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Review Paper
Gene Therapy for Rare Pediatric Genetic Disorders:
 A Narrative Review of Strategies and Challenges    

Background: Rare pediatric genetic disorders are a substantial global health burden, with 
limited treatment options. Gene therapy has emerged as a promising technique to target the 
causes of these disorders.

Objectives: This review study aims to summarize the current strategies and challenges in 
gene therapy for rare pediatric genetic disorders, focusing on clinical applications and future 
prospects. 

Methods: This is a narrative review. A comprehensive literature search was conducted in 
PubMed, Scopus, Web of Science, and Google Scholar for relevant studies published from 
2010 to 2026, using keywords such as “gene therapy,” “rare pediatric diseases,” “viral vectors,” 
and “CRISPR.” Relevant articles focusing on clinical applications, efficacy, and safety challenges 
were selected and analyzed to summarize current strategies and future perspectives.

Results: Gene therapy advancements have been made using viral vectors (e.g. adeno-associated 
virus (AAV) and lentiviral vectors), and genome editing tools such as the CRISPR-Cas system. 
These therapies have shown success in treating numerous diseases such as neuromuscular 
diseases and metabolic disorders. Despite promising results, challenges related to immune 
responses, off-target effects, and the need for long-term follow-up still remain.

Conclusions: Gene therapy offers great promise for treating rare pediatric genetic diseases, 
but clinical challenges such as safety and treatment durability exist. New innovations in vector 
design, immune management, and CRISPR-based genome-editing technologies can enhance 
the effectiveness of these therapies.
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Introduction

are genetic disorders affecting children repre-
sent a substantial global health burden that is 
often neglected. Although these disorders af-
fect a limited number of children, they affect 
millions of children worldwide [1]. The major-

ity of rare pediatric genetic disorders lack disease-modi-
fying therapies, and current standards of care are main-
ly supportive or symptomatic, leaving profound unmet 
medical needs for affected children and their families 
[2]. Delays in diagnosis, differences in how the disease 
appears among patients, and the lack of available treat-
ments make clinical care and long-term outcomes more 
difficult in children [3, 4]. Rare pediatric genetic disor-
ders arise from a wide spectrum of genetic defects that 
may result from single-gene mutations, chromosomal 
abnormalities, copy number variations, or complex 
genomic rearrangements. Depending on the underly-
ing molecular mechanism, genetic defects may lead to 
loss-of-function, gain-of-function, dominant-negative ef-
fects, or abnormal gene regulation. These alterations 
can affect various biological processes such as metabo-
lism, neuromuscular function, and immune regulation, 
which are associated with severe clinical symptoms in 
the first years of life [5].

Genetic disorders in children can have several types. 
For instance, monogenic disorders, such as spinal mus-
cular atrophy (SMA), are caused by mutations in a single 
gene. Other conditions arise from chromosomal abnor-
malities involving changes in chromosome structure or 
number. Some children may have inherited metabolic 
disorders, which occur when mutations affect genes re-
sponsible for producing enzymes or transport proteins 
that play essential roles in metabolic processes. Primary 
immunodeficiency disorders are other types that de-
velop as a result of genetic alterations that impair the 
formation or activity of the immune system. Therefore, 
the severity and clinical presentation of these disorders 
can vary widely depending on the affected gene and the 
resulting functional consequences [5, 6].

Over the past decade, gene therapy has emerged as a 
groundbreaking therapeutic approach for rare genetic 
disorders that directly targets the molecular basis of the 
disease. Unlike conventional pharmacological interven-
tions, gene therapy targets defective genes, thereby of-
fering the potential for sustained or even lifelong clinical 
benefit [7-9]. Advances in viral vector engineering—
particularly adeno-associated virus (AAV) and lentiviral 
systems— have enhanced gene delivery to specific tis-
sues, supporting clinical use in several pediatric diseases 

[10-12]. At the same time, advances in genome-editing 
technologies, particularly CRISPR-based systems, have 
further expanded the therapeutic landscape [13, 14]. 
Clinical studies have already demonstrated significant 
therapeutic effects on pediatric disorders, including 
neuromuscular diseases such as SMA, inherited retinal 
diseases (IRDs), and primary immunodeficiency condi-
tions [15-17]. Meanwhile, gene-based approaches are 
also being investigated for certain inherited pediatric 
cancer syndromes, including inherited retinoblastoma, 
showing that genetic therapies can extend beyond tra-
ditional single-gene disorders [18]. 

