Okesanya et al. Tropical Medicine and Health (2025) 53:43 TI’O pIC a | Med | cine
https://doi.org/10.1186/541182-025-00728-2
and Health

REVIEW Open Access

. : - : ®
Reinvigorating AMR resilience: leveraging ==

CRISPR-Cas technology potentials to combat
the 2024 WHO bacterial priority pathogens
for enhanced global health security—a
systematic review

Olalekan John Okesanya'?**®, Mohamed Mustaf Ahmed* ®, Jerico Bautista Ogaya®°®,

Blessing Olawunmi Amisu’®, Bonaventure Michael Ukoaka®®, Olaniyi Abideen Adigun®®,

Emery Manirambona'%®, Olakulehin Adebusuyi''®, Zhinya Kawa Othman'?®,

Olanegan Gloria Oluwakemi'*®, Oluwaseunayo Deborah Ayando'*®, Maria Ivy Rochelle S. Tan'>®,
Nimat Bola Idris'®®, Hassan Hakeem Kayode'’®, Tolutope Adebimpe Oso?®, Musa Ahmed'8®,

M. B. N. Kouwenhoven'?®, Adamu Muhammad Ibrahim?°® and Don Eliseo Lucero-Prisno 11712223

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 “pathogenThe 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,
blakKPC, 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 jutA 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 x 10> 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 £. 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
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Fig. 1 Molecular mechanism of CRISPR-Cas gene editing in bacterial cells [11]

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,” “ Gene

” o«

Bacterial Pathogens,
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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, “”)). 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.
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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
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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.

Identification of new studies via databases and registers

c Records identified from: Records removed before screening:
2 Databases (n = 2): Duplicate records (n = 41)
é PubMed (n = 367) ——» Records marked as ineligible by automation
€ Scopus (n = 63) tools (n = 150)
5 Total (n = 430) Records removed for other reasons (n = 48)
Records screened | Records excluded
(n=191) (n=108)
Reports sought for retrieval Reports not retrieved
= (n = 83) " (n=15)
&
o
)
Reports excluded:
Reports assessed for eligibility Methodology (n = 12)
(n=68) Not Original Research (n = 5)
Others (n = 3)
3 New studies included in review
2 (n=48)
£

Fig. 2 PRISMA flowchart of the included studies




Page 6 of 26

(2025) 53:43

Okesanya et al. Tropical Medicine and Health

UOIeZI}ISUS
-21 Juedylubis pjaik Jou
pip sia1owoid bunabiey
s190eds ing ‘01 bo| 7 01

€ AQ 5||92 JUeISISaI JO
ol1el ay) bupnpal ‘sausb
N-X1De|q bunabiel Aq
suiodsoleydad uone
-19Uab-piy1 01 110D 3
paZIISU3s-24 A||Nyssa30Ns
WsAs 65eD-HdSI4D YL

(WU 1001

W4 0L wouy) spniubew jo
SI9PIO DAY IO Ajleaul|
‘KleAnoadsal ‘W) 01 pue

001 03 10 woy bul
-buel ‘(JOW) uondaul Jo
sonpidinuw pateA

ulw g 10J (i7'/

HA] EONEN W 001 pue
$3dIH WW 0T Ul EONBY
W Q0| Ul pasiawiudl
‘Buiysem ‘ausb 1961e1

sopiued piusbeyd
aAnedl|das-uou

uonezi|jerow

(06 — pue 59 —
LT —"71-W-X1De|q) pue
(G- pue GL-N-X1De(q)

65€D~YdSIdD

sia10woid

11943 pue sauab |y
-x1De|q bunabiey sis
-oeds YIm 65eD-HdSIHD
Bulwweiboid Aq

102 "3 Ul 9oUR1SISI
DROIgIUR 35I9AI O]

(VSH)
snaine sn>2020jAydeig

JURISISU-Ul||ID1YIDW JO
UOI12313p 3y} 10§ J0s
-U9s01q seD/4dSIdD [e2

Apnis [eauawiiadxy [z

Apn1s Josuasolq
SeD/HdSIND [eR1WaYD

N4 '€ JO suwlj uoney T | ‘YNYb pue  19AJIS Buizijiin 10suasolq -IWBYD011D3|9 931j-Uol) 011033 9244-Uonedy
-uenb pue UOIDRI3Q  DWAZUS BZ|SED) AU OS [B2IWBY2011933 VSH JO 2uab yoaw ez 15eD/ddSIHD  -edyiidwie ue dojaasp of -l[dwe |eyuswiiadxy [
D, LE e
ulw € 1o} painseaw
9OUIDSII0N|} U91eM 3314
-9seapnu yum I 06 el912eq ul (WANe|d)
sisaioydonoae  e101 'z leyngIN T 6 sauab bupnpoid-NaN
196 YIM YD d [PUOIIUSA onpoid Yod M 7L Budalep Joj Aesse
-U0d UBY} 12113q sawif 19u0dal D4-YNQJSS Aesse 2ouU2d (WANe|q) souab 9OUDSAION| PIseq
001 IW/N4D00LX/TJO  WUOQOL 'YNYBWUQOL  -s2lony paseq-ez|sed Bupnpoid aseweioe| -BZ1SeD/4dSIHD pajdnod
HWI| UoRd919p sy ‘eZ1SeD U 001 /ddSI¥D pa|dnod-yod -g-oj[erow 1yjpg MaN BC1SeD/ddSI¥D -4Dd e asodoid o Aesse |eyuswLRdx3 (04
sjod>0yo0ud 1eak
ajel uonessjuiwpe pasn pue sweu
ssaddns pue £>uaiyy] pueabesoq  wsiueydaw A1aA1Q sauab yabie] widsAs se)/ydsiyd wiy ubisap Apnis s, Joyiny

