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Abstract: Overuse or misuse of broad-spectrum antibiotics increases the risk of the emergence of
antibiotic-resistant bacteria, which increases the possibility of antimicrobial-resistant (AMR) bac-
terial infections, and subsequently raises healthcare costs. The excessive use of broad-spectrum
antibiotics has also been linked to increased death rates, whilst the benefits that they offer against
antibiotic-resistant bacterial pathogens are minimal. Patients infected with antibiotic-resistant bacte-
rial pathogens frequently receive inadequate antimicrobial therapies due to a lack of effective options
than those with non-resistant infections, resulting in poor health outcomes and longer recovery
times, especially among patients who are critically ill. Broad-spectrum antibiotics also disturb the
gut microbiome, which is increasingly recognized as a regulator of immune health. This study
offers insights into the use of targeted antimicrobial therapies for bacterial infections, focusing on
strategies that mitigate the risk of antibiotic resistance and unwanted side effects associated with
the use of broad-spectrum antibiotics. We focus on identifying the genotype and phenotype of
bacterial pathogens and then using either nanoparticle-based, vaccine-based, bacteriophage-based,
monoclonal antibody-based, and CRISPR-based targeted therapies to directly kill those pathogens
and reduce collateral damage. Furthermore, the mechanisms of action of these targeted therapies and
their advantages and disadvantages are discussed.
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1. Introduction

The development of antimicrobial therapies stands as one of the most crucial medical
advancements of the 20th century, serving as a cornerstone of contemporary medicine.
Indeed, antimicrobial therapies prevent millions of premature deaths caused by microbial
infections. For example, before the development of modern antibiotic therapies, the mor-
tality rate of pneumoniae due to Streptococcus pneumoniae infections was approximately
40% of the infected individuals [1]. Similarly, the mortality rate caused by Staphylococcus
aureus infections was approximately 80% of infected individuals [2], and as high as 97% for
patients suffering from endocarditis [3]. Before the discovery of microbial-derived antibiotic
chemotherapies, infected wounds were commonly treated by amputation of the affected tis-
sue. Indeed, 70% of the amputations that were performed during World War I resulted from
wound infections [4]. Antibiotics have dramatically changed the outcomes for patients with
infections, revolutionizing the treatment and cure of infectious diseases. This has enabled
advancements in modern medicine, including organ transplants, complex surgeries, and
chemotherapy. Unfortunately, the evolution of antibiotic resistance, both in communities
as well as in healthcare settings, threatens to undermine the significant progress achieved
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through the increased availability of effective antimicrobial therapies [5]. The develop-
ment of multidrug-resistant (MDR) strains of Gram-negative and Gram-positive pathogens
has led to infections that are challenging to treat, or that may even be untreatable using
the current range of clinical antibiotics [6]. In the late 1950s and early 1960s, resistance
to multiple antibiotics was first detected in enteric bacteria, particularly in Shigella spp.,
Salmonella spp., and in Escherichia coli [7]. These resistant pathogen strains led to significant
reductions in clinical efficacy and also resulted in economic losses, primarily in the devel-
oping world. However, in the developed world, infections of these bacteria have largely
still been regarded as mild health problems, confined only to enteric pathogens [7]. This
misconception changed in the 1970s when it was observed that Haemophilus influenza and
Neisseria gonorrhoeae had developed resistance to ampicillin [7]. Additionally, H. influenza
strains that were resistant to chloramphenicol and tetracycline were also detected, further
restricting the therapeutic options [7]. The increasing use of antibiotics combined with poor
hygienic settings has facilitated the transmission of antibiotic resistance and has resulted in
limited antibiotic therapy options for some infections [8].

Broad-spectrum antibiotics possess inhibitory activity against multiple bacterial species,
which has generally been considered to be advantageous, particularly when the bacterial
species/strain responsible for the illness is not immediately apparent. However, whilst
broad-spectrum activity offers substantial advantages, it also has several inherent dis-
advantages. One of the most challenging issues associated with using broad-spectrum
antibiotics is the promotion of antibiotic resistance as bacteria develop mutations conferring
resistance, coupled with selective pressure from the use of antibiotics, which provides a
competitive advantage for the mutated strain. The increased use of antibiotics with broad
specificities directs the selection of pathogens with antibiotic resistance. Resistance genes
may be located on bacterial chromosomal DNA, although more frequently, they are found
on transmissible extrachromosomal elements (plasmids) [9]. As a result, resistant bacterial
strains, including methicillin-resistant S. aureus (MRSA), Klebsiella ST258, and E. coli ST131,
spread rapidly globally. The swift development of microbial resistance is particularly
evident for the β-lactam class of antibiotics. Nearly 1000 resistance-related β-lactamase
enzymes, which render this class of antibiotics ineffective, have been identified, equating
to a tenfold increase in the incidence of antibiotic-resistant pathogens since 1990 [10].

Another drawback of using indiscriminate broad-spectrum antibiotics is their harm-
ful impact on the host microbiome. As these therapies are broad-spectrum, they affect
multiple bacteria, including beneficial members of the microbiome, that would otherwise
outcompete the pathogenic strains. These effects extend beyond the period of antibiotic
treatment. Even temporary exposure (seven days) to broad-spectrum antibiotics may al-
ter the makeup of the gut microbiota for extended periods of up to two years following
completion of the treatment [11]. In more extreme instances of antibiotic exposure, the
gastrointestinal microbiome may never revert to its original composition, providing ongo-
ing health impacts [12]. Damage to the microbiome can influence many of its important
functions, including the production of vitamins, the supply of nutrients, and immunologi-
cal protection from pathogens [13], thereby increasing susceptibility to multiple infectious
diseases [14]. Exposure to some broad-spectrum clinical antibiotics during the early ages of
development may be particularly harmful to the microbiome as the early microbiota is less
stable and diverse, making it susceptible to disruption [15]. Besides the gut microbiome,
the complex oral microbiome is crucial for maintaining both systemic as well as oral health,
and dysbiosis in the gut and/or oral microbiome(s) is associated with various medical
issues that include cardiovascular, cerebrovascular, and respiratory diseases [16].

