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Abstract: The emergence and spread of multidrug-resistant microbes become a serious threat to animal and human health globally
because of their less responsiveness to conventional antimicrobial therapy. Multidrug-resistant microbial infection poses higher
morbidity and mortality rate with significant economic losses. Currently, antimicrobial peptides and the CRISPR/Cas9 system are
explored as alternative therapy to circumvent the challenges of multidrug-resistant organisms. Antimicrobial peptides are small
molecular weight, cationic peptides extracted from all living organisms. It is a promising drug candidate for the treatment of multi-
drug-resistant microbes by direct microbial killing or indirectly modulating the innate immune system. The CRISPR/Cas9 system is
another novel antimicrobial alternative used to manage multidrug-resistant microbial infection. It is a versatile gene-editing tool that uses
engineered single guide RNA for targeted gene recognition and the Cas9 enzyme for the destruction of target nucleic acids. Both the
CRISPR/Cas9 system and antimicrobial peptides were used to successfully treat nosocomial infections caused by ESKAPE pathogens,
which developed resistance to various antimicrobials. Despite, their valuable roles in multidrug-resistant microbial treatments, both the
antimicrobial peptides and the CRISPR/Cas systems have various limitations like toxicity, instability, and incurring high manufacturing
costs. Thus, this review paper gives detailed explanations of the roles of the CRISPR/Cas9 system and antimicrobial peptides in
circumventing the challenges of multidrug-resistant microbial infections, its limitation and prospects in clinical applications.
Keywords: antimicrobial peptides, clinical applications, CRISPR/cas system, multidrug-resistant organism

Introduction

Antimicrobials are the most important and useful therapeutic discovery in the history of medicine. It allows living beings to
survive the microbial disease, enhances invasive surgical procedures, ensures animal health, and protects the food chain since
1928 after the discovery of penicillin. However, the indiscriminate use of antibiotics and disinfectants creates selective
pressure on the microbes, which leads to the emergence of multidrug-resistant (MDR) microbes persisting as serious global
health threats.'

Multidrug-resistant bacteria are defined as acquired non-susceptibility to at least one drug in three or more antimicrobial
classes.” The main mechanisms of action of resistance are outer membrane impermeability in gram-negative bacteria,
production of drug degrading enzymes, efflux pumps, and modification of targets are the mechanisms used by bacteria to
resist the toxic effect of antimicrobials. The pathogens acquire these resistance mechanisms intrinsically or via horizontal gene
transfer or mutations as a consequence of exposure to different drugs.>> The common pathogen responsible for nosocomial
infections and developing resistance to most of the antimicrobials is known to be “ESKAPE” by its acronym name, which
stands for Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa and Enterobacter spp.® Currently, 700, 000 people are dying each year globally from resistant microbial infections,
with a projected cost of $100 trillion.” Research findings propagated that there will be a total loss of effectiveness of all the

Veterinary Medicine: Research and Reports 2022:13 173-190 173
Received: 16 March 2022 © 2022 Getahun et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
AT Php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http:/creat licenses/by-nc/3.0/). By accessing the

Accepted: 27 July 2022
Published: 11 August 2022

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0003-0802-6638
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Getahun et al Dove

antibiotics available today, with an estimated death of 10 million people each year from antibiotic-resistant bacteria by 2050 if
actions have not been taken.™’

Most conventional antimicrobials are unable to cure multidrug-resistant microbial infections. It also requires a long-
time development process and incurs huge investment. The challenges of using conventional antimicrobials pave the way
for the development and use of next-generation antimicrobials like the Clustered regularly interspaced short palindromic
repeat (CRISPR/Cas9) and antimicrobial peptides to confront the spread of multidrug-resistant microorganisms
(MDROs).'* 12

Antimicrobial peptides are bioactive small proteins, produced by all living organisms as essential components of the
innate immune system, as the first line of defence against microbial infection in eukaryotes, or produced as a competitive
strategy in prokaryotes, to inhibit the growth of other unrelated microbial species.'? Antimicrobial peptides are used as a
promising drug candidate to treat ESKAPE pathogens; which are not treated by conventional antimicrobials.'* The
majority of the antimicrobial peptides are involved in microbial killing by directly acting on the cell membrane of the
microbes, and few of them are involved in microbial killing by acting on the cell wall of the microbes, and others can
also kill the microbes by inhibiting the protein and nucleic acid synthesis.'**'>'¢

The CRISPR/Cas9 system has also a great role in controlling the spread and emergence of multidrug-resistant
microbes by knocking out target genes and making the microbes susceptible to conventional antimicrobials or killing the
microbes as a result of valuable gene knockout.

This review focuses on the use of antimicrobial peptides and the CRISPR/Cas9 system as alternative antimicrobial
therapy to circumvent the challenges of multidrug-resistant microbes and their limitations and prospects in clinical
applications.

Antimicrobial Peptides: Multidrug-Resistant Microbial Therapy, Their

Limitations and Prospects

Antibiotics are the most important discovery in the history of mankind that saves countless lives of animals and humans,
but the effectiveness of antibiotics diminished through time led to the emergence and spread of multidrug-resistant
microbes.'”'® Several factors can be considered for the current rise in antimicrobial resistance in hospitals and
communities. Indiscriminate use of antibiotics in human and veterinary medicine, lack of proper regulatory mechanisms,
and a decline in novel antimicrobial discovery and poor sanitation practices are the major factors responsible for the
widespread multidrug-resistant microbes.'*>°

The common MDR bacteria that cause nosocomial infection include methicillin-resistant Staphylococcus aureus
(MRSA), MDR Pseudomonas aeruginosa, and carbapenem-resistant 4. baumannii, Escherichia coli and K. pneumoniae,
vancomycin-resistant enterococci (VRE) and extensive drug-resistant (XDR) tubercle bacilli.>' The emergence of multi-
drug-resistant bacteria has prompted the need to develop new strategies to address the problem of drug resistance.”” The
impact of multidrug-resistant organisms is mitigated directly by treating infectious microbes with potent and efficacious
new antimicrobial agents like antimicrobial peptides or indirectly by enhancing the immune status of the host through
vaccination, feeding prebiotics, probiotics and passive antibody transfer as shown in (Figure 1).%

