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ABSTRACT 

Genome editing technologies, particularly clustered regularly interspaced short palindromic repeats ( CRISPR) -Cas9, have 
transformed biomedical research by enabling precise genetic modifications. Due to its efficiency, cost-effectiveness and 
versatility, CRISPR has been widely applied across various stages of research, from fundamental biological investigations 
in preclinical models to potential therapeutic interventions. In nephrology, CRISPR represents a groundbreaking tool for 
elucidating the molecular mechanisms underlying kidney diseases and developing innovative therapeutic approaches. 
This review synthesizes the latest advancements in CRISPR-based gene editing within nephrology, highlighting its 
applications in genetic kidney disorders, polygenic nephropathies and functional genomic studies. Preclinical studies 
utilizing CRISPR-engineered kidney organoids and animal models have provided crucial insights into disease 
pathophysiology, offering platforms for drug discovery and precision medicine. Additionally, CRISPR-based functional 
screens have identified novel disease-associated pathways, particularly in diabetic nephropathy and glomerular 
disorders. Beyond experimental research, the therapeutic potential of CRISPR in nephrology is emerging, with recent 
advances in base editing and prime editing demonstrating the feasibility of correcting pathogenic mutations in 

conditions such as Alport syndrome and autosomal dominant polycystic kidney disease. Moreover, CRISPR plays a 
pivotal role in xenotransplantation, with gene-edited porcine kidneys addressing key immunological and virological 
barriers. Despite its promise, clinical translation faces challenges, including delivery efficiency, off-target effects and 
ethical considerations. This review provides an overview of the current state and future directions of CRISPR-based gene 
editing in nephrology, underscoring its transformative potential in advancing kidney disease research and therapeutics. 
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NTRODUCTION 

RISPR technology: how it started 

lustered regularly interspaced short palindromic repeats 
 CRISPR) were first identified in 1987 by a group of Japanese re- 
earchers as repetitive DNA sequences in Escherichia coli [1 ] ( see 
ox 1 for definitions of technical terms) . These DNA sequences 
ere palindromic, meaning they could be read the same back- 
ard and forward, ≈30 base pairs ( bp) long and separated by 
pacers that were not palindromic and ≈36 bp long [2 , 3 ]. In 
990, Francisco Mojica, identified the same palindromic repeats 
n Archaea, discovered that the spacers matched viral DNA and 
ypothesized the role of these spacers in bacterial immunity 
gainst viral infections [4 ]. Some years later, in 2007, Philippe 
orvath proved that CRISPR was a sort of adaptive immune re- 
ponse against viruses [5 ]. Essentially, it was discovered that 
RISPR sequences play a crucial role in microbial adaptive im- 
unity, enabling microbes to recognize and eliminate specific 

oreign DNA sequences from invading viruses [6 , 7 ]. A gene 
djacent to the palindromic repeats is responsible for the cut- 
ing. This gene encodes for the Cas9 protein, an endonucle- 
se responsible for cutting viral DNA sequences and protecting 
he bacteria from infection [8 ]. Building on these foundational 
iscoveries, Jennifer Doudna and Emmanuelle Charpentier in- 
roduced the fully resolved CRISPR-Cas9 system in 2012 [9 ] by 
dentifying the missing component of this complex system: 
ransactivating CRISPR-RNA ( tracrRNA) , the RNA sequence that 
uides the CRISPR system [10 ]. They later synthesized a sin- 
le guide RNA sequence ( sgRNA) [11 ] to substitute for tracrRNA.
ith the complete system composed of palindromic repeats,

pacers, sequence encoding for Cas9 and sgRNA, the CRISPR- 
as9 system was later translated into mammalian cells for gene- 
diting purposes. Gene editing is a process that involves modi- 
ying a cell’s DNA sequence and its genetic information. 

