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Abstract 

Background  Antimicrobial resistance (AMR) poses a global health threat, particularly in low- and middle-income 
countries (LMICs). Clustered regularly interspaced short palindromic repeats (CRISPR)–Cas system technology offers 
a promising tool to combat AMR by targeting and disabling resistance genes in WHO bacterial priority pathogens. 
Thus, we systematically reviewed the potential of CRISPR–Cas technology to address AMR.

Methods  This systematic review adhered to the Preferred Reporting Items for Systematic Reviews and Meta-Anal‑
yses (PRISMA) guidelines. A comprehensive literature search was conducted using the Scopus and PubMed data‑
bases, focusing on publications from 2014 to June 2024. Keywords included “CRISPR/Cas,” “antimicrobial resistance,” 
and “pathogen.” The eligibility criteria required original studies involving CRISPR/Cas systems that targeted AMR. Data 
were extracted from eligible studies, qualitatively synthesized, and assessed for bias using the Joanna Briggs Institute 
(JBI)-standardized tool.

Results  Data from 48 eligible studies revealed diverse CRISPR–Cas systems, including CRISPR–Cas9, CRISPR–Cas12a, 
and CRISPR–Cas3, targeting various AMR genes, such as blaOXA-232, blaNDM, blaCTX-M, ermB, vanA, mecA, fosA3, 
blaKPC, and mcr-1, which are responsible for carbapenem, cephalosporin, methicillin, macrolide, vancomycin, colistin, 
and fosfomycin resistance. Some studies have explored the role of CRISPR in virulence gene suppression, includ‑
ing enterotoxin genes, tsst1, and iutA in Staphylococcus aureus and Klebsiella pneumoniae. Delivery mechanisms 
include bacteriophages, nanoparticles, electro-transformation, and conjugative plasmids, which demonstrate high 
efficiency in vitro and in vivo. CRISPR-based diagnostic applications have demonstrated high sensitivity and specificity, 
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with detection limits as low as 2.7 × 102 CFU/mL, significantly outperforming conventional methods. Experimental 
studies have reported significant reductions in resistant bacterial populations and complete suppression of the tar‑
geted strains. Engineered phagemid particles and plasmid-curing systems have been shown to eliminate IncF plas‑
mids, cured plasmids carrying vanA, mcr-1, and blaNDM with 94% efficiency, and restore antibiotic susceptibility. Gene 
re-sensitization strategies have been used to restore fosfomycin susceptibility in E. coli and eliminate blaKPC-2-me‑
diated carbapenem resistance in MDR bacteria. Whole-genome sequencing and bioinformatics tools have provided 
deeper insights into CRISPR-mediated defense mechanisms. Optimization strategies have significantly enhanced 
gene-editing efficiencies, offering a promising approach for tackling AMR in high-priority WHO pathogens.

Conclusions  CRISPR–Cas technology has the potential to address AMR across priority WHO pathogens. While 
promising, challenges in optimizing in vivo delivery, mitigating potential resistance, and navigating ethical-regulatory 
barriers must be addressed to facilitate clinical translation.

Keywords  CRISPR–Cas technology, Antimicrobial resistance, WHO bacterial priority pathogens, Global health 
security, Diagnostic applications, Delivery mechanisms

Introduction
The proliferation of antimicrobial resistance (AMR) 
threatens global public health security, jeopardizing dec-
ades of medical progress in the twenty-first century. This 
multifaceted phenomenon disproportionately burdens 
low- and middle-income countries (LMICs), causing 
high morbidity and mortality, with approximately 4.95 
million deaths reported in 2019 due to AMR in bacterial 
pathogens [1]. The constant evolution of antimicrobial-
resistant bacterial infections threatens to render mod-
ern medicine obsolete, bringing us back to a time when 
even small infections could be lethal. This trend in global 
health has necessitated strategic and innovative solutions 
targeting emerging drug resistance in infectious diseases 
[2]. The World Health Organization (WHO) released the 
Bacterial Priority Pathogens List (BPPL) in 2024 after 
periods of stringent surveillance and mapping worldwide 
since its inception in 2017. This release highlighted 15 
families of globally alarming pathogenic bacteria, catego-
rized into medium-, high-, and critical-risk groups [3]. 
In addition, the 2024 BPPL saw modifications from the 
2017 reports, which included the incorporation of third-
generation cephalosporin-resistant Enterobacterales as a 
freestanding unit in the critical priority category, under-
scoring their daunting threat. In addition, reclassifying 
carbapenem-resistant Pseudomonas aeruginosa (CRPA) 
infection from critical to high priority stresses the need 
to address the ravaging threat of AMR with utmost 
urgency [3].