Antimicrobial peptides (AMPs) also known as host defence peptides have both microbicidal and immunomodulatory
activities. It has been used as potent next-generation antibiotics since they are bioactive small proteins, naturally
produced by all living organisms, and represent the first line of defence against microbial attacks in the eukaryotes or
produced as a competitive strategy in prokaryotes, to limit the growth of other microorganisms.'*** They are potent and
broad-spectrum activity against bacteria, yeasts, fungi, viruses and parasites displaying bacteriostatic, microbicidal and
cytolytic properties.”>*® AMP developed from synthetic and natural sources is currently used as an alternative therapy for
multidrug-resistant microbial infection.*’

The antimicrobial peptides drawn from bacteria known as bacteriocins have an important role in inhibiting or killing
other bacterial strains with no self-harm.?® Bacteriocins provide important prospects for the development of alternative
antibiotic strategies against different bacterial pathogens and are also useful in the food industry as a preservative.?' In
1939, the microbiologist Dubos isolated antimicrobial peptides, from the soil Bacillus strain and named it “gramicidin”,
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Figure | Alternative strategies to combat antimicrobial resistance. Data from Sharma et al.2?

which had been demonstrated for protecting mice from pneumococcal infection.'” Colistin is also an important peptide
drug derived from bacteria used for treating several MDR nosocomial pathogens such as methicillin-resistant
Staphylococcus aureus (MRSA), multidrug-resistant P. aeruginosa, and carbapenem-resistant pathogens, but it has
limited clinical application due to numerous side effects.?~°

Most therapeutically active AMPs are short having 10-50 amino acid length, and it has a positive net charge (ranges
from +2 to +11) and an amphipathic structure, as they contain both hydrophobic and hydrophilic residues. Ionic AMPs
are less common in therapeutic use and have a negative net charge ranging from (=1 to —7) usually isolated from
vertebrates, invertebrates and plants.'® The biosynthesis of AMP takes place in three distinct ways: classical ribosomal
synthesis through a ribosomal translation of mRNA in all species of life; non-ribosomal synthesis specifically, in

filamentous fungi and bacteria; or proteolytic digestion of proteins produced from vertebrates, invertebrates and plants."

Classification of Antimicrobial Peptides

Antimicrobial peptides are classified into various groups based on their source of extraction, activity on the microbes or
cancer cells, structural characteristics, and amino acid-rich residues.?*>?

Antimicrobial Peptide Classification Based on Source

Antimicrobial peptides are universal and essential components of the immune system in all life forms. Several AMPs
have been discovered from both prokaryotic and eukaryotic organisms as promising antimicrobial agents against
multidrug-resistant microbes.'*** In eukaryotic organisms, antimicrobial peptide synthesis takes place in lymph, epithe-
lial cells of the gastrointestinal and genitourinary systems, phagocyte and lymphocyte cells of the immune system. In
higher organisms, AMPs are localized on the skin and mucosal epithelia exposed to the pathogen.'

Based on the source of extraction and discovery, AMPs are classified into mammalians, amphibians, microorganisms,
and insects according to statistical data in the antimicrobial peptide database (APD 3) (Figure 2).'*? The AMPs from
amphibians, insects, mammals and fishes account for about 75.65% of therapeutically useful AMPs, whereas plants and
microorganisms consist of the remaining 25% of the total AMP sources.>*~”

The antimicrobial peptides discovered in humans, sheep, cattle, and vertebrates mainly consist of cathelicidins and
defensins. The defensin AMPs may be divided into o, B and 6 defensins based on the position of disulfide bonds.
Cathelicidin LL-37, a well-known AMP derived from the human body, is generally detected in the skin of infants, while
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Figure 2 Classification of antimicrobial peptides. Adapted from Huan Y, Kong Q, Mou H, Yi H. Antimicrobial peptides: classification, design, application and research
progress in multiple fields. Front Microbiol. 2020; 1 1:582779.%

human beta-defensin 2 (hBD-2) is frequently expressed in elder humans.>* Milk is a full source of AMPs, produced by
enzymatic hydrolysis of milk. Several AMPs were recognized from o -lactalbumin, B -lactoglobulin, lactoferrin, and
casein fractions.**** The common AMP extracted from amphibians is esculentins, brevinins, ranacyclins, ranatuerins,
nigrocin-2, magainins, dermaseptins, bombinins, temporins, and japonicins-1 and —2, and palustrin-2.° Antimicrobial
peptides extracted from the frog skin have potent antimicrobial activity against antibiotic-resistant bacteria, protozoa,
yeasts, and fungi through permeating and destroying the plasma membrane and inactivating intracellular targets. The
Magainin is the famous amphibian AMP extracted from the skin secretions of frogs, which exhibits potent tumoricidal
and broad-spectrum antimicrobial activities against bacteria, fungi, and protozoa by disrupting the pathogen membrane.?'

Peptides extracted from marine sources have different functions and structures, as compared to peptides isolated from
terrestrial sources, considering the different adaptive pressure on the organisms through the evolutionary process.’’ The
Cancrin AMP is the first AMP isolated from the sea amphibian Rana cancrivora.®* Cathelicidins (CATH BRALE and
codCathl) derived from fish show potential antibacterial activity to a broad spectrum of Gram-positive and Gram-

negative bacteria.”®

Classification of Antimicrobial Peptides Based on Their Activity

Based on their activity, AMPs are divided into 18 categories: antibacterial, antiviral, antifungal, antiparasitic, anti-human
immunodeficiency virus (HIV), and anti-tumour peptides as shown in (Figure 2). AMPs have antimicrobial activity in a
huge variety of microorganisms via membrane disruption or non-membranolytic destruction of microorganisms.** AMPs
like nisin, cecropins and defensins have proven antimicrobial activity for both Gram-positive and Gram-negative

microorganisms. ' %3340
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Antifungal peptides (AFPs) are excellent alternative drug candidates for combating pathogenic fungi, including
Candida albicans, Cryptococcus neoformans, Aspergillus fumigatus, Histoplasma capsulatum and molds. Many of the
AFPs can also inhibit the growth of A. flavus, which is the causative agent of aflatoxins.***!**?