Developing targeted antimicrobial therapies that do not promote the development
of antibiotic resistance in non-targeted bacteria, and that cause minimum collateral dam-
age to the natural microflora, is a promising strategy for combating antimicrobial resis-
tance. A switch to targeted antimicrobial therapies would be beneficial once the causative
pathogen has been identified. At that point, antimicrobial therapies such as nanoparti-
cles, vaccines, bacteriophages, monoclonal antibodies and CRISPR-based therapies can
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target these pathogens specifically, thereby decreasing the negative effects associated with
broad-spectrum therapies. This review summarises five targeted antimicrobial technologies
that are useful for treating antibiotic-resistant infections in humans. Thus, it is limited to
bacterial pathogens and does not consider fungal and viral pathogens.

2. Overview of Acquisition and Mechanism of Antibiotic Resistance

Improper and overuse of antibiotics selects for antibiotic-resistant genes, which confer
competitive advantages to the mutated strain. Bacteria transfer resistant genes to other
bacteria through several mechanisms, including conjugation, transduction, and transfor-
mation (Figure 1). When a bacterium acquires antibiotic-resistance genes, it may render
the antibiotic ineffective via several mechanisms, including enzymatic degradation of the
antibiotic; alterations of the antibiotic structure or the target structure so that they can no
longer bind, pumping antibiotics out of the cell through the action of an efflux pump; or
by modifying the cell wall and/or cell membrane structure so that the entry of antibiotics
into the cell is inhibited (Figure 1). Previous studies have outlined the mechanisms of
antibiotic-resistance gene transfer and how it impacts the efficacy of antibiotics in greater
detail, and the reader is referred to those studies for a greater understanding of resistance
mechanisms and development [17,18].
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3. Genotypic and Phenotypic Methods to Identify Bacterial Pathogens

The clinical availability of broad-spectrum antibiotic therapies has allowed physicians
to treat many microbial infections effectively and safely without the need to specifically
identify the disease-causing pathogens. As a result, the need to develop diagnostic tests
that can quickly and accurately identify pathogens to enable the use of effective targeted
antimicrobial therapies was not widely pursued [19]. However, as noted above, such
broad-spectrum approaches have inherent problems, including the development of further
resistance and disruption of the microbiome. Targeted approaches afford substantial
benefits, although they require fast and accurate pathogen identification [20]. Culture-based
methods for identifying infecting pathogens are time-consuming, with initial culturing
steps requiring 24–48 h (or substantially longer for some species), during which time
broad-spectrum antibiotics are typically administered. After identifying the microbe,
determining antibiotic sensitivity may require an additional 24–48 h [21]. Of concern, a
2015 survey revealed that for 31% of infectious diseases, physicians believed that patients
receive incorrect antibiotic therapies whilst waiting for blood culture results [22].

Recent enhancements in nucleic acid-based amplification technologies (NAATs), in-
cluding next-generation sequencing (NGS) and polymerase chain reaction (PCR), along
with the development of rapid, high-resolution technologies such as matrix-assisted laser
desorption ionization–time of flight mass spectrometry (MALDI-TOF MS), have trans-
formed the diagnostic approaches used to identify pathogens [23]. NAAT-based approaches
to identify pathogens are now routinely used in clinical microbiological laboratories. These
approaches are particularly promising for bloodstream infections as they significantly
accelerate pathogen identification in comparison with culture-based methods, allowing
for species identification within 3–6 h [23]. PCR-based diagnostic methods have now
been successfully established for a broad range of bacterial pathogens [24]. PCR is highly
regarded by infectious disease experts for its remarkable specificity, sensitivity, and speed
of amplification [25]. It is particularly valuable for the detection of pathogens that cannot
be cultured in vitro, or in cases where current culture methodologies lack sensitivity or
require prolonged incubation durations [26]. For a deeper discussion of the advancements
in these technologies, the reader is referred to a recent review of these methods [27].

Despite the substantial improvements in sensitivity, specificity, reproducibility and
rapid throughput provided by NAAT, NGS and MALDI-MS technologies, several factors
have limited their routine application. These methods require complex sample purification
and preparation steps, as well as access to expensive equipment. Additionally, the use
of fluorescent dyes in some methods can lead to the formation of primer dimers, which
can provide false-positive detections [27]. Furthermore, the methods not only require
expensive equipment, but costly reagents are also used, making them less attractive for less
well-funded laboratories.