The advent of CRISPR-Cas9 ushered in a transformative era 
n gene editing [1 ]. This groundbreaking tool precisely targets 
NA sequences with the Cas9 protein, which induces double- 
tranded DNA breaks, thereby enabling efficient and targeted 
enomic modifications [12 ]. Unlike earlier gene-editing tech- 
ologies such as meganucleases, zinc-finger nucleases and 
ranscription activator-like effector nucleases—which required 
abour-intensive and costly protein engineering for each target 
equence—CRISPR’s RNA-guided approach dramatically simpli- 
es the process [13 ]. By merely altering the sgRNA sequence,
esearchers can efficiently direct Cas9 to almost any genomic 
arget, akin to programming a Global Positioning System to 
avigate to a desired destination [13 ]. 

RISPR technology: advantages 

ue to its unparalleled precision, efficiency and cost- 
ffectiveness, CRISPR has rapidly become an indispensable 
ool in biomedical research [1 ]. Its applications span from 

reclinical studies involving cell and animal models to its 
merging therapeutic potential in clinical practice [14 ]. When 
RISPR induces double-stranded DNA breaks, cells utilize 
wo main pathways for repair: non-homologous end joining 
 NHEJ) and homologous recombination ( HR) [15 ]. NHEJ, although 
aster and more prevalent, is error prone and can result in 
nsertions or deletions at the repair site [15 ]. Conversely, HR is 
 more precise mechanism, leveraging a DNA template—either 
aturally present or externally supplied—for accurate repair 
15 ]. HR facilitates the correction of point mutations, deletions 
nd other genetic alterations underlying many diseases. To 
urther enhance its versatility, various CRISPR variants, such 
s CasMINI and Cas14, have been developed [16 –18 ]. These 
nnovations extend CRISPR’s capabilities to include small-target 
diting and compact delivery systems, broadening the range of 
pplications across diverse fields of research and therapy. 

CRISPR-based gene-editing therapies are now transitioning 
rom concept to clinical reality. In 2019, the U.S. Food and Drug 
dministration ( FDA) approved a CRISPR-based cell therapy for 
ickle cell disease and beta-thalassemia, marking a significant 
ilestone in the field [19 –21 ]. These therapies primarily function 
y inducing targeted gene disruption through the NHEJ repair 
echanism ex vivo , prior to cell administration. In the future,
s the technology matures, CRISPR may expand its therapeutic 
each to a broader spectrum of diseases, including immune dis- 
rders and rare genetic conditions. 
In the field of nephrology, CRISPR presents unprecedented 

pportunities for advancing kidney disease research. By en- 
bling precise genomic modifications, CRISPR offers a power- 
ul tool to elucidate the molecular mechanisms underlying kid- 
ey diseases and to develop innovative therapeutic strategies.
his review synthesizes the latest evidence on the application 
f CRISPR-Cas and related gene-editing technologies in nephrol- 
gy, emphasizing their transformative potential in advancing 
he diagnosis and treatment of kidney diseases ( Fig. 1 ) . 

ENE-EDITING APPLICABILITY IN 

EPHROLOGY 

herapeutic potential in kidney diseases 

hronic kidney disease ( CKD) represents a significant global 
ealth challenge, ranking as the ninth leading cause of mortal- 
ty according to the World Health Organization ( WHO) in 2021 
22 ]. Affecting more than 10% of the global population, the preva- 
ence of CKD is anticipated to increase due to increasing life ex- 
ectancy and the growing prevalence of chronic comorbidities 
uch as diabetes and hypertension. Kidney diseases span a di- 
erse range of genetic, polygenic and acquired conditions, many 
f which are associated with well-characterized molecular path- 
ays and genetic alterations [23 ]. 

