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Abstract: The emergence of antibiotic-resistant bacteria is a pressing public health concern, highlight-
ing the need for alternative approaches to control bacterial infections. Promising approaches include
the development of therapeutic vaccines and the utilization of innate immune activation techniques,
which may prove useful in conjunction with antibiotics, as well as other antibacterial modalities.
However, innate activation should be fast and self- or actively- contained to prevent detrimental
consequences. TLR ligand adjuvants are effective at rapidly activating, within minutes to hours, the
innate immune system by inducing cytokine production and other signaling molecules that bolster
the host’s immune response. Neutrophils serve as the first line of defense against invading pathogens
by capturing and destroying them through various mechanisms, such as phagocytosis, intracellular
degradation, and the formation of NETs. Nutritional immunity is another host defense mechanism
that limits the availability of essential metals, such as iron, from invading bacterial pathogens. Thus,
iron starvation has been proposed as a potential antibacterial strategy. In this review, we focus on
approaches that have the potential to enhance rapid and precise antibacterial responses, bridging the
gap between the onset of infection and the elimination of bacteria, hence limiting the infection by
antibiotic-resistant bacteria.

Keywords: innate immunity; therapeutic vaccines; nutritional immunity; neutrophil activation; TLR
ligands; adjuvants; antimicrobial resistance

1. Introduction
Novel Strategies for Combating AMR Bacterial Infections

Antimicrobial resistance (AMR) is a “silent pandemic” that, with time, gains more
public health concerns, both at the community level and more severely in hospital settings.
In 2019, AMR was estimated to be associated with 4.95 million deaths worldwide [1]. By
2050, the death toll due to AMR is predicted to be ten million per year [2]. High AMR rates
may also influence other medical procedures, such as surgeries, organ transplantations,
kidney diseases, and cancer treatments, where bacteria presence may create a serious
medical condition. Therefore, it is urgent to seek effective options that will reduce the daily
use of antibiotics, allow for tight stewardship of antibiotic use to decrease AMR formation,
and increase the antimicrobial efficiency of antibiotics.

Herein, in this perspective review, we challenge alternative antimicrobial strategies.
Although these alternatives are in their preclinical stages, may have side effects, are too
expensive for daily use, and/or not even considered currently as an optional treatment,
we believe that the increasing rates of AMR would inevitably force the development and
improvement of these approaches. Indeed, optional mimicry or synthetic alternatives to
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naturally occurring antibacterial mechanisms/molecules are being developed. However,
more research is needed.

One potential alternative approach for both prophylaxis and therapy of bacterial
infections may be vaccines. Vaccines directed against Streptococcus pneumoniae, Haemophilus
influenzae type b, Mycobacterium tuberculosis, and Salmonella enterica serotype Typhi are
licensed, and many others are at various stages of clinical and pre-clinical development [3].
The licensed vaccines are based on the classic mechanism of adaptive immunity, where
a bacterial antigen is introduced to the immune system, which generates antibodies and
memory B cells that are specific to the introduced antigen/s. An alternative solution to
traditional, highly selective vaccines may be non-specific vaccines, which may initiate
rapid responses post challenge through the activation of the innate system. The BCG
vaccine is believed to induce innate, as well as T-cell responses to several pathogens that
do not possess a common antigen with BCG [4]. Beyond vaccines, a promising strategy
for combating bacterial infections is to elicit rapid responses, within hours to days that
provide quick and effective post-exposure protection when concomitantly administered
with traditional antibiotic agents or other antibacterial modalities. Such protection may be
provided by several mechanisms, which are based mostly on innate immune activation,
which enable the closure of the gap between the time of infection and the onset of the
antimicrobial effect.

In this review, we focus on the latest progress in the field, particularly on three
potential antibacterial modalities: post-exposure administration of adjuvants and induction
of protective immunity by therapeutic vaccines, neutrophil activation, and nutritional
immunity (iron chelation), all of which induce rapid and efficient activation of the innate
immune response.