S2IPNIS YAV pue [eua1deq Ul suonediidde wia1sAs sed/ydsiyD L ajqel



Page 7 of 26

(2025) 53:43

Okesanya et al. Tropical Medicine and Health

s9oUaNbas Jodeds

puejiey ut [exdsoy
AMSIDAIUN B WO S91P|OS!
[e21UlD gyyD PulAiied

1DUNSIP 87 YUM 1 |0S| -IWANEI] JO SOnsLa) $918|0S!
SL-W-X1De|q 6454 Y ul uoibail -deleyd dwousb ay3 dM4D Jo sisAjeue pue
payidads 10N payidads 10N paynads 10N ‘ZEZ-VYXO®IG ' L-WANEIq seD-YdSIyD payiusp) SS9SSE pUP eI O] Bupusnbss swousn (sl
ERTINIEY
[eIGOIDIUWIIUR PUOASQG
S9UOI2 D3dX3 A JO
$$92DNS BY3 Ul SpIul
-se|d 4ou| asay3 Jo
D301 13UR SNOLIBA 0} $39]0J 19peoId aY3
ANIgndassns paioisal 21eb61159AU pue
spiwseld 4ou] ay3 jo 'SaU0JD (D34XJ) 1j0d
Bupnd 'suoneinw 196.e3 eIyd1aYds3 dluaboyied
-JjO [euonippe Aue ino [eUnSIUIRAXS (YJW)
-UYum spiwseld 4ou| JUBISISI-BNIPIINW WOl
196.€] 93 JO 9DUISqE YL spiuseld 4ouj dypads
PaMOYs YdIym ‘bul anowai Aj9sidaid 03 wiay
-Duanbas swouab -sAs Bulnd-plwseld aind
-3|oym pue Ydd ybnoiya -seDd paieipaw-6se)
PaWILUOD sem BuLINd WRISAS BulIND  3zIS Ul Gy /9] 01 |G WOl —4dSIyD e Aojdwa 01
plwse|d |nyssa30ng payidads 10N -pruseid aindsedd Buibuel spiwseld 4ou| 652D-4dSI4D sulie Apnis ay | ubisap |euawiadxy iz
aoue
-15IS34 [BIGOIDIUIIIUE pUB
SUIRISAS SBD-YdSIYD JOo
9ouasald a1 usamiaq
diysuonejas ayi a1eb
ERlTIENIEY -13S2AUI PUB ‘3/DLyIp
[_IGOJDIUIUR JO UOI} winipLIsolD pue (saiads
-1SINb2e a1 pue Swa1sAs 13120q0J21U3 pUe ‘bSou
SeD-YdSIYD Usamiaq yul| -16nJ3p SpUOUIOPNASH ‘U
lenuaiod e bunsabbns -upwinbq J3120qo1auIDYy
‘(snainp 5 pue ‘psouibniap ‘apjuowinaud pyjaisqapy
J ‘'wininapy 3 ‘iuupuwinpg ‘snainb sn3020jAydpis
V) susboyied ay3 Jo ‘WiNPapy sn220204
1noj 4oy sauab 2dueISISI -31u3) susboyred
[BIQOIDIWIIUR SI0W JdVHNST Y1 Ul SLUD1ISAS susboyied
3/eY 01 pua] $31€|0s! bul (3PYip D Ul seD-4dSI¥D 2y3 aJed D+3dV¥HST ssoide
-UIBIUOD-SBD-YdSIYD 18y} g-| 9dA| “B3) SW1SAS -WOD pUB 91BJ0UUR O} SWIRISAS SED-YdSIYD JO
punoy Apnis ay | payidads 10N payiads 10N payidads 10N seD-Y4dSIYD SNoLeA suiie Apnis ay | siskjeue anleiedwod fxd
sjod>ojoud 1eak
ajed uonessiuiwpe pasn pue aweu
ssa20ns pue A>uady)3 pueabesoq  wsiueydaw K1dA1RQ sauab 1abie) wid)sAs seH/UdsSIvd wiy ubisap Apnis s Joyny

(panunuod) L ajqey



Page 8 of 26

(2025) 53:43

Okesanya et al. Tropical Medicine and Health

sulells @91yl

Ile Ag paseys 71 yum
‘lluuewineq 'y Jo suiens
||e ul sauab aoueISISAU
-21301g1IUe €7 PaYiUSp!

basgi eutwn)|| buisn

(SOM) Bupusnbas

(Seqe)

HINS pue ‘(ope g N1epe
“r4ape :gNy) sauab ape
'¢/-¥X0 ®e|q butpnpul
s2Uab (YY) 9DUrISISa)

(av4D) lluuewneq
13912eQ012UIDY 1URISISI
-wauadeqed Jo (1STN)

sadA1 @duanbas snoo)
-l}InW Aj3uspl 01 pue
'S1010B} 9DUI|NIIA pue
(4IAY) uelsisal eig
-0IDIUWIIUE Ylm pale

sisAjeue

onsusb pue bupusnbas

AJInyss230Nns Apnis ay | o|qedyidde 10N Swouab-ajoy [eIqOIDIWIIUE SNOLIBA pauUoIUSW 10N -posse sauab dew o] awouab ajoypn [87]
|0J3U0D
punsbiel-uou ayi 01
pasedwod spnyubew Jo
SI9PI0 9313 01 OM]
15e9] 1e AQ prwseld
pa1abiel ays Jo Aouadyj
uofPWIOjSURI) PadNP3l
[1Doee]Bs:Gy Yy d ‘sa1e(0s!
[el10Bq JO 9buel B U|
—<Ig>"uopebn(uod Jaye
%9'GC 01 %8'85 Wolj
pluseld 10€Qy3Hd
1uapIsal oYy buiAued
syualdidal Z1y 1102 3 Jo
uoiodoud ayy paonpai
[1Doee]bsigyryd
103 "3 Ul [013U0D
punsbiel-uou ayi 01
paJsedwod spnyubew Jo sa1dads o|diynwi ul
SI9PIO INoJ I5e3)| 18 Ag exdn ausb YWy ¥20(q
10£@y3Hd prwsed ued 1By} W3sAs uols
pa1abiel ays Jo Aouady piwse(d -521dx3 65D-YdSIHD
uofPWIOjSURI} PadNPal | dou| abuel-isoy (9uab 2dueIsISaI abuel-soy peolq Apnis
[1Doee]bsigyryd payidads 10N peolq e ‘Bs:cyryd uplweuab) | Hoee 658D-4dSI4D ‘S)Igow B UBISOP O UOlepIjeA [RIUSWIIRdX] Vad|
ules3s 1jod
BIYDIIYDST + £S04 B JO
UIDAWOJSO) 01 AUAINSUDS 941
elIa1oeq Y1 buiZis 2101591 01 £yYSO4-3yd
-Uu3sal Ul ADUaIdLYD 9%00 | paWeU Wa1SAS 658D Apnis
PaUQIYXS G617 YNYD paydads 10N piwse|d £ySO4-3yd £V50} 658D-HdSIHD —4dSIyD eidepe ol uonepijea [eyuswuiadxl o
sjod>ojoud 1eak
ajel uonessjujwpe pasn pue sweu
ssa20ns pue A>uady)3 pueabesoq  wsiueydaw A1dA1RQ sauab 1abie) wid)sAs seH/UdsSIvD wiy ubisap Apnis s Joyiny

