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Chronic kidney disease (CKD) poses a significant global health
challenge, projected to become one of the leading causes of
death by 2040. Current treatments primarily manage complica-
tions and slow progression, highlighting the urgent need
for personalized therapies targeting the disease-causing genes.
Our increased understanding of the underlying genomic
changes that lead to kidney diseases coupled with recent suc-
cessful gene therapies targeting specific kidney cells have
turned gene therapy and genome editing into a promising ther-
apeutic approach for treating kidney disease. This review paper
reflects on different delivery routes and systems that can be ex-
ploited to target specific kidney cells and the ways that gene
therapy can be used to improve kidney health.

INTRODUCTION
Incidence, prevalence, morbidity, mortality, and economic

burden of genetic kidney diseases

Chronic kidney disease (CKD) affects a growing number of people
worldwide and it is estimated that it will become the fifth highest
cause of death by 2040.1 A wide range of disease-causing genetic
variants are associated with this condition.2 These variants can
be identified in 10% of adults and 20% of children with CKD.3

At current estimates, CKD costs the National Health Service
(NHS) £1.79 billion annually, and this excludes the expenses asso-
ciated with the treatments for end-stage kidney disease (ESKD),
including dialysis and transplantation. It is projected that the
total cost will significantly increase and could rise to £7.8 billion
due to the increasing prevalence and associated costs of CKD
stages 3–5.4 ESKD is reached at stage V CKD, with an estimated
glomerular filtration rate below 15 mL per minute per 1.73 m2

body surface area.5 At present, renal replacement therapies,
including long-term dialysis and transplantation, are used for
treating ESKD.6

Limitations of current therapies

Current treatments seldom target the underlying disease.7 Interven-
tions in kidney disease currently aim to manage the complications
of CKD, such as high blood pressure, anemia, electrolyte imbalance,
and mineral bone disease, or they aim to slow disease progression
by reducing albuminuria and addressing cardiovascular risk factors
such as hyperlipidemia.8 There are currently few targeted therapies
for monogenic kidney disease where the pathogenesis of disease is
within the kidney. Therefore, there is an unmet need for novel
personalized therapies that target the underlying causes of genetic
kidney disease.
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The solution

Introduction to gene therapy

In gene therapy, therapeutic or preventive effects in a wide range of
diseases are achieved through gene augmentation, gene editing, or
the modulation of gene expression (e.g., gene silencing).9 Gene
augmentation is defined as the introduction of a transgene, which is
mostly applicable for treating monogenic disorders, cancer molecular
chemotherapy and immunopotentiation, and introducing tolerance
against transplant rejection without immunosuppressive drugs.10 In
gene augmentation, gene improvements are obtained by introducing
a wild-type allele into cells that have the mutant allele, which can have
therapeutic effects.11 For example, autosomal dominant polycystic
kidney disease (ADPKD) is a common renal monogenic disorder
caused by mutations in the PKD1 or PKD2 genes, which encode
the polycystin-1 and -2 proteins (PC1 and PC2), respectively. Studies
have shown that low levels of polycystin protein in haploinsufficient
ADPKD models are associated with vascular changes and more sus-
ceptibility toward renal damage through renal ischemia/reperfusion
injury.12,13 Additionally, Piontek et al. have shown that inactivation
of PKD1 inmousemodels is associated with the development of cystic
kidneys.14 Therefore, one possible solution for this issue is to provide
cells with a wild-type allele of PKD1 (Figure 1A) to increase the pro-
tein level. The size of the PKD1 gene presents a significant limitation
for gene augmentation studies. PKD1, responsible for encoding
polycystin-1, a protein implicated in ADPKD, spans over 50 kb and
includes 46 exons. This large size poses a challenge for current gene
therapy vectors, such as adeno-associated viruses (AAVs), with a
packaging capacity of around 4.7 kb. Consequently, delivering the
entire PKD1 gene using AAV vectors is not feasible. Alternative stra-
tegies, such as using dual or multiple vector systems, must be devel-
oped and optimized, but these approaches can complicate the delivery
process and reduce efficiency. Additionally, the large size increases
the complexity of producing and purifying the therapeutic gene,
further complicating clinical applications. Therefore, the considerable
size of the PKD1 gene is a significant hurdle that must be addressed to
advance gene augmentation therapies for ADPKD.15 Meanwhile,
gene augmentation does not work for gain-of-function mutations
and will be difficult to implement in polygenic and polyallelic diseases
since the current viral vectors have a limited genetic payload. Poten-
tial strategies to overcome these challenges are targeted gene repair
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Figure 1. Gene augmentation for ADPKD treatment and delivery methods

(A) The potential of gene augmentation in treating ADPKD caused by mutation in PKD1 allele. In ADPKD, PKD1 haploinsufficiency (a condition when there is only one

functional copy of a gene instead of the usual two in diploid organisms) leads to a reduced amount or altered function of the polycystin-1 protein. Low polycystin-1 levels

disrupt normal cellular processes and lead to the formation of cysts in the kidneys. Delivering a functional copy of the PKD1 gene into the cells of the affected individual can

increase levels of polycystin-1 protein, compensating for the haploinsufficiency. (B) Different routes for kidney gene delivery. These routes include (A) subcapsular injection,

(B) direct injection into the renal pelvis, (C) infusion into the renal artery, (D) retrograde infusion into the renal vein, (E) retrograde infusion into the ureter, and (F) local injection.

www.moleculartherapy.org

Review
(via precise gene edits or small-fragment homologous replacement or
exon skipping) using either naked DNA or RNA delivered via viral or
non-viral vectors.10 The other form of gene therapy is gene expression
modulation, which can be used for targeting relevant signaling path-
ways in non-monogenic or monogenic diseases.10,16 In this review, we
focus on gene augmentation and modulation of gene expression.

In recent years, there has been significant progress in using gene ther-
apy for treating various diseases, including neuromuscular disorders,
cancer, and blindness. For example, AAV has been used to treat an
inherited retinal dystrophy (Leber congenital amaurosis) caused by
mutations in the RPE65 gene. The direct injection of the functional
2 Molecular Therapy: Methods & Clinical Development Vol. 32 Decemb
version of the gene loaded in AAV vectors into the eye had promising
results, with patients restoring their vision and maintaining the
improved vision for 5 years.17 In cancer immunotherapy reprogram-
ming T cells (chimeric antigen receptor [CAR] T cells) to kill lympho-
blasts has been effective in treating refractory acute lymphoblastic
leukemia, which results from excessive production of lymphoblasts
due to mutations in lymphoid progenitors. This work has resulted
in an 80% remission rate.17 Currently, gene therapy does not only
aim to correct defect genes, but it might be used to regulate gene
expression. It has been successful in saving the lives of children
born with aromatic L-amino acid decarboxylase (AADC) deficiency,
with the delivery of AAVs encoding human aromatic L-amino acid
er 2024
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decarboxylase to the bilateral substantia nigra and ventral tegmental
area, improving the motor function through increasing dopamine
and serotonin levels in cerebrospinal fluid.18

Gene therapy is divided into two groups, germline gene therapy and
somatic cell gene therapy, with the former being hereditary in
contrast to the latter.11 Germline genomic modifications do present
significant safety and ethical concerns, and there are many unknowns
that need to be addressed.19 While germline gene therapy remains
controversial and is not widely supported, somatic gene therapy is
the currently accepted and practiced approach. Gene modifications
can be performed either ex vivo, by correcting the cells removed
from patients’ body and re-infusing them back; in vivo, by systemic
administration of the therapeutic vectors into the blood circulation
or the cerebrospinal fluid; or in situ, by the administration of the
gene product to a specific site.