2. Strategies for Facilitating Quick Antibacterial Responses
2.1. Adjuvants

Adjuvants are substances that can enhance the immune response to vaccine compo-
nents, potentially strengthening both innate and adaptive immune responses. By activating
cellular and humoral responses, adjuvants can reduce the amount of an antigen required
for efficient vaccination, improving immunogenicity in populations that typically respond
poorly, such as the elderly or immunocompromised. Furthermore, adjuvants, such as AS03
(GSK) [5–9], MF59 (Novartis Vaccines and Diagnostics) [5–13], Matrix-M (Novavax) [14,15],
and monophosphoryl lipid A (MPL) (GlaxoSmithKline), have encouraging safety profiles.

Traditional vaccine adjuvants, including various Toll-like receptor (TLR) ligands, can
activate the innate immune system within minutes to hours, resulting in the production of
cytokines and other signaling molecules that further enhance the immune response [16].
This TLR-mediated rapid immune activation, which can last for several days, is part of
the natural host’s first line of defense, which is critical for preventing the further spread of
the infection. Moreover, it provides the necessary groundwork and time for subsequent
activation of the adaptive immune response.

Adjuvants, such as AS02, AS03, AS04, MF59, MPL, and Matrix-M, are used in some
vaccines to enhance the immune response against viral and bacterial infections. AS03 and
MPL activate Toll-like receptor 4 (TLR4), while MF59 activates TLR4 + TLR8, and Matrix-M
activates TLR4 + TLR3. These adjuvants have been shown to increase the activation and
function of various immune cells, including dendritic cells, neutrophils, natural killer (NK),
and T and B cells [17–24].

Moreover, these adjuvants stimulate the production of cytokines, such as interferon γ

(IFN-γ), interleukin 1α (IL-1α), IL-1β, IL-6, tumor necrosis factor (TNF)-α, IL-8, and IL-12.
These cytokines activate and enhance the ability of immune cells, such as neutrophils,
macrophages, dendritic cells, and NK cells, to engulf and destroy invading viruses and
bacteria [19–25].

Additionally, these adjuvants stimulate the production of other components, such as
chemokines, that are crucial for the immune response. For example, AS03 activates the pro-
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duction of the chemokines C-C motif CCL2, CCL3, and CCL5, which attract immune cells to
the vaccine site, further enhancing the host’s immune response [21,23,26]. Thus, it could be
that these adjuvants may also be used outside the context of a vaccine, namely, as immune
stimulants to be concomitantly administered with post-exposure antibacterial treatments.

Indeed, although most clinically approved adjuvants were developed as anti-viral
tools, some have also been found effective against bacteria, such as Streptococcus pneumoniae,
Haemophilus influenzae type b [27], and Mycobacterium tuberculosis [28]. In animal studies,
MF59 has been found to enhance the immunogenicity and protective immunity against
Acinetobacter baumannii [29], while a combination of a recombinant protein and MPL was
found to be immunogenic against Neisseria meningitis [30].

To conclude, promising new adjuvants might contribute to the closure of the gap
by efficient immune responses for bacterial clearance when administered immediately
post exposure, even in the absence of a specific antigen. To note, some adjuvants may
only be efficient in the presence of an additional antibacterial agent. In our opinion, it
is important to keep tracking progress in these fields, including drug delivery systems
(nanoparticle-based adjuvants, virus-like particles), novel TLR agonists, and combinational
adjuvant treatments.

2.2. Rapid Induction of Protective Immunity by Therapeutic Vaccines

Most vaccines, which are prophylactic in nature, focus on enhancing the adaptive
immune response to generate a high and fast antimicrobial effect when encountered in the
future with the pathogen. However, vaccines may be also used therapeutically against
viruses and bacteria if activation of the innate immune system takes place fast enough to
close the gap until the adaptive immune response joins the efforts to eradicate the pathogen.