MS fingerprinting methods using MALDI-TOF have been developed to assist in the
identification of many bacterial pathogens, and these have been widely adopted by clin-
ical microbiological laboratories worldwide [28]. Detection of bacteria by MALDI-TOF
MS may be achieved either by comparing the peptide mass fingerprint (PMF) of an un-
known bacterium with the PMFs in published databases, or by matching the biomarker
masses of the unknown bacterium with proteome databases [29]. In PMF matching, the
mass spectral properties of the unknown bacteria are compared with the mass spectra
(MS) of known bacterial isolates in MS databases [29]. Directly identifying pathogens by
MALDI-TOF MS techniques may substantially shorten the identification process by a day
or more, compared to using conventional identification methods [23]. This method is com-
monly used in pathogen identification as it is straightforward and is easily implemented in
diagnostic laboratories due to the development of numerous commercial PMF libraries [29].
Conversely, identifying microbes through matching measured biomarker masses with
predicted protein molecular masses calculated from genome sequences is less favourable
as a diagnostic tool, since it requires the complete bacterial genome sequence to establish
the required database.
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4. Nanoparticle-Based Targeted Antimicrobial Therapies

Over the past decade, nanotechnology has garnered significant attention in antimicro-
bial therapies, demonstrating great potential to enhance the treatment of antibiotic-resistant
bacteria [30–32]. Targeted nanoparticles (NPs) that can selectively interact with pathogens
may significantly enhance therapeutic outcomes for some antimicrobial therapies and re-
duce the side effects associated with broad-spectrum antibiotics. Active targeting methods
utilize targeting ligands to recognize and bind to the target structure or substrate [33].
Specific ligands that have affinity for cell surface receptors, or bacterial surface molecules
that are overexpressed in infected tissues, can be attached to nanoparticle surfaces to di-
rect their interaction with specific pathogens [34]. To specifically target the inhibition of
pathogens, as an alternative to broad-spectrum antibiotics, peptide toxins, bacterial toxins,
CRISPR, and bacteriophage-based antimicrobial therapies have been investigated in various
studies [35–39]. For example, the coating of gold nanoparticles with IgG molecules selec-
tively inhibits the growth of MRSA [40]. The specificity and sensitivity of the treatment were
assessed using contrast-phase microscopy, flow cytometry, and fluorescence microscopy;
the substantial and sensitive killing of MRSA was reported.

Bacteria naturally release vesicles from their membranes into the extracellular en-
vironment. Vesicles secreted by the Gram-negative bacteria are called outer-membrane
vehicles [41], whilst vesicles released by Gram-positive bacterial membranes are called
extracellular vesicles [42]. Notably, extracellular membrane vesicles contain numerous
immunogenic antigens [43] and display varied pathogen-associated molecular patterns
that modulate the host immune response [44]. The coating of gold nanoparticles with
membranes from outer-membrane vehicles secreted by E. coli results in a nano-vaccine
that can generate a specific and significantly stronger immune response [45]. Indeed,
antibiotic-loaded nanoparticles (NPs-antibiotic) have already been developed using
membranes from extracellular vesicles that are secreted by S. aureus [46]. The resulting
NP-antibiotic-linked constructs mimic S. aureus and allow for the host’s immune system
to target and eliminate S. aureus [46]. Nanoparticles have also been conjugated with tar-
geting ligands (including fructose and/or mannose-specific lectins) to target carbohydrate
receptors on Helicobacter pylori cell surfaces [47]. Such targeted nanoparticles provide
site-specific release and gastro-retentive properties. Collectively, these properties enhance
localised drug levels, resulting in greater bactericidal potency. Clarithromycin-loaded
nanoparticles that are coated with plasma membranes derived from the gastric epithe-
lial cells promote pathogen–host adhesion and specifically target H. pylori [48]. Notably,
clarithromycin-loaded nanoparticles demonstrate superior activity against H. pylori com-
pared with free clarithromycin or non-targeted nanoparticles.

The effectiveness of actively targeted nanoparticles relies on several factors, including
the ligand properties, the nanoparticle design, as well as the functionalization process.
Physical properties, including the shape, size, or charge of nanoparticles have substantial ef-
fects on their accumulation in target tissues [49]. However, in biological environments such
as the bloodstream, the targeted effects of functionalized nanoparticles may be hindered by
the nonspecific biomolecule interactions. Notably, nanoparticle surfaces adsorb biological
macromolecules, forming a “biomolecular corona” which covers the NPs’ targeting ligands,
lowering the surface energy of the NP [50]. The biomolecular corona may hinder the
binding of nanoparticles to their targeted pathogen, thereby reducing the efficacy of the
nanoparticles, potentially inducing bacterial resistance [51]. Proteins are essential compo-
nents in biomolecular corona formation, although sugars and lipids also play important
roles [52]. Nanoparticles covered by biomolecular corona exhibit altered physiochemical
and functional characteristics which give them new biological identities [53]. The proteins
surrounding nanoparticles can either mitigate or stimulate immune responses, or alter-
natively they may induce pathological and physiological changes [54]. Protein corona is
considered to be a major factor that limits nanoparticle-targeted delivery, as it reduces the
targeting capability in vivo [55]. Several strategies have been developed to mitigate the
effects of biological fluids including blood nanoparticle’s functionality. For example, func-
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tionalizing copper sulphide NPs with the glycan-binding protein jacalin reduces protein
corona interference and enhances the targeting ability of the NP via microbial cell surface
glycan recognition. This results in substantially higher antimicrobial activity compared to
pristine nanoparticles [56].

Nanoparticle-based targeted antimicrobial therapies use a range of delivery systems
based on metals, liposomes or lipids, mesoporous silica materials or polymers [57–60].
Antibacterial-targeted nanoparticles may possess inherent antimicrobial activities, or they
may carry therapeutic payloads such as antibiotics [61]. The cell envelope surrounding
bacteria acts as a physical barrier, which prevents the accumulation and internalization
of antibiotic molecules within bacteria [61]. Silica NPs containing gluconamide-targeting
moieties have improved binding affinity to Gram-negative bacteria cell membranes [62].
Therefore, the use of nanoparticles for targeted antimicrobial therapies offers a promising
solution to targeted therapies, although substantially more work is required in this field to
further refine the nanoparticle therapies.