(panunuod) L ajqey



Page 9 of 26

(2025) 53:43

Okesanya et al. Tropical Medicine and Health

pupuanbas
unbioys ybnoiya

LSLy

ules1s snsoujbue sn3d0d>
-01dang ul sauab adue
-1s1591 Bbrup Ajnuspl 01

so|yoid aouelsisal Jo souab Bupusnbas swousb
uonn|osai ybiy payidads 10N payinads 10N asue)sisal o dniniy payidads 10N ajoym wiopiad o] ApPN1s-SOM 14d
e1191oeq dlusboyied Jo
(I9pul4seDYdSIdD pue (4N) @dueIsISal
Sules [eia1deq 13pul{uonedYIpPON-UOon [_IGOJDIWIIUE DY) UO
1UJaYIP Ul SaUab YA JO -D11359Y) S|001 SDI11eUIIO) WRISAS (-Y) uonesy
9dUepUNQE 3Y3 pue -ujolqg buisn sawouab -Ipow-uonduIsal (1d)
SI91SNP W-Y 1d JO 90U |BLI9IDB] Ul SUISISAS uoneolyioloydsoyd
-sai1d ay1 usamiaq uone| N-Y pUe Swia1sAs sed vNQ 241 Jo 0ud
-31102 3y} JO UO[ILDYIIUSP| payidads 10N —4dSIYD Jo uondIpald SOUSD YWY 0TTHA 12PUI4SEDYdSIYD  -Njul 9yl 91eDNSSAUI O] SISA[RUR SPIM-UIOUSD) (el
suaboyied
SO SSOIOP 3d¥>IST buowe swsisAs
MO} 2U3D 3AIIDIYD HdSIdD Aq paieipaw
Buimoys ‘suwojiqow SIOW UsaMIaq 1Yy
FdWHST SYI YUM SHJSIYD -U0d 841 pue (YY)
-1JUe pue sauab YA JO SDUPISISI [BIGOIDIU
uoleIdOSSe aAlsensad ayy -ue jo peaids ay3 Ul
s1ybIYybIY INQ 2184 S5 sobeydoud pue S2Uab 2oUR|NIIA puUR VAl (SIOIN) SIUDWRI
-JNS JO SHWI| UOND313p JO 'SINI/STDI ‘spiul sauab aduels|sal "LY-ALYAIL S D B onauab 3jIgow Jo
SWIa} ul payiiuenb JoN payidads 10N -se|d buipnpul sION [PIGOIDIWIIIUE SNOLIBA -pnjpul sadAy snouep 310l ay1 1ebisaaul of Apnis [yuswiladx]y log]
SUIR1SAS SBD/4dSIYD pue
‘soduanbas uodiidal
plwse|d ‘syueuiwi1ap
ausb 9DUS|NJIA PUR 3DURISISDI
11551 91 pallied s31e|os| '3IN12NJ3S [UOID JIBY3
VSYIN JO %0/ pue ‘suab Buiziaioeieyd ‘ejssny jo
UIX010J421UD SUO 15e3)| 18 (guen) auab adue suolbal olydelbosb
pallied $31e[0S| 93 JO %0t -151S3J UIDAWODURA pue SnoLieA Ul pooy (31Y) 1ed
Aj21eWIxoiddy 1831y ‘(yoaw) auab souelsisal -01-Apeal woly sa1e|os|
yyjeay o1ignd yuedyiubis e ul[|121y1aw ‘(7e|q) sauab snaine sn>>020jAydeig
Bupesipul ‘sa1ejost ay1 Ul 9OUEISISaI WEIDe|-e19q 1UP)SISI-[RIGOIDIW
Sauab adU|NIIA pUR '9Uab 11553 ‘saUD UIX0Y -1JUP JO 135 SIDAIP € JO
'SJUBUIULIDISP 9OURISISAI -0131ua Bulpnpul ‘saUsb siskjeue (SOM) Bul
‘sobeau| d119Uab 9SISAIP (SOM) Budusnbas  adudINIIA pue 3dUEISISII SWIR1SAS -Duanbas sawouab Apnis
payiuap! Apnis ay | 3|qeoidde 10N awouab ajoym [PIGOIDIWIIUE SNOMEA | pue 3| 9dA1 SBD/4dSI¥D 3|OyM Wopad 0] 3JUB|IDAINS PISEG-SDAN 67
sjod>ojoud 1eak
ajed uonessiuiwpe pasn pue aweu
ssa20ns pue A>uady)3 pueabesoq  wsiueydaw K1dA1RQ sauab 1abie) wid)sAs seH/UdsSIvd wiy ubisap Apnis s Joyny

(panunuod) L ajqey



Page 10 of 26

(2025) 53:43

Okesanya et al. Tropical Medicine and Health

SUIID) 9ANE)
-uenb ul $91eJ $5920NS IO
Aduaidyys AJ1dads 1ou
S90P INQ S1ieJ) SdUe
-1SIS2J PUE 9DUS|NIIA Y10q
Buipodus spiwseld
pUgAY Jo aduasaid ayy
Sa1eASUOWSP APN1S 9y |

suaboyied

95941 Jo peaids ay1
|ouod djay 1ybiw
s90uanbas plwseld pue
Suwouab-sjoym ay1 1eyl
pajesisuowap Apnis ay |

's91e|0s| DY) bupogiey-|

-IWANe|g 1sutebe suon
-BUIqWIOD Ul PRAJSSQO
2U9M S1234 D1ISIDISUAS
saouanbas

|ewsarul bupabuey sis
-Deds 10J §|[9D JUBISISI JO
ol1el 2y1 Jo uonoNpal
oLboj 01 0160| €

payads 10N

2oua|eraid

WI91SAS 92UR)ep pue
YV uo 1oedwl J1ayi se
||9M SB ‘UOIIRLIeA 9ZIS
QWoUab pue SWaISAS
SBD—ddSIdD Uoemiaq

3|gedidde 10N

poyiaw pieoq
-1%23y> 2y buisn uld
-exojoldid> pue ‘upexoy
-B1IS ‘2U|12A23b11 UNsIjod
'S9PISODA|BOUILIE Y1M
paUIGUIOD UIPAWOJSOS

IOW 001 ©3 |0 Wok
Juspuadap-as0Qg

paydads 10N

SN EEI
-ownaud Y ul spiuse|d
plgAy jo aduasald aya
suonUAW 11 INQ ‘WIASAS
SeD—ddSIdD 9431 104
wisiueyd3wW AI9A19p ay3
uonuaw Ajjeoyidads 1ou
so0p Apnis ay |

9|qedydde JoN

(6LEDHO)
sapiped plwsbeyd

paydads 10N

7 1V4P

‘1Ins ‘Jyduw ‘Jaswi
'1-¥XOe|q 'Ywie ‘cypee
‘S-INANE|] :sauab

Y dDgv2n! yan
‘7vdwl :sausb aous|nIIp

L-IWANeq

(06 —'59—"1Z—"¥I-N
-X1D#|q) 6 dnoib pue
(SS = 'SL-W-X1De|q)