Despite remarkable progress, gene therapy in pedi-
atric populations presents unique clinical challenges 
that distinguish it from adult applications. Safety and 
the possibility of immune responses are important fac-
tors, as the body’s response to viral vectors or the deliv-
ered gene can reduce treatment effectiveness [19, 20]. 
Pediatric-specific biological factors—including growth, 
organ development, and cellular turnover—raise critical 
questions regarding the optimal dose, the persistence 
of gene expression, and the stability of treatment out-
comes over the long term [21, 22]. Moreover, the need 
for long-term follow-up after treatment brings practical, 
financial, and ethical challenges, which are especially 
significant in pediatric care [23]. Ethical and legal con-
siderations also influence gene therapy in pediatrics. 
Ensuring informed consent is needed to find the right 
balance between parents’ choices and the child’s best 
interest, while rules and guidelines must accommodate 
the realities of rare patient groups and incomplete long-
term data [24, 25]. Addressing these limitations will re-
quire continued modification of therapeutic platforms 
and disease-specific treatment strategies. In this study, 
we aim to provide a comprehensive review of gene 
therapy strategies for rare genetic disorders in children, 
with a particular focus on clinical challenges. 

Materials and Methods

This is a narrative review study. A comprehensive 
search was conducted in PubMed, Scopus, Web of Sci-
ence, and Google Scholar databases to identify all per-
tinent studies concerning gene therapy applications in 
rare pediatric genetic diseases, published from January 
1, 2010, to August 31, 2026, by using medical subject 
headings (MeSH) terms (combined with Boolean opera-
tors “AND” and “OR”) related to three important con-
cepts including intervention (“gene therapy” OR “gene 
transfer” OR “genome editing” OR “CRISPR-Cas9” OR 
“viral vectors” OR “AAV” OR “lentivirus”); population 
(“pediatric” OR “child” OR “children” OR “adolescent” 
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OR “infant” OR “neonate” OR “rare diseases” OR “or-
phan diseases”); and outcome (“clinical trial” OR “treat-
ment outcome” OR “safety” OR “adverse events”). Fur-
thermore, to capture literature that might be missed by 
keyword matching alone, we manually searched the ref-
erence lists of articles and included additional eligible ci-
tations (snowballing technique). The screening process 
was conducted in a rigorous, multi-phase manner to up-
hold the integrity of the review. Two authors, working 
independently, performed the initial assessment of ti-
tles and abstracts to minimize selection bias. Discrepan-
cies between the two reviewers were resolved through 
consensus or consultation with the third author.

Studies would be included if they met the following 
criteria: published in the English language, focused on 
human subjects or clinically relevant preclinical models; 
investigated therapeutic interventions, clinical efficacy, 
or safety profiles of gene therapy in pediatric patients 
(aged 0–18 years) with rare genetic disorders; and were 
original research articles, clinical trials, phase I-III tri-
als, systematic reviews, or meta-analyses. We excluded 
non-English articles, conference abstracts, editorials, 
letters to the editor, expert opinions lacking data, and 
studies that exclusively addressed adult populations or 
non-genetic conditions.

The data from the included studies were extracted 
using an online form. The extraction process targeted 
specific variables, including study design, participants’ 
demographic characteristics, specific disease types (e.g.  
SMA, metabolic disorders), vector types, genome edit-
ing tools, therapeutic outcomes, and reported adverse 
events such as immune reactions or off-target effects. 
The synthesized data was then subjected to a narrative 
analysis to discuss technological progress, clinical chal-
lenges, and future directions in the field.

Results

In this study, we reviewed more than 85 papers on 
challenges and concerns related to innovations in gene 
therapy technologies, particularly in pediatrics. The re-
sults are categorized into three sections: “Gene therapy 
strategies in rare pediatric genetic disorders”, “clinical 
applications in rare pediatric genetic disorders”, and 
“challenges and limitations in pediatric gene therapy”.