5. Bacteriophage-Based Targeted Antimicrobial Therapies

The potential of bacteriophages in antimicrobial therapy (commonly referred to as
phage therapy), has been discussed, and in some regions of the world, utilized, since these
bacterial viruses were discovered over a century ago [63]. Bacteriophages specifically target
bacteria and cannot infect mammalian cells. Furthermore, bacteriophages are generally spe-
cific to one bacterium, or to relatively few bacterial species/strains. Lytic bacteriophages are
self-replicating and self-limiting, and can be administered through different routes, making
them an attractive option for targeted antibacterial therapies (Figure 2). Additionally, bacte-
riophages have different mechanisms to those of antibiotics, and therefore their effects are
not reduced by bacterial antibiotic resistance mechanisms. Furthermore, as bacteriophage
therapies are specific to a single bacterial clone, they generally do not adversely affect
the normal bacterial flora, and therefore present reduced risks for secondary infections,
which are frequently associated with the use of antibiotics [64]. Some bacteriophages bind
to single bacterial receptors, although other phages may also require secondary recep-
tors. These receptors are most frequently identical to antigens that determine the bacterial
serotype of the pathogen [64]. A single phage unit will therefore generally only infect one
bacterial strain, or a limited number of strains. The narrow specificity of bacteriophages
typically necessitates identifying the bacteria causing the infection before initiating the
appropriate phage treatment. The specificity of the phage means it will not typically impact
beneficial bacteria such as those residing in the gastrointestinal tract. Phage therapy chal-
lenges current pharmacokinetic studies because it acts as a self-amplifying drug, replicating
in vivo when the target bacteria are present, unlike antimicrobial therapies that require
multiple doses [65].

Before the discovery and common usage of clinical antibiotics, it was recognized
that many microbial infections could be treated and/or prevented using bacteriophage
therapies [66]. However, early clinical bacteriophage studies were relatively neglected
in Western Europe and the United States. In contrast, phage therapy continued to be
used in Eastern Europe and the former Soviet Union and is still currently used in some
parts of Eastern Europe. Early studies reported that phages specific to diarrhea-causing
E. coli can substantially reduce the levels of pathogenic E. coli in the gastrointestinal
tract by many orders of magnitude in several in vivo animal models [67–69]. Bacterio-
phages have also been used to prevent and treat Acinetobacter and Pseudomonas aeruginosa
infections [70], as well Klebsiella pneumoniae, Klebsiella rhinoscleromatis, and Klebsiella ozaenae
infections [71]. However, bacteriophage-targeted antimicrobial therapies require the identi-
fication of the disease-causing bacteria before application of the presumptive treatment. Bac-
teriophages can be used in combination with other phages in ‘phage cocktails’ to increase
their target ranges, whilst remaining substantially more selective and specific than typical
narrow-spectrum antibiotic therapies [72].
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Figure 2. A schematic for antibacterial phage therapy. The phage particle attaches to the bacterial
cell surface in the adsorption stage and the DNA enters the cell (DNA entry phase), leaving the viral
protein components outside the cell. The DNA is replicated (replication phase). The viral DNA is
then transcribed and translated (transcription and translation phase), resulting in the production of
the viral protein components. The viral DNA is incorporated into the viral shell proteins and the
mature viruses are assembled (phage assembly phase). Finally, bacterial cell lysis occurs (lysis phase),
releasing the new viral particles.

The use of temperate bacteriophages therapeutically may pose challenges because of
their ability to display superinfection immunity, which converts sensitive phage bacterial
targets into insensitive ones and alters their potential to encode bacterial virulence factors
(including the production of toxins) [73]. Bacteriophages may also exhibit low virulence
and decreased bactericidal potency against their target bacteria due to several factors,
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including their limited ability to evade bacterial defences, inadequate adsorption properties
or poor replication characteristics [74].

6. Vaccine-Based Antimicrobial Therapies

Modern medicine has greatly benefited from antimicrobial drugs and vaccines [75,76].
Whilst bacterial resistance to antibiotics undermines their efficacy, vaccine resistance has
evolved substantially less readily than antibiotics [77]. Vaccines are used preventively,
whilst antibiotics are typically used for treatment post-infection. This timing difference
means that vaccines (unlike antibiotics) generally prevent pathogens from reaching large
population sizes within hosts [77]. Additionally, antibiotics typically target pathogens
via a single mechanism [18], whereas vaccines may affect their targets in multiple ways,
by inducing T-cell responses and/or inducing host-specific antibodies [78]. Due to the
differences in the number of target sites affected, more mutations are generally needed for
pathogens to develop resistance to vaccines, compared to antibiotics. Several vaccines are
licensed and available clinically, with others currently undergoing clinical trials (Table 1).