Studies from our group have shown that the Yersinia pestis EV76 live vaccine protected
mice against an immediate subcutaneous lethal challenge. Strikingly, immunization two
days prior to pulmonary infection also provided protection [31]. Subcutaneous immu-
nization with a Y. pestis strain (Kim53∆J+P) that over-expresses Y. enterocolitica YopP also
elicited a fast and effective protective immune response in models of bubonic, pneumonic,
and septicemic plague through the induction of a prompt protective innate immune re-
sponse that was interferon-γ dependent. Moreover, cross-protection to other bacterial
pathogens, such as the enteropathogen Y. enterocolitica that causes Yersinosis and Francisella
tularensis, the causative agent of Tularemia, was attained [32]. Immunization, pre (adja-
cent) or, post-exposure to a lethal Y. pestis infection, with another anti-Y. pestis vaccine,
based on the F1 -recombinant protein adsorbed on alum hydroxide, also provided rapid
protection in the bubonic plague mice model through anti-F1 IgM and IgG antibodies
that developed within a few days post-vaccination. This line of protection was attributed
to the activation of innate-like B cell subsets [33,34]. In a following study, it was shown
that effective protection against subsequent lethal intranasal exposure to a fully virulent
Y. pestis strain is obtained within a week following immunization with F1 adsorbed on
alum hydroxide and that the addition of the LcrV antigen reduced the time to generate
protective immunity to four to five days after vaccination [35]. It is intriguing to believe
that therapeutic vaccines could be an add-on post-exposure treatment if administered with
antibiotics or other antimicrobial treatments.

In a recent study, intranasal immunization with a single dose of inactivated whole-cell
Acinetobacter baumannii vaccination provided protection from a lethal dose of Acinetobacter
baumannii as early as two days after immunization [36]. Cross protection was also seen
in Klebsiella pneumonia and Pseudomonas aeruginosa pneumonia models. Protection of the
immunized mice was correlated with elevated levels of IL-6 and TNF-α, which decreased
by day five. However, rapid recall responses to infection were observed after a challenge
on day seven post-vaccination. TNF-α secretion and chemokine production was noticed
two hours post-challenge followed by neutrophil infiltration, as early as 4 h post infection.
This response was attributed to immunization-trained alveolar macrophages, posing up-
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regulated TLR4 expression, which mediated the rapid protection through enhanced TNF-α
production [36].

To conclude, we believe that our work on Y. pestis vaccines offers a proof-of-concept to
this strategy, which is applicable within days of administration, and this line of therapy
should be perused and even examined as a post-exposure countermeasure.

2.3. Neutrophil Activation

Neutrophils play a crucial role as the first line of defense against invading pathogens,
utilizing phagocytosis and intracellular degradation, as well as the release of granules,
reactive oxygen species (ROS), and neutrophil extracellular traps to capture and destroy
them [37,38]. In contrast to macrophages, which have a long half-life of weeks [39,40]
or even years [41], neutrophils have a significantly shorter half-life (hours-days) [42,43],
making them more suitable for promptly controlled activation against bacteria. However,
although critical for bacterial killing, neutrophils may induce collateral damage and tissue
injury by amplifying inflammation [44,45]. Therefore, when inducing protection via an
innate neutrophil-mediated immune response, there should always be a delicate balance
between prompt bactericidal effect (especially in the case of bacteria that silence primary
neutrophil effects, as in granule release inhibition following Yersinia pestis infection [46]
or recruitment inhibition following Staphylococcus aureus infection [47]) and timely resolu-
tion of neutrophils’ potentially damaging effect. Strategies for neutrophil activation and
resolution are discussed below.

2.3.1. Neutrophil Activation via Formylated Peptides and Formylated Peptide Receptors’
(FPRs) Modulators

Formylated peptides are key pathogen-associated molecules that activate innate re-
sponse by binding to formyl peptide receptors (FPRs) and stimulating chemotaxis and
neutrophil-mediated phagocytosis of bacteria [48,49]. FPR1 and FPR2 are crucial for bac-
terial immune defense, as FPR1- and FPR2-deficient mice are characterized by increased
susceptibility to Listeria monocytogenes infection and meningitis caused by Streptococcus
pneumoniae, in comparison to wild-type mice [50,51]. It was recently demonstrated, in vitro,
that FPR2 activation enhances neutrophil-induced phagocytosis and bacterial killing of
community-acquired methicillin-resistant Staphylococcus aureus [52].