Gene therapy strategies in rare pediatric genetic disorders

Gene therapy has become a promising method for 
correcting genetic abnormalities by modifying DNA se-
quences. Through a range of therapeutic methods, gene 

therapy aims to overcome the genetic abnormalities 
that cause disease. In rare pediatric genetic disorders, 
rapid progress has been made, particularly through the 
use of viral vectors and genome editing technologies 
to treat these conditions. These methods can be cat-
egorized into gene replacement therapy, gene addition 
therapy, gene silencing therapy, genome-editing thera-
py, and cell-based gene therapy (Table 1). The clinical 
application of each gene therapy approach depends on 
the underlying genetic defect. Gene replacement thera-
py involves delivering a healthy copy of a defective gene 
into target cells using a viral vector as a delivery system. 
The goal of this approach is to restore normal gene 
function and reduce the effects caused by the underly-
ing genetic defect. In gene addition therapy, therapeu-
tic genetic material is delivered to cells to replace lost 
function and improve cellular performance. In the gene 
silencing approach, the expression of harmful genes is 
reduced. The genome-editing approach, particularly 
those based on the CRISPR-Cas system, modifies dis-
ease-causing DNA sequences and offers the possibility 
of correcting pathogenic mutations. In cell-based gene 
therapy, a patient’s own cells are genetically engineered 
outside the body and subsequently returned to the pa-
tient, as exemplified by CAR-T cells [26]. 

Viral vectors

Viral vectors are genetically engineered viruses that 
are modified to deliver therapeutic genetic material 
into target cells. They serve as delivery vehicles for gene 
replacement, gene addition, or genome-editing com-
ponents. Several viral vector systems have been devel-
oped, including AAVs and lentiviruses [27]. 

The AAV vectors are among the most widely used 
tools in pediatric gene therapy, because they can effi-
ciently deliver genes into cells. These vectors are par-
ticularly suitable for neuromuscular disorders and IRDs 
[28-31]. AAV vectors may elicit immune responses that 
can influence treatment efficacy; nevertheless, several 
AAV-based therapies have demonstrated meaningful 
clinical benefits in pediatric populations [20, 28–31]. In 
addition, advances in the development of tissue-specif-
ic AAV capsids have enabled more selective targeting 
of particular tissues, thereby improving the precision of 
gene delivery [30, 31].

Lentiviral vectors integrate therapeutic genes directly 
into the host cell’s genome, making them ideal for ex 
vivo treatments such as modifying hematopoietic stem 
cells for immunodeficiency disorders [32]. These vec-
tors can provide lasting gene expression but must be 
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carefully engineered to minimize the risk of insertional 
mutagenesis [32, 33]. Overall, viral vectors form the 
foundation for many of the current clinical approaches 
to treating rare pediatric genetic diseases [28, 29].

Genome editing technologies (CRISPR-Cas system 
based)

The CRISPR-Cas system has transformed gene therapy 
by allowing scientists to precisely edit disease-causing 
mutations. The CRISPR-Cas9 system works through 
a guide RNA (gRNA) that directs the Cas9 nuclease to 
a specific DNA sequence located next to a PAM site. 
Once bound, Cas9 creates a targeted DNA break, which 
is then repaired by the cell’s endogenous repair ma-
chinery, resulting in genomic modification [34]. This 
system was first found in bacteria, and its mechanism 
contains three steps: recognition, cleavage, and repair. 
This technology relies on two key elements: gRNA and 
the CRISPR-associated Cas9 protein. The single gRNA 
(sgRNA), formed from crRNA and tracRNA, guides the 
Cas9 endonuclease to the specific genomic sequence, 
where it introduces a double-strand break in the DNA. 
Cas9 cleaves the DNA at a position located three base 
pairs upstream of the PAM site. These double-strand 
breaks are then repaired by non-homologous end join-

ing (NHEJ) or, with the presence of a template DNA, 
through homology-directed repair (HDR) [35]. This tech-
nology is particularly valuable for monogenic disorders 
in children as the underlying mutation can be directly 
targeted and corrected [36-38]. Preclinical studies using 
CRISPR-based correction have shown promising results 
in treating metabolic and immune disorders, suggesting 
therapeutic benefits [36, 37]. However, overcoming hur-
dles such as off-target effects, immune responses, ethi-
cal concerns, and efficient delivery is crucial, as most of 
the research in this field is still in the preclinical stage; 
using viral vectors or nanoparticles to carry these com-
ponents to human patients is still in progress [36, 39].