Streptococcus pneumoniae can harmlessly colonize the nasopharynx, although it may
also cause a variety of illnesses under specific conditions [79]. The incidence of infections
caused by S. pneumoniae dropped substantially following the introduction of the PCV7
vaccine, which is specific to that bacterium. Notably, that single vaccine conferred immunity
against more than 90 known antigens of that bacterium [77]. Before the introduction of the
vaccine, there were concerns that the benefits of PCV7 might be quickly diminished by the
evolvement of new antigens [80]. This concern was heightened because S. pneumoniae is
naturally competent, and antigen replacement was observed in clinical trials [81]. However,
an improved conjugate vaccine (PCV13) was developed and introduced in 2010, which
protected against the original antigens as well as six additional ones. In its first three years
of use, this updated vaccine has prevented an estimated 30,000 additional infections [82].
Vaccinations can also reduce the use of antibiotics by inhibiting viral infections. For instance,
influenza vaccines have reduced antibiotic prescriptions from approximately 13% to 64%,
indirectly decreasing the spread of antibiotic-resistance genes [83]. It is therefore reasonable
to suggest that a major contribution of vaccines against the spread of AMR comes from
indirect mechanisms, such as reducing the use of antibiotics, consequently lowering the
selection pressure on pathogens.

Despite the benefits of vaccines developed to target antibiotic-resistant bacterial
pathogens and their impact on controlling the use of widespread antibiotics, vaccines
are yet to be developed against some major antibiotic-resistant pathogens. Currently, no
vaccine is available against Clostridioides difficile, a major cause of gastrointestinal illness.
Vaccines targeting the pathogenic factors toxin A (TcdA) and toxin B (TcdB) are currently in
development, but are not yet available clinically. Sanofi initiated phase III clinical trials of a
vaccine against C. difficile that was targeted for use in individuals over the age 50 years who,
due to lifestyle factors, had an increased risk of infection from this bacterium. The trial
aimed to evaluate the vaccine’s efficacy in preventing primary symptomatic episodes, and
therefore to reduce the incidence and effects of the infection. The trial was terminated before
completion after an independent data monitoring committee reviewed interim data and
determined that the likelihood of achieving the study’s objectives was low [84]. Similarly, a
phase III clinical trial is currently being conducted to test a vaccine based on genetically
modified full-length TcdA and TcdB toxoid molecules in adults over the age of 50 years
who are at risk of C. difficile infections [85]. The efficacy of vaccines targeting only TcdA
and TcdB is debatable. Whilst antibodies against these toxins may prevent disease, they
do not inhibit the pathogen’s ability to colonize the intestine and therefore are of limited
value. Consequently, vaccines that target specific C. difficile surface antigens required for
colonization and spore formation of the bacterium are under investigation, although those
studies are yet to pass the preclinical stages of drug development [86].

Neisseria gonorrhoeae surface proteins exhibit antigenic diversity and phase variation,
making the development of a vaccine against this bacterium complicated. To date, four
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candidate vaccines have advanced to clinical trials, including a partially autolyzed vaccine,
a whole-cell vaccine, a PorA-based vaccine, and a pilus-based vaccine, although none of
these approaches have yet proven to be effective [87]. Despite significant efforts, no licensed
vaccines are yet available for the prevention of P. aeruginosa or infections, and no candidates
are currently in clinical trials [88]. Indeed, few candidates for P. aeruginosa vaccines are
showing promise, and an effective vaccine is unlikely in the immediate future. The vaccine
candidates tested in humans to date have targeted single virulence mechanisms, including
the outer-membrane proteins Oprl and OprF, as well as flagella proteins [89]. None of these
candidates have shown enough promise to progress to late-stage development. Indeed,
even the most promising vaccine based on an OprF-Oprl fusion protein yielded disap-
pointing clinical results, and studies have since been discontinued [90]. Similarly, despite
extensive preclinical research on K. pneumoniae antigens, no vaccines against this bacterium
advanced past early-stage trials [91]. Several plain capsule polysaccharide (CPS)-based
vaccines have undergone preclinical studies and clinical testing, and have been used to
produce hyperimmune human sera for therapeutic purposes [91]. Recently, bioconjugate
vaccines developed using CPS from two K. pneumoniae serotypes have demonstrated im-
munogenicity and efficacy, successfully protecting mice from lethal infections [92]. Despite
the ability of the tested vaccines to induce functional antibodies in preclinical trials, it is
improbable that a vaccine developed in this way will be considered effective enough for
clinical introduction due to the existence of 77 CPS serotypes, which have limited or no
cross-reactivity. To provide immunity towards 70% of the K. pneumoniae strains, a vaccine
candidate would need to include at least 24 major serotypes [93]. The currently marketed
vaccine against Salmonella enterica subsp. enterica serovar Typhi is a live-attenuated Vi
polysaccharide vaccine and Ty21a oral vaccine. These vaccines have intrinsic limitations,
such as lacking immunological memory and affinity maturation, requiring multiple doses,
and having a limited duration of antibody responses [94]. Despite a phase III study showing
more than 90% efficacy for the Salmonella Typhi Vi conjugate vaccine when used in children
aged 2–5 years, an absence of commercial incentives has hindered the market introduction
of these vaccines [95]. There is currently no effective readily available vaccine targeting
Shigella spp., although there is significant interest globally in its development [96]. No-
tably, natural immunity against bacteria of the Shigella genus is serotype-specific, with the
O-polysaccharide being the primary vaccine target [97]. Protein-based vaccine candidates
targeting Shigella spp. are also in development, including the DB Fusion vaccine, which is
created by genetically fusing the type III secretion system proteins IpaD and IpaB [98].

The vaccine therapies listed in Table 1 and discussed above provide examples of some
noteworthy bacterial vaccines. However, this list is not exhaustive, and vaccines have
also been developed against other noteworthy bacterial pathogens including Haemophilus
influenzae, Corynebacterium diphtheriae, and Clostridium tetani. For an in-depth discussion
of vaccines prepared against those bacterial pathogens, the reader is referred to a recent
review on bacterial vaccines [99].