L dnoib -X1De[q

(9)ebA X504

WI1SAS
SeD-4dSIYD £V-Al 2dAL

9|gedidde 10N

65€D~4dSIdD

(17g--edAgns-1sse|D)
Wd1SAS seD-4dSIHD

SWIR1SAS
9DUBJIP pue YA JO

wucEmSgQ oYl pue ozIs

QWOUb UO dUBNUI
J19Y1 JO 1X31U0D Y1 Ul

sauab 9ousNIIA pue
(HNY) @duelsIsaI [eIg
-0J21uiue Yyioq bulkl
-Jed splwse|d pLgAy
Buriogiey sa1e(0s!
960715 d)AH-4AW 221
-191084RYD A|[RD1I2Ub O
suaboyred asayy Jo
saduanbas piwseld pue
swouab-ajoym ayi az
-1212eieyd 01 pue (DY)
102 BIYD1AYIST JUeISISal
-wauadegled buiogley
-WANE|G Isutebe syuabe
[IGOIDIWIUR JSYIO LM
UO[1PUIqIOD Ul U
-AWOJ50J JO S103Y3
J11sIBISUAS By1 21en(en

sauab

YWY -X1Delq Bul
-19b.e1 Aq soioignue 01
1102 '3 JO UOI1PZI1ISUSS-2Y

219 ‘saUab YA 's101oey
2DUB|NIIA ‘s1 G 11943 Bul
-paebas ureyd uon
->npoud 93 Y3 Woly
$918|0SI SoUIHOIADOUOW
] 8z1d10RIRYD O]

SW1SAS 9DUJ9p pue
"YAY 2US1U0d ausb AIos
-$9208 ‘97IS swouab uo
Buisnooy ‘esoulbnise
SEUOWOPNSSd JO
sols1a1oRIRYD DYIDAdS
-dnoubojAyd pue

Apnis |es1bojo

-11gOJDIW [PUOIIDIS-SSOID) [£€]
Apnis [euon
-BAJ5QO |BUOI1D35-5501) [og]

Apnis |apow uoiez
-[HSUSS-21 658D-YdSI¥D (g€l

ApNis [PUOID3S-550.) [rel

UO11RID0SSe ay) 0ul pauon PaAISSQO 2IaM SWal SOILBUAD Swou  SIsAjeue pue buiduanbas
s1ybisul sapIroid 3|gedidde 10N 9|qedidde JoN -uaw ApdI1jdxa 10N -5As seD-4dSIYD -9bued ay3 a10|dxa 0] awouab plUgAH €]
sjod>ojoud 1eak
ojed uonessiuiwpe pasn pue aweu
ssa20ns pue A>uady)3 pueabesoq  wsiueydaw A1dA1RQ sauab 1abie) wid)sAs seH/UdsSIvD wiy ubisap Apnis s Joyiny

(panunuod) L ajqey



Page 11 of 26

(2025) 53:43

Okesanya et al. Tropical Medicine and Health

[WEMYSS

65eD-4dSIdD oY1 Aq
9dueled)d plwse|d Ja1e
Ajigndadsns onoiqnue
paJo1sal ‘spruseld
buuoguey-g-Ddye|q Jo
9DURJEI|D 1UDLYYT

SUOIIePI|eA
¥Dd pue s1unod Auojod Aq
pa1eDIpuUl S31RJ SS900NS
a|gereA yum 'yNd
piwserd bri/n4> buisn
paUulWIRIapP sem Aduaid

pruse|d
VNybs-6sedd jo i o1

uolssaldxa

4dSID 104 (NW G0)
uondNpUI O 4| ‘uoi
-BWIOJSURII-011D3] 10}

102 "3 03Ul UONBUIIO)

-suel) (z-Ddyela)yNybs
-6seDd piwseld

Spoylaw uorn
-eWIOJSURII-0/1D3]2 pue

-DdMelq

65eD-YdSIyD dhokiexold

uolssiwsuel) auab
Z-Ddfelq @onpai pue
swiauadequed 01 eyl
-2108( 9Z11ISUDS-2Y

WID1SAS

seD-YdSIuD 4-1 adAigns
S,1910eqO1aUIDY Ul
V194D [elia1deq e 9z119)

Apnis |eauswiiadxgy e

SiSAeue wisjueydaw

-UJ2 UolewIosUBIl 3y | spruseld bu o€ spiuseld annebnfuod £7DX0 puUe €200 SeD-YdSIYD JAY  -deleyd pue Ajpuspl o) 95U3Jap aAneledwod) (1]
SuleJ1S UORIUSW
-9|dwod pue syueINW JO
uolelauab syl ybnoayy
WISAS SBD/HdSIMD U1 4O
uopeluswa|dul S|SAjeue pue uop
9AI109}3 bunessuowap -eJauab ueInw uo bui
'SUOIIBINW pUE SUO [LL  -Snd0j’| || S/p23apy -3 ul
-3j9p palisap bul $I/D23DJ SN22020423UF Ul SUIRISAS SBD/YdSIYD JO
-1eJ2uab uj $S930NS plwse|d paulioy 9 Ja2eds cydSIyD pue SWIDISAS 7HdSIYD pue WwiSlueYdaW pue uol}
pawIyUod bupuanbag payidads 10N -sueJy uopesodondalg 658D €44SIYD SeD-CYJSIYD -duny ay3 a10jdxa o] Apnis [yuawiliadx]y o]
(YINY) dueISISal
[eIGOIDIWIIUE 0) PRlefal
$318|0SI YJX 01 payul| AjJejnoiied ‘sioylew
sis/ew dYpads yim -01q se asn [ellusiod pue
'SN1BIS YAV PUR WISAS AMSISAIP S1| UO DUl
SeD-YdSIHD IYdAL 'S sy ul IgesL pue -SNJ0j 'S91IIUNOD URISY
SUOJIBLIBA U99MID] Bzes| buipnppul ‘spiw 4INoS WOolj $31e|0S| SUIDISAS
suole|21102 buons -sejd pue sabeydonal WEMYSS 1IYdAL °S Jo WwalsAs sed) HdSIYD Jo sisAjeue
payiuap! Apnis ay L s|qedyidde 10N s|gedyddeloN  -deq bunabiey siadeds SeD-YdSIYD IYdAL'S  —HdSI¥D Y1 9zAleue ol djuIousb aaneseduwod) l6€]
|opow
UO[1D3jul B||3UO||aW B3| sejuownaud
-en e ur (Bulnd %00l ~)  [9POW UONIRUI €||UO| M Yaw ut spiwserd
OAIA U| pUB (3583109p  -]aW eU3|[ED) Bulpn|dul [142u] ysu-ybiy bund oy
B0J-8) 0UA U] AousDLYD ‘skesse buund piuiseld W1SAS €5BD-YdSIYD
Bund piwseld ybiy OAIA U| pUB OJ3IA U] uopebnfuod spiuiseld [142u] £seD-4dSI¥D SA1BU B }j0|dXe O UO11BHIISIAUL OAIA U] [8€]
sjod>ojoud 1eak
ajel uonessjuiwpe pasn pue sweu
ssa20ns pue A>uady)3 pueabesoq  wsiueydaw K1dA1RQ sauab 1abie) wid)sAs seH/UdsSIvd wiy ubisap Apnis s Joyny