Despite the growing body of literature on AMR, exist-
ing reviews have primarily focused on conventional 
therapeutic and antimicrobial stewardship strategies, 
with limited emphasis on clustered regularly interspaced 
short palindromic repeats (CRISPR)–Cas technology 
as an emerging gene-editing technology for alterna-
tive interventions [4, 5]. A comprehensive analysis link-
ing this technology to priority bacterial pathogens and 

global health security remains unexplored [6, 7]. Existing 
knowledge highlights the escalating global health threat 
posed by AMR, especially in LMICs, where the burden 
is disproportionately high. Amidst the escalating peril 
of AMR, a breakthrough in the CRISPR–Cas system has 
rapidly transformed it into a versatile and target-specific 
technology that can be used as a tool for precise genetic 
editing [8]. Its potential to revolutionize the fight against 
AMR is profound, enhancing targeted interventions to 
fight antibiotic resistance in pathogens by selectively 
disabling the genes responsible for resistance, biofilm for-
mation, pathogenicity, virulence, and bacterial viability 
(Fig. 1) [3, 8]. The specific gene recognition and targeted 
DNA cleavage characteristics of CRISPR/Cas technology 
can be utilized for pathogen detection and elimination of 
drug-resistant bacteria and genes, and hold promise as 
a new strategy for clinical diagnosis and treatment [9]. 
Compared to previous iterations, the 2024 BPPL is par-
ticularly relevant for CRISPR–Cas applications because 
of its refined categorization of priority pathogens, which 
facilitates targeted genetic interventions. This specificity 
enables the precise deployment of CRISPR-based antimi-
crobials and diagnostic tools, addressing the most urgent 
AMR threats [6, 10].

While CRISPR–Cas technology demonstrates the 
potential to combat AMR, its clinical usage is yet to be 
fully harnessed, as challenges abound, including the 
need to optimize delivery mechanisms, such as plasmid 
conjugation, bacteriophages, and nanoparticles, as well 
as the need to rectify possible mechanisms of interfer-
ence in the configuration of this novel approach [3, 12]. 
Streamlining the delivery of CRISPR/Cas DNA cassettes 
(s) into the targeted bacterial population is pivotal, as is 
the development of multiplasmid conjugation systems 
for efficient CRISPR/Cas delivery, target DNA elimina-
tion, and plasmid replacement [13]. In addition to these 
regulatory hurdles, CRISPR/Cas technology raises ethical 



Page 3 of 26Okesanya et al. Tropical Medicine and Health           (2025) 53:43 	

considerations in the context of genome modification, 
human and microbial subjects, and its potential appli-
cation in infectious disease research and antimicrobial 
therapy [14, 15]. Issues such as unintended genetic altera-
tions, horizontal gene transfer risks, and the ecological 
impacts of gene editing require thorough ethical scrutiny. 
In addition, debates surrounding the dual-use potential 
of CRISPR and its implications for biosecurity under-
score the necessity of stringent regulatory frameworks to 
govern its application in AMR research and therapy [16, 
17].

This review aims to assess the potential of CRISPR/
Cas technology in combating AMR, with a focus on the 
WHO BPPL for 2024. This review highlights the critical 
role of CRISPR/Cas in reinvigorating AMR resilience. By 
focusing on the WHO BPPL for 2024, we explored the 
potential of this revolutionary tool to upscale infectious 
disease control measures and intensify the global health 
security. Redirecting this trajectory with tailored inter-
ventions prioritizing BPPL is a step towards achieving the 

2030 Sustainable Development Goals (SDG). Through a 
comprehensive analysis of current research and emerging 
applications, we synthesized the transformative potential 
of CRISPR/Cas for combating AMR and 2024’s WHO 
Bacterial Priority Pathogens for Enhanced Global Health 
Security.