onogenic kidney diseases 

ongenital nephrotic syndrome ( CNS) is an example of a group 
f genetic kidney disorders, presenting early in life with symp- 
oms including massive proteinuria, hypoalbuminaemia, severe 
edema and hyperlipidaemia [24 ]. At least three key pathogenic 
enes are implicated in CNS: NPHS1 ( encoding nephrin) , NPHS2 
 encoding podocin) and an unidentified gene located in the 
1q21-22 region [25 ]. Furthermore, monogenic kidney disorders 
uch as autosomal dominant polycystic kidney disease ( ADPKD) ,
lport syndrome and nephronophthisis are caused by muta- 
ions in genes including PKD1 , PKD2 , COL4A and NPHP3 . Ad-
ances in genome-wide association studies ( GWAS) and genetic 
nalyses have identified > 600 nephropathy-associated genes,
roviding an invaluable resource for understanding the genetic 
ontributors to kidney diseases [26 ]. CRISPR-mediated gene edit- 
ng provides the potential for precise correction of such muta- 
ions, offering a promising approach to halt or reverse disease 
rogression. 
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Figure 1: Schematic diagram of CRISPR gene editing for preclinical and clinical application. 
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olygenic/multifactorial kidney diseases 

hile diabetes and hypertension remain the most reported 
auses of CKD, recent sequencing technologies have revealed its 
olygenic and multifactorial nature [27 , 28 ]. Polygenic nephropa- 
hy refers to genetic predispositions influenced by multiple loci 
nd interacting pathways. Key genes such as UMOD ( encoding 
romodulin) , APOL1 ( encoding apolipoprotein L1) and HNF1B 
 encoding hepatocyte nuclear factor 1 beta) have been identi- 
ed as significant contributors to kidney disease susceptibil- 
ty [29 ]. Variants in APOL1 , for instance, are strongly linked to
n increased risk of focal segmental glomerulosclerosis ( FSGS) 
nd hypertensive nephropathy, particularly in individuals of 
frican ancestry [30 ]. APOL1 risk alleles could conceivably be dis-
upted using CRISPR-Cas9, as a means of genome-editing ther- 
py. Demonstrating direct links between genetic mutations and 
heir phenotypes requires robust functional experimental stud- 
es. CRISPR-Cas systems provide a highly effective platform for 
uch studies, enabling precise gene modifications to investigate 
olecular pathways underlying kidney disease pathogenesis.
his approach not only advances our understanding of disease 
echanisms but also identifies potential therapeutic targets,
articularly for conditions characterized by inflammation, fibro- 
is and metabolic dysregulation. 

iagnostic and screening potential in kidney diseases 

eyond the treatment of genetic mutations, CRISPR technol- 
gy plays a role in gene screening and pathway identification.
RISPR-based functional screens have been instrumental in 
dentifying possible regulatory networks in diabetic nephropa- 
hy, providing insights into how hyperglycaemia exacerbates 
idney damage. These screens can pinpoint novel mediators 
f kidney injury, paving the way for the development of new
herapeutic interventions. Furthermore, the nephron, compris- 
ng specialized cell types such as podocytes, tubular epithelial
ells and mesangial cells, highlights the complexity of kidney
unction and disease. Precision tools like CRISPR are essential
or studying the contributions of individual cell types to disease
henotypes. When combined with CRISPR, kidney organoids de-
ived from human induced pluripotent stem cells ( PSCs) of- 
er a powerful platform for modelling disease-specific muta-
ions and phenotypes in physiologically relevant contexts. These
rganoids enable the study of complex kidney diseases, facilitat-
ng the identification of molecular mechanisms and the evalua-
ion of potential therapeutic strategies. 

Given the multifactorial and multicellular involvement in 
idney diseases, alongside their well-defined genetic back- 
round, CRISPR and gene-editing technologies present tremen- 
ous potential in nephrology. By addressing the genetic and
olecular complexities of kidney diseases, CRISPR not only en-
ances our understanding of pathophysiology but also provides
 robust framework for therapeutic development. Its ability to
odel, investigate and potentially correct disease-causing mu- 

ations highlights its transformative role in advancing kidney re-
earch and improving clinical outcomes. 