(panunuod) L ajqey



Page 12 of 26

(2025) 53:43

Okesanya et al. Tropical Medicine and Health

uond3ul bulnp
Suwiosewweyul DSY/ZINIY
auUNWIWI 1eUUl S350y Y}
BuIpeAS J0J [eIoNID SO
-101g13ue buipndul
'SI0SS415 dURIQUISW O}
9oURISISaU pue Albalul
adojaAus sanoidw
W15AS SBD-YdSIYD

abueydxe 1|3 Aq

sjueInw
6010 NI4 ¥STL NI

juswieal
g uixAwA|od o1 pppirou
4 JO sasuodsal pue

1uspuUadap-6seD ayl 1eyl P212NJ1SUOD dIam ‘syueINW UONSISP WIRISAS SBD-YdSIYD  swisiueydauwl d13auab ayl Apnis
punoy Apnis ay | Pa1eIS 10N SIURINW UOIS[9p 9UsD) sixe Alole|nbal gsed Juapuadap-6seD 21e60159AUI 0] A101RI0QE| [RIUSWILIRAXT [oy]
ERVEANEEY!
[eIqoJDIWIIUR UO 1DedWl
(ZIHPY| S11 91enjeAs pue bupnd
sulelys a|dinwi ul 71PU] pXou|) spiwsed piuise|d 1oj W1sAS 6seD
0F %001 Sem spiw Bunew |eyusied snoLeA Jo sausb uonn  piwseld gzsid sy ol /4dSI¥D-9zs1d ay1 Jjo
-se|d pue sauab pa1sb -1g ybnoiyy usjsuesy  -edijdai pue ‘s-NANP|G pajeibaul wisl SSDUDAINDBYS aY)
-1e1 Jo Aouapyys bund pa1e31s 10N piwse|d aAnebnfuod ‘7-DdMelq ‘1 -pw -SAS 6SBD/HdSIYD  SSasse pue dojpasp 0] - Apnis paseq-AloielogeT [S¥]
u boe susb soue
AJAoE SBD) -151S21 [eIGOJDIWINUR UO
—4dSI4D uo 1oedwi ue bul (S1) s9dusnbas uon
-1edIpul '2Uab 73sd Y3 Jo -19su jo 1oedwi ayy pue
uolssa1dxa a1 Y3 AUAINDE SBD-HdSIYD
pacnpal Apuedyiu plwse|d aouels|sal e jo £sed 21e|nHal surens ejjeb
-Bis uonuasul 09| payidads 10N UONPWIOJSURIIOIDSF  —[3SD pue ‘9958 ‘795D e|[9b1ys Ul seD) ¥Ydsiyd -1IYS MOY pueisiapun Apnis aAllebIISaAU| ad!
WENYS
ainHsend sy 01 o|geled 90UBISISAU
-Wo2 ‘sausb Ddye|q pue |BIQOIDIWIIUR 1BQUIOD O}
|-IDW 10§ SIPUSIDYYS Bunnd>-ausb pajelpaul
Bulnd s|geyiewas pue -seD)-4dSIYD 40} piwsed
AduadLYa Jajsuely SEWIETS) abuel-1s0Y-peOIq B 3ZIW
ybiy smoys 1uiu-pd pa1e3s Ajdljdxe 10N piuiseld juiw-pd JdMe|q pue |-nw J715eD-4dSI¥D -ndo pue dojsasp of Apnis [eauawiiadxgy [e¥]
sjod>ojoud 1eak
ajel uonessjujwpe pasn pue sweu
ssa20ns pue A>uady)3 pueabesoq  wsiueydaw A1dA1RQ sauab 1abie) wid)sAs seH/UdsSIvD wiy ubisap Apnis s Joyiny

(panunuod) L ajqey



Page 13 of 26

(2025) 53:43

Okesanya et al. Tropical Medicine and Health

Yy 7 Joswn uon

-D313p € pue ALADS|SS
1US||92% bunensuowsp
'sKesse Moy |es1e| pue
9ouadsalony buisn
/$91d0D €y L X G/ T se
MOJ S U0NDR1BP JO

Wil e Ylim pa1o1sp

9Q Ued auab gulls 3y
116373919
-3da@dsns-jeiqoiiwiue ul
Ju3jeAald 210W S| WAIsAS
-1 9dSI¥D oy bunssbons
'passaldxa uam sauab
sed 4-| adA| pamoys
¥Dd-14 ‘dnoib yaw oy 01
pasedwod dnoib ajqn
-daosns ay ul payuasal
-dasano st ‘dnoibojAyd
79 241 Yum paie|oosse
‘WB1SAS 4| YdSIHD dYL
uopeujwi@ usboyied jeu
-910B( JA11D3|35 10§ |00}
poseg-4dSIyD JO 1aW
-dojansp ay3 10} Aem oy
Buined ‘suteils JueIsisal
-UnsI|0D pue -aulPA>b1)
'D31BIPAW- | -IdW pue
-(#X)121 buizisussas Ul
slelgoloiuwiue uazod se
SUIDISAS SBD-YdSIYD JO
Aljiqeidepe pue
SSOUDAINDAYD Y}
saseamoys Apnis ay |

auab
guuis ay3 Ajjdwe oy
asesawAjod YN

paydads 10N

unsijod 1o auip
-K23b11 By/bw 07 ‘ulens
louop N4D 6v0L X G 10
8vOL X G 0N U]
vNybsd

Bu 0g pue uod/send
BU 001 YIM S||9 13U}
-2dwod 7 QO | :0JUA U]

SAesse [ensiA Yiim
pa|dnod AyAnde
sbeAea|d-surl) swiAzu3g

uoissaldxa |sed pue
1ASD 104 3 YDd-1Y

sAesse uopebnfuod pue
‘UoljeuLIo)SURL) ‘Uof
-DNJISUOD PILSe|d

2UID) gUIID

|013U0D YD d-1Y 04 75di
WA1SAS YdSIYD 41
9dA| 1o} | SeD pue [ASD

(X381 " L-DW
‘L-NANE|] ‘(3seIayiuhs
aujwein|b) yu|b

BC1SED/YdSIYD

YddSI4D PUE €4dSI4D

spiuwseld
uo)/send pue puj/sednd

1UBWISSISSe
SpIM-AIUNWILLIOD
Buneyjioe) Agaisyy
191eM3)SeM Ul qUUID
2uUab 2dURISISaI BPI|O)
-JeW 943 JO UONI1IP
YIMS IO} JOSUS50Iq
SA19349-1502 ‘A|pualy
-19sn e dojaAsp o