Methodology
This systematic review aimed to assess the global safety 
and efficacy of the CRISPR/Cas system in addressing 
AMR. This review adhered to the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses 
(PRISMA) guidelines [18]. The PRISMA checklist for this 
review is provided in Supplementary File 1 [S1]. A com-
prehensive literature search was conducted in the Sco-
pus and PubMed databases, ensuring alignment with the 
Medical Subject Headings (MeSH) terms for enhanced 
search accuracy. The keywords were refined using the 
MeSH database to include “CRISPR–Cas Systems,” 
“Antimicrobial Resistance,” “Bacterial Pathogens,” “Gene 

Fig. 1  Molecular mechanism of CRISPR–Cas gene editing in bacterial cells [11]
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Editing,” and related terms. Boolean operators (“OR” and 
“AND”) were applied to optimize search sensitivity and 
specificity to retrieve all relevant studies. For Scopus, 
the following search query was used: TITLE-ABS-KEY 
(“CRISPR–Cas Systems” OR “CRISPR” OR “Gene Edit-
ing” AND “Antimicrobial Resistance” OR “AMR” OR 
“Bacterial Pathogens”) AND (LIMIT-TO (DOCTYPE, 
“ar”)) AND (LIMIT-TO (LANGUAGE, “English”)) AND 
(LIMIT-TO (SRCTYPE, “j”)). For PubMed, the search 
was conducted using the following query: (“CRISPR–Cas 
Systems” [MeSH Terms] OR “CRISPR”[Title/Abstract] 
OR “Gene Editing”[Title/Abstract]) AND (“Antimi-
crobial Resistance”[MeSH Terms] OR “AMR”[Title/
Abstract] OR “Bacterial Pathogens”[Title/Abstract]) 
AND (English[Language]). The search strategy for each 
database included specific filters for peer-reviewed arti-
cles, English language, and human participants. A biblio-
metric search of the included publications was conducted 
to identify other important studies. The search was 
restricted to studies published between 2014 and June 
2024, as CRISPR/Cas applications for AMR began gain-
ing significant research attention in 2014, and to ensure 
the inclusion of the most recent and relevant data. Ear-
lier studies primarily focused on the fundamental mech-
anisms of CRISPR immunity in bacteria rather than on 
therapeutic applications, making them less relevant to 
the objectives of this review.

Eligibility criteria
Studies were included if they investigated the use of 
CRISPR/Cas technology for AMR, utilized a cross-sec-
tional, cohort, or experimental study design, and were 
published in English between 2014 and 2024. We selected 
studies that reported quantifiable data or qualitative 
safety observations on the safety and efficacy of CRISPR/
Cas. Studies that focused solely on theoretical modeling, 
in silico predictions without experimental validation, or 
applications unrelated to AMR were excluded, as were 
articles, such as case reports, reviews, editorials, letters, 
and commentaries.

Study screening and selection
Two independent reviewers (OJO and BOA) screened 
the study titles and abstracts to confirm eligibility. A 
third reviewer (BMU) was consulted to resolve any dis-
crepancies. Automation tools were not used during the 
screening process. After the elimination of duplicates, 
48 studies met the inclusion criteria. Full-text screen-
ing was performed by the same independent reviewers, 
and discrepancies were discussed and resolved by a third 
reviewer. The studies included in this review were sub-
jected to data extraction.

Data extraction
The data were extracted independently by two review-
ers from the 48 selected studies that met the eligibil-
ity criteria after full-text screening, as stated above. 
Information such as the author’s name and year, study 
aims, CRISPR/Cas system used, target genes, delivery 
mechanism, dosage and administration protocols, effi-
ciency and success rates were incorporated into the 
data extraction table.

Outcomes and variables
The primary outcomes sought were the safety and effi-
cacy of the CRISPR/Cas system in addressing AMR, 
measured by success rates in gene targeting and bac-
terial population reduction. The secondary outcomes 
included the efficiency of the delivery mechanisms and 
any reported adverse effects. Other variables collected 
included the study design, patient demographics, and 
funding sources.

Risk of bias assessment
The risk of bias in the included studies was assessed 
using the Joanna Briggs Institute (JBI) standardized 
tool. Two independent reviewers assessed each study, 
and any disagreements were resolved through discus-
sion with a third reviewer [19]. The JBI tool was applied 
based on study design-specific criteria, including a 
comprehensive assessment of the multiple domains. 
Each study was evaluated using the following criteria: 
clear inclusion criteria, detailed description of study 
subjects and setting, validity and reliability of exposure 
measurement, use of objective and standardized crite-
ria for condition measurement, identification and man-
agement of confounding factors, validity and reliability 
of outcome measurement, and appropriateness of the 
statistical analysis. Based on these assessments, each 
study was assigned a final risk rating of low, moderate, 
or high, according to the JBI guidelines.