Generally, there are six major steps in gene augmentation therapy:

(1) Identification of the mutant allele
(2) Cloning of the identical healthy gene, known as the transgene
(3) Loading the appropriate vector with the transgene
(4) Vector reaching the target cells
(5) Delivery of the genetic cargo into the nucleus of the cell
(6) Expression of the healthy gene and correction of the phenotype20

Recent improvements in genotype-phenotype correlation

Over the past few years, there have been significant improvements in
genotype-phenotype correlation; large-scale genomic studies have
helped identify numerous genetic variants associated with specific
phenotypes,21 and functional genomics has helped in the understand-
ing of the functional implications of these genetic variations.22 These,
coupled with integration of the data obtained from multi-Omics
studies, have substantially helped to bridge the genotype-phenotype
gap.23 For example, polygenic risk scores (PRSs), a statistical tool
that combines information from multiple genetic variants, can help
estimate an individual’s genetic predisposition to a particular disease
and be informative at various stages of the disease trajectory.24

Increased understanding of the genetics of kidney diseases and

the potential for kidney gene therapy

Table 1 lists the genes involved in the development of various kidney
diseases.25–28 Renal disorders can be either monogenic or polygenic.
The tightness of the genotype-phenotype correlation determines the
predictive value and the penetrance of the mutations. Monogenic
recessive diseases have the tightest correlation, followed by mono-
genic dominant and polygenic diseases, respectively.28 Recently, it
has been shown that gene therapy in the kidney is possible. Ding
et al. successfully demonstrated that gene therapy targeted specifically
to the kidney podocyte can be effective in treating kidney disease.29

NPHS2, which encodes podocin, is the most frequently mutated
gene in childhood-onset steroid-resistant nephrotic syndrome.
The approach involved the administration of a functional copy of
NPHS2, under the control of a podocyte-specific promotor, packaged
Molecular T
into an AAV vector delivered via tail vein injection. Expression of this
transgene improved the kidney phenotype of Nphs2 conditional-
knockoutmice andmice with a patient-relevant mutation.29 These re-
sults open the door to treat different genetic causes of kidney diseases.
While promising, there are still challenges that need to be ad-
dressed.30 For instance, even though AAVs have relatively low immu-
nogenicity31 and have been successful in many clinical trials,32 their
small genetic cargo (4.6 kb) limits the number of diseases that can
be targeted using this delivery system given that some of the mutated
genes in kidney diseases are considerable larger than this. Meanwhile,
although AAVs are relatively low in immunogenicity compared to
the other viral vectors, lethal immunotoxicity has been observed in
some cases, particularly at high doses, and, therefore, they are not
completely free from immune responses.33 Factors affecting AAV
immunogenicity include pre-existing immunity, innate and adaptive
immune responses, capsid proteins, vector dosage, and the route of
administration. Strategies to mitigate these responses involve using
less immunogenic serotypes, engineering capsids to evade detection,
employing immunosuppressive treatments, and developing novel de-
livery methods. Despite these immunogenic concerns, AAV remains
a valuable tool in gene therapy.34

Gene therapy for kidney diseases

The unique structure of the mammalian kidney is commensurate
with its filtration and reabsorption roles. Filtration happens in the
glomerulus of each nephron, where podocytes form slit diaphragms
with diameters of only 10 nm.35 The large number of highly special-
ized cell types in the kidney36 makes cell-specific delivery more chal-
lenging. One of the determining factors in successful gene therapy is
choosing the right gene delivery system.37 Apart from the naked de-
livery of the genetic materials (summarized in Table 2), either viral or
non-viral vectors can be used as carriers to facilitate gene delivery; the
applications, limitations, and advantages of each of these vectors have
been discussed previously.20,38,39 The type of delivery vehicle, whether
it be viral, non-viral,40 or viral-like particles,41 contributes signifi-
cantly to its targeting properties. Selecting the right gene delivery
route (Figure 1B) also plays an important role in targeting, meaning
different compartments of the kidney, namely glomerular, tubular,
vascular, and interstitial cells, are transfected, when they are admin-
istered through the renal artery, retrograde infusion via the renal
vein or the ureter, or direct injection into the parenchyma or pelvis
(Table 3).37,42 For instance, Gusella et al. have shown that delivering
the same lentiviral vector by various routes of administration leads to
different transduction patterns in the kidney (Figure 2).43 Therefore,
the type of kidney disorder plays an important role in choosing the
suitable vector and administration route (Figure 3A). In rodents, sys-
temic delivery through tail vein injection, even though less invasive,
leads to the accumulation of the genetic material mostly in the liver,
which is clinically not ideal. Other routes (Figure 1B) are more inva-
sive but result in higher doses of particles delivered to the kidney. For
example, in an attempt to circumvent toxicity in the liver, Woodard
et al. have suggested direct injection into renal pelvis; however, using
this route, the transgene expression is not cell-type specific and is
observed in patches across the kidney.42 Alternate delivery routes,
herapy: Methods & Clinical Development Vol. 32 December 2024 3
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Table 1. A comprehensive list of genes playing major roles in the development of various monogenic kidney diseases and syndromes

Disease Type Inheritance Gene

Adenine phosphoribosyl transferase deficiency – AR adenine phosphoribosyl transferase 5

Alport syndrome
–

AR
collagen type IV alpha 4 chain

collagen type IV alpha 3 chain

XD collagen type IV alpha 5 chain

with leiomyomatosis XD collagen type IV alpha 6 chain

Bardet-Biedl syndrome types 1–12 – AR Bardet-Biedl syndrome 1, Bardet-Biedl syndrome 12

Bartter syndrome types 1–4 – AR
solute carrier family 12 member 1, chloride voltage-gated channel Kb, potassium inwardly
rectifying channel subfamily J member 1, barttin CLCNK type accessory subunit beta

Benign familial hematuria – AD collagen type IV alpha 4 chain

Branchio-oto-renal syndrome – AD EYA transcriptional coactivator and phosphatase 1, myogenin, SIX homeobox 1, SIX homeobox 5

Congenital abnormalities of the kidney and urinary tract – AD Forkhead box C1

Cystinosis – AR cystinosin, lysosomal cystine transporter

Cystinuria
type 1

AR
solute carrier family 3 member 1, solute carrier family 3 member 1

none type 1 solute carrier family 7 member 9

Dent disease – XR chloride voltage-gated channel 5

Denys-Drash syndrome, Frasier syndrome – AD WT1 transcription factor

Diabetes insipidus, nephrogenic –
XD arginine vasopressin receptor 2, V2 antidiuretic hormone receptor type 2

AR aquaporin 2

Distal renal tubular acidosis
distal renal tubular acidosis AR ATPase H+ transporting V1 subunit B1, ATPase H+ transporting V0 subunit a4

type I AD solute carrier family 4 member 1

Distal renal tubular acidosis – AD solute carrier family 4 member 1, the replication and transcription activator

Fabry disease – XR galactosidase alpha

Familial hypocalciuric hypercalcemia – AD collagen type IV alpha 3 chain

Fraser syndrome – AR Fraser extracellular matrix complex subunit 1, Fraser extracellular matrix complex subunit 2

Gitelman syndrome – AR solute carrier family 12 member 3

Glomerulopathy with fibronection deposits – AD fibronectin 1

Gordon syndrome (PHA type 2) – AD WNK lysine deficient protein kinase 4 and 1

HDR syndrome – AD GATA binding protein 3

Hemolytic uremic syndrome, atypical – AR
complement factor H 1 and 3 major capsid protein, ADAM metallopeptidase with
thrombospondin type 1 motif 13

Hypomagnesemia –

AR claudin 16

AD
FXYD domain containing ion transport regulator 2, FXYD domain containing ion
transport regulator 2

(Continued on next page)
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Table 1. Continued

Disease Type Inheritance Gene

Hypophosphatemia rickets – XR CLCN5

Hypophosphatemic rickets – XD-AR
phosphate regulating endopeptidase X-linked, solute carrier family 34 member 3,
fibroblast growth factor 23, dentin matrix acidic phosphoprotein 1

Juvenile nephronophthisis – AR NPHP1

Kallman syndrome – AD Kallmann syndrome 1

Liddle syndrome – AD sodium channel epithelial 1 subunit beta and gamma

Lowe syndrome – XR oxidized low-density lipoprotein receptor 1, inositol polyphosphate-5-phosphatase J

Lysinuric protein intolerance – AD NHERF family PDZ scaffold protein 1, NHERF family PDZ scaffold protein 1

MKS – AR MKS transition zone complex subunit 1, transmembrane protein 67

Medullary cystic kidney disease – AD UMOD

Multicystic renal dysplasia – AD cell division cycle 5 like, upstream transcription factor 2, c-fos interacting

Nail-Patella syndrome – AD LIM homeobox transcription factor 1 beta

Nephrolithiasis – XR chloride voltage-gated channel 5

Nephronophthisis types 1–9 – AR nephrocystin 1-NIMA related kinase 8

Papillary renal cell carcinoma – AD MET proto-oncogene, receptor tyrosine kinase

Pierson syndrome – AR laminin subunit beta 2

PKD

type 1 AD polycystic 1, transient receptor potential channel interacting

type 2 AD polycystic 2, transient receptor potential cation channel

– AR PKHD1 ciliary IPT domain containing fibrocystin/polyductin, polycystic kidney disease 3

Primary hyperoxaluria
type 1 AR alanine-glyoxylate aminotransferase

type 2 AD glyoxylate and hydroxypyruvate reductase

Proximal renal tubular acidosis – AR carbonic anhydrase 2, solute carrier family 4 member 4

Pseudohypoaldosteronism type 1
– AR ligand dependent nuclear receptor corepressor like

– AD sodium channel epithelial 1 subunit alpha, beta, and gamma

Renal agenesis – AD ret proto-oncogene, uroplakin 3A

Renal coloboma syndrome – AD paired box 2

Renal cysts and diabetes syndrome, GCKD – AD TCF2/HNF1B (HNF1 homeobox B)