1102

DIY21124253 Ul 9URISISI
Brupninw pue suaisAs
SBD/ddSIYD Uaamiag
diysuoneas ayy Apnis o

S95E3PNU 6 UI9104d
P31eI20SSY-YdSI4D WOl
abewep yNQ Uy
puisn wia1sAs uonezn
-ISUSaI BLID1DBQ JUR
-1SISI-ULISI|0D pUe -3uld
-K>ab1 e dojaasp o

ajes
ssadons pue A>uspyyg

sjo>oyo0.1d
uonessiuiwpe
pue abesoq

wsiueydsw K1dAIIRQ

sauab yabie]

pasn
wa1sAs sed/4dsI¥d

wiy

Apnis [eruswiiadx3y 6v]
Apnis [pruswiiadx3y [8¥]
Apnis [eauawliiadxy [/¥]
1eak

pue sweu

ubisap Apnis s, Joyiny

(panunuod) L ajqey



Page 14 of 26

(2025) 53:43

Okesanya et al. Tropical Medicine and Health

suapoyred

[BDIUI|D Ul 9DUPISISDI
|-1ow Jo peaids oy bul|
-|011U0D Joj |001 dINade
-1y [enualod e 3g pinod
WaIsAs 6SeD/4dSIYD paie

spiwse|d buund uj
Aoeoyya sy bunenieas
‘suleJis [e1sa1oeq sno
-leA Ul U3 [-IDW 3y}
91eulwl|s pue 19bie) 0}
65eD/4dSIHD Buisn piw

-1Dosse-uosodsuesl ay | payidads 10N uonebnfuod |-IDW 658D/4dSI¥D-1|dys|d  -sejd apidins e 91eaid o] Apnis |eauswiiadxgy 39|
suonoayul abeyd isuiebe
Bunda104d Ul 9|01 ) pue
S2Uab 90ULISISAI YIM
uolne|posse [elualod sy
S9USb SDULISISI YIM ol 210|dx3 pue sauousb
-ed0sse [efauaiod sy pue JUUDWNDQ Y/ Ul UR1SAS
2IN12311YdJe WISAS S8 SED-YdSIdD 941 Jo
—4dSI4D Ul suolieleA jo so)Is1210RIRYD pUE
uonesynuspl syl Aq sallanb aseqgeiep pue ‘uonnquUIsIp ‘9dus
pa31eDIpul S| $$322NG 3|qeoidde 10N S|001 SDIIRULIOJUIONG  J|9SH WR1SAS seD—-YdSIYD  2dA1gns | 4-| seD-YdSIyD  -said ayy a1ebnsanul o sisAjeue odjis-uj [cs]
sAelle Jadeds JO SisAjeue
2duanbas aAnesedwod
Buisn saye|osi [ed1uld
WI1SAS Y1 patied annisod-ydsiyD Jo
Apn1s ay1 Ul papnpul dnoib e buowe ssau
S31e|0S! 17/ |18 3eY3 Bul -paiejai 23auab sy
-MOYS ‘S}Nsal ay1 Ul (dg 9/67) soousnbas SUIWISIBP pue U
PR123J2J UM WIISAS g 1STW pa1eualesuod -upwinopq v Ul q4-|
2dAigns seD—ydSIyD L (dg §19) auab Asd adAigns seD-ydSiyD Jo
Hunoa13p Jo A1kl 5530 (dqg 1571) auab [AsD W1sAs q4-| Aloisly Aseuonn|
-DNS pue AJuadLyyd ay | paynads 10N payidads 10N (dg 0z6) 2uab |sed 2dA1gns seD-Ydsiyd -0A9 94} 210|dxa O Apnis [eausuwiiadxy (1]
piuwse|d
DO Ue UO paliied skelie
¥dSIdD 21ayuks buisn
awiouab wnondasiipb
W Y1 01U| suoneInw
$|001 payipoul Ajjed 92NPOJIUl 0} PaSI|IIN 3G
-132Uab Jo UoIe3Id 3Y Ul (2-4dSI¥D pINO2 11 J3Y1aym pue
Buipie Ajjenuaiod ‘waisAs A 1-4dSIgD-Nd  [euonouny sem wnondas
SeD/4dSIgD wnondasi|edb "YdSIYD-Lyid) S1NASU0D 0Dy Ul WiSisAs gseD
‘W 943 Jo uoisuayaid 9214 ‘sAeiry Wa1sAS sed /4dSI4D Y1 Jayiaym
-Wod 3y sadueyul payidads 10N UoI12NJISUOD PIUSe|d 2UaD) by /4dSI¥D snousbopul SUlUWIS9pP 01 Apnis [eauawiiadxy [0s]
sjod>ojoud 1eak
ojed uonessiuiwpe pasn pue aweu
ssa2ons pue A>uady)3 pueabesoq  wsiueydaw A1dA1RQ sauab 1abie] wid)sAs seH/UdsSIvd wiy ubisap Apnis s, Joyiny

(panunuod) L ajqey



Page 15 of 26

(2025) 53:43

Okesanya et al. Tropical Medicine and Health

W21SAS G| 4-95010N1) pue
Kemyied |yepbunfi
-POOA U1 Ul S3Ub

[BI9ASS JO UOISSIAXD DY)

pPa3NPaJ A|9AIIDRYD DU

-194191Ul YdSIYD 'souab
196.e1 bunendiuew ul
AOUBIDLYD 900 | PaAaIyde

WNSoW| "3 Ul waisAs
S1d-950310Nn1) 8y3 pue
Kemyzed |yepbun(i

wnsow| wniJ
-912egn3 Ul $JlWousb
[euonsuny pue bunipa
swiouab asioaid 1oy Wy
-SAS 6SED-YdSIYD e pue
$|001 D119USb JUBD