RECLINICAL APPLICATION OF CRISPR-CAS 

unctional studies and gene-edited cell lines 

WASs have identified several genes that are associated with
idney diseases. However, in order to validate this association,
xperimental functional studies are required to prove that the
utation actually causes the disease and how it does so at a
olecular level. CRISPR-Cas technology can answer these ques-

ions. For instance, it can be used to experimentally knock out
r introduce mutations into candidate genes and then compare
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Table 1: List of genes that were modified using CRISPR gene editing in preclinical kidney organoid models of disease. 

Kidney 
disease 

Target 
gene 

Target cell 
type Technical method Function/phenotype References 

Polycystic 
kidney 

PKD1 or 
PKD2 

Tubule CRISPR-Cas9 or cytosine 
base editor knock-out 

↑ cystogenesis, 
↓ polycystin-1 levels, 
↓ ciliary polycystin-2, 
↓ ECM compaction 

[34 , 36 , 84 , 38 ] 

PKHD1 Tubule CRISPR-Cas9 knock-out ↑ cystogenesis [85 ] 

Nephrotic 
syndrome 

PODXL Podocyte CRISPR-Cas9 knock-out ↓ junctional migration, 
↓ cell–cell spacing, 
↓ microvillus formation 

[34 , 40 ] 

NPHS1 Podocyte CRISPR-Cas9 knock-in ↓ slit diaphragm protein 
expression/localization 

[86 ] 

FSGS APOL1 Podocyte, 
endothelial 

CRISPR-Cas9 knock-in Dedifferentiation of podocytes, loss of 
endothelial cells 

[42 ] 

Ciliopathy KIF3A or 
KIF3B 

Tubule CRISPR-Cas9 knock-out ↓ nephrogenesis, 
↑ cystogenesis 

[87 ]

Fabry 
syndrome 

GLA Podocyte CRISPR-Cas9 knock-out ↓ lysosomal aspartylglucosaminidase 
enzyme activity 

[88 –90 ] 

Alport 
syndrome 

COL4A3 or 
COL4A5 

Podocyte CRISPR-Cas9 knock-in, 
variant correction 

Reserve podocyte number [50 ] 

COL4A5 Podocyte CRISPR-Cas9 knock-out Parietal cell hyperplasia, mesangial 
sclerosis and interstitial fibrosis 

[91 ] 
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he phenotype to wild-type controls. Mandai et al. [31 ] created 
 knock-in human embryonic kidney cell line with an intronic 
olymorphism in the STK39 gene that encodes for STE20/SPS-1- 
elated proline/alanine-rich kinase ( SPAK) via CRISPR-Cas. This 
ntronic polymorphism was identified through GWASs as one of 
he susceptibility genes for hypertension, and this association 
as also confirmed by a meta-analysis, although the biological 
unction of the polymorphism was not determined. Mandai et al.
hus demonstrated that by introducing this polymorphism, cells 
ad higher STK39 mRNA and SPAK expression and phosphory- 
ation, leading to an increase in the sodium–potassium–chloride 
otransporter ( NKCC1) that is mainly expressed in the affer- 
nt arteriole’s smooth muscle cells and in the outer and inner 
edullary collecting duct [31 , 32 ]. CRISPR-Cas thus allowed iden- 

ification of the biochemical function of a disease-associated 
olymorphism. 
Again, Porath et al. [33 ] generated a GANAB -mutated cell line 

sing CRISPR-Cas9 to prove GANAB gene product involvement in 
DPKD. GANAB is a gene that encodes for glucosidase II subunit 
( GII α) and was found to be associated with ADPKD thanks to 
hole-exome sequencing of unresolved ADPKD cases ( ADPKD 

ases negative for mutations in PKD1 and PKD2) identifying a 
issense mutation in the gene. Using CRISPR-Cas9 technology,
orath et al. [33 ] proved that GII α is necessary for the correct mat- 
ration and localization of polycystin 1 and 2 ( PC1 and PC2) and 
herefore contributed to the genetic understanding of ADPKD. 

ene-edited organoids 

rganoids are heterocellular structures that mimic bodily tis- 
ues and organs to study biology and disease. Human kidney 
rganoids can be derived from induced PSCs. The hallmark 
f these organoids is the appearance of podocytes, proximal 
ubules and distal tubules in contiguous segments. In current 
ractice, induced PSCs are typically edited in the undifferenti- 
ted state to generate stable cell lines, which are subsequently 
ifferentiated into organoids to study the effects of mutations 
34 , 35 ]. 

