities and/or residue

conformation at the ligand binding site [118]. We can also find topological data analysis (TDA),

which applies geometry and topology to develop tools that allow us to study the qualitative
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characteristics of the data we have on molecules [119, 120]. All of them are based on the
fundamental principle that molecules with similar structures/properties have similar

pharmacological activities [121, 122].

Using mathematical prediction methods such as TDA, it is possible to study and calculate the
structures, dimensions and geometries of proteins. This methodology could help the
repositioning of already known drugs, since bacterial proteins of interest could be analyzed
to verify their similarity with target proteins of known drugs [114, 123]. Thus, if the topological
similarity between the target and bacterial proteins is optimal, the active substance could
exert an antibiotic effect when interacting with the bacterial protein. Therefore, the
development of a prediction model using TDA to analyze the similarity between original target
proteins and bacterial proteins could be an alternative capable of providing new therapeutic
approaches to already known molecules, with all that it would entail in terms of economic

savings and speed in the discovery and development of new antibiotics [114, 123].

All of these examples demonstrate that combining these therapies and strategies along with
drug repositioning could provide many benefits in improving antimicrobial treatments. In
addition, the trials that can be carried out through the repositioning of drugs could reveal
new therapeutic targets and improve the knowledge of antimicrobial therapies and the

mechanisms by which bacteria obtain the capacity of resistance.

3. Conclusions

Humanity is facing a situation where current antibiotic treatments are unsatisfactory in
proportion to existing AMRs, and the rate at which these resistances appear is greater than
the discovery of new effective antimicrobials. Strategies such as POT, microbiota therapy,
phagotherapy or antivirulent therapy represent a hope for the future, either as
complementary treatments to antibiotics or as antibiotic-independent treatments. However,
these strategies have a number of drawbacks, which require additional research to be able to

bring them into clinical practice.

As for the development of new molecules, the costs, the low success rate and long periods of

time make it impossible to obtain an effective therapeutic arsenal against current AMRs. The
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strategy of reusing or repositioning previously approved drugs greatly shortens the time and
cost of development, while ensuring the safety of said drugs. This strategy adds to the value
of certain commercialized molecules, recovering part of the investment. In addition, it not
only benefits the increase of the current therapeutic arsenal, it is also able to provide greater
knowledge about therapies such as antivirulent therapy or combination therapy, and about

the mechanisms by which bacteria develop resistance.

4. Expert opinion

The literature reviewed suggests that research dedicated to the discovery of alternative
treatments to traditional antibiotics for AMR is a field of great interest. Being able to treat
infections that are becoming difficult to cure and even untreatable due to AMR is something
that, according to the Pharmaceutical Research and Manufacturers of America (PhRMA), will
become increasingly common [5]. There are different causes that accelerate the emergence
of resistance, including the overuse of these drugs, as well as a lack of knowledge about their
target in population. In 2015, O'Neill wrote a report outlining these causes in different sectors
such as agriculture, healthcare and the general population [124]. Due to this situation, the
emergence of resistance to the current therapeutic arsenal is accelerating, which means that
finding alternatives capable of matching the effectiveness and safety provided by antibiotics

would be a major breakthrough for this worldwide health problem.

The alternative therapies named in this paper prove that, with the necessary scientific
knowledge and research, it is possible to find a therapeutic equivalent to current antibiotics,
as well as to reduce the appearance of resistance [2]. However, while emerging strategies are
still being developed to be as effective and safe as antibiotics, new antibiotics and antibiotic

families need to be found.

Another factor that must be taken into account is the economic one, which limits both the
development of de novo antibiotics and the improvement and development of the emerging
strategies mentioned. Pharmaceutical companies do not consider it promising to invest in the
research of new antibiotic molecules due to the acceleration of the appearance of AMR itself,
which makes investment in this field less and less profitable [5]. Therefore, it is necessary to

find ways to develop new antimicrobials in a time and cost-effective manner.
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The data show that drug repurposing makes it possible to obtain new antibiotics from known
molecules. Since the pharmacokinetic data, the toxic dose and the dosage of the active
compound are already known, the development process is accelerated. When applied to
research, production costs and investment are reduced, as well as error rates, as the process
moves directly to preclinical phases or clinical trials [23, 25]. This benefits pharmaceutical
companies, as many of them have had to reject these lines of research because they do not
provide a profitable return on investment. Drug repurposing together with the application of
mathematical models provides a fast, cost-effective and safe way to obtain a new therapeutic
arsenal with a low failure rate. Therefore, drug repurposing could be applied to save time
against the appearance of AMR, while other alternative therapies achieve satisfactory results

in terms of efficacy, safety and costs compared to the development of antibiotics.