Renal glucosuria – AR
solute carrier family 5 member 2, solute carrier family 5 member 2,
solute carrier family 5 member 1

Renal hypodysplasia – AD bone morphogenetic protein 4, SIX homeobox 2

Schimke immuno-osseous dystrophy – AR
SWI/SNF related, matrix associated, actin dependent regulator of
chromatin, subfamily a like 1

SeSAME syndrome – AR potassium inwardly rectifying channel subfamily J member 1

Split-hand/split-foot malformation – AD
bone morphogenetic protein 7; distal-less homeobox 5; distal-less
homeobox 5; tumor protein p63

(Continued on next page)
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Table 1. Continued

Disease Type Inheritance Gene

SRNS

congenital AR NPHS1 adhesion molecule, nephrin

type 2 AR NPHS2 stomatin family member, podocin

type 3 AR phospholipase C epsilon 1

type 4 AR or AD CD2-associated protein

adult onset – –

with mitochondrial disorders AR
coenzyme Q2, polyprenyltransferase, decaprenyl diphosphate synthase subunit 2,
mitochondrially encoded tRNA leucine 1

with lysosomal disorders AR scavenger receptor class B member 2

Townes-Brocks syndrome – AD Spalt-like transcription factor 1

Tuberous sclerosis types 1 and 2 – AD TSC complex subunit 1, TSC complex subunit 2

Vesicoureteral reflux grade2 – AD roundabout guidance receptor 2, slit guidance ligand 2

von Hippel-Lindau disease – AD VHL tumor suppressor

Wilms-tumor-aniridia syndrome – AD WT1 transcription factor

Xanthinuria – AR xanthine dehydrogenase

MKS, Meckel-Gruber syndrome.
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Table 2. Different nucleic acid structures used for naked gene therapy

Type of nucleic acid Detail Previous success in kidney gene therapy

miRs and antagomirs

� miRs are small non-coding RNAs with a length of 18–25
nucleotides which bind to the 30 UTR of the target gene mRNA
and posttranscriptionally regulate the gene expression44

� antagomirs specifically silence endogenous miRNAs45

� miR-204/miR-211 knockdown using antisense inhibitors improved kidney function and reduced
renal injury induced by candidemia46

� inhibiting miR-21 upregulation by intraperitoneal injection of antagomirs improved
kidney injury and fibrosis23

� delivering antagomirs through other routes, such as intravenous47–49 and subcutaneous injection,50,51

has also resulted in inhibitory effects on kidney disease progression

LNAs
� LNAs are structures with improved miRNA bio-stability
and inhibitory effects24

� the intraperitoneal delivery of an LNA–modified inhibitor of miR-192 in streptomycin-induced
diabetic mouse models could effectively downregulate profibrotic genes and hence attenuate
renal fibrosis and improve kidney function52

ASOs
� single-stranded chains of nucleotides complementary
to the target gene’s mRNA

� intraperitoneal administration of angiotensinogen53 or mammalian target of rapamycin ASOs54

resulted in effective inhibition of PKD progression
� intraperitoneal or intravenous administration of Ki-67- and vascular endothelial growth factor-directed
ASOs efficiently inhibiting tumor growth and metastasis in renal cell carcinoma55,56

� subcutaneous injection of naked Kras-silencing ASOs can effectively control the renal fibrosis57

� a reduction in the sulfur content and the use of 20-O-methoxyethylribose-modified
phosphodiester/phosphorthioate chimeric ASOs rather than PS ASOs can help
to overcome the preferential ASO distribution to the liver
and make them targeted them for kidney58

saRNA � induces the expression of genes by targeting the promoter59

� saRNA treatment in mouse models of calcium oxalate nephrolithiasis promoted urine calcium
reabsorption and lowered both calcium excretion as well as renal calcium oxalate crystals formation
by targeting the TRPV5 (epithelial Ca2+ channel TRPV5 mediates calcium transport and reabsorption
in kidneys) promoter and activating the gene expression60

shRNAs
� single-strand RNA or DNA targeting a specific gene
sequence to silence or regulate its expression

� transarterial administration of a p53 shRNA plasmid in IR mice models has led to the downregulation
of glycogen synthase kinase-3b is closely related to IR injury) in epithelial cells of thick ascending
limb of the loop of Henle61

� shRNAs can integrate into the DNA through cell infection and this would reduce the variability
of transfection efficiency based on the capability of the cells in transfection62

siRNA

� siRNA is double-stranded RNA that recognizes a target
mRNA sequence marking the mRNA for degradation.
This knockdown activity is highly specific in a way that
even with one nucleotide mismatch can stop siRNA
inhibitory activity63

� intravenous injection of siRNA targeted to p53 has proved to be advantageous for both prophylactic
treatment and rapid treatment of AKI by the short-term inhibition of p53 and with peritubular
capillary being the main delivery site64

� the perfusion of the kidney with a cocktail of three different siRNAs targeting C3, RelB, and Fas
before transplantation has led to attenuating renal IR injury and extending cold
preservation time of donor kidneys65

� in a reversible unilateral ureteral obstruction mice model, delivering siRNA-CD40 to block the
co-stimulatory CD40-CD40L signaling pathway reduces the severity of the kidney
damage induced by obstructive uropathy66

� to inhibit circular RNA-7 (plays a key role in the pathogenesis of renal cell carcinoma through
the PI3K/AKT signaling pathway and by acting as a sponge for miR-139-3p and preventing
its inhibitory effects on TAGLN), siRNAs against the junction sites of circRNA-7 was coupled
with poly-b-amino ester to form PBAE/si-circRA-7 nanocomplexes, which could successfully
inhibit renal cell carcinoma growth and metastasis in vivo67

Aptamer
� single-strand DNA or RNA that bind specifically to
target molecules that lead to the regulation
on protein level68,69

� RAGE-directed aptamers blocked the binding (the AGE-RAGE interaction stimulates NADPH
oxidase–mediated reactive oxygen species generation, resulting in the podocyte damage and k
idney disease.) between AGE and RAGE, and had therapeutic effects on diabetic nephropathy
in rat models of type 1 diabetes70 as well as MR-associated renal diseases71

� intraperitoneal administration of periostin-binding DNA aptamers has decreased the expression
of ECM proteins and attenuated the renal fibrosis in the type I and II diabetic mouse models72

(Continued on next page)
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Table 2. Continued

Type of nucleic acid Detail Previous success in kidney gene therapy

� intravenous administration of a highly selective DNA aptamer, named SW-4b with two hairpins
on a big loop, into 786-O xenograft nude mice models resulted in the inhibition of cancer
cell growth through cell-cycle arrest at S phase73

circular RNAs

� have a covalently bonded circular structure that makes
them more stable than linear RNA

� less circular RNA is required to achieve the same
effects as mRNA, making it less toxic74

� has not been used for kidney gene therapy so far

AGE, advanced glycation end products; RAGE, advanced glycation end products receptor; LNA, locked nucleic acid.
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Table 3. Different delivery routes and their main target sites

Delivery route Target cells

Intravenous injection Kupffer cells in the liver (98%)

Intravenous injection with liver bypass lung, intestinal wall, and renal glomeruli

Renal artery infusion
kidney: proximal tubule cells, endothelial and epithelial cells, and cortical interstitium (endothelial cell
transfection can be improved by modifying the AV fiber protein and making it targeted for the av
integrins of the vascular endothelium75)

Retrograde infusion into the pyelic cavity of the
kidney using catheter

tubular cells in the papilla and medulla

Perfusing kidney ex vivo for up to 12 h kidney: 85% of the glomeruli

Perfusing kidney in vivo for up to 2 h kidney: 85% of the glomeruli

Slow renal artery infusion (up to 15 min) liver (93.3% ± 11.5% of hepatocytes), spleen, kidney (51.7% ± 20.2% glomeruli)

Intra-renal-ureteral route distal tubular pyelic epithelial cells

Intraparenchymal injection
kidney cortex and medulla (13.30% ± 5.30%), liver (8.66% ± 4.99%),
spleen (4.73% ± 1.82%)

Subcapsular injection entire kidney parenchyma (mainly to glomeruli)

www.moleculartherapy.org
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such as lymphatics and the use of hydrodynamic pressure to improve
penetration, have been suggested but not yet explored adequately.35

It is worth mentioning that, by introducing various modifications in
the delivery routes shown in Figure 1B, the expression pattern can
change; For example, the functional improvement in kidney after in-
traparenchymal injection of COL-PGE2 matrix (prostaglandin E2
that is covalently crosslinked to collagen matrix) is limited to the
area of injection as the injected material does not diffuse throughout
the kidney. To improve this, Chen et al. have shown that subcapsular
injection can be a better alternative route, delivering components to
the whole kidney parenchyma and restoring the function of the kid-
ney at a higher level (Figure 3B).76 Another example is that, by
decreasing the infusion rate of Ad5 into the renal artery of rats
from 1–2 to 0.1 mL/min, the main site of delivery changes from prox-
imal tubules to glomeruli (Figure 4).77,78