Data synthesis and analysis
A thorough qualitative synthesis approach was used to 
evaluate and compile research results on the safety and 
effectiveness of the CRISPR/Cas system against resist-
ant bacterial infection. The analysis considered the 
diversity of patient demographics, dosage schedules, 
and study designs. To achieve a full and transparent 
assessment, discrepancies in the literature were found, 
noted, and extensively addressed, particularly in terms 
of study outcomes. No meta-analysis was conducted 
because of the heterogeneity of the included studies.
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Results
Overview of included studies
This study evaluated 48 studies that investigated the 
use of CRISPR–Cas technology to address AMR using 
diverse  study methods [20–68]. A PRISMA flowchart 
is presented in Fig. 2, illustrating the search and selec-
tion processes. Initially, 430 records were identified in 
the literature search. After removing duplicates and 
screening titles and abstracts, 68 studies were assessed 
for full-text eligibility. Of these, 48 studies met the 

inclusion criteria and were included in this review. 
The 48 included studies encompassed a variety of 
experimental designs, including 28 experimental stud-
ies, 3 comparative studies, 2 lab-based experiments 
(in silico analysis and proof-of-concept research), 3 
observational studies, 2 investigative studies, 2 in  vivo 
investigations, and 6 genome sequencing analyses. A 
summary of the salient information regarding the use 
of the CRISPR/Cas system to combat bacterial AMR is 
presented in Table 1.

Fig. 2  PRISMA flowchart of the included studies
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CRISPR/Cas system and target genes
Diverse CRISPR/Cas systems have been used in the stud-
ies reviewed. The systems used include the CRISPR–
Cas12a system used in five studies [20, 21, 43, 49, 60]. 
The CRISPR–Cas9 system (19 studies) [22, 24, 26, 27, 
35, 42, 45, 46, 53–58, 61, 62, 64, 65, 67], CRISPR–Cas3 
system (2 studies) [37, 39], various CRISPR–Cas systems 
(15 studies) [23, 25, 29, 31, 33, 34, 37, 39, 41, 44, 50, 51, 
63, 66, 68], CRISPR–Cas12f system (1 study) [42], and 
CRISPR–Cas 1 (1 study) [50]. These systems are specific 
for functions, such as gene editing, versatility of SpCas9 
and gRNA plasmids, efficacy in bacterial immunity, 
and genome regulation. Some studies have examined 
CRISPR–Cas systems in specific bacterial strains, such as 
Enterococcus faecalis T11 and S. typhi, and CRISPR2 sys-
tems, providing insights into their applications in various 
microbial contexts. A review of the target genes revealed 
a broad spectrum of genes linked to resistance mecha-
nisms and virulence. Focusing on genes associated with 
antibiotic resistance, the New Delhi metallo-β-lactamase 
producing gene (blaNDM) was reported in most studies 
reviewed [20, 25, 36, 37, 45, 47, 61]. Notably, it induces 
resistance to carbapenems. The mecA gene, associated 
with methicillin resistance in Staphylococcus aureus, and 
vancomycin-resistant genes have also been reported [21, 
29, 62]. Other target genes include the blaOXA-232 gene 
associated with resistance against oxyimino-cephalo-
sporins [25], resistance genes from the blaCTX-M group 
[36], fosA3 gene associated with fosfomycin resistance 
[26], aacC1 gene responsible for gentamicin resistance 
[27], and ade and SMR genes [28]. Virulence factors, such 
as enterotoxin genes, tsst1, rmpA2, iutA, and iucABCD, 
have also been identified [29, 37]. The CRISPR–Cas sys-
tem components were specifically outlined, and genes 
such as cse2, cas6e, cas1, and cas3 were examined for 
their roles in function and regulation [44].