7. Monoclonal Antibody-Based Antimicrobial Therapies

Monoclonal antibodies (mAbs) were initially discovered by Kilner and Milstein in the
early 1970s [100]. Since that time, numerous advancements have been made to enhance the
efficacy of mAbs as therapeutic agents. Table 1 summarizes the currently licensed mAB
therapies. The isolation of mAbs from patients who had previously been infected and
subsequently cleared an infection is useful for identifying human monoclonal antibodies
(Hu-mAbs) capable of neutralizing the infection [101]. Once these Hu-mAbs are obtained,
they can be sequenced and produced recombinantly, which allows for the manufacture of
large quantities for downstream therapeutic use [102]. Advancements have also been made
to encompass the creation of libraries of bacteriophages displaying engineered Hu-mAbs,
significantly boosting the total number of Hu-mAbs available for screening trials, thereby
enhancing the chances of identifying a unique and effective antibody [103]. In addition to
the potential of Hu-mAbs as human therapeutic products (which reduce toxicity concerns),
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they also offer several other advantages that make their development a promising approach
for antimicrobial treatment. Hu-mAbs provide specificity to target pathogenic bacteria,
ensuring that commensal bacteria remain unharmed [104]. Hu-mAbs offer longevity as
their clearance by the host immune system is generally slow, with IgG subtypes typically
having a half-life of 21 days [101]. Hu-mAbs enable both sustained and rapid microbial
killing through various mechanisms, including anti-virulence activity, direct killing, com-
plement deposition, neutralization, and opsonization by phagocytes [102,104]. Eliminating
bacteria through these multiple mechanisms reduces the emergence of resistant strains and
reduces the risk of toxic shock. Hu-mAbs disrupt the activity of bacteria through different
mechanisms including biofilm formation, bactericidal effects, or via attachment/adhesion,
iron acquisition, opsonophagocytosis, and anti-toxin/anti-virulence [104–109].

Anthim® (obiltoxaximab) was the first injectable Hu-mAb for antimicrobial treat-
ment, approved by the FDA in 2016 as a treatment for inhalation anthrax. Hu-mAb is
used in combination with antibiotics, typically ciprofloxacin. Anthim® was approved
for use under the Animal Rule for biothreat organisms when alternative therapies are
inappropriate or unavailable [110]. Inhalation of Bacillus anthracis spores causes the most
severe form of anthrax infection (inhalation infection), and the ability of the spores to
endure harsh environments allows them to avoid the effects of many physical and chemical
treatments [111]. Thus, the clinical introduction of Anthim is particularly promising
and underscores the potential of Hu-mAb therapeutics. Similarly, in October 2016, the
FDA approved Zinplava™ (bezlotoxumab) for the treatment of C. difficile infections in
adults [112]. This product is not intended for preventing or treating primary C. difficile infec-
tion, but instead was approved to reduce the recurrence of infections, which is common for
C. difficile infections [112].

Table 1. Vaccines (licensed and in clinical trials, as well as licensed monoclonal therapies targeting
specific bacterial pathogens).

Bacterial Target Species Vaccine/Antibody Name Antigen Targeted/Specificity
Reference

Licensed

Mycobacterium tuberculosis BCG vaccine Low specificity, but still in use. Research is
ongoing to develop a more specific vaccine. [77]

Salmonella enterica
serotype Typhi

>20 vaccines have
been licensed

The WHO recommends typhoid conjugate
vaccine (TCV) over an unconjugated Vi

polysaccharide or live-attenuated
bacteria vaccines.

[95]

Streptococcus pneumoniae

PCV7

Targets 7 different antigens. Specific for
S. pneumoniae, but as it targets many antigens,

it provides some immunity, even with
bacterial mutations.

[77–83]PCV10

A 10-valent vaccine against S. pneumoniae
polysaccharides. Although there are
>100 serotypes, this vaccine covers

most disease-forming serotypes.

PCV13

A 13-valent vaccine against S. pneumoniae
polysaccharides. Although there are
>100 serotypes, this vaccine covers

most disease-forming serotypes.
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Table 1. Cont.

Bacterial Target Species Vaccine/Antibody Name Antigen Targeted/Specificity
Reference

Vaccines in late-stage clinical trials

Clostridiodes diffcile Three vaccines are in
phase III clinical trials

The vaccines target TcdA and TcdB toxins for
use in individuals >50 years old.
The vaccines’ efficacy is dubious.

[85,86]

Neisseria gonorrhoeae Bexsero vaccine

Bexsero vaccine was developed against
type B menningococcal infections, but also
provides protection against N. gonnorhoea.
There is substantial research to develop

vaccines with greater specificity.

[87]

Salmonella paratyphi Three vaccines are
in clinical trials

Targets bacterial polysaccharides. A 12-TT
conjugate vaccine is in clinical use in China. [77]

Vaccines in early-stage clinical trials

Enterotoxigenic Escherichia coli Several vaccine candidates

Several vaccines are in phase 2 clinical
trials. There is significant variability

in strains, but it is hoped that a vaccine
targeting heat labile toxoid and colonisation

factors would cover 80% of strains.

[77]

Klebsiella pneumoniae KlebV4 4-valent vaccine is currently in
phase 1/2 clinical trials. [91,92]

Salmonella spp. (non-Typhi) iCVD1000
A trivalent vaccine targeting S. typhi

and two other non-typhoidal serotypes.
Currently in phase 1 trials.