How to target the therapy

Naked systems and their targeting limitations

The nucleic acids used for gene therapy can have different forms, such
as microRNA (miR) mimics and antagomirs, small activating RNA
(saRNA), short hairpin RNA (shRNA), small interfering RNA
(siRNA), antisense oligonucleotide (ASO), aptamers, and circular
RNAs. Nucleic acid-based gene therapy has had promising results
in animal models and has shown great potential to be used in the
clinic. For example, given that the upregulation of K-Ras is one of
the key drivers of renal fibrosis, subcutaneous administration of
K-Ras ASOs in a mouse model of chronic folic acid nephropathy
was associated with 50% reduction in the interstitial fibrosis and pre-
vented renal dysfunction.79 Systemic delivery of splice-blocking
ASO’s in a mouse model of CEP290-associated Joubert syndrome
led to mutated exon skipping and the production of a nearly full-
length protein. As the intronic mutation disrupts the CEP290 tran-
scription, skipping this exon restored the normal transcription and
ameliorated the kidney pathology.80
Molecular T
As seen in Table 2, naked delivery of these structures has resulted in
promising results; however, there are issues with the direct adminis-
tration of genetic material (DNA or RNA) without the use of delivery
vehicles or vectors, including low cellular uptake, nucleic acid degra-
dation, lack of targeting, immune response activation, and rapid
clearance.81,82 Given the success of gene therapy and the fact that
20%–30% of CKD is caused by monogenic variants, there is a need
to fill the gap and overcome this issue. One way around this issue is
kidney-specific targeting by conjugating the drugs with small peptides
highly specific to different kidney cells, such as (KKEEE)3K for prox-
imal tubule cells.83 A conjugated siRNA therapy, lumasiran, targeted
to the liver, has been successfully used in patients with primary
hyperoxaluria type I. Lumasiran is conjugated to a targeting ligand,
N-acetylgalactosamine (GalNac), which facilitates hepatic uptake of
the therapy.84 Apart from conjugating drugs with targeting molecules
and using viral and non-viral vectors, vector cells and nanocarrier
provide another opportunity for a targeted kidney-specific gene deliv-
ery; this is discussed further later in this paper.

Vector design and serotypes to target different tissues

Researchers have focused on developing different platforms for tar-
geted gene delivery to kidney cells. The different types of platforms
designed for delivering genetic materials can be categorized into three
main groups, namely viral vectors, non-viral vectors, and cell vectors.

Viral vectors

The most popular viral vectors used in kidney gene therapy are
adenovirus (AV), lentivirus, and AAV. AV, a non-enveloped virus
with nucleocapsid and linear, double-stranded DNA, has many desir-
able properties as a gene delivery system, including its well-defined
biology, high transfection efficiency, genetic stability, and simple
large-scale production.85 Between the different AV serotypes, AV5
has been widely used for kidney transfection. When using AV parti-
cles, based on the chosen delivery route, different cell types will be tar-
geted, as reviewed previously (Table 2).
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AV was first demonstrated as a potential successful delivery tool for
gene therapy of kidney diseases in 1994, when two different routes
of administration, renal artery perfusion and ureteral retrograde infu-
sion, were tried for the introduction of b-galactosidase into quiescent
renal cells of adult Wistar rates. While renal artery perfusion targeted
the proximal tubular cells more efficiently, the ureteral retrograde
infusion mostly transduced medullary and papillary epithelial cells.78

Aortic injection of adenoviral-microsphere complexes in Sprague-
Dawley rats was also shown as an efficient route for glomerulone-
phritis gene therapy, transducing up to 16% of glomeruli with sus-
tained trans-protein activity lasting for about 21 days.86 However,
although less invasive, this platform has several drawbacks such as
the transient activity of the transgene, extra-renal transduction, and
the possibility of glomerular ischemia resulting from insoluble micro-
spheres. These can be overcome by using biodegradable microparti-
cles, using less immunogenic viral vectors, and selective injection
into the renal artery, respectively.87

Gene transfection of renal glomeruli is challenging as systemic
administration of AV particles is followed by rapid clearance from
the blood circulation by the liver, and this hinders high transfection
efficiency in glomerular cells. In 2002, Xuehai et al. showed that an
efficient glomerular transfection needs not only sufficient time of
exposure but also an adequate number of viral particles and, by
considering these two parameters, high transfection levels in the
glomerulus can be obtained. To achieve this, they developed two tech-
niques, named portal clamping and prolonged renal infusion, to solve
this issue. The portal clamping technique revealed that, by clamping
the portal vein and hepatic artery and bypassing liver circulation,
circulating viral vectors can be maintained at a high level, which re-
sults in increased exposure time for glomerular cells. In the other
technique, the rat aorta and above the renal artery and superior
mesenteric artery were clamped off and then the viral solution was
slowly injected through the superior mesenteric artery.88

Adenoviral vectors have also been examined as a tool for aquaporin
gene replacement in aquaporin 1 knockout mice, which causes poly-
uria and a urinary concentrating defect. To do so, adenoviral vectors
encoding aquaporin 1 were intravenously infused into aquaporin 1
null mice, resulting in the transfection of many proximal tubules
and micro vessels. In contrast to untreated mice, the treated group
had improved concentrating ability and were able to lose less weight
when subjected to water deprivation.89 This therapeutic approach is
improved by making the adenoviral vectors targeted. The integration
of a high-affinity peptide (that binds to the av-integrin, which is
generally expressed in the vascular endothelium) into the viral fiber
protein resulted in not only enhanced transgene expression in the
vascular endothelial cells in vitro but also a novel distribution of the
Figure 2. The main delivery site lentiviral particles in mouse kidney can differ b

With regard to the local intraparenchymal injection (A), the distribution of the componen

expression is predominantly detected in the proximal convoluted tubules located in t

administration through renal ureter (B) encompasses a larger area, with the former bei

corticomedullary junction. Green areas show the main target of the delivery route in the

Molecular T
transgene to the renal cortex and the subcapsular region in vivo.90

However, there are several challenges and concerns associated with
gene therapy using AV vectors; apart from their immunogenicity,
which can reduce the effectiveness of the treatment and even cause se-
vere adverse reactions in some patients, AV vectors can provoke in-
flammatory responses in the target tissues that cause tissue damage
or unwanted side effects. These vectors can also potentially recombine
with wild-type adenoviruses within the packaging cell lines or in vivo
and make the vector replication competent, imposing a risk to the pa-
tient’s health.91 The transient nature of gene expression with AV vec-
tors (AV vectors do not integrate into the host genome and remain
episomal, which will be lost as cells divide, leading to a reduction in
the expression of the therapeutic gene) can be advantageous in terms
of low risk for insertional mutagenesis and minimizing long-term
risks, but this means that they are less suitable for treating chronic
or long-term diseases.92

Lentiviruses belong to the retrovirus family, which are enveloped,
spherical, and single-stranded RNA viruses. Lentiviral-based kidney
gene therapy has resulted in promising results; one in vitro study
showed that mesangial cell transduction with lentiviral vectors car-
rying anti-collagen type I shRNA could stably and continuously
inhibit Col1 expression at both the mRNA and protein levels, which
is desirable given the close relation between increased collagen type I
and renal fibrosis. Also, Col I shRNA arrested the cells at two different
points of the cell cycle: (1) S phase, which proved its suppressive ef-
fects on mesangial cell proliferation and hyperplasia; and (2) G2/M
phase with an increase in apoptosis rate, representing the mild cyto-
toxicity of lentivirus. The injection of this lentiviral construct into the
lower pole of the left kidney at several sites has led to transgene
expression around the glomerulus of renal cortex at injection sites
but not in the liver.93 Before using lentiviruses on a clinical scale, there
are some points that need to be taken into consideration. One of the
key challenges with lentivirus-based gene therapy is the need to scale
up production processes while ensuring the environmental stability of
lentiviruses. Also, enhancing productivity and purification techniques
is crucial to meet the growing demand. Improving the functionality
of lentiviral vectors for difficult-to-transduce target cells, such as
exploring pseudotyping (modifying the viral envelope to enhance
transduction) strategies, and rigorous product characterization are
important to explore. Additionally, the establishment of a reference
standard, advanced analytics, and an emphasis on industrialization
with cost-effectiveness and regulatory compliance are vital to navigate
the complexities of this evolving field.94,95 More importantly, there
are worrying risks associated with the random integration of lentivi-
ruses into the genome, which is associated with high chances of onco-
genesis; one clinical trial on retrovirus-based gene therapy of patients
with X-linked severe combined immunodeficiency showed that the
ased on the chosen delivery route

ts is limited to the area around the injection track, and within this area the transgene

he cortex and outer medulla. Compared to the renal vein and artery injection (C),

ng confined to the inner medulla and the latter expanding to the outer medulla and

nephron structure.