Delivery mechanisms and administration protocols
Various techniques have been developed for CRISPR–
Cas delivery and analysis. Common methods include 
PCR-coupled fluorescence assays and electrochemi-
cal biosensors [20, 21]. Engineered lambda phages and 
plasmids, such as pCasCure and pRE-FOSA3, are often 
used to introduce CRISPR components into bacterial sys-
tems [22, 24, 26, 30, 35, 37, 39, 41, 43, 47, 67]. Whole-
genome sequencing (WGS) using Illumina MiSeq and 
other sequencing approaches provides comprehensive 
genomic data for analysis [24, 28]. Bioinformatics tools, 
such as Restriction-ModificationFinder and CRISPRCas-
Finder, are used to predict and analyze CRISPR–Cas and 
restriction-modification systems in bacterial genomes 
[31]. Conjugation and electroporation are common 
delivery methods that facilitate the transfer of CRISPR 

systems into target cells. Plasmid transformation, con-
struction, and transformation assays, as well as nanosized 
CRISPR complexes, have also been used for this pur-
pose. Techniques such as phagemid particles, conjuga-
tive plasmids, and bioinformatics-based approaches have 
also been used to explore CRISPR–Cas functionalities 
at various dosages and administration protocols, focus-
ing on diverse experimental needs. For CRISPR–Cas12a 
assays, 100  nM concentrations of Cas12a, gRNA, and 
ssDNA-FQ reporter were used along with the PCR prod-
uct and NEBuffer 2.1. For biosensor applications, 50 nM 
concentrations of Cas12a enzyme and gRNA were used, 
followed by silver metallization. For phage application, 
a multiplicity of infection (MOI) of 10 was used to sup-
press enterohemorrhagic E. coli (EHEC) growth for up 
to 18  h. For plasmid transformation, 300  ng of plasmid 
DNA was typically used, with induction using 0.5  mM 
IPTG for CRISPR expression. Other methods include 
varying MOIs, plasmid curing assays, and in vivo infec-
tion models.

Efficiency and success outcomes
Several studies have demonstrated enhanced sensitiv-
ity of CRISPR-based detection methods, such as a PCR-
coupled fluorescence assay with a detection limit of 
2.7 × 10^2  CFU/mL [21]. These systems demonstrated 
detection and quantitation limits of approximately 10 
fM, with linearity spanning five orders of magnitude. In 
antimicrobial applications, CRISPR–Cas systems have 
shown nearly 100% bactericidal potential against EHEC 
without affecting other E. coli strains and no resistance 
to El phages. The use of CRISPR–Cas systems in plasmid 
curing has also shown notable success, with high plasmid 
curing efficiency demonstrated in  vitro (8-log decrease) 
and in  vivo (~ 100% curing) using a Galleria mellonella 
infection model [24, 38].

CRISPR–Cas systems influence the prevalence of 
AMR genes, with CRISPR-containing isolates exhibit-
ing a higher number of AMR genes for pathogens, such 
as A. baumannii, E. faecium, P. aeruginosa, and S. aureus 
[22, 28, 51, 52, 60]. High-resolution resistance profiles 
through shotgun sequencing have provided insights 
into the association between CRISPR–Cas systems and 
genome size variation, as well as their impact on AMR 
and defense systems [31]. Specific CRISPR–Cas applica-
tions have demonstrated impressive efficiencies in gene 
re-sensitization, such as gRNA_195 restoring fosfomy-
cin sensitivity in bacteria, and pKJK5::csg[aacC1] sig-
nificantly reduced the transformation efficiency of the 
targeted plasmid pHERD30T in E. coli [26, 29, 47]. The 
identification of resistance genes has uncovered 23 anti-
biotic resistance genes in all A. baumannii strains, high-
lighting a serious public health threat [28]. Optimization 
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efforts have markedly enhanced editing efficiencies, with 
the CRISPR/Cas9 system effectively re-sensitizing multi-
drug-resistant (MDR) cells to antibiotics [24, 37, 38, 48, 
55].

Synthesis results
A qualitative synthesis approach was used because of the 
heterogeneity of the study designs and outcomes. Sub-
group analyses were performed based on the different 
CRISPR/Cas systems and delivery methods. No meta-
analysis was conducted because of the variability in study 
outcomes. The direction of the effects and heterogeneity 
among the studies are detailed in the results section, with 
specific attention given to discrepancies and variations in 
outcomes.