Antiparasitic peptides are used for the treatment of numerous protozoa parasites including Leishmania spp.,
Plasmodium spp., Trypanosomes spp., and Schistosoma species. Antiprotozoal peptides are chemotherapeutics com-
pounds, commonly originated from insects, and destabilize the protozoan homeostasis.**

Antiviral peptides (AVPs) display a robust killing effect on viruses by inhibiting viruses at different stages of their life
cycle, such as entry, attachment, replication, transcription, translation, maturation, and release. AVPs act via three main
mechanisms: some inhibit virus attachment and its fusion to the cell membrane; some disrupt the envelope of target
viruses, and a few others interact with viral polymerase causing the inhibition of virus duplication.*®

Anticancer peptides show anticancer activity by a mechanism of recruiting immune cells (including dendritic cells) to
kill cancer cells, inducing necrosis or apoptosis, inhibiting angiogenesis to prevent tumour metastasis, and activating

regulatory useful proteins to intervene with the gene transcription and translation of tumour cells.*?

Classification of Antimicrobial Peptides Based on Their Structure

Based on their secondary structure, antimicrobial peptides are categorized into four groups: helical peptides, -strand/sheet
peptides, mixed helical/sheet peptides and prolonged non-helical/sheet peptides (Figure 2). Most AMPs undergo a conforma-
tional change from a flexible unstructured solution to a rigid conformation when interacting with membranes. The presence of
disulfide bridges is required for structural stabilization and serves the biological function of the peptide. Salt bridge and head-
to-tail cyclization are additional factors that support the overall stability of the peptide’s secondary structure.'®**

The a -helix AMPs are abundant in nature and can be isolated from several species such as plants, insects,
amphibians, fish and mammals. The LL37, produced by neutrophils and epithelial cells, and the human lactoferrin,
produced by the iron-binding glycoprotein lactoferrin and found in milk and exocrine secretions, are the two most
common AMPs within the a-helical groups.'**’

Beta-sheet AMPs consist of at least two B-strands, and many linear systems employ B-hairpin-like conformations. Most
members of this AMP contain conserved cysteine residues organized to form disulfide bonds and form amphipathic
molecules. Beta-sheet AMP has a more stable structure and does not undergo large conformational changes when interacting
with phospholipid membranes.*® Defensin AMP is the main component of B-sheet AMP. Alpha-defensins are predominantly
present in neutrophils, while -defensins are predominantly secreted by epithelial cells of various tissues.'*>**+47

The a-helix/B-sheet mixed structure stabilizes three or four disulfide bridges. The cysteine-stabilized o/f (CSaf})
structural motif is composed of a single a-helix and B-sheets with two or three antiparallel chains and is first recognized

by the antibacterial insect defensin and scorpion neurotoxin.*’

Physicochemical Properties of Therapeutically Used Antimicrobial Peptides

In the design and preparation of AMPs, individuals should look at characteristics like the secondary structure, charge,
hydrophobicity, hydrophobic moment, amphipathicity, polar angle, and peptide length that are responsible for modulating
the antibiotic activity of AMPs.*® The AMPs are usually less than 100 amino acid residues long, having a positive net
charge (+2 to +11), with high lysine and arginine content, and a significant number of hydrophobic residues are
preferable in antimicrobial therapeutics.>* The cationic nature can be attributed to the presence of lysine and arginine
and sometimes histidine residues.*®**

Hydrophobicity is also a key characteristic of all AMPs and it is at least 50% of hydrophobic residues consisting of
valine, leucine, isoleucine, alanine, methionine, phenylalanine, tyrosine and tryptophan integrated within the antimicro-
bial peptide sequence.'®*” Hydrophobicity governs the quantity to which the water-soluble AMPs might be capable of
partitioning into the membrane lipid bilayer. Hydrophobic movement and polar angle are also responsible for the
interactions among the peptide and the membrane after the peptide adheres to the membrane surface. It is needed for
membrane permeabilization; however, immoderate ranges of hydrophobicity can result in mammalian cell toxicity and

lack of antimicrobial selectivity.”'**® The amphipathicity of AMPs should also be considered, because of the capacity to
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function in a solution under hydrophobic and hydrophilic conditions. Amphipathicity allows for enhancing the inhibitory

capacity of AMPs against microorganisms.>’

Antimicrobial Peptides Mechanisms of Action to Combat Multidrug-Resistant

Microbes

The primary function of antimicrobial peptides is the killing of invading pathogens; however, they also act as modulators
of the innate immune system. Antimicrobial peptides (HDPs) are active against numerous microorganisms like viruses,
fungi and parasites through disruption of the integrity of the membrane or modulating the immune response of the host to
kill cancer cells and intracellular pathogens. Antimicrobial peptides also have good antimicrobial activities against
biofilm-forming bacterial pathogens.’'?!->°

Most of the AMPs work by disrupting the integrity of the cell membrane, while a few AMPs can kill microbes by
inhibiting the intracellular process including protein synthesis, nucleic acid synthesis, enzyme activity or cell wall
synthesis.****>>2 The gramicidin, daptomycin, oritavancin, telavancin, and colistin AMPs are approved by the
American Food and Drug Administration (FDA) for the treatment of various microbes, and they are membrane-active
peptides.’*>*

Antimicrobial peptides have interaction with phospholipids of the microbial cell membrane through the process of
biochemical or biophysical affinity (electrostatic or hydrophobic interactions), structural adjustment of the target
membrane, accumulation as much as an active stoichiometric level disrupting the target membrane through permeabi-
lization or depolarization or inflicting some other direct/indirect abnormality in its function that may be transitory or
permanently, and finally, having access to the membranes.'*33->%°

The cytoplasmic membranes of both the Gram-positive and Gram-negative microorganisms are reached in phospho-
lipids, phosphatidylglycerol, cardiolipin, and phosphatidylserine, which have negatively charged head groups, which are
highly attractive for positively charged AMPs. The outer layer of mammalian cell membranes is neutral in charge, made
up of phosphatidylethanolamine, phosphatidylcholine and sphingomyelin;** such a membrane composition distinction
between the microbes and the host enhances the selective toxicity of antimicrobial peptides towards microbes.’®>®

The non-membrane target AMPs are divided into two categories: the ones that concentrate on the bacterial cell wall and the
other is intracellular targets. Similar to conventional antibiotics, AMPs can inhibit bacterial cell wall synthesis. Most
traditional antibiotics bind to unique proteins involved in the synthesis of the cell wall components, whereas AMPs regularly
interact with numerous precursor molecules, which can be required for cell wall synthesis.*® Antimicrobial peptides like
vancomycin, oritavancin, dalbavancin, and telavancin are among FDA authorized cell wall synthesis inhibitor peptides.>

Antimicrobial peptides can also traverse the cell barrier through direct penetration or endocytosis. Endocytosis follows
either micropinocytosis or receptor-mediated pathways. The edeine, tuberactinomycins and dityromycin are peptides with
this kind of action. The edeine antimicrobial pentapeptide binds to the (P-site) of each 30S subunits of the 70S ribosomes of
the prokaryotes, thus, inhibiting protein synthesis.'**'*>> Anionic AMPs bind with other cationic AMPs to form cationic
salt bridges, and then they interact with negatively charged microbial membranes, permitting their penetration into the cell.
Once they reach the cytoplasm, they will attach to the ribosomes or inhibit ribonuclease activity.'’