herapy: Methods & Clinical Development Vol. 32 December 2024 11

http://www.moleculartherapy.org


A

B

(legend on next page)

12 Molecular Therapy: Methods & Clinical Development Vol. 32 December 2024

www.moleculartherapy.org

Review

http://www.moleculartherapy.org


www.moleculartherapy.org

Review
high therapeutic potential of this treatment (nine patients out of 10) is
hampered by high risk of developing T cell leukemia in four out of
nine patients due to insertional mutagenesis.96 Apart from activating
oncogenes and deactivating tumor suppressor genes, depending on
where the virus integrates, it can also lead to non-malignant clonal
expansion.97 Recent studies have focused on tackling this issue by
making the viral integration more targeted toward a genomic safe
harbor such as ribosomal DNA (rDNA; includes all the 400–600
copies of the ribosomal RNA genes within the cells), which is located
far from the oncogenic protein-encoding genes. This can be achieved
using a modified lentivirus that carries both the transgene as well as
an integration-targeted enzyme, leading to over 250 times more
frequent integration into rRNA.98

The leading platform for gene delivery is AAV, which is a small non-
enveloped virus with a capsid that is 22 nm in diameter. As discussed
above, AAV gene therapy has recently been used successfully to target
the kidney podocyte.29 One of the main advantages of using AAVs
over other viruses is the low risk of insertional mutagenesis as they
do not integrate into the genome. AAV vectors have different sero-
types which can be either naturally occurring (AAV 1–13) or artifi-
cially engineered. The AAV’s genome is composed of rep and cap
genes flanked by two inverted terminal repeats (ITRs); the cap gene
encodes three different proteins called virion protein 1, 2, and 3. Var-
iations in the cap gene lead to different AAV serotypes with distinct
tissue tropism. However, capsid studies in mice often do not translate
well to humans due to species-specific differences in receptor expres-
sion and immune responses. This highlights the challenge of viral vec-
tor retargeting for gene therapy, necessitating extensive testing
in multiple models to ensure efficacy and safety in humans.99 Of
different AAV serotypes, AAV2, AAV4, AAV8, AAV9, AAV9,
AAV10, and AAV11 have previously shown varying levels of tropism
for renal tissue.100 Capsid proteins are involved in the process of cell
entry by recognizing the surface receptor and inducing the endocy-
tosis, which leads to the viral DNA entry and the expression of
the transgenes within the cells. Therefore, they play a key role in
determining transduction efficiency.101 The pattern of gene expres-
sion after delivering AAV (serotype 2) vectors through either intra-
parenchymal102 or intrarenal arteria infusion103 has been shown to
be predominantly limited to tubular cells with no glomerular trans-
duction. By engineering novel hybrid AAV vectors, higher transduc-
tion efficiency, limited tropism toward specific cells, and less immu-
nogenicity can be achieved.100 Using an AAV barcode sequence,
Furushot et al. identified six AAV capsids that enhance the transduc-
tion efficiency in mouse kidney after being injected through the renal
vein or pelvis.104 Evaluating the transduction profiles of various pseu-
Figure 3. Optimizing kidney gene therapy based on disorder and delivery meth

(A) The type of kidney disorder plays an important role in choosing the suitable vector an

development, given that collecting ducts come together and make the renal pelvis, injec

the glomerular filtration barrier and that reduces the delivery efficiency. (B) Subcapsular i

kidney parenchyma; with regard to the subcapsular (above) and local (below) delivery of t

near the injection site, which can cause high drug deposition exposing the organ to toxic

agents preventing tissue injury and improving the therapeutic efficiency.
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dotyped AAVs can also help identifying novel pseudotypes that pref-
erentially transduce particular kidney cells; for instance, Ikeda et al.
have reported a synthetic AAV called Anc80, which can efficiently
transduce kidney stroma and mesangial cells, and this can be har-
nessed for treating kidney fibrosis given that its gene-therapy-based
treatment requires transduction of myofibroblast progenitors.105 In
another approach, nanobodies, which are the single immunoglobulin
variable domains of heavy chain antibodies, can be inserted into a sur-
face loop of the AAV capsid to improve the specificity of transduction
in the targeted cells.106 However, as explained earlier, transducing
kidney is very challenging and, regardless of what viral tropism is be-
ing used, with the systemic delivery of AAVs, the transduction in the
kidney is not efficient.105 Therefore, optimizing the capsid protein
should be coupled with choosing a proper delivery route to achieve
higher efficiencies.

Using direct injection into kidney, the expression of the gene is
observed in the tubular epithelial cells in the S3 segment of the prox-
imal tubule and intercalated cells in the collecting duct but not in
glomeruli or in the intrarenal vasculature. The same is seen with in-
traparenchymal injection, with the expression of the transgene being
limited to epithelial cells. However, the transduction efficiency of
renal cells with AAV in primary culture is relatively low; to tackle
this issue, pre-treatment of the cells with pharmaceutical enhancing
agents such as hydroxyurea, cisplatin, and etoposide is suggested,
which can enhance the transfection efficiency up to 20%. It is worth
mentioning that this chemically induced enhancement depends on
the cell lineage and whether the cell system is primary culture or
transformed.107 Using these pre-treatments for recombinant AAV5
vectors, transfection efficiency in both primary culture and in vivo
was similar, although it was limited by the localization of virus strictly
to the injection site.107 AAV has been successful in treating cold-
induced hypertension (CIH), which is followed by renal damage in
rats. CIH is closely associated with the overactivity of the renin-angio-
tensin-aldosterone system (RAAS) and the common drugs that are
used for controlling hypertension are spironolactone and eplerenone,
which block the mineralocorticoid receptor (MR), a key component
of RAAS pathway; however, these drugs are not only short-lasting
but associated with side effects. In one study, AAV2, due to its high
affinity toward renal tubule epithelial cells, was selected and engi-
neered to carry an shRNA for MR, showing that this novel platform
could effectively silence MR expression for up to 20 h and
control CIH.108

Targeting viral-based gene therapies to the correct cells is important;
this can be achieved by (1) surface modification, by conjugating the
od

d administration route; for example, if the tubule abnormality is the cause of disease

tion can be made through the renal pelvis to circumvent the filtration that happens in

njection is a better alternative for having the injected material diffused throughout the

he genes, while the latter can lead to the accumulation of the components in the area

concentrations. The former is associated with the sustained release of the delivered
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viral particles with the ligands or antibodies that specifically bind to
receptors on the surface of the target cells106; (2) using local adminis-
tration routes such as injection through renal artery109; (3) pseudo-
typing or modifying the viral envelope proteins to change the virus’s
tropism; and110 (4) using cell-specific promoters, such as the nephrin
promoter for podocyte cells, to achieve the expression of the gene
solely in the target cells.29 Limited cargo capacity is a challenge
when in comes to viral-based gene therapies. One way to overcome
this issue is using the recently designed baculovirus, which can poten-
tially deliver DNA cargos exceeding 100 kb.111

Non-viral vectors for gene delivery

Although promising, there are some limitations with viral gene ther-
apy delivery systems, such as triggering immune responses in the
body and the chance of retroviral insertional mutagenesis, which re-
duces the effectiveness of the treatment and poses safety concerns.
Meanwhile, the limited carrying capacity of viral delivery systems ex-
cludes the possibility of treating many genetic diseases using gene
therapy.