W21SAS 6SED-HdSIYD payidads 10N J910Wo04d 3|gPNPU|  -POOAA Y1 UIYLM SUID) 6 5eD-4dSI¥D -3 Ys1|grIse O Apnis [eauauliiadx3y [85]
891 LLDLDON tunfaf
junfaf ) ur sdueIsisal J1910eqOjAdWeD) Ul 9due
|BIGOJDIUIUE JO JUDW -151S9J [eIqOJDIWIRUE pUe
-9dUBYUD 9yl Ul 304 P 2Uab psed usamiaq diys
sAejd Wa1SAS SeD-HdSIHD payidads 10N UONPWIOJSURII0I1D9] (6seD) 2€7S 1D W1SAS 65eD/4dSIYD  -Uone|al ay1 Ino puy of Apnis [eauawliiadx]y (/5]
uond9Ias
J19y1 1uanaid yYNYH oy Jo
sas 19b.ey a|diynw pue
'SJUBWIIR AJoie|nbHal
S}l pue auab gsed ayy Ul s|elqold
SUOiS|9p pue suoiIesul -lwnue gsed-4dSIdD
ale bul||y pasnpul y | Jojeipaw papodUa-A|lewiosida Ag
-4dSI4D 01 9oUrISISAU DOS Ul A19A0231 Aq VNYD pue gsends bur  Bul adedss ued ujens
139ju0d A|pides 1eys suon PIMOJ|0} ‘A 81 18 UO[1DNJISUOD pue 1100°3J0  -UlrIUOD Spiuise|d yum 11027196181 B MOY
-eINW snoaueluods 1SO VNQ plwsejd i/bu | uonewlojsuel) pruseld 9Uab 30URISISAI YURA WR1SAS 6SeD-HdSIHD 91ebisaAul 0| yoeoidde |eruswiiadxy [9g]
yueA buikued
plwse|d Jo Jajsuesy ey (WEYSS
-uozioy sy buppolq Ag 65eD-4dSIyD aup Buisn
9DURISISa [BIgOJDIUIIUR JURISIS2I-UIDALIODURA JO
pa>Npal pue 3dULIe|D piwseld buniogiey
piwse|d paralyoe AjpAi -yupA 3y) bulnd Aq
-D3J43 6SeD-YJSIYD 1eYd SUORIPUOD auab yubA sy} Jo
pajlesisuowap Apnis Y] UOIBWIO)SUR] PIuse|d Aesse uoljeullojsuel| 2Uab yueA WIR1SAS 6SeD-HdSIYD peaids ay1 adnpal o] Apnis [eauawiiadxgy [sq]
Qusb Z-AWDeIg
-9dUeISISal dloIglue
ejOIqODIW aulog-piuise|d pue
|eudou ay3 bundnisip 1no 'SoUab NEBSS eDlIIUS
-U1IM 9DURISISI DlI0IgIIUR 'S ‘'sauab HIHI pue
9onpal pue suaboyied D343 Ul soduanbas
J11US Isutebe 13910.d PaAISUOD 104 dYIDads
ued S|e|qOIDIWIIUR 6SBD) Z-ANDe|q SYNYD pue gsed bupnp
—4dSI¥D 2Anebnfuod 1eyy NESY -onul Ag ueyog | 4gd pue
$15966Ns Apnis ay | 9|qedyidde 10N KISAIIRP plwse|d ELE] 658D/4dSI¥D yoyd J9sulbus of Apnis [eauawliiadxy 7<)
sjod>ojoud 1eak
ajel uonessjuiwpe pasn pue sweu
ssa20ns pue A>uady)3 pueabesoq  wsiueydaw K1dA1RQ sauab 1abie) wid)sAs seH/UdsSIvd wiy ubisap Apnis s Joyny

(panunuod) L ajqey



Page 16 of 26

(2025) 53:43

Okesanya et al. Tropical Medicine and Health

VSHW Ul ousb

yo3W ay3 Jo bunips pue
AIDAIIDP |NJSS3DINS YIM
‘SUIR1SAS paseq-pidi| jeuoly
-USAUOD 10 saxa|dwod
656D 9AlRU 01 pasedwod
Bupa swouab uj Aoua1d
-3 Jaybiy paiesisuowsp

(xa|dwod
-OuUBN-ID) saxa|dwod

ainssald

9AI1D3913s bupnNpal Aq
A5edyJ3 |eiqoiniwnue
Bupueyua ‘bunipa
awouab 1o} W1sAs
658D-YdSIYD psziieAlsp
-JlawA|od ‘leJiauou e Jo

x3|dwod0oueN-1D 3y x3|dwod0oueN-1D 9y 4dSI14D pazisoueN auab yoaw WR1SAS 6SeD-YdSIYD 95N Y3 9SBIMOYS O] Apnis |eauswiladxgy [c9]
2dedsa uoleUIqUIODaI
pajelpaw-y | S| 10j 1dedxe
'S91L[0S| PA3SA ||e ul swauadequed 01 3Y¥D
plojybia 1ano Aqg sanjea 9Z11ISUSS3I A|PAIDRYD
JIW bupnpai ‘spiw ued uoneulwl| ausb
-se|d pue sauab asews 90URISISaI pue BulNd
-uadeqJed pa1sbiey 1oy -pruise|d pajeipsw
Aduaidyye BuLNd 94v6 piwse|d aindsedd 8t-¥XO®(q -65eD—ddSIdD 1By
paAalyde aindsedd payidads 10N Pa119jSUeI1011993 WANE|G “Ddelq W3SAS 6SeD-YdSIYD 9lesuowap 0] Apnis 3dadu0-§0-JO0Id [19]
SSOUDAINDAYD SII
Buiroid ‘poyraw diyd d1pt
-NPYOIDIW [eRIul oLy Yam
S}NS31 JUSISISUOD PIMOYS
sa|dwies [edjuljd se ‘uon sisoubelp uon
-2319p esoulbniae ¢ 1oy -D3jul BSOUIBNISL d 10}
A)|IgeIf2) pa1esIsuowap ((SYNY42) SYNY ddSIdD wilofie|d uonoa1ap dyP
Kesse \idy—4dSIgD oyads pue ez sed -ads pue ‘aAnIsuas ‘pidel
—esoulbniae 4 ay | payidads JI0N  —4dSI4D JO UoneuIguiod auab Jido (14dD) ez 15eD—-YdSI¥D ‘3/dwis e dojansp o Apnis [ejuawiiadx]y [09]
suone|ndod sypiapy
7 013IA U] sadeys syuaw
suon -39 d112URb jIqow Joy
-ejndod s//p2ap) 7 351N uoM123|9s dloignue pue
AJlpou 01 pazi|in 9 90UJOp SWoudb
ued 1ey1 150D SSaUY B 0} seD-Y4dSIYD Usamiaq
pea)| ued s19b.e1 Yds|yD JO uoneiodony Aejdis1ul ay1 moy
9DUPUIIUIRW P3DJO4 pa1e1s 10N -23]9 pue uopebnfuod) g [ LSED) 21e611s9AUl O] Apnis [ejuawiiadxy [6S]
sjod>ojoud 1eak
ojed uonessiuiwpe pasn pue aweu
ssa20ns pue A>uady)3 pueabesoq  wsiueydaw A1dA1RQ sauab 1abie) wid)sAs seH/UdsSIvD wiy ubisap Apnis s Joyiny