CRISPR-Cas technology has been instrumental in exploring 
ene functions and modelling kidney diseases using in vitro kid- 
ey organoids [34 , 36 ] ( Table 1 ) . Kidney organoids derived from 

uman iPS cells have been used to create genetic disease mod- 
ls. For polycystic kidney disease, introducing loss-of-function 
utations in PKD1 and PKD2 via CRISPR-Cas9 produced cysts 

rom kidney tubules upon differentiation, indicating that the 
athognomonic disease phenotype could be recapitulated in a 
implified system in vitro [34 ] . Additional studies identified a crit- 
cal role for microenvironmental factors in cystogenesis as well 
s glucose absorption in PKD organoid cystogenesis [36 , 37 ]. Cys- 
ogenesis could also be introduced via a cytosine base editor to 
reate nonsense mutations [38 ]. Tubuloids derived from adult 
idney also exhibit a cystic phenotype after CRISPR editing to 
isrupt PKD1 or PKD2 [39 ]. 
Additionally, CRISPR-Cas has been used to investigate phe- 

otypes related to podocyte dysfunction and glomerular dis- 
ase. Knockout of PODXL , encoding podocalyxin, a key protein 
n podocyte junction organization, resulted in apical diffusion 
f slit diaphragm proteins within podocyte clusters in organoids 
34 , 40 ]. Findings in kidney organoids were validated in mouse 
odels, where podocalyxin-deficient mice succumbed to kid- 
ey failure postnatally, aligning with clinical cases of congenital 
ephrotic syndrome caused by PODXL mutations. One interest- 
ng gene target for CRISPR is APOL1 , for which human-specific 
isk variants exist that predispose individuals for glomerular 
isease [41 ]. It has been shown that APOL1 can be induced in
idney organoids by treatment with interferon-gamma and is 
ssociated with changes in gene expression consistent with 
edifferentiation of kidney podocytes, as well as the loss of 
ndothelial cells via pyroptosis [42 , 43 ]. Future work may uti- 
ize such systems to develop CRISPR treatments that disrupt 
POL1 risk alleles, thus protecting the kidneys from deleterious 
ffects. 
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ene-edited animals 

nimal models of human diseases are fundamental to advance 
esearch and to investigate the underlying pathophysiology of 
everal diseases. Unfortunately, there aren’t many animals that 
imic human anatomy, physiology and pathology accurately.
urrently the two best animal models are mice and rats, with
ats being physiologically more similar to humans but more dif-
cult to manipulate genetically than mice. 
Besides cell cultures, CRISPR-Cas can be used to create gene-

dited animals, not only for a single gene but for multiple genes
imultaneously [44 ]. For example, Xu et al. [45 ] created a mouse
odel using CRISPR-Cas to tag the odd-skipped related 1 ( Osr1) 
rotein, a protein involved in the early stages of nephrogene-
is. Heterozygous mutations are associated with decreased kid- 
ey size and function [46 ], whereas homozygous mutations lead
o lethal congenital kidney malformations [47 ]. Tagging Osr1 
hrough CRISPR-Cas clarified the biological function of Osr1 in 
he early stage of kidney development [45 ]. 

The pathogenic role of APOL1 , a gene associated with FSGS
n African Americans, was clarified in CRISPR-Cas9-edited ze- 
rafish embryos [48 ]. Similarly, the link between Sec61 translo-
on alpha 1 subunit ( SEC6A1A) and autosomal dominant tubu- 
ointerstitial kidney disease was confirmed in CRISPR-Cas9- 
dited zebrafish [49 ]. 