FPR modulators could offer opportunities to develop novel antibacterial therapeutics;
this approach may be tricky, since FPRs are highly expressed not only in phagocytes, but
also in non-hematopoietic cells, such as epithelial- and endothelial-cells [53]. In addition,
formylated peptides can activate leukocytes at picomolar concentrations [54], consequently
leading to excess leukocyte activation, tissue damage, organ dysfunction, and mortality.
In this regard, compounds modulating FPRs’ activity have been examined for their poten-
tial to counteract pathological conditions, such as inflammatory lung diseases, ischemia-
reperfusion injury, and sepsis [55]. However, although the main goal of the research and
the development of FPR modulators (agonists and antagonists), including progress in
rational drug design, is combating inflammation and other injuries [56], these modulators,
in particular small molecules under clinical evaluation, may be utilized, in our opinion,
to induce a better antibacterial effects via neutrophil activation, and, in addition, small
molecule receptor modulators may be utilized for safety purposes, namely, to actively
counteract over-activation of FPRs after completion of the bactericidal effect. These small
molecules may be selective to a certain FPR or to a receptor subtype/combination of
FPRs [57]. For example, in a recent study, it was shown that the small molecule RE-04-001
activates human neutrophils, and this agonist is specifically recognized by FPR1, owing to
a functional selective response via activation of the ROS, generating NADPH-oxidase in
neutrophils (rather that neutrophil chemotaxis) [58]. A non-peptide compound, Quin-C1,
a FPR2 agonist characterized two decades ago, was found to be a selective inducer of
neutrophil chemotaxis, rather than a ROS generator [59].
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Other means to amplify neutrophil-derived ROS formation were also suggested [60],
and, in our opinion, they may be used to combat bacteria. However, this subject is beyond
the scope of this review.

A more elegant strategy suggested recently for using formylated peptides for com-
bating bacteria is via antibiotic-chemoattractant conjugates, consisting, for example, of a
formylated-peptide covalently linked to an antibiotic, such as vancomycin. A formylated-
peptide/vancomycin conjugate demonstrated improved neutrophil recruitment and en-
hanced bactericidal effects against S. aureus. This immunotherapeutic antibiotic was sug-
gested to overcome immune evasion via the dual effect of bacterial eradication and fine-
tuned neutrophil recruitment [61].

2.3.2. Neutrophil Extracellular Traps (NETs) Formation and NETs Mimicry

A crucial mechanism of neutrophil rapid defense is NET formation (NETosis), an
immediate immune response taking place following the microbial invasion. NETs are com-
posed of extracellular DNA, chromatin, proteolytic enzymes, and antimicrobial peptides,
forming extracellular fibers that bind bacteria, enabling both pathogen inactivation and
spreading prevention [62]. In addition, NETosis may augment macrophage-induced killing
of bacteria, namely, neutrophils are activated in concert with macrophages to effectively
eradicate bacterial pathogens [63]. Although NETosis may be associated with severe tissue
damage, as well as other pathophysiological states [64], it may very well be that spatially
and temporally controlled NETosis promotes bacterial killing while reducing the patho-
logical consequence. In this regard, it was recently demonstrated that memantine, a drug
used to treat Alzheimer’s disease, exerts bactericidal effects against an MDR Escherichia coli
via enhancing bacterial-induced NETosis in vivo [65]. It was also demonstrated that some
β-Lactams modulate NETosis in activated neutrophils in vitro, via a non-antibacterial ef-
fect, namely, the activation of the PKC/Akt/mTOR signal pathway, thus exerting a dual
effect (antibacterial and immune modulation) [66], enabling their administration for the
treatment of β-Lactam-resistant strains in combination with relevant antibiotics for an
improved bactericidal effect.