Cell-based methods

Research into gene therapy for rare pediatric can-
cers such as inherited retinoblastoma is still in its early 
phases. Current strategies aim to restore tumor sup-
pressor gene function or to strengthen immune system 
responses that eliminate cancer cells [33]. Approaches 
involving viral delivery systems and engineered immune 
cells are being studied to specifically target cancer-
causing pathways. In recent years, one of these novel 
therapies that revolutionized immunotherapy is chime-
ric antigen receptor (CAR) T cell therapy. CAR T cells are 
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Table 1. Summary of current gene therapy methods for rare pediatric genetic diseases

Disease 
Category

Representative 
Disorders

Approach / Tech-
nology

Description / Mecha-
nism

Reported Clinical 
Outcomes

Current Challenges / 
Limitations

Neuromuscular 
disorders

SMA 
AAV-mediated 
SMN1 gene re-

placement therapy

Delivery of a functional 
SMN1 gene copy to 

restore deficient protein 
expression

Improved survival 
rates and sustained 

improvements in motor 
function, particularly in 
SMA types 1 and 2; bet-
ter outcomes with early 

treatment

Long-term durability 
concerns and the impor-
tance of early diagnosis 

and intervention

Duchenne muscular 
dystrophy

Micro-dystrophin 
gene therapy (AAV-

based delivery)

Delivery of a micro-
dystrophin gene to 

compensate for absent 
dystrophin protein 

function

Clinical trials demon-
strated  robust micro-
dystrophin expression 

with variable functional 
improvement

Variability in patient re-
sponse, high treatment 
costs, and accessibility 

concerns

Metabolic 
disorders

Inherited meta-
bolic disorders (e.g.  

Metachromatic 
leukodystrophy)

Ex vivo lentiviral he-
matopoietic stem 
cell gene therapy

Restoration or correc-
tion of disease-causing 

genes to recover 
deficient enzyme 

function and normalize 
metabolic pathways

Improved enzyme activ-
ity, reduced substrate 

accumulation, and sta-
bilization of neurological 

function

Long-term safety, 
conditioning-related 

risks, and optimization 
of treatment timing

Immuno-
deficiency 
disorders

Primary immuno-
deficiency disorders 

(e.g.  X-linked 
severe combined 

immunodeficiency)

Lentiviral ex vivo 
gene therapy and 
emerging CRISPR-

based genome 
editing

Correction of genetic 
defects affecting im-

mune system function

Improved immune 
function and reduced 
disease severity with 
long-term correction

Further optimiza-
tion of vector design, 

gene-editing efficiency, 
and long-term safety is 

required

IRDs

Monogenic retinal 
disorders (e.g.  

GUCY2D-associated 
Leber congenital 

amaurosis)

AAV-mediated reti-
nal gene therapy

Delivery of therapeu-
tic genes into retinal 
cells to restore visual 

function

Improved light sensitiv-
ity, functional vision, 
and sustained retinal 

gene expression

Disease heterogene-
ity, optimal treatment 
timing, and long-term 
efficacy remain chal-

lenges



255

2026, Volume 14, Issue 3

a type of T-lymphocyte that have been genetically modi-
fied. This modification involves equipping them with a 
synthetic receptor. This engineered receptor is designed 
to specifically identify and bind to antigens present on 
the surface of tumor cells. Upon successful recognition 
and binding, the CAR T-cell is triggered to eliminate the 
targeted tumor cell. 

The first U.S. Food and Drug Administration (FDA) -ap-
proved CAR T Cell therapy product in the United States 
was a landmark event, spurred by the promising out-
comes observed with a specific CAR T-cell therapy called 
tisagenlecleucel. This therapy, which targets the CD19 
antigen, demonstrated significant success in treating 
pediatric patients with B-cell acute lymphoblastic leuke-
mia (B-ALL) [40-42]. This method illustrates how geneti-
cally engineered immune cells can provide a targeted 
and effective treatment option for children diagnosed 
with cancer. Despite these advances, broader clinical 
use remains limited by factors including safety, manu-
facturing complexity, and access [33, 40-42].

Clinical applications in rare pediatric genetic 
disorders

Neuromuscular disorders

Neuromuscular disorders are one of the most devel-
oped fields in pediatric gene therapy, with SMA and 
Duchenne muscular dystrophy (DMD) as the most 
prominent methods. The clinical success of gene deliv-
ery using AAV has significantly changed the treatment 
options for these diseases [43, 44]. In SMA, gene re-
placement therapy aimed at the SMN1 gene has shown 
considerable clinical benefits, especially when treat-
ment begins early in life. Clinical trials have demon-
strated better survival rates and lasting improvements 
in motor function in pediatric patients, particularly in 
SMA types 1 and 2 [45, 46]. These findings emphasize 
the critical importance of early diagnosis and treatment 
for the best therapeutic outcomes. 