LINICAL APPLICATION OF CRISPR-CAS 

otential gene-editing therapy for genetic kidney 
iseases 

nother exciting potential application of CRISPR-Cas and gene- 
diting technology is the treatment of genetic diseases. These 
odifications can be done in somatic cells or in germinal cells,

he latter ensuring that the modification can be inherited. As
 therapeutic approach, it has been reported in preclinical stud-
es for specific genetic kidney diseases such as Alport syndrome.
he study conducted by Daga et al. [50 ] demonstrated a 40% re-
ersion of variants with a small percentage of off-target indels
n urine-derived human podocyte lineage–carrying mutations in 
he X-linked COL4A5 and autosomal COL4A3 gene. 

In the previously mentioned study by Vishy et al. [38 ], the
ytosine base editor–related cystogenesis in ADPKD organoids 
as fully reversed when homozygous mutants were converted 
o heterozygotes using an adenine base editor, suggesting that 
artial restoration of gene function may be sufficient to pre-
ent disease progression. Recently, another tool for genetic edit- 
ng, called adenine base editor ( ABE) , was successfully used for 
DPKD [51 ] and primary hyperoxaluria type 1 [52 ]. Wang et al.
51 ] reported the successful use of ABE to correct PKD1 muta-
ions in human induced PSCs from peripheral blood mononu- 
lear cells ( PBMCs) of a heterozygous ADPKD patient. Kidney 
rganoids developed from the corrected cells did not develop 
ysts upon treatment with forskolin. Lastly, Chen et al. [52 ] de-
ivered specific ABEs through AAVs in vivo in a mouse model of
rimary hyperoxaluria type 1, restoring the production of hep- 
tic alanine glyoxylate aminotransferase. 

Besides the treatment of genetic diseases, Jerke et al. [53 ]
emonstrated the applicability of CRISPR-Cas9 for autoim- 
une diseases such as anti-neutrophil cytoplasmic autoanti- 
ody ( ANCA) -associated vasculitis. Interestingly, they showed 
hat introducing a mutation in the gene encoding for pro-
einase 3 ( one of the two main targets of autoimmunity in
NCA-associated vasculitis) in human CD34+ haematopoietic 
tem and progenitor cells, selectively reduced the abundance
nd activity of the protein. This is a potential breakthrough
or ANCA-associated vasculitis and a promising avenue for
mmunosuppressant-free tolerance induction in autoimmune 
iseases. 
The latest breakthrough involves using CRISPR technology 

o potentially treat diseases caused by enzymatic deficiencies.
 recent article by Musunuru et al. [54 ] showed promising re-
ults for a customized base-editing therapy in a neonate af-
ected by a rare metabolic disorder ( carbamoyl-phosphate syn- 
hetase 1 deficiency) . This opens a new avenue for CRISPR
n metabolic nephropathies caused by enzymatic deficiencies 
uch as adenine phosphoribosyltransferase enzyme deficiency,
rimary hyperoxalurias, Fabry disease or glycogen storage 
iseases. 

enotransplantation 

idney transplantation is the best therapeutic option for most
atients with end-stage kidney disease ( ESKD) . Since the first
uccessful human kidney transplantation [55 ] performed by
urray in 1954 in Boston, Massachusetts, USA, tremendous im-
rovements have been made from the surgical, immunologi-
al and nephrological perspectives to ensure better short- and
ong-term outcomes, survival and quality of life of kidney trans-
lant recipients [56 ]. Despite the increasing global incidence
f kidney transplantation [57 , 58 ] and the ever-growing trans-
lantation of expanded criteria donor organs [59 , 60 ], demand
till exceeds supply. This has forced the medical, surgical and
cientific community to look for an alternative, such as xeno-
ransplantation ( transplantation of living cells, tissues or or- 
ans from one species to another) . The domestic pig ( Sus scrofa
. domestica) presents a potential source of non-human tis-
ue because it is easy to breed, its litter size is relatively large
nd its organs are anatomically similar to those of humans
61 , 62 ]. Unsurprisingly, this has raised several immunologi-
al, xenozoonosis-related, physiological and ethical concerns.
RISPR technology could serve as an exciting and promising
ool to bridge some of these gaps. To obviate the immunolog-
cal barriers, CRISPR and gene editing can be used to reduce
he immunogenicity of porcine kidneys and therefore modu-
ate the recipient’s immune response. As previously mentioned,
ne of the biggest limitations of xenotransplantation is the
yperimmunogenicity of xenografts. This is partly due to the
resence of antigens on porcine cells that cause a violent im-
unological response known as hyperacute rejection ( HAR) in 