Antimicrobial peptides also have immunomodulatory activities. The immunomodulatory activities displayed through
AMPs include activation of immune cells, enhanced chemotaxis of immune cell differentiation including dendritic cell
maturation and initiation of adaptive immunity. Antimicrobial peptides stimulate angiogenesis, improve wound healing, and
decrease scar formation through the repression of cytokine-mediated and Toll-like receptor (TLR) mediated release of
proinflammatory cytokines and reactive oxygen species, induction of anti-inflammatory cytokines, and scavenging of
bacterial endotoxins.**-*>°

Synergistic therapy of traditional antibiotics and antimicrobial peptides is a promising and cost-effective alternative to
manage the problems of multidrug-resistant microbial infections and to solve the inadequacies of antimicrobial
monotherapy.*> The microorganism is much less possibly developing resistance to antimicrobial cocktails. The synergy

of AMPs with antibiotics allows bacterial pores open for longer durations, prevents pore repair, increases perturbation of
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bacterial intracellular functions and helps other bacterial killing mechanisms and decreases host toxicity; low concentra-
tions of each antimicrobial are needed to carry out a large antimicrobial effect.®’

The Advantage of Antimicrobial Peptides Over Conventional Antibiotics
A group of life-threatening nosocomial pathogens commonly known by their acronym name ESKAPE” for Enterococcus
Saecium, Staphylococcus aureus, Klebsiella pneumonia, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter are less susceptible to the majority of conventional antimicrobial treatments.®’ The rapid emergence of
multidrug-resistant pathogens and the reduced effectiveness of traditional antimicrobial agents have caused serious
problems in the health sector. Multidrug-resistant microbes develop various virulence factors, which enhance the
colonization, pathogenesis and escape from the antibiotic attack and immune system mounting. Thus, antimicrobial
peptides (AMPs) offer excellent potential strategies for combating the various impacts of multidrug-resistant
microorganisms.®

Compared to conventional antimicrobials, AMPs are less prone to resistance selection and show rapid killing
effects, broad-spectrum activity, and good clinical effects on MDR microbial therapy.”’ Another important advantage
of antimicrobial peptides over traditional antimicrobial agents is the activation of the innate immune system to enhance
the body’s defences against multidrug-resistant microbes.”> Besides their poor efficacy in treating nosocomial infec-
tions, conventional antibiotics disrupt the normal microflora, but antimicrobial peptides are specific to the pathogenic
microbe.®* Antimicrobial peptides are synergistically administered with conventional antimicrobials; with little dose
can efficiently treat multidrug-resistant microbes. For example, the combination of butaprotegulin 1 and human -
defensin, LL37 with intracellular targeted antibiotics (gentamicin, ofloxacin, and rifampicin) have a good effect against
MRSA, Micrococcus luteus, A. baumannii, K. pneumoniae, P. aeruginosa, and E. coli. Some AMPs are currently being
evaluated in clinical trials as new antimicrobial agents. Different scientific investigations are undergoing to develop
effective MDR microbial therapy, and some of them are now used clinically for the treatment of multidrug-resistant
microbial infection as indicated in (Table 1).%

Table | FDA Approved Cell Wall and Cell Membrane Acting Antimicrobial Peptides

Types of AMP | Mode of Type of Microorganisms Acting On Sources
Application
Colistin Intravenous Together with other antibiotics, used for the treatment of E. faecium, S. aureus, K. pneumoniae, | [4,5]
A. baumannii, P. aeruginosa, and Enterobacter species
Polymyxin B Intravenous/ MDR Gram-negative bacteria like P. aeruginosa, A. baumannii and K. pneumoniae [6,7]
intramuscular
Vancomycin Oral MDR Gram-positive bacteria like E. faecium, S. aureus [6,8,9]
Gramicidin D | Topical MDR Gram positive bacteria: Staphylococcus aureus, Enterococcus faecalis and Enterococcus [10-12]
faecium
Daptomycin Intravenous Streptococcus pneumoniae, Enterococci and Staphylococcal strains [4,7,13,14]
Enfuvirtide Subcutaneous Prevent fusion of HIV-1 [15-17]
Telavancin Intravenous Effective against S. aureus, CoNS, Enterococcus and Streptococci [13,18]
Telaprevir Oral Hepatitis-C Virus [15,16,19]
Oritavancin Intravenous Staphylococcus, Enterococcus and Streptococcus spp [16,20,21]
Dalbavancin Intravenous MRSA, Streptococcus Spss, Enterococci and Gram negative bacteria [15,22]
Abbreviations: MDR, multidrug resistance; MRSA, multidrug-resistant Staphylococcus aureus; CoNS, coagulase negative Staphylococcus Species.
Veterinary Medicine: Research and Reports 2022:13 htps: 179

Dove:


https://www.dovepress.com
https://www.dovepress.com

Getahun et al Dove

Delivery Techniques of Antimicrobial Peptides
Similar to other proteins, AMPs are affected by proteolytic and gastric degradation, which makes oral AMP delivery
challenging. Appropriate delivery vehicles are important to enhance AMP bioavailability and safety, keeping it from
chemical and enzymatic degradation, stopping aggregation and improving controlled release.®®

Delivery vehicles are regularly harnessed for drug administration to enhance the biological properties of therapeutic
AMPs. Inorganic nanoparticles such as gold, silver, and silica nanoparticles; polymeric nanoparticles like chitosan and
hyaluronic acid; lipid nanoparticles especially liposomes, solid lipid nanoparticles, and nanostructured lipid carriers can
be used for the delivery of AMP.***” Currently, silver nanoparticles (AgNPs) and gold nanoparticles (AuNPs) are
frequently used in the delivery of AMPs due to their efficient delivery as well as synergistic antimicrobial activity. In
addition to these, silicon derivatives nanoparticles have paramount significance to deliver AMP against MDR

microbes.?22%:67:68

Antimicrobial Peptides Clinical Applications in Veterinary Practices

Antimicrobial peptides used for livestock treatments are classified into two broad families, particularly cathelicidins and
defensins. The cathelicidin family of AMPs incorporates small cationic AMPs which are stored in neutrophils and macrophages.®’
They are a part of the innate immune system and are normally proteolytically active proteins having a conserved cathelicidin
domain. The defensin groups of AMPs consist of six cysteine residues that form the three disulfide bonds.”