(panunuod) L ajqey



Page 17 of 26

(2025) 53:43

Okesanya et al. Tropical Medicine and Health

oxeidn syueu

-JWISISP SDURISISDI O}
UNWIWI 2IIM WINSAS S8
~4dSIgD Y Yum suels
louop sjpaapj 7 ‘uonippe
Uj 'suleAs 1URISISaU Ul
9583.109p JuedyIubIs e bul
-1eJISUOWSP ‘OAIA U| pUB
OJ1IA U SIJD32D) J JURISISD]

|2poW aupnw e ul
AJBDLYD S} SSISSE puR
suone|ndod sypoapy 3 ul
9DUR)SISaI dRoIgIue

-dl10Igiue padnpal SI|p2aby Bupnpal 10y WaisAs
Ajpueoylubis spruseld piwse(d aAiebNfuod 7 Ul SJUBUIWLIIOP w215As [eIgOIDIWIIUR Paseq
|BIGOIDIWIIUE SBD-HdSIHD pa1e1s I0N  dAIsuodsal-auowolayd 90URIS|SaI D1I0IGIIUY Se)-YdSIYD [ 9dAL  -SeD-YdSIyD e 21ea1d 0] Apnis |eauswiadxgy [99]
souab 19bie1 Y1 se
plwse|d swes ay3 uo AUAIISUDS
sauab Aq parelpawl si D10IgJIUe 2101531 O} [j0
9DURISISAI USYM UDAD '3 bupnpoid-19s3 Ul
‘sD1101g13Ue 031 S||192 YA s95UaNbas dyDads
9711ISUS-31 01 UMOYS SeM $1953 1dnusip pue 19b1e1 0}
WISAS 65eD/ddSID payioads 10N payinads 10N 90A1-AHS pue -N3L 65€D/ddSI¥D 658D/ddSIgD 9sn oL Apnis [euswiiadxg [59]
evyn pue
24vD ypog bundnusip Ag
P31e11SUOWIP A|[Nyssad
-dNns sem Buppa ausb
paxa|dinw pue ‘sappuald
-UJo UonSISp YD %05 $opIojrioly Ul
Buiyoeal ‘9490 01 P|oJ9€ uondnisip suab paisb
Wway) paseainu| uopeziw -181 10} 6SeD-YdSIYD JO
-ndo Ing ‘Mo| a1am s3I 35N 343 21eJISUO
-UaLys Bunipa [erul ay | payidads 10N uoleullojsuel| £vHN W1SAS 6SeD-HdSIYD -wsp pue dojsasp o] Apnis [pyuswiliadx]y [%9]
o1 U]
Juswdojonap aduels|sal
[el21oeq parusAdId AjPAl
D949 WASAS SBD-YdSIYD 9DUP)SISaI Bnup el
919|dwod 9y pue ‘adue -912eq Ul SeD-YdSIYD JO
-1SISa1 [RIGOIDIWIUE 3]0J ay3 a10|dxa 0} pue
BunIgiyul ul 9joi spusb JUUDWINDQ 12190q0}
1As2 2y bunesipul -aUJDY Ul 90URISISI
'9DURISISaI Dl10IgUR opolgniue syae auab
pasealdul PaMOYs Ulelis WI)SAS UOLRUIqUIODS) 1ASD seD-YHdSIYD aYi Ji
ueINW [ASOVELGY 9y L payidads 10N snobojowoy qyasy 2uab [AsD SeD-YdSIYD 94-| ENVIWIEIEToXe] | Apnis [eauawliiadxy [€9]
sjod>ojoud 1eak
ajel uonessjuiwpe pasn pue sweu
ssa20ns pue A>uady)3 pueabesoq  wsiueydaw K1dA1RQ sauab 1abie) wid)sAs seH/UdsSIvd wiy ubisap Apnis s Joyny

(panunuod) L ajqey



Page 18 of 26

(2025) 53:43

Okesanya et al. Tropical Medicine and Health

sabeyd

-0lI310eq 0 SonoIgnuUe
[euonIpel] YUM 9|qe
-A3IYDP J0U 183) B ‘A)l|IgePW
-weiboid pue A1IAID3ISS
ybiy bunensuowap
'S2IN)ND paxiul WoJj
s910ads 4o sulels [elia1deq
[ENPIAIPUI SAOWSI pue
19b4e1 A]9A11D3))9 URD

WI1SAS

$3IN1INJ PaxIW WO
S9129ds JO Suleils [eLs)
-Deq dyIdads JO [eAOwRl
pa19b1e] 9Y) J0) SWIISAS

SWIISAS SBD-YHdSIYD payidads 10N paynads JON - sulels [eua1deq oypads seD-YdSIyD 3| 2dAL seD-Y4dSI¥D dzIj1n of Apnis [eauswiadx3 [89]
9DUPISISAU
uns1|od Bueqwiod ul
SS3USAIIDAYS S)I buiroud
‘|-DW asulebe Ayunwiwil
pauleb os[e elIa1Oeg JUD
-1dpas ay | ANARISUSS ©11910eq WO
uixAwA|jod Bulolsal spiuseld [-nw
'B11910Bq WO} | -IoW SAOUII 0} WIASAS 65ED)
Buiureuod spiwseld /4dSI¥D e buisn prwseld
paAOWaI A|NJsSa0ONS piuwse|d aAnebnfuod auab [-1DwW ayy 9Al1ebN(uod Juspuad
WISAS 6SD/4dSIHD YL payidads 10N 1uspuadapul-isoy Buikied spruiseld W1sAS 65eD/4dSID -9puI-1soy e 31eaid O Apnis [eauawiiadx3y [£9]
sjox>0yo0ud 1eak
ojed uonessiuiwpe pasn pue saweu
ssaddns pue £>usiyy] pueabesoq  wsiueydaw A1aA1RQ sauab 19b.ie) widIsAs seH/HdSIHD wiy ubisap Apnis s,Joyiny

(panunuod) | sjqer



Okesanya et al. Tropical Medicine and Health (2025) 53:43

CRISPR/Cas system and target genes

Diverse CRISPR/Cas systems have been used in the stud-
ies reviewed. The systems used include the CRISPR-
Casl2a 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-$-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, tsstl, 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, casl, 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
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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 Casl2a, 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
2.7x1072 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::csglaacCl1] sig-
nificantly reduced the transformation efficiency of the
targeted plasmid pHERD3O0T 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-Casl2a, 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/
Casl2 collateral cleavage activity and CRISPR/Casl3
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,

Page 20 of 26

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
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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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Challenges
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Fig. 3 Recommendations for CRISPR-Cas technology

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
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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
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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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