We are currently in the era of big data, in which it is difficult to control the enormous amount
of information that we have to provide quality scientific knowledge. Improving the
management of this data with the help of fields such as machine learning will allow us to
better understand issues such as emerging resistance mechanisms, as well as speed up the
process of obtaining new molecules with biocidal capacity, in addition to reducing costs and

failure rates of these processes [115, 118].

As discussed in this work, infections caused by bacteria resistant to antibiotics will be one of
the most important causes of death in the world in the future. For this reason, the need for
new antimicrobial therapies is and will be a field in continuous evolution. The line dedicated
to the search for these therapies will continue to advance, probably with improvements in
the therapies mentioned in this review in terms of safety and efficacy. It is also likely that, due
to the need for new families of antibiotics, special attention will be paid to the vast microbial
variety present on earth, as it has proven to be a promising field for the development of new
antibiotic molecules, as well as new techniques to identify microbial biodiversity from these
samples [37, 38]. Along with the improvement of the mathematical prediction models and
drug repurposing, it is possible to achieve a new therapeutic arsenal capable of curbing the

severity of the problem.

This review offers several starting points for a solution to a single problem: reducing the

number of AMR. It also points to gaps in potential alternative therapies, justifying further
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research in this field. We consider drug repurposing to be of interest due to its rapid and
effective potential to increase the current therapeutic arsenal, in addition to continuing to

develop possible emerging strategies.
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Table 1. WHO list of priority pathogens for the research for new antibiotics [6]

Acinetobacter baumannii,
carbapenem-resistant.

Pseudomonas aeruginosa,
carbapenem-resistant.

Mycobacterium tuberculosis, -
lactams resistant, macrolides
resistant, aminoglycosides resistant,
anphenicols resistant, quinolones
resistant, tetracyclines resistant,
isoniazid resistant, etambutol
resistant, pyrazinamide resistant and
rifampicin resistant.

Enterobacterales (Klebsiella
pneumoniae, Escherichia coli,
Enterobacter spp., Serratia spp.,
Proteus spp., Providencia spp, and
Morganella spp.), carbapenem-
resistant, 3" generation
cephalosporin-resistant and broad
spectrum B-lactams resistant.

Priority 3: Medium

Enterococcus faecium, vancomycin
resistant.

Staphylococcus aureus, methicillin
resistant, intermediate vancomycin
susceptibility and vancomycin
resistant.

Helicobacter pylori, clarithromycin
resistant.

Campylobacter spp.,
fluoroquinolones resistant.

Salmonella spp., fluoroquinolones
resistant.

Neisseria gonorrhoeae,
cephalosporin resistant and
fluoroquinolones resistant.

Streptococcus pneumoniae,
penicillin resistant.

Haemophilus influenzae,
ampicillin resistant.

Shigella spp., fluoroquinolones
resistant.
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Table 2. Advantages and disadvantages of alternative therapies to antibiotics
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Examples General characteristics Advantages Disadvantages References
Application of antibacterial Specific application, which improves the = Depending on the molecules:
POT compounds or materials effectiveness of the drug at a lower production problems, toxicity,
directly to infected regions.  concentration. Reduction of the instability, and inefficacy.
development of resistances.
Application of antibodies
17H12, 8F12, PP . " . High cost of production and
Monoclonal that specifically target the Specific strategy without adverse effects .
. . 2C7, SA-13, SA-15 . . . . adverse reactions at the 29 30
antibodies external antigens of the on the body's microbiota. Reduction of . ¢
and SA-17. . immune level.
pathogen. the development of resistances.
Oligomers that target the
Lo . Thyrotricin, & . & They do not interact with specific Pharmacokinetic limitations,
Antimicrobial o bacterial membrane or . . . . 33,34
. gramicidine, . targets, slowing down the emergence of  high production costs and risk
Peptides (AMP) . . intracellular components - .
teixobactin. . . . resistances. of cytotoxicity.
performing an antibacterial
effect.
They have versatility in the loading and . . .
. o Physicochemical properties
Small particles that can adaptability of the drug and adequate and unfavorable
Nanoparticles AgNP, AuNP, penetrate eukaryotic cells stability in physiological fluids. Improving . .
) ) . pharmacokinetic profiles. 48-51
(NP) ZnONP, TiO,NP. and target intracellular the effectiveness of the drug and