[95]

Shigella spp.

WRSS2/WRSS3 Live-attenuated bacteria
vaccine targeting S. sonnei. [96]

GlycoShig3

A 4-valent glucoconjugate vaccine
is in development; it is believed it
would successfully target 80% of

diseases causing Shigella spp.

[97,98]

Monoclonal antibody-based therapies

Bacillus anthracis Anthim® (obiltoxaximab)
Usually used in combination with

ciprofloxacin. Is effective against the
endospore form of the bacterium.

[111]

Clostridium diffcile Zinplava™ (bezlotoxumab)
Used to reduce and treat recurrent

C. difficle infections. Not recommended
for primary infections.

[112]

Staphylococcus aureus Tefibazumab The single antibody targets
200–400 surface antigens. [113]

Only licensed vaccines or mAbs; vaccines/mAbs in clinical trials are included in the table. Where trials have been
discontinued, the treatment is not included in the table.

It is perhaps surprising that more Hu-mAbs are not in development for microbial
infections, given the success of the previous examples. However, antibody research and
production are generally costly, and the failures of some recent Hu-mAb trial may have
dampened the enthusiasm of drug companies for further developing Hu-mAbs for an-
timicrobial treatment [113]. There have been multiple unsuccessful attempts to develop
Hu-mAbs treatments for S. aureus, including tefibazumab, causing developers to reconsider
the mAbs approach against this bacterial species [114]. Monoclonal antibodies have shown
potential in animal studies, but later failed in phase II trials [114]. Using a single antibody
against one target may be insufficient since bacteria have over 200–400+ surface targets
involved in virulence. Additionally, most approaches overlook the fact that bacteria exhibit
different lifestyles, such as encapsulated/unencapsulated, vegetative, intracellular, and
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biofilm-associated lifestyles, each with varying surface and secreted protein profiles [114].
The development of Hu-mAb can be costly, as extensive initial research is necessary to
highlight the most effective bacterial surface targets, and to filter through numerous anti-
body binding studies to identify the Hu-mAbs that best address bacterial infection through
various mechanisms of action [113].

8. CRISPR-Based Targeted Antimicrobial Therapies

Clustered regularly interspaced short palindromic repeats/CRISPR-associated pro-
tein (CRISPR/Cas) provides a mechanism to specifically target bacterial antibiotic re-
sistance genes in a directed sequence-specific manner [115]. CRISPR/Cas systems are
adaptive bacterial defence mechanisms that are directed against infectious viruses and
mobile genetic elements (MGEs). Whilst a detailed discussion of the use of CRISPR-Cas
technologies is beyond the scope of this study, several recent reviews provide comprehen-
sive summaries of the methodology and recent advancements in the field [116]. Briefly
(as summarized in Figure 3), the use of CRISPR-Cas against pathogens involves three
phases: (i) CRISPR adaption, which involves the incorporation of spacer sequences into the
CRISPR-Cas cassette; (ii) expression/biogenesis of crRNA and the Cas protein; (iii) and
crRNA-guided cleavage of target sequences. When MGEs invade bacteria, specific CRISPR
RNAs (crRNA) with complementary sequences direct effector proteins to the targets
for enzymatic cleavage, resulting in the sequence-specific elimination of the invading
molecule [117]. CRISPR/Cas systems are divided into two classes, and further classified
into six subtypes (I-VI). Although the type I and II CRISPR systems are most commonly
used as CRISPR antimicrobials due to their well-understood mechanisms of action and
adaptability to genetic modifications, type VI systems have recently been suggested as an
alternative. The type VI CRISPR system may inhibit bacterial growth by targeting either the
chromosome, or a plasmid [118]. A notable feature of CRISPR/Cas is its precise targeting
ability, as the guide RNA can focus on virulence, antibiotic resistance, or unique genes that
are essential genes to pathogen’s survival [119]. Previous studies have successfully utilized
the type II CRISPR/Cas9 system obtained from Streptococcus pyogenes to target S. aureus
and E. coli, resulting in cell death in both in vivo and in vitro models [120]. CRISPR/Cas3
and CRISPR/Cas9 genome editing constructs kill bacteria carrying AMR genes when they
are delivered into bacteria by packaging them into specific bacteriophages [121]. When the
phage infects the bacteria, the CRISPR/Cas13a and CRISPR/Cas type VI class 2 systems
detect the phage genome transcript, leading to the nonspecific degradation of the bacterial
transcripts, thereby blocking bacterial cell growth [122]. CRISPR/Cas 13a antimicrobials
show promise in three main areas: (1) as tools to modify the bacterial flora by targeting and
removing specific bacterial populations, without adversely affecting other non-targeted
bacteria; (2) as a cost-effective system for detecting and identifying bacterial genes in molec-
ular epidemiological studies, without the need for nucleic acid amplifications or optical
devices; (3) as effective antibacterial agents with the ability to target any bacterial gene
(including AMR genes), or to selectively eliminate toxin-producing bacteria [118].