The development of AAV-based therapies for SMA is 
reflected in regulatory approvals and expanding clinical 
indications [43, 44]. For DMD, gene therapy focuses on 
delivering a micro-dystrophin gene to make up for the 
absence of functional dystrophin protein. Early clinical 
trials have reported promising results, such as improve-
ments in muscle function and disease stabilization. 
However, the variability in patient responses still poses 
challenges [43, 47, 48]. Beyond clinical effectiveness, 
the high cost and complexity of one-time gene thera-
pies for chronic diseases like DMD present major issues 

related to accessibility and affordability [47]. Together, 
these findings highlight the potential of gene therapy 
for pediatric neuromuscular disorders, while also recog-
nizing the challenges that still need to be addressed in 
clinical and systemic contexts [49].

Metabolic and immunodeficiency disorders

Gene therapy has also shown significant promise for 
treating rare pediatric metabolic and immunodeficiency 
disorders. These disorders are often caused by single-
gene defects, making them ideal candidates for gene 
replacement or gene enhancement therapies [50-52]. 
AAV-based gene delivery systems have been widely 
studied for conditions such as lysosomal storage diseas-
es, hemophilia, and inherited metabolic disorders, with 
several clinical trials demonstrating significant biochem-
ical and clinical improvements [50, 51]. In pediatric im-
munodeficiency disorders, gene therapy has enabled 
long-term correction of genetic defects, which reduces 
the need for lifelong supportive treatments. Clinical 
data from recent clinical trials show improvements in 
immune function and reduced disease severity after 
gene-based therapies [52]. As the number of successful 
clinical trials increases, the regulatory frameworks for 
these pediatric gene therapies continue to evolve, lead-
ing to more trials and approvals [50, 52]. Despite these 
advances, challenges such as variable gene expression, 
immune reactions to viral vectors, and the need for 
long-term safety monitoring remain important in trans-
lating gene therapies for metabolic and immunodefi-
ciency disorders into widespread clinical use [49, 51]. 
Ongoing research is focused on refining vector designs 
and optimizing dosing strategies to enhance the effec-
tiveness and durability of these therapies in children.

Inherited retinal diseases

The Inherited retinal diseases (IRDs) represent anoth-
er area where pediatric gene therapy has made signifi-
cant achievements. AAV-based gene delivery to retinal 
cells has shown promising safety profiles and functional 
improvements across various IRD subtypes [53-55]. The 
eye’s unique immune environment and accessibility 
have played a key role in the success of gene therapy for 
these disorders [56]. Clinical trials targeting monogenic 
retinal diseases have demonstrated improvements 
in visual functions, such as better light sensitivity and 
the ability to navigate visually, especially in pediatric 
patients [53, 54]. Improvements in vector engineering, 
delivery methods, and promoter choices have further 
boosted treatment precision and therapeutic outcomes 
[55]. 
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Long-term follow-up remains important for determin-
ing the durability of therapeutic effects and monitoring 
safety [53-56]. Although clinical results are promising, 
disease heterogeneity and the optimal timing of inter-
vention remain important challenges [53-56]. Neverthe-
less, IRDs continue to provide an important model for 
demonstrating the clinical potential of gene therapy in 
rare genetic disorders [53-56]. Although clinical results 
are promising, challenges like disease heterogeneity 
and the timing of intervention still require ongoing re-
search [53-56]. Nevertheless, IRDs continue to serve as 
an excellent model for demonstrating the clinical poten-
tial of gene therapy in rare pediatric genetic disorders.

Challenges and limitations in pediatric gene 
therapy

Age-dependent and developmental factors

Pediatric patients present unique challenges because 
they are still undergoing growth and organ develop-
ment. The pharmacokinetics, tissue distribution, and 
immune responses associated with gene therapy vec-
tors may differ substantially between children and 
adults, potentially affecting both treatment safety and 
the durability of therapeutic effects [20, 21]. In addi-
tion, vector platforms that do not integrate their ge-
netic cargo into the host genome may exhibit reduced 
persistence over time as target cells proliferate and 
are replaced [11, 20]. The timing of treatment is also 
an important consideration. Early intervention may be 
particularly beneficial for certain pediatric disorders by 
limiting irreversible tissue damage; however, treatment 
decisions should also take into account age-related safe-
ty concerns and developmental differences in immune 
responses [15, 45]. These age-dependent and develop-
mental considerations are likewise emphasized in the 
broader literature on pediatric gene therapy [57–60].