Among the different applications of AMPs used to counteract the spread of multidrug-resistant microbes in animals,
some AMPs had shown promising therapeutic efficacy for the treatment of animal diseases. The Swine intestinal
antimicrobial peptides (SIAMP) have a good antimicrobial effect for the treatment of infectious bronchitis virus (IBV)
in chickens (Table 2). The research confirmed that broiler chickens have got an increase in body weight gain and feed
performance in continuous heat stress conditions.”'

The Frog caerin, European sea bass dicentracin and NK-lysine peptides (NKLPs) have good inhibitory outcomes on
Nodavirus, Septicaemic haemorrhagic virus, Infectious pancreatic necrosis virus and Spring viremia carp virus, which

can be devastating to fish farming. The AMP in soybean meal fermented via Bacillus subtilis E20 successfully inhibits

Table 2 Antimicrobial Peptides Extracted from Animals and Effective Against Multidrug Resistant-Microbial Therapy

Animal Species | Type of AMPs Pathogen Treated Sources
Bovine Indolicidin Candida albicans and S. aureus [23]
BMAMP-28 Leishmaniasis, A. baumannii, S. aureus, P. aeruginosa [24]
Bovine Neutrophil B-Defensins (BNBD) | S. aureus [25]
Swine SIAMP IBV in chickens [26]
Protegrins (PG-1) P. aeruginosa, Chlamydia trachomatis, Neisseria gonorrhoeae [25]
Proline-Arginine-39 (PR-39) Enterococcus faecalis, E. coli, and Bacillus subtilis [24]
Sheep SBD-1 Variety of G. positive and G. negative bacteria [27]
Equine Equine a and B Defensin Candida albicans, several G. positive and G. negative bacteria | [25]
Fish Hepcidins (LEAP-2) Aeromonas hydrophila [28,29]
Goat ChMAP-28 Extensive drug resistance microbes and cancer therapy [30,31]
Poultry Plectasin E. coli [32]
CATH-I and ABDI Various Gram-positive and negative bacteria [33]

Abbreviations: BMAPs,bovine myeloid antimicrobial peptides; SIAMP, swine intestinal antimicrobial peptide; LEAP, liver expressed antimicrobial peptide; PG, protegrins;
SBD, sheep beta-defensin; CATH, cathelicidins; ChMAP, Capra hircus myeloid antimicrobial peptides.
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Vibrio parahaemolyticus and Vibrio alginolyticus.>* Liver expressed AMP extracted from Topmouth culter fish (LEAP-2)
showed inhibitory activity on penicillin-resistant Aeromonas hydrophila.”

The ovine pulmonary surfactant-related anion peptide (SAAP), the primary discovery of anionic AMP with 5-7
aspartate residues, had antimicrobial activity to Mannheimia haemolytica of ovine, with the presence of Zn ions.>® The
panteth cells secrete a-defensins in reaction to bacterial antigens, which include LPS and muramyl dipeptide to inhibit
intestinal bacterial infections.'”

AMPs like cathelicidin and temporin-SHd display inhibition activity towards parasite infections. Epi-1, a marine
synthetic AMP, can remarkably inhibit Trichomonas vaginalis via way of destroying its membrane.**”* Indolicidin belongs
to the family of cathelicidin AMPs, found from bovine neutrophils as a tridecapeptide and confirmed a bactericidal activity
on Staphylococcus aureus.”* The human- B defensin 3 (hBD-3), the sheep myeloid peptide (AMP-29), the rat cathelin
related antimicrobial peptide (rCRAMP), and bovine myeloid antimicrobial peptide (BMAP-27) demonstrate robust
microbicidal activity against pathogenic E. coli, Pseudomonas aeruginosa, MRSA, and Acinetobacter baumannii, inhibit
biofilm formation and modulate the immune system of the host.?'

Antimicrobial peptides like Bombinins H2 and H4 extracted from the skin secretions of frog species Bombina
variegata inhibit Leishmaniasis disease. Antimicrobial peptides extracted from numerous Bacillus strains have proven
inhibitory activity towards Shigella, Salmonella, E. coli, Staphylococcus aureus, and pneumonia. Antimicrobial peptides
extracted from Pseudomonas display good antimicrobial activity against Shigella, Salmonella, E. coli, and

Staphylococcus aureus.>

Antimicrobial Peptides Limitations

Despite their effective therapeutic use in the treatment of multidrug-resistant microbes, AMP also has unwanted traits
like toxicity to eukaryotic cells, which could result in hemolysis, nephrotoxicity, immunogenicity, and neurotoxicity.
Susceptibility to proteolysis by bacterial proteases; high production cost, lack of an appropriate delivery system to the
target site, and undefined pharmacokinetic profile of AMPs are the other drawbacks of using AMPs for therapeutic
purposes.'*” In addition, their cationic and amphiphilic nature results in excessive binding to serum proteins after
parenteral administration, with consequent rapid removal from blood circulation and accumulation within the reticu-

loendothelial system, thus, ensuing in toxic effects and decreased therapeutic activity.>**7-7¢

The Prospects of Antimicrobial Peptides in Clinical Applications
The ability to chemically modify the structure of antimicrobial peptides opens up almost unlimited possibilities for
therapeutic applications. A variety of chemical modification strategies are developed to address the hurdles related to
AMP therapeutics. Cyclization, the substitution of genetically encoded amino acids by noncanonical residues and N-/C-
terminal adjustments facilitate keeping AMPs away from proteolytic degradation, increasing permeability and metabolic
stability.>”” For example, AMP Polybia-MPI, from the venom of the social wasp Polybia paulista has broad-spectrum
activity and can destroy both Gram-positive and Gram-negative microorganisms and fungi. To prevent proteolytic
degradation of polybia-MPI through the enzymes, the D-lysine’s substituted analogue (D-lys-MPI) and the
D-enantiomer of polybia-MPI created and showed proven therapeutic effects (D-MPI).>* Another example of chemically
modified AMP used for efficient therapeutics is S-thanatin produced by substitution of the 15th amino acid threonine with
serine in the insect-derived thanatin, demonstrating high microorganism selectivity and broad antimicrobial activity.”®
The topical application of AMPs promotes the migration of keratinocytes and fibroblasts and contributes considerably
to an accelerated wound healing process. Parenteral administration of AMPs by using nanotechnological approaches
avoids the main disadvantages of AMPs, such as instability and toxicity, and provides a controlled delivery profile with
prolonged activity.>*"® Synergistic therapeutic applications of AMP with conventional antibiotics reduce the number of
peptides needed for effective treatment, costs and extend the lifetime of conventional antibiotics.”’