Some studies have reported that although the CRISPR/Cas genome targeting con-
struct lowered bacterial load, they also noted the presence of escape mutants, which evaded
cell death [123]. This highlights the potential that CRISPR antimicrobials might face similar
challenges when used to treat bacterial infection in vivo, and future studies are required
to test this hypothesis. Unlike antibiotics, which can induce dysbiosis and promote the
spread of resistant bacteria, CRISPR antimicrobials target and kill only a small fraction of
the bacterial population. It is likely that this enables commensal bacteria to occupy the
niche left by the targeted bacteria, and to further limit their growth [120]. Several counter-
measures have been proposed to address pathogen “escape” from CRISPR antimicrobials.
One suggestion is to repeat to prevent recombination and subsequent spacer deletion by
reducing the CRISPR array to a single spacer [123]. Additionally, overexpressing Cas9 in
Enterococcus faecalis has been shown to increase the lethality of self-targeting CRISPR [124].
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9. Challenges and Outlook

Broad-spectrum antibiotic therapies have provided medical science with numerous
effective and safe therapies to treat bacterial infections. They have provided the ability
to treat pathogen infections, without a definitive diagnosis of the disease-causing bac-
terium, which allows for rapid and effective treatment [1–4]. However, such untargeted
therapies also affect the natural microbiome and may cause dysbiosis, resulting in other
illnesses [11–13]. Additionally, the use of broad-spectrum antibiotics has allowed the spread
of antibiotic-resistance genes through the microbiome (including pathogens), thereby limit-
ing the efficacy of those therapies [5–10]. More specific, directed therapies are required to
address this problem to mitigate the spread of antibiotic resistance, retaining the efficacy of
the available antibiotics for when they are required. Substantial recent research has focused
on new targeted technologies, including nanoparticle-, bacteriophage-, vaccine-, mono-
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clonal antibody- and CRISPR-Cas-based therapies, and multiple effective new therapies
have been developed.

However, targeted antimicrobial therapies also face limitations due to the delay in
identifying pathogens responsible for the disease [21,22], which risks the prescription
of specific agents to save critically ill patients [20]. In many cases, this means that the
patient may still require broad-spectrum antibiotic therapy whilst the disease-causing
infective agent is identified, so that the correct/directed therapy can be applied [23]. Better
diagnostic methods are urgently required to speed up the identification processes to allow
medical professionals to bypass the use of broad-spectrum antibiotics whilst the causative
pathogen is identified. This would not only provide more effective patient care but would
also decrease the spread of further antibiotic resistance. Fortunately, several improvements
have been proposed to address these challenges. Using nucleic acid [24–27] or mass
spectrometry-based technologies [28] significantly speeds up pathogen diagnosis before
specifically targeting those pathogens. With the development of these methods to provide
rapid and accurate pathogen identification, targeted therapies are likely to attain greater
clinical significance.

Notably, some of the targeted therapies discussed in this review may be better
viewed as preventions, rather than treatments [77]. In particular, vaccines prime the
recipient’s immune system, allowing it to produce antibodies directed at specific bacterial
antigens [78]. This provides the recipient with the ability to quickly respond to infection
from the pathogen, allowing them to counteract the pathogen before illness occurs (or to
decrease the severity and/or duration of illness). This not only provides effective healthcare
for the patient, but also decreases the need for broad-spectrum antibiotic therapies, thereby
reducing the development of further resistance. However, vaccines are of little value once
an infection has occurred and illness has begun. Furthermore, the development of specific
vaccines that are effective and safe is time-consuming and expensive [83–85]. Despite this,
several vaccines that specifically target bacterial pathogens are already licensed, and others
are either undergoing clinical trials, or are in development [86–95]. Similarly, mAbs offer
an additional immunity-related therapeutic pathway [102,104]. Unlike vaccines, mAbs are
suitable as therapies rather than just as preventative treatments, although they also suffer
from several of the same issues. Whilst mAbs are also expensive and time-consuming to
produce, they offer a novel and specific way to target infections, and substantially more
work is required to develop more of these therapies.

Nanoparticles have also garnered substantial recent attention for their exceptional per-
formance. However, their synthesis requires stringent conditions unsuitable for large-scale
industrial production. Additionally, challenges related to dispersion, storage, cytotoxicity,
stability, and degradation significantly hinder their progress [125]. Regarding bacteriophage
therapies, large-scale sequencing in the early diagnostic stages necessitates substantial ini-
tial investment and time. Furthermore, clearance by the innate immune system directly
impacts phage pharmacokinetics. Uncertainties about safety, challenges in penetrating
mammalian cells, and increasing resistance present significant challenges [125]. Encapsulat-
ing bacteriophages in non-immunogenic polyethylene glycol and liposomes may enhance
their in vivo stability against proteolytic and acidic environments and help them evade
elimination using the innate immune system, although substantially more work is required
to confirm this and develop viable clinical bacteriophage options [126,127]. CRISPR/Cas
technology is reliable, but the “escape” phenomenon may occasionally occur, which can
impact its efficiency [128]. However, the adaptability of this technology provides it with
substantial promise for the development of effective and highly specific therapies.

10. Conclusions

The increasing use of broad-spectrum antibiotics contributes to the evolvement of
AMR and hence calls for novel ways to target pathogenic bacteria, especially targeted
antimicrobial therapies. In this review, an overview of five promising targeted antimi-
crobial therapies—nanoparticle-, bacteriophage-, vaccine-, monoclonal antibody-, and
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CRISPR-based targeted antimicrobial therapies—was discussed alongside their mechanism
of action, advantages, and disadvantages. Whilst all of these technologies offer advantages
over the current use of broad-spectrum antibiotics, each method has inherent difficulties
and limitations. Substantially more work is required to address these limitations, to en-
hance the potential of these technologies to treat antibiotic-resistant bacterial infections in
humans. Narrow-spectrum antibiotics and engineered probiotics are not discussed in this
review, but they may also be useful to specifically target pathogens.
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