Durability of gene expression and long-term follow-up

One of the ongoing challenges in pediatric gene ther-
apy is achieving durable and stable gene expression. 
Over time, the body’s immune system or epigenetic 
mechanisms may lead to the loss of transgene expres-
sion. This becomes even more complex when patients 
develop vector-neutralizing antibodies that reduce the 
effectiveness of future treatments [61-63]. Long-term 
follow-up is essential to monitor both the safety and ef-
fectiveness of gene therapy, especially because some 
pediatric patients may require monitoring for many 
years after treatment [64, 65]. Continued develop-
ment of standardized long-term follow-up approaches 

is therefore important for assessing safety, efficacy, and 
organ-specific outcomes over time [62, 64-66].

Ethical and regulatory considerations

Ethical considerations are particularly important in pe-
diatric gene therapy because of the vulnerability of chil-
dren and the uncertainties surrounding the long-term 
consequences of genetic interventions. Key ethical issues 
include obtaining appropriate informed consent and as-
sent, carefully evaluating the risk–benefit balance, and 
ensuring equitable access to these therapies [57, 67–69]. 
In addition, variations in regulatory frameworks across 
countries may complicate the standardization and imple-
mentation of clinical trials [60, 68, 69]. The substantial 
costs associated with gene therapy also create consider-
able economic and accessibility barriers, potentially re-
stricting patient access and exacerbating existing health-
care inequalities [58, 60]. The broader impact of gene 
therapy on patients and their families should also be 
considered, highlighting the need for healthcare systems 
to develop innovative financing and reimbursement 
strategies that improve affordability while minimizing 
budgetary pressures [70]. Addressing these challenges 
requires close collaboration among regulatory authori-
ties, researchers, healthcare professionals, and patient 
advocacy groups to support the safe, effective, equitable, 
and ethically responsible development and implementa-
tion of pediatric gene therapies [60, 71, 72].

Off-target effects

One of the primary challenges associated with the use 
of the CRISPR-Cas9 system is the risk of off-target effects, 
which involve unintended and potentially harmful changes 
to the genome. These effects occur when the Cas9–sgRNA 
complex binds to genes that are similar to the target, lead-
ing to unintended DNA cleavage. Such modifications may 
result in random mutations, disruption of gene function, or 
other undesirable biological consequences. The accuracy 
of this gene editing method is based on two main factors. 
First, the specificity of sgRNA that recognizes the target se-
quence, and also the presence of a PAM sequence. PAM-
free targets tend to increase the risk of off-target effects. 
More restricted PAM sequences reduce unwanted effects, 
as the Cas9 protein is limited to cutting non-specific tar-
gets. Understanding and minimizing off-target activity is 
essential for improving the precision, safety, and reliability 
of CRISPR-Cas9 system-based research and therapeutic ap-
plications. Scientists are working on new methods such as 
designing more specific guide RNA, using AI for prediction, 
and also vectors with improved targeted delivery to mini-
mize these non-specific effects [73-75].
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Safety and immunogenicity

Safety remains a significant concern in pediatric gene 
therapy, particularly while using viral vectors like AAV. 
Immune reactions to these vectors can halt the expres-
sion of therapeutic genes and pose risks to the patient’s 
health. Both innate and adaptive immune responses 
can be triggered, potentially causing inflammation or 
the elimination of transduced cells. Viral proteins that 
are similar to antigens that humans have been exposed 
to might be neutralized by antibodies. In addition, in-
nate immune cells can cause tissue infiltration if they 
recognize viral structures [76]. To minimize these risks, 
strategies such as pre-treatment with immunosuppres-
sive drugs, careful vector selection, and optimizing dos-
ing protocols have been adopted [61, 65, 68, 77]. How-
ever, despite these efforts, some pediatric patients still 
experience unpredictable immune responses, which 
highlights the need for continuous monitoring through-
out treatment [62, 65]. Additionally, recent studies have 
shown that age-related differences in immune maturity 
can affect how the body responds to therapy, making 
personalized treatment plans essential for safety [59].

In recent years, non-viral delivery systems have 
emerged as promising platforms for introducing gene-
editing tools, including CRISPR-Cas9, into target cells. 
Various nanoparticle-based approaches have been in-
vestigated in both in vitro and in vivo models, including 
the use of non-viral nanoparticles for CRISPR-mediated 
engineering of immune cells [78]. Despite these advanc-
es, such strategies remain largely experimental, and fur-
ther studies are required to determine their delivery ef-
ficiency, safety profile, and therapeutic durability.