Applying CRISPR-Cas System as an Alternative Antimicrobials
The CRISPR/Cas system is an adaptive immune system of bacteria and archaea to protect themselves from invasive
nucleic acids. The CRISPR motifs located in archaea and bacteria are not found in viral or eukaryotic genomes. Among
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the numerous bacterial and archaeal populations, around 36% of the bacteria and 75% of the archaea incorporate the
CRISPR-Cas system in their genome. In 1987, Nakata et al first reported a set of highly homologous sequences in the 3’
end of E. coli iap (alkaline phosphatase) gene.***2 In 2012, Doudna, Charpentier et al first reported that the CRISPR-
associated protein 9 can be tailored to genome editing with a customized CRISPR RNA (crRNA) together with a
transactivating CRISPR RNA (tracrRNA) or an artificial single guide RNA (sgRNA) which becomes a chimeric crRNA-
tracrRNA hybrid.** The genetic loci of the CRISPR-Cas system incorporate the CRISPR array, which is comprised of
repeated sequences and smaller sized flanking sequences (spacers). The spacers of CRISPR arrays are known as
protospacers, which are derived from the DNA of invading phages or plasmids. Cas proteins are key elements of the
CRISPR system, which are encoded upstream of the CRISPR array to determine the system activity.***® The CRISPR is
different from other repetitive DNA sequences in that the repeats are 21 bp to 37 bp length and are interspaced by

similar-sized non-repetitive DNA, and they may be clustered in a single or numerous loci at the chromosome.®”*®

Types of the CRISPR/Cas System

Based on the differences in the Cas protein content, the CRISPR/Cas systems are divided into two classes, six types
(I-VI) and 33 subtypes. In this classification, class-1 consists of types I, III, and IV, together with sixteen subtypes that
incorporate multiple Cas proteins as effector modules, which determine crRNA-binding complexes and mediate
together in pre-crRNA processing and interference. Class 2 consists of type II, V, and VI, together with 17 subtypes
that incorporate a single, large, multidomain crRNA-binding protein, which is involved in all activities required for
interference in all variants, and in pre-crRNA processing in some variants,3>-8%-%

Each kind of CRISPR/Cas system possesses a special protein composition for expression, interference, and adaptation
modules. They are differentiated by the presence of unique proteins they contain: Cas3 for type I, Cas9 for type II, Cas10 for
type III, Csfl for type IV and Casl2a (Cpfl) for Type V. The class-1 CRISPR/Cas system undertakes interference through
the use of multi-Cas effector protein complex, while the Class 2 system uses a single effector protein for interference.**"!
Among the type II CRISPR/Cas systems, CRISPR/Cas9 usually isolated from Streptococcus pyogenes are extensively

studied and carried out for gene edition, because of its simplicity, versatility, efficiency and specificity.®545%%2

Mechanisms of Action of the CRISPR/Cas9

The CRISPR—Cas9 system is designed to perform as a precision antimicrobial, able to eliminate drug-resistant microbes. The
CRISPR-Cas9 selectively removes target genes involved in antibiotic resistance, biofilm formation, and a virulence factor.*'®

The mechanism of action of the CRISPR-Cas system has 3 stages: adaptation, expression, and interference. During
the adaptation stage, about 30 bp of the invading foreign DNA integrates into the leader side of the CRISPR locus, and
protospacer adjacent motifs (PAMs) had been decided on from spacer sequences of the host genome. During the
expression stage, RNA is transcribed from the spacers of the CRISPR locus.*”*

The Cas9 is a dual RNA-guided DNA endonuclease required for interference and immunity in the type II CRISPR/
Cas system. In addition to crRNA, Cas9 requires trans-activating crRNA (tracrRNA), a small RNA that bears com-
plementarity to the repeat regions of crRNA. Engineered single-guide RNA (sgRNA) chimaera of tractrRNA: crRNA has
been developed for genome engineering applications. Cas9 identifies target DNA via PAM popularity and subsequent
base pairing of the guide RNA. If the target DNA shows enough complementarity to the RNA guide, Cas9 generates a
blunt, double-strand break three bp upstream of the PAM.”"** The single guide RNAs can be designed to target
antibiotic resistance, virulence, or critical genes specific to the pathogens. Once Cas9 binds to its guide RNA, the
complex is ready to search for complementary target DNA. Target search and recognition require both complementary
base pairing among the 20-nucleotide spacer sequence and a protospacer in the target DNA, in addition to the presence of
a conserved PAM sequence adjacent to the target site, which is important for precise recognition of the target genes. The
PAM sequence is important for the discrimination between self- and non-self-sequence for selective toxicity.”®

Depending on experimental design, targeting specific outcomes such as cell death or growth inhibition of the target
bacterium, specific deletion of genes from pathogens, elimination of antibiotic resistance plasmids, or transcriptional
repression of a target gene.*>*® The Cas9 use two nuclease domains: a well-conserved RuvC domain including the three
split RuvC motifs and an HNH domain that is living in the centre of the protein. The RuvC domain cleaves non-

182 https: Veterinary Medicine: Research and Reports 2022:13

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Getahun et al

complementary DNA strands, while the HNH domain cleaves complementary DNA strands at a specific site three bp
from the NGG PAM sequence to produce a predominantly blunt-ended double-strand break.®>76-97

Use of the CRISPR/Cas9 System in the Treatment of Multidrug-Resistant Microbes
The power of nucleic acid destruction by RNA makes the CRISPR/Cas system a promising candidate for the development
of next-generation antimicrobial agents to combat infectious diseases, especially those caused by AMR pathogens.®®® The
Cas9 nuclease in the CRISPR/Cas II system uses a guide RNA to identify the target DNA via Watson—Crick base pairing.
The sequences present in the CRISPR-guided RNA are specific to the invader sequence so that it can easily replace this
sequence with the sequence of interest to retarget the CRISPR/Cas9 nuclease.”