Among non-viral vectors for gene delivery, cationic polymers,
including polyethyleneimine (PEI), poly(L-lysine) (PLL), poly[2-(di-
methylamino)ethyl methacrylate] (PDMAEM), poly(amidoamine)
(PAMAM), and chitosan (CS), have gained in popularity and can
be considered as promising alternatives to viral vectors. This is mainly
because of their safety, cost-effectiveness, tunable physicochemical
properties, long-term stability for storage and reconstitution, and un-
limited gene packaging capacity.112 For instance, the formulation of
siRNAs with a specific chitosan-based delivery system helps the bio-
distribution of the drugs and circulation time in vivo,113–115 with par-
ticles tending to accumulate in the inflamed kidney.116 With the pur-
pose of knocking down the expression of the water channel AQP1,
chitosan/siRNA particles can be injected via the tail vein, resulting
in more than a 40% reduction in AQP1 expression both at the
mRNA and protein level compared to control siRNA. Interestingly,
this gene knockdown is limited to the proximal tubular epithelial
cells and no apparent changes are detected in the thin limbs of
Henle’s loop.117

To inhibit mesangial cell proliferation, one of the key characteristics
of glomerulonephritis, E2F decoy oligodeoxynucleotide, as a compet-
itive inhibitor, can be delivered to the kidney via cationic multilamel-
lar vesicle (MLV; consists of several unilamellar vesicles inside one
another) liposomes.118 These liposomes have little cytotoxicity, high
affinity to the cells as they are positively charged, and high encapsu-
lation efficiency, all of these allowing a high level of either transient or
stable gene expression.119 Considering that the inhibition of just one
mitogen is not enough to control mesangial cell proliferation, E2F, a
transcription factor that regulates the expression of several cell-cycle
Figure 4. Impact of infusion rate into the renal artery on delivery target: Faster r

The rate of infusion into the renal artery of rats plays an important role in determining them

tubules with no transfection in the glomeruli, a slow infusion leads to the most compon
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regulators, is a promising target and has been proved to successfully
inhibit mesangial cell proliferation both in vitro and in vivo.118

However, as liposomes do not fuse well with the cultured cells, their
fusion efficiency is low; this issue can be improved by using virus
particles of hemagglutinating virus of Japan (HVJ). The use of
HVJ liposomes (HVJ liposomes are lipids combined with HVJ viral
envelopes) coupled with the co-introduction of an exogen with
high-mobility group 1 (HMG1) has been proved to significantly
enhance the introduction of DNA into the cell nucleus.120 Based
on these findings, a new platform for gene delivery to the kidney
was developed in which plasmid DNA and HMG1 are co-encapsu-
lated into liposomes, which are then mixed with HVJ to form HVJ-
liposome complexes. Four days after these complexes were injected
into adult rat kidney via the renal artery, transient glomerular-spe-
cific expression of the reporter gene was detected.121 This platform
was then used for the delivery of an antisense deoxyoligonucleotide
for transforming growth factor (TGF)-b1, the upregulation of which
plays a key role in the pathogenesis of glomerulonephritis. In trans-
fected kidneys, significant reduction in the expression of TGF-b1,
both at the mRNA and protein level, with subsequent inhibition
of the extracellular matrix (ECM) (ECM is a three-dimensional
network of proteins and carbohydrates that provides structural sup-
port; influences cellular behavior; and plays a crucial role in the
integrity, function, and regeneration of tissues and organs in multi-
cellular organisms) expansion (ECM expansion in kidney is related
to kidney injury as it disrupts normal kidney structure and function,
impairs filtration and blood flow, and promotes inflammation and
scarring, ultimately contributing to kidney damage) was confirmed,
highlighting the therapeutic effects of this approach on glomerular
diseases.122

Taking advantage of HVJ liposomes, the delivery of transcription fac-
tor decoy (TFD) is also possible. TFDs inhibit gene expression by pre-
venting transcription factors binding to their target gene promoter.123

For instance, considering the role of abnormal mesangial cell prolif-
eration in the pathogenesis of many glomerular diseases, a double-
stranded decoy oligonucleotide targeting E2F, the transcription factor
for several cell-cycle regulatory genes, was examined for its potential
therapeutic applications. After renal artery administration in vivo,
while the naked TFD only localized in tubular epithelial cells, the ol-
igonucleotides packed into HVJ liposomes transfected 30% of the
glomeruli as well, reducing the glomerular histological injury from
32% to 19%.124 E2F cooperates with the transcription factor Sp1
through a cis-acting mechanism to regulate the cell cycle. Delivering
resistant ring-Sp1 decoy oligonucleotide using the same HVJ lipo-
somes via retrograde renal vein administration into the Unilateral
Ureteral Obstruction (UUO) models resulted in the inhibition of
ECM accumulation in the interstitial areas of the targeted kidney.125
ates direct to proximal tubules, while slower rates favor glomerular delivery

ain delivery site; although infusion with a flow rate of 1–2min/mL targets the proximal

ents delivered to the glomeruli.
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PEI is a cationic polymer and a gold standard among non-viral deliv-
ery systems. The transfection efficiency of various forms of the poly-
mer with different molecular mass and chemical structure (branched
or linear) varies considerably. Among different derivatives, the alanyl
derivative of 25-kDa PEI and dodecyl derivative of 2-kDa PEI have
several times higher transfection efficiency in comparison to the
non-modified 25-kDa PEI and were non-toxic.126 Also, the low cyto-
toxicity of 5-kDa polymer allows the use of a higher nitrogen-to-
phosphate (N/P) ratio of 6.7, and this results in higher transfection
efficiency in the cell lines.127 To avoid the cytotoxicity of high-molec-
ular-weight PEI while taking advantage of its high transfection effi-
ciency, the use of poly ester amine (PEA) synthesized from glycerol-
dimethacrylate and low-molecular-weight (LMW) PEI was suggested.
PEA was then conjugated to a kidney-targeted peptide and formed
PEA/PEP copolymers. To transfer hepatocyte growth factor (HGF)
as an inhibitor of renal fibrosis through promoting tubular repair,
PEA/PEP/DNA complexes were intravenously injected into the tail
vein of UUO-model rats, which results in improvements in kidney
function and reduction of collagen accumulation.128

Dendrimers are nano-sized synthetic macromolecules with an inner
and an outer shell that can condense nucleic acid and prevent endo-
somal and nuclear degradation. Among dendrimers, PLL and
PAMAM are the two commonly used for gene delivery. There are
problems associated with dendrimer-based gene delivery systems
that should be overcome; these include low transfection efficiency
and low cellular specificity. There are different adjustments, such as
surface modification with amino acid, protein or peptide, carbohy-
drate, polymer, or lipid, that can be made to give these delivery sys-
tems desirable properties and these have been discussed before.129

Different modifications have been suggested to improve the use of
PLL as a DNA delivery system; these include the addition of dextran
chain to improve solubility and thermal stability, glycosylation to
decrease toxicity, and covalent linkage to polyethylene glycol (PEG)
to increase transfection efficiency.130 Intravenous administration of
PLL-modified iron oxide nanoparticles bound to exogenous DNA
plasmid containing the reporter gene EGFP-C2 has successfully
transfected kidney, lung, spleen, and brain.131 However, the clinical
applications of PLL-based delivery systems for kidney gene therapy
have not been explored sufficiently yet. The third-generation
amine-terminated poly(amidoamine) (NH2-PAMAM) dendrimers
had the highest accumulation in the kidney and are small enough
to pass through the glomerular barrier. In 2012, these NH2-
PAMAM-G3 dendrimers were bound to megalin internalizing recep-
tor for the delivery of a specific sunitinib analogue, 17864, into the
renal proximal tubular cells. This analogue was conjugated to den-
drimers via universal linkage system (ULS) linkers. The internaliza-
tion was examined based on anti-tyrosine kinase activity and
compared to sunitinib, showing that 17864-ULS-NH2-PAMAM-G3
had significantly higher inhibitory effects. Meanwhile, 15 min after
being intravenously administered, 13% of the injected dose was
accumulated in the kidney, which makes it promising for a targeted
treatment.132 Interestingly, L-serine-modified polyamidoamine den-
16 Molecular Therapy: Methods & Clinical Development Vol. 32 Decem
drimers have shown great potential as a renal-targeting delivery sys-
tem, with successful accumulation of up to 82% of the drugs in the
kidney.133,134 Conjugation of different generations of PAMAM den-
drimers (G2-G4) with cyclodextrins (CyD) (a, b, and g) improves
the transfection efficiency of this delivery system, with a-CyD-PA-
MAM-G2 conjugates having the highest efficiency.135,136 Complexes
of a-CyD-PAMAM-G3 with pDNA encoding luciferase with the
charge ratio of 2:4 were studied as a gene delivery tool. These com-
plexes were intravenously injected into BALB/c mouse models with
the results confirming successful cell transfection in liver, kidney,
lung, and spleen in vivo with insignificant cytotoxicity.137 Also, glyco-
sylation has been used to make different delivery systems targeted to
specific cell groups. Twelve hours after mannosylated a-CyD-PA-
MAM-G2 dendrimers (DSM 3.3) bearing pDNA encoding luciferase
had been intravenously injected, even though liver, spleen, lung,
heart, and kidney were all transfected, a significant preference for kid-
ney accumulation was reported.138 However, to our knowledge,
despite these promising results as a kidney delivery system, there
has not been sufficient research to date on the potential of dendrimer
as a gene therapy tool specifically for kidney.