Discussion

Gene therapy has emerged as a promising therapeu-
tic strategy for rare pediatric genetic disorders, offer-
ing new treatment opportunities for children affected 
by conditions that have historically had limited thera-
peutic options. Substantial progress has been achieved 
through the development of viral vectors, particularly 
AAV vectors, as well as genome-editing technologies 
based on the CRISPR-Cas system. Nevertheless, several 
important biological, clinical, and translational challeng-
es must be addressed before these approaches can be 
implemented more broadly in routine clinical practice.

One of the major challenges is immunogenicity, par-
ticularly the immune response directed against viral 
vectors and their associated components. Following 
administration, viral vectors may be recognized as for-

eign by the host immune system, potentially reducing 
therapeutic efficacy and increasing the risk of adverse 
immune-mediated effects. Consequently, consider-
able research has focused on developing safer vector 
platforms and alternative delivery strategies capable 
of minimizing these risks. Non-viral delivery systems, 
including nanoparticles, have attracted increasing at-
tention because their physicochemical properties can 
be engineered to optimize the delivery of therapeutic 
agents and nucleic acids. Surface modification may fur-
ther alter nanoparticle interactions with target cells and 
enhance delivery specificity [79–82]. In addition, func-
tional ligands such as aptamers, antibodies, and pep-
tides can be incorporated into lipid- and polymer-based 
nanocarriers to improve their targeting characteristics 
[83–85]. Nanoparticle-based platforms have also been 
investigated for the delivery of CRISPR-Cas components, 
including applications in in vivo genome editing; how-
ever, most of these approaches remain at the preclinical 
stage [86–91]. Further clinical studies are therefore re-
quired to determine whether non-viral delivery systems 
can achieve levels of efficacy, safety, and durability com-
parable to those of established viral-vector platforms.

Overall, gene therapy represents a transformative 
approach to the treatment of rare pediatric genetic 
disorders, although substantial clinical and biological 
challenges remain. Current gene therapy strategies 
are particularly well suited to monogenic disorders, 
in which correction, replacement, or modulation of a 
single disease-causing gene may provide meaningful 
clinical benefit. In contrast, the treatment of polygenic 
disorders is considerably more complex because dis-
ease development and progression are influenced by 
interactions among multiple genetic variants and envi-
ronmental factors. Broader and safer implementation 
of gene therapy in pediatric populations will therefore 
require continued technological innovation, rigorous 
clinical investigation, and long-term follow-up to evalu-
ate therapeutic efficacy, durability, and safety [90, 91].

Conclusion

Gene therapy is a great method for treating rare pe-
diatric genetic diseases. While significant achievements 
have been made in this field, several clinical challeng-
es hinder its widespread use in children. The safety of 
these treatments remains a critical concern, as immune 
responses increase the risk of low efficacy and poor 
long-term outcomes. Moreover, children have unique 
physiological characteristics; therefore, they require 
careful consideration in treatment. Another concern is 
the durability of gene expression, which requires long-
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term follow-up, as immune responses or loss of gene 
function over time remain a concern. Ethical consider-
ations further complicate the clinical adoption of gene 
therapies, especially in pediatric patients. The high costs 
associated with gene therapy are also significant barri-
ers, particularly in resource-limited settings. Despite 
these challenges, the future of gene therapy in rare pe-
diatric diseases remains promising. 

As gene therapy evolves toward advanced and inno-
vative treatment approaches, such as next-generation 
CRISPR-Cas9 genome editing, non-viral vectors based 
on nanotechnology, and AI-driven personalized thera-
pies, it is crucial to maintain a human-centered ap-
proach to ensure equal access to healthcare services 
for all people. These approaches not only have the po-
tential to improve clinical outcomes but also accelerate 
global access to these treatments by integrating digital 
platforms and advanced cold-chain supply systems. 
With more advancement and availability, gene therapy 
can offer new hope for children with genetic disorders, 
helping them lead healthier lives and achieve better 
long-term outcomes.

Table 1 provides an overview of the main gene therapy 
approaches discussed in this review and their use in se-
lected rare pediatric diseases. This highlights the diver-
sity of gene therapy platforms and their expanding role 
in pediatric precision medicine.
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