Depending on where the target gene is located, CRISPR/Cas system can be used as an antibacterial agent in two
different approaches, a pathogen-focused approach and a gene-focused approach. Targeting specific regions of the
bacterial chromosome is a pathogen-focused approach. This approach results in bacterial cell death and targets
pathogenic strain killing. A gene-focused approach involves targeting plasmids that carry the AMR gene. This approach
removes the plasmid and causes bacteria sensitive to antibiotics.'” Pathogen-focused approach can help treat well-
defined infections or target-specific strains of mixed microbial communities, while gene-focused approaches are
undefined. It can be used to treat bacterial infections and generally reduce the abundance of the AMR gene in microbial
communities.””

Unlike conventional antimicrobials, the CRISPR/Cas system can distinguish between symbiotic and pathogenic
species by highly specific sequence targeting. Scientists transformed E. coli and Staphylococcus aureus with a plasmid
encoding a cas9-driven RNA that accurately degrades antibiotic resistance genes.’” Currently, this technology is mostly
in the preclinical phase, and the main goal is to provide precision antimicrobials for multidrug-resistant microbial
therapy. Among several clinical studies of the CRISPR/Cas9 antimicrobial therapy, only two of them have antimicrobial
efficacy as compared to traditional antibiotics. For example, Manipulated cas9 and crRNA of the methicillin resistance
gene (mecA) of a phagemid (pDB121:: mecA) for treating a clinical isolate of Staphylococcus aureus showed a reduction
of the disease by 49.6% after treatment.®*>* Studies using a mouse skin colonization model showed that CRISPR/Cas9
in S. aureus significantly reduced S. aureus skin colonization compared to other treatment conditions.'”" Another study
by Rodrigues, McBride, Hullahalli, Palmer, Duerkop, chemotherapy'®? showed that CRISPR/Cas9, which targets the
erythromycin resistance gene ermB, significantly reduced the overall development of erythromycin-resistant E. faecalis
in the intestine after treatment.

CRISPR-Cas9 Delivery Technique

CRISPR/Cas9 system delivery requires finding a golden means that combines safe delivery and powerful gene editing.
The Cas9 and guide RNAs can be introduced in the form of DNA, RNA/mRNA, or ribonucleoprotein.85’("2”103 The
delivery methods are usually divided into physical (electroporation and microinjection), viral (lentiviral, adenoviral, and
AAV vectors), and non-viral (plasmids, lipid and polymeric nanoparticles, and extracellular vesicles).'** '

Physical methods, such as microinjection and electroporation, are more applicable to ex vivo CRISPR-Cas9-based
genome editing therapy. They offer a high yield of transfected cells. However, the harmfulness of those strategies
restricts their suitability to change zygotes or for ex vivo experiments.'®”!® Electroporation is an extensively used
technique to deliver proteins and nucleic acids into mammalian cells.'® The permeability of the cell membrane is
temporarily increased during electroporation, permitting proteins or nucleic acids to enter the cells. Electroporation is
appropriate for all sorts of CRISPR-Cas9 systems, such as plasmid-based CRISPR-Cas9 systems, to deliver the mixture
of Cas9 and the sgRNA or the Cas9/sgRNA RNP. The hurdles behind CRISPR/Cas9 delivery using electroporation are
that plasmid DNA is only integrated into about 0.01% of the target cells as shown in (Table 3). In addition, electro-
poration induces a large number of cell death.®’-'%%!1°

Both viral vectors and plasmids can deliver the Cas9 gene and gRNA concurrently or separately. Adeno-associated viruses
(AAVs) are very good vectors for in vivo gene delivery and gene editing. They can infect each dividing and non-dividing cell
in various tissues, mediate long time periods and robust transgene expression, induce minimum immunogenicity, and no

longer induce disease by themselves.'®’
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Table 3 The Pros and Cons of Using the Different CRISPR-Cas9 Delivery Techniques

Delivery System Advantages Disadvantages Sources

Microinjection ® Highly specific and reproducible ® [nduce cell damage [34,35]
® Suitable for all types of CRISPR-Cas9 |® Require good human skills

gene edition
Electroporation ® Suitable for all cell type ® Induce cell death [36,37]
® Good cell transfection ® Cell transfection is not specific

® Can be applied in vitro and in vivo gene
edition
® Suitable for all strategies of CRISPR-Cas9

Induced transformation by osmocytosis |® Effective for Cas9 and sgRNA delivery |® Lower efficiency in primary cells [36]
and propanebetaine (iTOP) ® Not suitable for in vivo applications
Mechanical cell deformation ® High delivery efficiency ® Limited to in vitro use [34,35]

® Low cell death

Hydrodynamic injection ® Simple and efficient method for in vivo |® May cause damage to the heart, liver | [34,38]
transfection in small animals expansion and animal death

® Highly efficient for transfecting the liver |® Not suitable for large animals and

® Suitable for all strategies of CRISPR-Cas9 clinical applications

® |t is highly efficient for the liver but

not for other organs

Lipid nanoparticles ® FEasy to prepare and Safe ® |ow delivery efficiency [39,40]
® Suitable for all strategies of CRISPR-Cas9

DNA nanostructure ® Controllable size and architecture ® Assembly is complicated [41]
® Poor stability of the DNA carrier

Gold nanoparticles ® Good delivery efficiency ® Potential toxicity in vivo at high | [3]
concentrations
Adeno-associated virus (AAV) ® High infection efficiency ® Limited packaging size. [34,42]
® Safe ® Difficulty in production

® Broad cell tropism

Lentivirus ® High infection efficiency ® Potential for insertional mutagenesis [38,42]
® |arge packing size and long-term gene

expression

Lentivirus is another commonly used viral vector for gene therapy. In addition to its slight immunogenicity and long-
term expression of transduced genes, lentivirus has high infection efficiency, even in non-dividing cells. This is important
for gene modification in tissues including the liver, brain, and muscle.””-'%-'!!