Nanocarriers

A nanocarrier is a nanoscale vehicle used to deliver drugs or other
therapeutic agents to specific cells or tissues in the body. Given the ad-
vantages that nanocarriers offer, including cost-effectiveness, size,
flexibility, and low immunogenicity,139 many of these components
have been used for producing nanoparticles targeting specific kidney
cells. Using a nanodelivery system can potentially be a promising
strategy to circumvent the cytotoxicity resulting from the accumula-
tion of the injected components in the liver after systemic administra-
tion140; the intravenous injection of mesoscale nanoparticles made of
poly(lactic-co-glycolic acid) (PLGA) conjugated to PEG in mouse
models has shown efficient localization in the kidney with only minor
delivery to the liver and no injury in any organs.141

For example, as a novel targeted delivery system to glomerular me-
sangial cells, polycationic cyclodextrin nanoparticles containing
siRNA (siRNA/CDP-NP) were suggested. To this purpose, firstly,
cyclodextrin-containing polymer was assembled with the siRNA
through electrostatic forces. The cyclodextrin components of these
nanoparticles were then conjugated with 5-kDa PEG molecules
that are covalently linked to adamantane (AD). Finally, by attaching
mannose and transferrin as targeting ligands to the distal end of
the AD-PEG molecules, mesangial cell uptake was improved.142

In 2010, PEG-PLL copolymer-based nanocarriers loaded with
mitogen-activated protein kinase 1 (MAPK1) siRNAs were exam-
ined as a delivery system to the glomeruli in the murine lupus
nephritis model. Compared to HVJ envelope vectors or liposomes,
which are above 200 nm in diameter, these 10- to 20-nm-sized com-
plexes penetrate the endothelial fenestration, which are about 70–
100 nm in size, while not being able to pass through the 4-nm-
sized pores in the basement membrane. This allows a delivery to
mesangial cells but not to podocytes and hence is a great candidate
for the treatment of glomerulonephritis.143
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PEI-coated superparamagnetic Fe3O4 nanoparticles were developed
as a system for multiple-gene delivery into porcine kidney cells. In
this delivery system, Fe3O4 nanoparticles are coated with positively
charged PEI, electrostatically absorbing the negatively charged
DNA. Due to the superparamagnetic component, the transfection ef-
ficiency can be promoted using external magnetic force. To clarify,
the magnetic force results in accelerated targeting and sedimentation
of the gene on the cell surface and faster transfection, which yields
increased endocytosis and gene expression on the magnetofected
cells.144 Megalin is an endocytic receptor that is highly expressed in
proximal tubular epithelial cells, and there is strong affinity between
polymyxin B andmegalin. To develop a kidney-targeted gene delivery
system, carboxyalkylated PEI was covalently coupled to polymyxin B
through an amidation reaction to form megalin-targeted nanoplexes.
The modified-polymyxin-PEI/DNA nanoplexes had higher transfec-
tion efficiency both in vitro and in vivo in comparison to unmodified
counterparts and could efficiently target the megalin-expressing kid-
ney cells.145

Recently, another targeted gene delivery system to vimentin-express-
ing cells of the kidney, including podocytes and tubules, has been
developed. Sorbitol diacrylate-crosslinked PEI (PS) was prepared
and conjugated with chitobionic acid, the targeting moiety to the vi-
mentin receptor. Due to the presence of easily degradable ester link-
ages in PS and hydroxyl groups in polysorbitol, as well as using LMW
PEI, the designed delivery system had low cytotoxicity both in vivo
and in vitro. Besides PS facilitating cellular intake and improving
transfection efficiency, animal experiments confirmed the accumula-
tion of nanoplexes around inner medulla and outer cortical regions
where tubules, glomeruli, and peritubular capillaries are located.146

PEI nanoparticles have also been used for the delivery of miR-146
with the purpose of treating renal fibrosis by targeting the TGF-
b1-Smad signaling pathway and inflammation in the kidney. In
contrast to the naked miR-146, PEI-miR-146 nanoparticles, when
intravenously injected via tail vein of mouse model of renal fibrosis,
could significantly increase miR-146a expression and inhibit renal
fibrosis area with minimal immunotoxicity.147 Using nanodelivery
systems, it is also possible to simultaneously inhibit two important
inflammation pathways, namely p38 MAPK and nuclear factor
(NF)-kB.

In 2020, a glomerulus-targeting liposomal siRNA delivery loaded
with both p38a MAPK and p65 siRNAs was designed. To this pur-
pose, firstly, anionic siRNAs were complexed with positively charged
PEI, providing protection against siRNA degradation when being
loaded into PEG-modified liposomal carriers. The negatively charged
liposomal nanoparticles then became weakly cationic through the
surface modification with octa-arginine (R8), which enhanced
cellular uptake. In in vivo experiments in a mouse immunoglobulin
A nephropathy model, the designed nanocarriers were successful in
reaching mesangial cells and endothelial cells and inhibiting the
two pathways and IgA nephropathy (IgAN) relief in mice with negli-
gible toxicity.148
Molecular T
Vector cells

The vector cells used for kidney gene therapy can mainly be divided
intomesangial vector system, modifiedmacrophages, andmonocytes.
The preparation of vector cells has several main steps: firstly, cells
are propagated from isolated glomeruli, then the desired genetic
changes are introduced, and finally the cells are transferred back
into glomeruli through renal circulation.149 Considering the size of
capillaries and cultured mesangial cells, 5–25 mm and 15–25 mm,
respectively, after being injected into the rat kidney via renal artery,
genetically engineered mesangial cells are entrapped within the
glomerular capillaries.

In 1994, to enhance the transfection efficiency, pre-treatment with
monoclonal antibody 1-22-3, which targets Thy 1-associated mole-
cule on the surface of mesangial cells, was used to induce transient
mesangiolysis. This damage stimulated specific replication of the
transferred reporter cells, leading to 7- to 12-fold higher level of
gene expression, which lasted for 8 weeks instead of 4 (4 weeks for
the control group without mesangial damage).150 Without anti-Thy
1 antibody pre-treatment and by using renal artery as the delivery
route, about 90% of vector cells were delivered to the glomerular
capillary with only less than 10% being detected in the mesangial
area. In this experiment, the duration of transgene expression was
much longer in the in vivo system compared to ex vivo system.151

In 2005, the Decorin (DCN) gene, a proteoglycan that can bind to and
neutralize TGF-b1, was transferred into mesangial cell vectors; inject-
ing the DCN-expressing vector cells into rat antithymocyte serum
glomeruli through the renal artery resulted in a reduction in the
expression of TGF-b1. This was followed by a subsequent reduction
in the expression of fibronectin and collagen IV, two key components
of ECM, indicating the potential of the vectors for treating TGF-b1-
induced fibrotic diseases.152 Sun et al. used PEI-DCN nanocomplexes
to transfect cultured mesangial cells. Transfected cells were then in-
jected into the left renal artery of rat anti-Thy1.1 glomerulonephritis
models, with the results showing an increase in the expression of
DCN in the mesangium and the glomerular capillary.153

Mesangial cell vectors have also been used to deliver interleukin
(IL)-1 receptor antagonist (IL-1ra), considering that IL-1 is one of
the key pathogenic mediators of glomerulonephritis. The established
vector cells were injected into the glomeruli of adult male Sprague-
Dawley rats through the renal circulation, with results showing a sig-
nificant number of vectors populated in glomeruli secreting IL-1ra.
Therefore, these vectors can help overcoming the short half-life of
IL-1ra and undesirable side effects of IL-1ra systemic delivery, which
is currently used as a therapeutic approach in treating different
diseases.154

As for modified monocytes, in 1998, mononuclear cells positive
for CD11b and CD18 were developed from the bone marrow cells
of DBA/2 mice and examined as a site-specific gene delivery into
inflamed glomeruli. Intravenous administration of these vehicles fol-
lowed by intraperitoneal injection of lipopolysaccharide (LPS)
herapy: Methods & Clinical Development Vol. 32 December 2024 17
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resulted in the accumulation of vehicles in the glomerulus. In detail,
LPS induced the expression of the intercellular adhesion molecule 1
(ICAM-1), which is a ligand for CD11b and CD18. Transduction of
these vehicle cells with glucocerebrosidase gene led to 3.2-fold in-
crease in the expression in isolated glomeruli, confirming the benefits
of using these vehicles as a renal-targeting gene delivery tool.155

Genetically modifiedmacrophages have been used for delivering IL-4,
IL-10, IL-1 ra, and TGF-b to the kidney. Even though the injection of
the cell vectors expressing TGF-b did not promote renal injury,156

macrophages bearing different anti-inflammatory cytokine genes
could significantly improve renal function. By infusion of IL-1ra-
transduced macrophage-based vectors into mouse models of anti-
GBM glomerulonephritis, significant suppression in the progression
of renal injury through the inhibition of IL-1bwas observed. Interest-
ingly, vehicle cells were recruited into the glomerulus only after
nephritis induction through antibody injection and only an insignif-
icant number of cells was found in the glomerulus of uninjected
animals.157