The detrimental NETs-induced effects may be actively reduced, following their active
induction, by dampening NETosis immediately following bacterial clearance, via resolvin
administration. Resolution of acute inflammatory response is now widely recognized
as an active process, via the biosynthesis of endogenous pro-resolving lipid mediators
acting on innate system components [67]. Thirteen-series resolvins are potent agonists of
pro-resolving phagocyte functions accelerating resolution, i.e., via controlling inflamma-
tion. It was recently demonstrated that 13-series resolvins reduce NETosis and stimulate
macrophage clearance of NETs [67], and, thus, these molecules may be used to actively and
timely control NETosis. An alternative approach for spatially and temporally “breaking the
NETs”, at least in the case of a respiratory bacterial infection, may be the administration of
clinically approved drugs, such as pulmozyme, that has the potential to reduce NETs and
aid recovery, which was demonstrated in COVID-19 patients [68], thus hopefully may be
applicable also for bacterial infections.

In addition to memantine mentioned above, which induced NETosis in vivo, other
clinically approved drugs were shown to increase NET formation in vitro, including hy-
dralazine and procainamide [69]. Importantly, the clinical concern of NET formation
demonstrated for these drugs is their potential to induce autoimmunity. However, this phe-
nomenon usually develops only after months and, more commonly, years of treatment [70].
Thus, a short-duration treatment may improve the antibacterial effect via NETs forma-
tion. Likewise, NETs were developed in mice following melatonin treatment, resulting in
anti-bacterial activity during polymicrobial infection [71]. In line with that, we suggest
conducting high throughput in vitro screening of clinically approved drugs for their po-
tential to induce NETs, offering novel antibacterial candidates, particularly for drugs with
reasonable safety profiles (as standalone antibacterial, or in combination with antibiotics or
other antibacterial agents). “Synthetic NETs” are also being designed to combat antibiotic-
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resistant organisms or to be used as an adjunct to conventional antibacterial treatment.
In this respect, a minimalistic NET-like synthetic structure, termed “microwebs”, demon-
strated direct in vitro antibacterial effects, as well as a synergistic effect with colistin [72].
Other NET-like structures composed of DNA nanogels and ZnO nanoparticles suppressed
E. coli from entering circulation in septic mice while prolonging their survival, possibly
through an anti-inflammatory effect, in contrast to a direct bactericidal effect [73]. More
recently, it was reported that self-assembled antimicrobial peptide nanonets are capable
of in vitro and in vivo antibacterial activity, including against antibiotic-resistant bacte-
ria, thus enabling spatiotemporal control over microbial killing. The peptide nanonets
formation was induced by the lipopolysaccharide (LPS) of Gram-negative bacteria and
the lipoteichoic acid (LTA) of Gram-positive ones and were shown to be stable against
proteolytic degradation. Most importantly, these peptides were shown to be safe, as they
lacked toxicity up to 24 h post administration [74]. Others have reported on an in vivo
supramolecular assembly system that imitates a nanofibers network that efficiently trapped
methicillin-resistant staphylococcus epidermidis (MRSE) bacteria, hence providing antibacte-
rial activity and the prevention of extensive dissemination [75]. All in all, the progress in
this field is intriguing and should be closely monitored.

To conclude, the manipulation of neutrophils is a suitable approach for promptly
controlled activation against antibiotic-resistant bacteria. However, there should always be
a delicate balance between prompt bactericidal effect and timely resolution of neutrophils’
potentially damaging effect. Strategies for neutrophil activation and resolution, such as the
use of NETosis and formylated peptides, offer, in our opinion, promising opportunities for
developing novel anti-bacterial therapeutics.

2.4. Nutritional Immunity

Various metals, such as iron, manganese, zinc, and copper, are essential for the cellular
functions of bacterial pathogens. Therefore, it is not surprising that the host undergoes
significant changes in response to bacterial infections to regulate metal availability as a
means of defense. The host’s innate immune response, which involves the withholding of
metal nutrients to prevent bacterial growth, is defined as nutritional immunity [76,77]. For
comprehensive reviews on nutritional immunity, please see [77,78]. In this review, we will
focus on iron starvation.

2.4.1. Iron Starvation

Bacteria have highly efficient mechanisms to obtain iron from their surroundings,
such as receptors that bind host iron proteins, expression of high-affinity iron transporters,
and the use of low-molecular-weight-compounds with high iron-binding affinities, such
as siderophores and haemophores [79]. As a countermeasure, the host has devised many
strategies to sequester iron from invading pathogens.