Discussion
The findings presented in the table highlight the trans-
formative potential of CRISPR/Cas technology in 
addressing AMR, particularly in the context of the 
WHO’s 2024 priority bacterial pathogens. The diversity 
of CRISPR–Cas systems employed, including CRISPR–
Cas9, CRISPR–Cas12a, and CRISPR–Cas3, highlights 
the adaptability of this technology in addressing different 
bacterial targets and resistance mechanisms. CRISPR/
Cas9’s precise double-strand break induction enables 
targeted gene editing, which is essential for inactivating 
resistance genes and restoring bacterial antibiotic sus-
ceptibility through genome modification [69]. CRISPR/
Cas12 collateral cleavage activity and CRISPR/Cas13 
RNA-targeting abilities further enhance our toolkit, 
offering innovative approaches to neutralize resistant 
bacterial strains contributing to AMR [8, 15]. This is 
supported by a previous study that emphasized the ver-
satility of CRISPR–Cas system technology in targeting 
various resistance mechanisms and bacterial species [70]. 
The successful application of these systems across various 
delivery mechanisms, including bacteriophages, nano-
particles, and conjugative plasmids, further emphasizes 
the potential for tailored interventions depending on the 
specific pathogen and clinical setting [71]. This finding 
is consistent with studies that have extensively reported 
the challenges and opportunities of CRISPR–Cas delivery 
systems for antimicrobial applications [2, 72], highlight-
ing the importance of optimizing delivery methods for 
in vivo applications, a challenge identified in our review 
[73].

These results align with previous findings that under-
score the potential of CRISPR/Cas technology to revo-
lutionize AMR management. The precision of CRISPR/
Cas systems is critical for effectively targeting and edit-
ing genes, including resistance genes, without inducing 
off-target effects. These advancements in RNA design, 

system optimization, and specificity-enhancing modi-
fications reduce unintended genetic alterations [2] and 
enable effective multiplexing and simultaneous gene edit-
ing, outperforming other methods, such as zinc finger 
nucleases (ZFNs) and transcription activator-like effector 
nucleases (TALENs), which often cause off-target effects 
[15]. By precisely targeting resistance determinants in 
priority pathogens, CRISPR/Cas technology can mitigate 
the spread of resistance and restore the effectiveness of 
existing antibiotics, a crucial step towards reinvigorat-
ing AMR resilience on a global scale [74]. This targeted 
approach offers a significant advantage over traditional 
broad-spectrum antibiotics, potentially mitigating the 
risk of further resistance development and preserving 
the efficacy of existing antimicrobial agents. These results 
align with those of another study highlighting the poten-
tial of CRISPR–Cas systems as promising alternatives to 
conventional antibiotics [75].

One of the most significant advantages of CRISPR–Cas 
technology over conventional antimicrobial strategies 
is its ability to selectively target resistant bacteria while 
sparing beneficial microbiota, thereby reducing dysbiosis 
[6]. Unlike broad-spectrum antibiotics, which disrupt the 
entire microbial community and predispose patients to 
secondary infections, CRISPR-based antimicrobials can 
eliminate pathogens without disturbing the commensal 
bacteria [76]. This feature was highlighted in the success 
of conjugative CRISPR–Cas9 antimicrobials by Sheng 
et  al. [54], which effectively reduced antibiotic-resistant 
enteric pathogens without negatively impacting normal 
gut microbiota [54]. This precision-based approach may 
play a crucial role in restoring microbial balance, pre-
venting opportunistic infections, and maintaining overall 
gut health, particularly in immunocompromised patients 
with leukemia. The ability of CRISPR–Cas to mitigate 
dysbiosis-associated complications, such as Clostridi-
oides difficile infection, underscores its therapeutic 
superiority over traditional antibiotic therapies [77, 78]. 
Furthermore, CRISPR–Cas tools may serve as a promis-
ing strategy for engineering beneficial bacterial strains 
with enhanced colonization resistance against pathogenic 
species, strengthening host-microbiota interactions, and 
reducing infection risks [79].

CRISPR/Cas technologies can be employed in the 
detection and diagnosis of the WHO’s 2024 priority 
bacterial pathogens, presenting a promising strategy for 
managing high-risk multidrug-resistant (MDR) bac-
teria. Targeting resistance genes in pathogens, such as 
Mycobacterium tuberculosis, Enterobacterales, Staphy-
lococcus aureus, and E. coli, with CRISPR/Cas can 
lead to enhanced susceptibility to first-line antibiot-
ics and reduce the prevalence of MDR strains. In addi-
tion, CRISPR/Cas-based interventions can enhance the 
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development of novel antimicrobial agents, addressing 
critical gaps in the current arsenal [73, 80]. While the 
efficacy of CRISPR/Cas systems in preclinical studies is 
promising, translating these findings into clinical prac-
tice involves addressing several challenges, such as the 
effective delivery of CRISPR/Cas components to target 
pathogens, minimizing off-target effects, and manag-
ing potential resistance to CRISPR/Cas interventions 
[81]. Most researchers employ plasmid electroporation 
to introduce specific systems into experimental bacte-
rial cells; however, in  vivo experimentation currently 
seems daunting. The phage delivery system is a sustain-
able approach with robust advantages over plasmid 
electroporation [80]. However, some studies have high-
lighted ongoing efforts to optimize delivery methods and 
enhance system specificity to optimize the potential of 
CRISPR/Cas technologies. The high efficiency of modali-
ties, such as the near-complete elimination of targeted 
strains and their significant reduction in resistant bacte-
rial populations, is promising [82].