he recipient [63 , 64 ]. HAR is a type of humoral rejection me-
iated by pre-existing recipient antibodies that recognize epi-
opes expressed on xenograft endothelial cells [65 ]. This leads
o complement activation and destruction of xenograft vascu-
ar integrity, with its immediate failure [66 ]. It normally hap-
ens minutes to hours after xenotransplantation. The antigens
nvolved in xenograft HAR include galactose- α1,3-galactose ( α- 
al) , an epitope synthesized by the α-1,3-galactosyltransferase 
 GGTA1) enzyme encoded by the porcine GGTA1 gene [67 ];
ytidine monophospho-N-acetylneuraminic acid hydroxylase 
 CMAH) , encoded by the porcine CMAH gene [68 ]; and β-1,4-N-
cetylgalactosaminyltransferase 2 ( β4GalNT2) encoded by the 
orcine β4GalNT2 gene [69 ]. CRISPR gene editing has been used
o engineer knock-out ( KO) pigs for the three surface antigens
 GGTA1, CMAH and β4GalNT2) that are involved in HAR, and
his has shown decreased immunoreactivity of human antibod-
es ( IgM and IgG) towards KO PBMCs [70 ]. Gene-editing tech-
ology has also been used to reduce the risk of acute humoral



6 V. D’Ambrosio et al.

r
e
j
n
m
h
t
o  

a

m
m
t
m
(
h
a

p
s  

P
i
t

t
e
d
e
e  

U
g
h
p
t  

b
a

F

W
m
s
i
t
o
l
n
c
s
e
s
t
t
a
p
m
r
t

l  

E
p
h
a
i

Figure 2: CRISPR gene editing range of possible opportunities and challenges in 
kidney diseases. 
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ejection ( AHR) and acute cellular rejection ( ACR) . For AHR, gene- 
diting technology has been used to modify the class I swine ma- 
or histocompatibility complex ( SLA) [71 ], reduce the toxicity of 
atural killer cells [72 ], inhibit complement activity and inhibit 
acrophage phagocytosis [63 ]. For ACR, CRISPR-Cas technology 
as been used to reduce T-lymphocyte activity [73 ] ( although 
his approach was unsuccessful) and to reduce the expression 
f both class I and class II [74 ] SLA molecules. However, there is
 need for further preclinical studies. 

Another avenue worth exploring to reduce the hyperim- 
unogenicity of xenografts is the use of CRISPR to harvest hu- 
an kidneys in pigs. More specifically, this could be possible 

hanks to a technology called interspecies blastocyst comple- 
entation that consists of the injection of PSCs of a species 

 human, for example) into the blastocyst of another species. This 
as been previously done in rats and mice for pancreas, heart 
nd eyes, but could be expanded to kidneys [75 ]. 

Besides immunogenicity, another problem for pig xenotrans- 
lantation is the risk of xenozoonosis, which is the transmis- 
ion of infectious agents between two species via a xenograft.
orcine endogenous retroviruses are viruses that are integrated 
nto the pig genome and that should be eliminated before xeno- 
ransplantation. This could be done via CRISPR [76 ]. 