Hepcidin (hep-liver, cidin-antibacterial), a 25 amino acid peptide hormone, which
regulates iron homeostasis, is secreted by the liver upon an inflammatory stimulus [80,81].
Hepcidin was first noticed in a patient with a systemic infection, with more than a 100-
fold increase in this peptide found in his urine [82]. Inflammatory stimuli, particularly
IL-6, upregulate Jak2/STAT3 signaling-induced hepatic hepcidin production. There-
after, hepcidin signals for the internalization and degradation of the iron exporter, fer-
roportin, leading to the inhibition of iron transfer from iron storage in enterocytes and
macrophages into blood circulation. Elevated levels of hepcidin have been demonstrated
in mice following Salmonella [83], Pseudomonas aeruginosa [84], group A Streptococcus [84],
Vibrio vulnificus [85], and Candida albicans or Influenza A virus [86] infections. Similarly,
transporters, such as natural resistance-associated macrophage protein 1 (NRAMP1), which
are localized in the lysosomes and phagosomes of monocytes, macrophages, and T lym-
phocytes, are also recruited by the host to withhold iron from pathogens [87].

Hemopexin (HPX) is a plasma protein with a high binding affinity to heme, and its
synthesis is induced following inflammation [88]. Our research group has demonstrated
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that vaccination with a live attenuated Yersinia pestis strain provided immediate protection
against a lethal challenge in a mouse model of bubonic plague, which involves the rapid
induction of HPX expression occurring simultaneously with vaccination and delaying the
progression of the disease until the development of protective antibodies [31]. Consistent
with this finding, exogenous HPX treatment has been shown to modulate the severity of
P. aeruginosa pneumonia in mice [89]. Other studies have shown that IL-22 induces HPX
expression, which could protect mice against the enteric pathogen C. rodentium and the
commensal E. coli [90].

Recently, another mechanism of iron depletion from the serum has been described.
Upon infection, macrophages induce the formation and release of extracellular vesicles (EV),
containing iron protein, such as transferrin receptor (TfR), LDL-related 64 protein 1 (CD91),
and hemoglobin-haptoglobin receptor (CD163) [91,92]. These EVs may engulf serum iron
proteins, including iron-loaded transferrin, leading to low serum iron levels [91,92]. In a
Salmonella Typhimurium mouse model, the concentration of EVs in serum increased at 3 h
after infection and continued to increase within 24 h, indicating that EVs are a means for
prompt iron sequestration and resistance to infection [92].

Neutrophils (discussed in Section 2.3) also play a role in nutritional immunity by
secreting: lactoferrin, an iron-binding glycoprotein found in neutrophil secondary granules
and decorating neutrophil extracellular traps (NETs) [93]; calprotectin, a heterodimer of the
subunits S100A8 and S100A9 that exerts its bacteriostatic activity through the sequestration
of zinc, manganese, and iron [94,95]; and lipocalin-2 (Lcn2) (also known as siderocalin,
neutrophil-associated gelatinase lipocalin), which sequesters bacterial siderophores [96–99].

2.4.2. Therapeutic Strategies of Nutritional Immunity

Iron chelators have been previously suggested as a potential adjunct therapy in murine
models, preferably together with conventional antibiotics [100–104]. However, their toxicity
and potential to deliver iron to the bacteria limit their use [105]. To overcome these
limitations, exogenous administration of hepcidin has been suggested as an alternative to
the body’s natural hypoferremic pathways. This therapeutic modality is expected to be less
toxic and more efficient. Alternately, endogenous hepcidin induction may be achieved by
catecholamines (such as norepinephrine and dopamine) administration [105]. Hepcidin
can be used in conjunction with standard therapy in patients with iron overload, suffering
from deadly infections of siderophilic Gram-negative bacilli, such as Yersinia enterocolitica,
Vibrio vulnificus, and Klebsiella pneumoniae.

Another potential strategy is the use of a modified Lcn2 with an increased half-life,
tissue penetration, and target specificity [106]. Lcn2 has been shown to play a role in
various health conditions, and more than 70 clinical trials are ongoing to investigate its
therapeutic potential [107]. In addition, the administration of EVs bearing TfR-, CD163-,
and CD91- (as discussed in Section 2.4.1) can prevent iron from bacteria.