In a similar study, adenovirally transduced vector cells expressing IL-
1ra were injected through the tail vein of mice with UUO, and this
reduced the expression of ICAM-1 andmacrophage infiltration atten-
uating interstitial fibrosis in UUO kidneys.158 The injection of Ad-
IL4-transfected macrophages into the renal artery was followed by
a 75% reduction in the level of albuminuria in rats with nephrotoxic
nephritis (NTN), a macrophage-dependent form of glomerular
inflammation. It worth mentioning that the number of ED1-positive
macrophages has decreased not only in the injected kidney but also in
the contralateral kidney,159 implying that the inhibitory effects on
inflammation are also exerted on distant kidney.156 This contralateral
effect was also observed in ad-IL-10-transduced macrophages, which
efficiently localized in the inflamed glomeruli of NTN mouse models
after being injected into the renal artery of rats and significantly in-
hibited the inflammation.160 Interestingly, injection of macrophages
transduced with an inert gene still attenuated renal injury in the in-
flamed glomeruli. One possible explanation is that the competition
between pathogenic and transduced macrophages for adhesion sites
might prevent infiltration of pathogenic macrophages.156

The applications of kidney gene delivery are not limited to only

therapeutic purposes

Aside from the therapeutic applications mentioned above, gene deliv-
ery to kidney cells has also been used to study the role of a specific
gene. For example, in 2002, to elucidate the role of c-myc overexpres-
sion in renal cystogenesis and the development of polycystic kidney
disease (PKD), a c-myc antisense oligomer (ASO) was delivered to
mice (C57BL/6J-cpk/cpk) that overexpress c-myc mRNA and
develop PKD and finally die of renal failure. The findings revealed
that ASO treatment had an inhibitory effect on cystic renal enlarge-
ment and development of renal failure.161

In a similar study, the direct role of two different growth factors, TGF-
b and platelet-derived growth factor (PDGF), in the pathogenesis of
18 Molecular Therapy: Methods & Clinical Development Vol. 32 Decem
glomerulosclerosis was examined using the in vivo HVJ-liposome
transfection method. These findings revealed that, although the intro-
duction of both TGF-b and PDGF stimulates glomerulosclerosis, the
former performs its role through extracellular matrix expansion with
the latter involved in cell proliferation.162 Moreover, the role of sus-
tained activation of YAP in the reduction of renal function and inter-
stitial fibrosis after the acute phase of acute kidney injury (AKI) was
proved using an adenoviral-based delivery system for knocking down
the YAP in the ischemia-reperfusion (IR)-induced AKI to CKD ani-
mal model. In detail, the overactivation of YAP, one of the main com-
ponents of Hippo pathway, is associated with an increase in the
expression of profibrotic factors, TGF-b and connective tissue growth
factor (CTGF), triggering interstitial fibrosis. Using the same delivery
system and KLF4 shRNA expression AV, it was shown that, for the
upregulation of YAP after IR induction, the reprogramming factor
KLF4 is essential.163

Gene delivery is also a promising approach to overcome the obsta-
cles in transplantation such as organ shortage, chronic and acute
rejection, delayed graft function, and death with graft function re-
sulting from prolonged immunosuppressive treatments. Using
gene delivery vectors, cells and organs can be treated ex vivo and
this opens ways for local production of immunosuppressive mole-
cules instead of long-term systemic immunosuppression. As the
gene delivery is ex vivo, there is a lower probability for toxicity,
immunogenicity, and systemic transduction.164 For example, with
the purpose of prolonging the survival of rat kidney transplant re-
cipients, lentiviral-based short hairpin RNA interference (shRNAi)
therapy was suggested. IL-2 and interferon-gamma (IFN-gamma)
have an important role in transplant rejection and their expression
is controlled by split- and hairy-related protein-2 (SHARP-2). Using
this SHARP-2 silencing construct, not only a 100% transfection ef-
ficiency was achieved in natural killer cell line but, in in vivo exper-
iment, effective SHARP-2 gene silencing effect was followed by
lower expression of both of the cytokines, resulting in a significantly
higher survival time in comparison to the untreated rat models.165

In a similar study, by connecting the renal artery and vein to a
perfusion system (Figure 5) (flow rate, 9–12 mL/min; pressure,
80–95 mm Hg; under sub-normothermic conditions [32�C]; oxygen
saturation, 65%–70%), lentiviral vectors encoding shRNA were
delivered to the kidney and successfully and stably downregulated
levels of major histocompatibility complex (MHC) class I and II
transcripts, the antigens involved in allogenic rejection after
transplantation.166

To establish a link between animal model experiments and clinical
applications and to examine whether gene delivery to allogenic kidney
can be beneficial for dealing with posttransplant dysfunction, an AV-
based molecular conjugate can be used as a gene delivery tool to intact
isolated human kidney. Twelve hours after injecting AV-polylysine-
b-galactosidase particles through renal artery, localized mRNA
expression of the transgene was observed in tubular epithelial cells.167

Gene delivery has also been proved to be an efficient non-germline
approach for establishing genetically engineered mouse models
ber 2024
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Figure 5. Generic perfusion system for pre-transplant

kidney preservation and ex vivo gene therapy to

enhance graft survival and reduce renal pathologies
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plantation to preserve organ quality; this system can be used

to do ex vivo organ gene therapy aiming to reduce renal pa-

thologies and improve graft survival. The key components

of this system are a glass heat exchanger, an oxygenator,

a roller pump, and a circulating water bath.
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(GEMMs). In contrast to the traditional germline-based approaches,
the in vivo sustained genetic manipulation of animal models is faster,
cheaper, and more versatile, allowing the study of multiple genes and
high-throughput functional genetic screens.168

In 1996, vector cells were used to study whether locally produced
growth factors can summon macrophages and exacerbate renal
injury. To deliver cytokines specifically to kidney, Naito et al. trans-
fected renal tubular epithelial cells (TECs) with retroviral vectors
encoding macrophage growth factors and then implanted them under
the renal capsule of recipient mice models. This replacement resulted
in an increase in the cytokines in the circulation followed by accumu-
lation of macrophages in strains with lpr mutation but not in nonau-
toimmune hosts.169

In another study, to produce mouse models of kidney disease through
non-germline methods, novel lentiviral-based vectors were designed
and directly injected into the renal parenchyma using ultrasound guid-
ance. With the von Hippel-Lindau (VHL) and Tsc1 genes being the
target genes, two different approaches for gene knockdown, namely so-
matic recombination of floxed alleles and delivering shRNA, were
selected. This lentiviral system was an effective renal tubular gene de-
livery tool for both delivering Cre-recombinase and shRNA, knocking
Molecular Therapy: Methods &
down the expression of proteins only in cortical
tubular epithelium and not in the glomeruli or me-
dulla for up to 1 year after injection.168

PROSPECTS FOR THE FUTURE
Gene therapy for the kidney has been chal-
lenging, and progress has been slow compared
to other organs such as the eye, liver, neuromus-
cular system, and in cancer. There have been
promising developments in kidney delivery using
AAV and nanoparticles. As described above,
there has been significant progress in delivering
therapeutic genes targeted to different kidney
cells using different delivery systems or routes.
It has been shown that AAV-mediated gene ther-
apy can be delivered to the kidney to different
cell types using a variety of routes, although
with relatively low transduction efficiencies.
Despite this, AAV has been used to successfully
rescue the kidney function in a genetic mouse
model of monogenic glomerular disease,29 and
ASOs have been used successfully for a monogenic tubular dis-
ease80 and kidney fibrosis.79 However, these promising advance-
ments in kidney gene therapy have mostly been demonstrated in
rodent models, but translating these findings to large animal
models and clinical applications poses several challenges. For
instance, gene delivery efficiency in rodents may not translate
directly to larger animals or humans due to differences in organ
size, blood flow, and anatomy.170 Also, rodents have different im-
mune responses compared to larger animals and humans, and the
immunogenicity of vectors can lead to immune-mediated clear-
ance, reduced transgene expression, or adverse reactions in hu-
mans.170 Potential toxicity needs thorough evaluation in long-
term large-animal studies,170 and achieving sufficient transduction
efficiency in target kidney cells is harder in larger organisms,
requiring optimized vector designs. Finally, clinical translation in-
volves regulatory hurdles, scalable manufacturing, and comprehen-
sive trials to ensure efficacy and safety.171

However, although there have been promising results from basic
research into kidney gene therapy, to date these have not been trans-
ferred to clinical practice. Within a few years, AAV-based podocyte
targeting is likely to be the first clinical application in glomerular dis-
ease. Refining the delivery methods as well as gene delivery systems
Clinical Development Vol. 32 December 2024 19
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will expand the kidney gene therapy toolbox and will be key to
improving the success of translating these gene therapies into
clinical use.
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