Direct delivery of the Cas9 protein complexed with sgRNA is the most widely studied method in recent years. The
purified Cas9 protein is positively charged and can efficiently form a complex with sgRNA, which is referred to as Cas9/
sgRNA ribonucleoprotein complexes (RNPs). Direct delivery of RNPs has several advantages, including rapid action,
low off-target effect, high gene editing efficiency, no requirement of codon optimization and promote selection and
reduced toxicity and immune responses. In addition, RNPs do now no longer rely on transcriptional or translational

cellular machinery for particular enzymatic gene editing activity.”’+1%>1%¢

CRISPR-Cas9 Clinical Applications

Gene therapy is a technique of converting the genetic makeup of the target host to produce disease-resistant or highly
productive organisms or it can be done by knocking out microbial genetic material through specific gene editing
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techniques to kill or make it susceptible to antimicrobials. Therapeutic genes are introduced into the target cells of a
patient by directly targeting a specific harmful gene to treat a disease. If we take tumour gene therapy as an example,
numerous approaches including tumour-suppressor gene therapy, antisense gene therapy, drug-resistant gene therapy, and
immune gene therapy have been implemented.''? Several oncogenes (including KRAS, 45 PI3K, IDH2, etc.) and tumour

suppressor genes (p53, RB1, and VHL) display numerous mutations in most cancer affected patients.''*'!*

CRISPR/ Cas9 Genome Editing for the Treatment of Animal Disease

Research on genome editing in animals is focused on improving animal productivity performance (eg, meat, milk, and
egg), health, and welfare. CRISPR-Cas has the capacity for use as an antimicrobial for the target cleavage of antibiotic-
resistant genes located on plasmids. The CRISPR/Cas9 nickase mediated exogenous knock-in of natural resistance-
associated macrophage protein-1 (NRAMPI) in bovine fetal fibroblasts (BFFs) is performed to create tuberculosis-
resistant genetically modified cattle.”*"

The gene encodes for the major prion protein PrP (protease-resistant protein). Protein molecules can exist in multiple
isoforms: the normal or cellular form symbolized as PrPC type and protease-resistant abnormal form which is
symbolized as PrPSeCerPi®) prpSe i an infectious protein that causes fatal disorders in bovines and humans such as
bovine spongiform encephalopathy, Creutzfeldt—Jakob disease, and a chronic wasting disease has been knockout PRNP
coding exon 3 using CRISPR/Cas9.’%!">''¢ Interleukin-10 receptor alpha gene (IL10RA) is a proinflammatory cytokine
associated with Mycobacterium avium subspecies paratuberculosis (MAP) infection and mastitis in dairy cattle. The
CRISPR/Cas9 gene-editing tool was used to knock out ILIORA gene in mammary alveolar-T cells (MAC-T cells).''® The
removal of a virulent gene, virB10 or RpolA that cause Brucella infection has got a promising effect after transduction
with the CRISPR/Cas9 carrying vector against bacterial RpolA. The study done by Rodrigues, McBride, Hullahalli,
Palmer, and Duerkop'%? engineered conjugative plasmid pPD1 with a complete, constitutively expressed CRISPR-Cas9
targeting cassette that efficiently transfers to Enterococcus faecalis for the selective elimination of ermB gene (encoding

erythromycin resistance) and tetM gene (encoding tetracycline resistance).®>!%2

The Limitation and Prospects of the CRISPR/Cas9 System
The Limitations of the CRISPR-Cas9 Technology
Despite the numerous advantages and advancements in the CRISPR system, there are several limitations to the
implementation of a successful gene-editing tool. The off-target effects are the most important situation for in vivo
therapeutic applications in eukaryotic organisms. The target specificity depends on the gRNA of Cas9 and PAM
sequences and the off-target cleavage in the genome; this ends in precise knockout of valuable alleles like disease
resistance and heat tolerance, as well as haplotypes in local domestically well-adapted cattle breed genome.''¢!''®
Another drawback of using the CRISPR/Cas9 is the requirement for a PAM close to the target site. The Cas9 from the
bacteria Streptococcus pyogenes (SpCas9) is one of the most substantially used Cas9s with a relatively short established
PAM recognition site. On the contrary, SpCas9 is quite big and hard to pack into AAV vectors.''” The CRISPR induced
double-strand break (DSBs) frequently cause apoptosis regardless of the intended gene edit which requires safety
concerns revealed during usage of this tool in human pluripotent stem cells (hPSCs) which demonstrated that tumor
suppressor protein p53 activation in response to the toxic DSBs introduced by CRISPR system.''® Even though CRISPR
has a significant therapeutic application, it can only be effective in all cell types which can carry out active mitosis.
Homologous double-strand repair (HDR) to maintain gene knockout by the CRISPR/cas9 system is difficult to achieve in

cells that are not mitotically dividing, like neuron cells.'"?

Prospects of Using the CRISPR/Cas9 System

To overcome the challenges associated with the CRISPR/Cas gene edition, scientists developed exceptional online gene-
editing platforms and efficiently utilized them.''® Nowadays, researchers have also developed Cas9 variants that are
particular to be engineered to reduce the OTEs and maintain editing efficacy.'"”

Direct delivery of the CRISPR/Cas9 system has a ribonucleoprotein (RNP) complex consisting of Cas9 protein and single-

guide RNA (sgRNA) has emerged as an effective and widespread method for genome editing because of its benefits of transient
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genome editing and decreased off-target effects and cleaves the target sequences directly after delivery and, contrary to stable
transfection, are degraded afterwards.***"'** To avoid the hurdles of HDR in low mitotically dividing cells, using non-

homologous or microhomology mediated integration of cassettes has a promising effect.''?

Conclusion and Recommendations

Antimicrobials have a great impact on the improvement of life. However, abusive use of antimicrobials in the health care
and agricultural sector has led to the emergence and spread of multidrug-resistant microbes globally; which are difficult
to treat with conventional antimicrobials. Currently, alternative antimicrobials like antimicrobial peptides and the
CRISPR/Cas9 are explored and used as promising drug candidates to circumvent the trouble of multidrug-resistant
microbial infections. Despite, their role to tackle the spread and emergence of multidrug-resistant microbes, antimicrobial
peptides are prone to proteolytic enzymes, cytotoxic, lack efficient delivery systems and require high manufacturing
costs. The off-target effect in the CRISPR/Cas system is the major problem observed in the gene-editing function of the
CRISPR/Cas9 system.

It has been recommended to apply global communications on the adoption of alternative antimicrobials, reducing the
toxicity and enhancing the therapeutic efficacy of antimicrobials using bioinformatics tools during the selection and
formulation of antimicrobial peptides and the CRISPR/Cas9 system. Using appropriate drug delivery materials like
nanoparticles is also recommended to administer alternative antimicrobials as well as conventional drugs.
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