Significant advances have been made over recent years in 
he clinical use of gene-edited pig kidneys in human recipi- 
nts, when initial xenotransplants were undertaken in brain 
ead donors [77 –80 ]. Within the last year, the first genetically 
dited pig kidney was transplanted into a live human recipi- 
nt [81 , 82 ] at the Massachusetts General Hospital, Boston, MA,
SA. The recipient was a 62-year-old man with ESKD under- 
oing haemodialysis after previous graft loss with a medical 
istory of type 2 diabetes and hypertension. The recipient had 
rimary graft function, experienced early T cell–mediated rejec- 
ion, which was treated with augmented immunosuppression,
ut died with a functioning graft at day 52 post-transplant from 

 cardiac event. 

uture opportunities and challenges 

hile CRISPR technology offers promising avenues for the treat- 
ent of kidney diseases, its clinical translation faces several 
ignificant challenges spanning delivery systems, technical lim- 
tations, safety, ethics and regulatory frameworks. The struc- 
ural and functional complexity of the kidney presents unique 
bstacles for effective delivery systems. Urine-directed delivery 
everages the accessibility of the urinary system, with mecha- 
isms such as glomerular filtration aiding in the targeted lo- 
alization of CRISPR components to kidney cells. This method 
hows potential for targeting tubular epithelial cells by deliv- 
ring components directly through the urinary tract. Tubular- 
pecific delivery methods employ molecular carriers or nanopar- 
icles engineered to selectively bind to receptors expressed on 
ubular cells. Strategies such as ligand-conjugated nanoparticles 
nd kidney-specific promoters are actively being explored to im- 
rove delivery efficiency and specificity. While promising, these 
ethods remain in the experimental phase and require further 

efinement to ensure safety and feasibility in clinical applica- 
ions. 

Similar to other complex biological systems, the diverse cel- 
ular architecture of the kidney complicates precise gene editing.
fficiently targeting specific cell populations, addressing repair 
athway biases ( which favour non-homologous end joining over 
omologous recombination) and minimizing off-target effects 
re critical areas requiring optimization. Additionally, maintain- 
ng the stability of CRISPR components during systemic deliv- 
ry and ensuring consistent therapeutic outcomes are key chal- 
enges that must be addressed to facilitate the transition from 

reclinical success to clinical application ( Fig. 2 ) . 
CRISPR technology also raises significant concerns in the 

omains of safety, ethics and regulation. Unintended off-target 
ffects could lead to harmful genetic modifications, while 
RISPR-induced cellular stress may impair cell viability or hin- 
er editing success. Some cells may recover from editing but 
thers may undergo apoptosis or senescence, limiting therapeu- 
ic efficacy. Ethical concerns include the potential for CRISPR 
o be used for non-therapeutic human enhancement, such as 
mproving physical or cognitive traits, which could exacerbate 
ocial inequities. Germline editing introduces additional risks,
uch as permanent genetic changes that could affect future gen- 
rations, raising complex ethical questions. In 2018, an interna- 
ional group of scientists called for a moratorium on germline 
diting research, underscoring the need for a globally accepted 
thical framework. The Somatic Cell Genome Editing Consor- 
ium of the National Institutes of Health was also founded in 
018, to improve the technology and assess the biological ef- 
ects of genome editing [83 ]. In 2020, Doudna and Charpentier 
ere awarded the Nobel Prize in Chemistry for the invention 
f CRISPR gene editing. With so much attention being paid to 
ene editing around the globe, this technology is sure to pro- 
uce many significant advances in the years to come, including 
ovel gene therapies for kidney disorders. 

ONCLUSIONS 

n summary, CRISPR-Cas technology is a revolutionary tool for 
esearch with a high potential for clinical translation. In nephrol- 
gy, CRISPR-Cas has mainly been used for preclinical models,
hether they be cell lines, gene-edited organoids or animals.
hese preclinical models shed some light onto the pathophysi- 
logy of certain diseases, such as monogenic and polygenic kid- 
ey disorders, and helped us understand the intracellular path- 
ays involved. However, during the last decade the clinical ap- 
lication of this technology has expanded. From gene-editing 
herapies for genetic kidney diseases to induction of tolerance 
n autoimmune diseases and xenotransplantation, CRISPR tech- 
ology is already revolutionizing the field of nephrology. 
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