The development of CRISPR-based diagnostic tools, 
as demonstrated in this review, represents a significant 
advancement in the treatment of AMR. The high sensi-
tivity and specificity of these assays could revolutionize 
AMR surveillance and enable rapid, targeted interven-
tions. This aligns with the findings of a previous study 
that explored the potential of CRISPR-based diagnostics 
for infectious diseases, emphasizing their potential for 
point-of-care testing (POCT) and rapid pathogen iden-
tification [83]. The inverse association observed between 
the presence of native CRISPR–Cas systems and the 
prevalence of AMR genes in some bacterial species [33] 
suggests that the CRISPR–Cas system is pivotal in lim-
iting the horizontal gene transfer of AMR determinants. 
These findings have significant implications for antimi-
crobial stewardship and for public health. To  improve 
the identification and treatment of resistant infections, 
cutting-edge CRISPR-based diagnostic and therapeu-
tic methods must be  incorporated into clinical practice. 
Health policy development should strengthen the use of 
systems to improve the early identification and targeted 
treatment of AMR pathogens [84].

Implications of CRISPR/Cas systems for practice, policy, 
and future research in addressing WHO 2024 BPPL
The application of CRISPR/Cas systems to combat prior-
ity pathogens underscores the necessity of updated policy 
frameworks. The effective integration of these advanced 
technologies into national and global health policies can 
facilitate the development of targeted therapeutic strate-
gies and surveillance systems for the disease. Policymak-
ers should consider endorsing guidelines for the clinical 
use of CRISPR-based tools and establishing frameworks 

for their ethical deployment, including ensuring access 
to these technologies in resource-limited settings, where 
AMR is often the most prevalent [80, 85]. The deploy-
ment of CRISPR/Cas systems holds substantial promise 
for improving public health outcomes by offering pre-
cise and effective interventions against resistant bacte-
ria. Studies have demonstrated enhanced detection and 
treatment of pathogens, such as NDM-producing bacte-
ria and MRSA, leading to more effective control meas-
ures and reduced spread of infections in communities. 
Public health strategies should incorporate CRISPR tech-
nologies to bolster infection control and AMR mitigation 
efforts [2, 8]. CRISPR/Cas systems are versatile tools for 
addressing the rise in AMR on a global scale. For exam-
ple, CRISPR/Cas9 can reverse antibiotic resistance in E. 
coli and target plasmids in multidrug-resistant strains of 
bacteria. The global health community must prioritize 
international collaboration to share CRISPR-based inno-
vations and best practices [74, 86]. CRISPR/Cas systems 
are revolutionizing the management of resistant infec-
tions, improving treatment outcomes, and overcom-
ing the limitations of current antimicrobial therapies. 
Clinical guidelines should incorporate CRISPR-based 
approaches for managing resistant infections, along with 
traditional therapies, to enhance patient care [87, 88]. The 
use of CRISPR/Cas technologies raises important ethi-
cal considerations, including the potential for off-target 
effects and the implications of genetic modifications. Eth-
ical frameworks must be developed to guide the respon-
sible use of these tools and ensure their safe and equitable 
application [14, 17]. Our review process, although com-
prehensive, may be limited by the inclusion criteria and 
publication biases inherent in the selected studies. Vari-
ations in study methodologies and reporting standards 
may affect the consistency of the results. In addition, 
reliance on preclinical studies may not fully capture the 
complexities and challenges of clinical applications.