To conclude, therapeutic iron starvation monitored by repurposing drugs, such as
catecholamines or endogenous/synthetic biological molecules that were shown to be
involved in iron depletion, such as hepcidin and Lcn2, or the use of TfR-, CD163-, and
CD91-bearing EVs, may be also administered as standalone treatments or complement
other antibacterial strategies.

3. Conclusions

The growing threat of AMR should place, in the front, studies aiming at developing
future antimicrobial means. There are various non-antibiotic-countermeasure approaches
against AMR bacteria, such as monoclonal antibodies and phage treatments, immune
modulation by clinically approved drugs (‘antibiotic adjuvants’), and more [108]. Clinical
proofs-of-concept were demonstrated for all of these. In this perspective review, we aim to
highlight and challenge a scientific approach that intertwines various strategies to enhance
antibacterial effects via rapid, accurate, and effective stimulation of particular components
of the innate system. Not only these approaches should be rapid and efficient, but also
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some of them should be self- or actively contained to avoid adverse effects on the host
due to overstimulation of neutrophils or prolonged nutritional depletion. Note that the
antibacterial strategies presented in this review are in their earliest stages of research
and development and may possess hurdles, such as side effects and delivery issues. Yet,
accumulating data from various fields of studies may offer solutions that may pave the
way to future progress (Table 1).

Table 1. Potential approaches for protecting against bacterial Infections during the period from
infection to eradication.

Antibacterial
Approach

Potential
Antibacterial Moiety

Response
Onset Mechanism Remarks

TLR ligand
adjuvants

AS03 (TLR4)

Minutes-hours

Enhancement of immune
response via cytokine,

chemokines, and
signaling molecule

production

Should be co-administered
with other

antibacterial agent/s

MF59 (TLR4, TLR8)

Matrix-M (TLR3, TLR4)

MPL (TLR4)

Therapeutic
vaccines

Y. pestis EV76

Hours-days

Rapid induction of protective
immune response via

cytokine and chemokine
production

Y. pestis Kim53∆J+P

IFNγ-dependent response
Protective against
F. Tularensis and
Y. enterocolitica

Polymeric F1
protein+Alum

Innate-like B cell subset
activation

Acinetobacter baumannii K. pneumoniae and
P. aeruginosa cross protection

Neutrophil
activation

Formylated peptides Minutes
Stimulation of neutrophil

chemotaxis and phagocytosis
via FPR binding

Picomolar concentrations
activation

Antibiotic-
chemoattractant

conjugates
Minutes

Improving recruitment,
engulfment, and killing of

bacteria by neutrophils

NETosis Minutes–hours Bacteria trapping and killing

May be harmful if not
controlled. Should be

actively terminated (i.e., via
resolvins) or induced with
drugs of well known safety
profiles (i.e., memantine).

Synthetic NETs Minutes–hours Bacteria trapping and killing
Some are useful in the

presence of
antibacterial agents.

Nutritional
immunity

Hepcidin

Hours

Iron starvation
(internalization and

degradation of ferroportin)

May be induced by
catecholamines

Hemopexin Iron starvation
(Heme binding)

extracellular vesicles
(EV) formation

Iron starvation (engulfing
serum iron proteins, leading

to low serum iron levels)

The EV contain TfR,
LDL-related 64 protein

1 (CD91), and
hemoglobin-haptoglobin

receptor (CD163)

Lactoferrin,
calprotectin and LCN2

Neutrophil-derived
sequestration of iron and

bacterial siderophores
Neutrophil-derived proteins
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In light of the progress in drug delivery, synthetic biology, and drug development,
some of the potential safety issues to the suggested approaches may be managed. Moreover,
studies in cancer therapy have pointed to the vast potential of therapeutic adjuvants as
immune stimulators and/or therapeutic vaccines. The continuous progress in that field may
have a great impact, as re-purposed treatments, on antibacterial treatments, in particular,
in cases of AMR microbial infections. We believe it is worthwhile keeping abreast of the
progress in these potential treatment strategies.
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