pathogens.

slowing down the emergence of
resistance.

Need for studies on long-term
exposure in humans.
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Combination

therapy

Microbiota therapy

Phagotherapy

Antivirulent therapy

MCB3681,
cadazolid,
zaviceft.

Fecal microbiota
transplant,
modified E. coli
strains.

®RGN, 4.1 and
®RGNgpy-15.-

Thioridazine,
verapamil, and
closantel.

Expert Review of Anti-infective Therapy

Combination of molecules
(antibiotics or not) that
have an antibiotic effect.

Administration of beneficial
microorganisms for the
reestablishment of a
healthy microbiota.

Application of
bacteriophages that target
and penetrate pathogenic
bacteria.

Drug interaction in targets
not essential for the
pathogenic microorganism.

Improving the effectiveness of current
antibiotics. Better toxicity profile and
efficacy of the molecules involved.
Decrease in the appearance of
resistance.

Antimicrobial effect, immunostimulant
effect and improvement of the barrier
function of the body's tissue. Low
chances of emergence of resistances.
Harmless to the human microbiota.

Specificity. Harmless to eukaryotic cells.
Effectiveness in the eradication of
biofilms. Improvement of the
effectiveness of antibiotics.

Improvement of current antibiotic
treatments. Ability to decrease virulence
and the appearance of resistance.

Lack of studies on the
mechanism and appearance
of resistance after therapy.

Lack of studies regarding the
mechanisms of action
involved and high production
costs.

Small number of patients
studied, lack of trials and
studies explaining the phage-
antibiotic interaction.

Lack of studies and
knowledge about this therapy
and risk of toxicity of known
molecules.
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Table 3. Drugs with antimicrobial effect discovered by repositioning drugs

Drug

Usual clinical function

Antimicrobial function discovered
by repositioning References

Zaragozic acid

Captopril

Disulfiram

Ticlopidine

Pentamidine

Melatonin

Closantel,
Niclosamide and
Oxycloanide

Suramine

Curcumin

Loperamide

Azidothymidine

Antihypercholesterolemic

Antihypertensive

Treatment of alcoholism

Antiplatelet

Antiprotozoal

Dietary supplement for
sleep disorders

Anthelmintics

Anthelmintic

Food additive

Antidiarrheal

Antiretroviral

Inhibition of membrane lipid

. . 107
synthesis in MRSA strains
Inhibition of metallo-B-lactamases 109
in Gram-negative bacteria
Inhibition of metallo-B-lactamases 110

in Gram-negative bacteria

Inhibition of teicoic acid biogenesis
in MRSA strains. Antibiotic adjuvant 111, 112
in cefuroxime treatments.

Increased membrane permeability
by interaction with LPS of antibiotics

. - . 25,113
restricted to Gram-positive bacteria
in Gram-negative bacteria.
Increased outer membrane
permeability, promoter of oxidative 55

damage and inhibition of efflux
pumps in Gram-negative bacteria.

Increased membrane permeability
and inhibition of biofilm formation 2
in Gram-positive bacteria.

Inhibition of the SOS repair system,
increasing membrane permeability

3
and inhibiting the formation of
biofilms in M. tuberculosis strains.
Increased membrane permeability
and inhibition of efflux pumps in
Gram-negative bacteria

25

Inhibition of efflux pumps and SOS
response in Gram-negative bacteria
resistant to colistin and
carbapenems.
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