Strengths, limitations, and future directions
This comprehensive systematic review of CRISPR–Cas 
applications in AMR followed the PRISMA guidelines 
and utilized an extensive literature search across multi-
ple databases. This aligns with the 2024 WHO Bacte-
rial Priority Pathogens List, highlighting the versatility 
of CRISPR–Cas9, CRISPR–Cas12a, and CRISPR–Cas3 
in targeting AMR genes and their role in virulence gene 
suppression. This review covers various resistance genes, 
evaluates various delivery mechanisms, and empha-
sizes microbiota preservation. This study evaluated both 
therapeutic and diagnostic applications, highlighting the 
potential of CRISPR–Cas in AMR surveillance, treat-
ment, and antimicrobial stewardship. The inclusion of 
the Joanna Briggs Institute (JBI) tool ensured a rigorous 
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evaluation of the included studies, improving the reli-
ability of the findings. This study provides strategic rec-
ommendations for integrating CRISPR-based AMR 
interventions into clinical practice and public health 
policy, reinforcing their translational significance. These 
strengths make this review a valuable contribution to the 
ongoing fight against AMR.

Our review process, although comprehensive, may be 
limited by the inclusion criteria and publication biases 

inherent in the selected studies. Variations in study meth-
odologies and reporting standards may affect the consist-
ency of the results. In addition, reliance on preclinical 
studies may not fully capture the complexities and chal-
lenges of clinical applications. Variations in system effi-
ciency, challenges in consistent delivery across different 
bacterial species, and the potential for off-target effects 
are further limitations. These limitations are in line with 
optimizing the delivery of CRISPR–Cas systems to target 

Fig. 3  Recommendations for CRISPR–Cas technology
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bacteria in vivo [89]. Future research should enhance the 
efficiency and specificity of delivery methods, especially 
for in  vivo applications. Although high specificity has 
been reported, off-target effects are a concern. A care-
ful guide to RNA design and thorough testing are essen-
tial to minimize unintended genomic modifications [90]. 
Scopus and PubMed were selected as the primary data-
bases because of their extensive coverage of high-impact 
peer-reviewed biomedical and life sciences literature, 
particularly in the fields of microbiology, molecular biol-
ogy, and gene editing. However, we acknowledge that 
excluding other databases, such as Web of Science (WoS) 
and Google Scholar, may introduce some limitations. 
Future research should consider integrating these data-
bases to enhance the comprehensiveness of literature 
retrieval and mitigate potential publication bias.

Strategic integration into existing AMR surveillance 
and response frameworks is essential to maximize the 
impact of CRISPR/Cas technologies on global health 
security. Collaboration among researchers, public health 
authorities, and policymakers will facilitate the devel-
opment and deployment of CRISPR-based solutions 
tailored to high-priority pathogens. Moreover, invest-
ing in research to address the limitations of current 
systems while exploring innovative variants will fur-
ther strengthen the understanding of the system and its 
potential to curb AMR [85]. Ethical considerations and 
regulatory challenges must be addressed to ensure the 
effective clinical implementation of this approach. Opti-
mizing delivery systems, such as novel nanoparticle for-
mulations and engineered bacteriophages, can enable 
bacterial population-specific targeting. Investigating 
synergies between CRISPR–Cas systems and other anti-
microbial technologies, such as antimicrobial peptides 
and novel antibiotics, may lead to more effective thera-
pies [75]. Long-term studies on the ecological impact and 
evolutionary consequences of CRISPR–Cas interventions 
in microbial communities are essential for understanding 
their broader implications (Fig. 3).

Conclusion
This comprehensive review explores the potential of 
CRISPR–Cas technology to tackle AMR and contributes 
to the ongoing fight against the 2024 WHO-identified 
priority pathogens. Various CRISPR–Cas systems, such 
as CRISPR–Cas9, CRISPR–Cas12a, and CRISPR–Cas3, 
have shown versatility in targeting resistance genes and 
bacterial species. The reviewed studies highlighted sys-
tems capable of eradicating resistant strains, achieving 
near-complete elimination, and plasmid curing efficien-
cies of up to 100% in both in  vitro and in  vivo models. 
CRISPR-based diagnostics promise rapid and sensitive 

AMR detection with significant detection limits over 
conventional PCR methods. These advancements could 
revolutionize AMR surveillance and enable targeted 
interventions if integration bottlenecks are circumvented. 
CRISPR–Cas technology offers a promising approach 
for combating AMR, preserving antibiotic efficacy, and 
improving global health security. Utilizing these systems 
for the WHO 2024 BPPL will involve selectively target-
ing resistant bacteria or resensitizing them with first-
line antibiotics. As research progresses, CRISPR–Cas is 
poised to play a pivotal role in addressing the global chal-
lenges posed by AMR.
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