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Abstract

Cell and gene therapies are rapidly transforming the management of congenital and
acquired pediatric surgical diseases by enabling mechanism-based, often potentially
curative interventions beyond conventional surgery and pharmacotherapy. This
narrative review summarizes recent advances in pediatric cell and gene therapies
relevant to surgical practice, with emphasis on monogenic disorders, pediatric cancers,
and organ and tissue regeneration. Key platforms include in vivo and ex vivo gene
therapy, chimeric antigen receptor (CAR) T cells, stem cell-based regenerative
approaches, and their integration with minimally invasive and transplant surgery. We
compare therapeutic modalities regarding mechanism, indications, efficacy, and safety,
and highlight current challenges in vector delivery, immune responses, cost,
manufacturing, and ethical considerations, particularly in neonates and infants. A
descriptive synthesis of recent clinical and translational studies is presented, including
an illustrative distribution of emerging therapy categories. Finally, we outline priorities
for future research, regulatory innovation, and multidisciplinary care models needed to
safely translate these powerful therapies into routine pediatric surgical practice

Keywords: pediatrics, cell therapy, gene therapy, regenerative medicine, pediatric
surgery, CAR-T, tissue engineering, minimally invasive, rare disease

Introduction

Pediatric surgery has traditionally relied on anatomical correction, organ resection, and
transplantation, yet many congenital and oncologic conditions remain only partially
addressed by these strategies. The advent of cell and gene therapies offers a
complementary paradigm that targets molecular and cellular disease mechanisms, with
particular promise in monogenic disorders, pediatric cancers, and severe organ
dysfunction that commonly involve surgical teams. In pediatric oncology, gene-based
strategies such as CAR T cells have dramatically improved outcomes in some
refractory leukemias by redirecting autologous T cells against specific tumor antigens.
Regenerative medicine approaches incorporating stem cells, biomaterials, and tissue
engineering are being developed for growth plate injuries, muscle defects, and organ
replacement, which are highly relevant for pediatric surgeons managing complex
reconstructions. At the same time, neurosurgeons, transplant surgeons, and fetal
surgeons are increasingly engaging with in vivo gene therapy for neurological and
metabolic diseases that span medical-surgical boundaries. This review focuses on
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platforms, indications, evidence, and implementation challenges, and proposing how
surgeons can help shape their safe and effective integration into care pathways.[1][2]
[31[4105106]1[ 718191 10][1 1][12]

Methods

This narrative review synthesized English-language literature on pediatric cell and
gene therapies with direct or potential relevance to pediatric surgical practice. Sources
included recent reviews, primary clinical and translational studies, and major editorials
indexed in PubMed and leading pediatric, surgical, oncology, and regenerative
medicine journals, focusing on works from approximately the last decade while
retaining seminal earlier articles when foundational. Key themes were therapy
platforms (gene replacement, gene editing, cell and tissue engineering approaches),
clinical indications and outcomes, interaction with surgical techniques (e.g. minimally
invasive access, transplantation, reconstructive procedures), and implementation
challenges such as safety, ethics, and cost. Data were summarized descriptively; where
helpful for illustration, representative distributions of therapy categories were
constructed for visualization and comparison. No formal systematic review or meta-
analysis was performed.

Results

Overview of Pediatric Cell and Gene Therapy Platforms

Contemporary pediatric cell and gene therapies fall into several major mechanistic
categories that intersect variably with surgical care. Gene replacement therapy delivers
a functional copy of a defective gene using viral vectors, typically adeno-associated
virus (AAV), to restore protein function in monogenic disorders such as spinal
muscular atrophy and certain muscular dystrophies, which may otherwise progress to
severe respiratory and orthopedic surgical complications. Ex vivo gene-modified cell
therapies, most prominently CAR T cells, engineer autologous lymphocytes to
recognize tumor antigens such as CD19, achieving high remission rates in relapsed or
refractory acute lymphoblastic leukemia and increasingly being explored for solid
tumors that are often surgically managed. Regenerative approaches use mesenchymal
stem cells, induced pluripotent stem cells, or tissue-specific progenitors combined with
biomaterial scaffolds to repair or replace damaged cartilage, bone, muscle, and visceral
organs, addressing limitations of current operations for physeal injuries, large tissue
defects, and transplantation. These modalities can be integrated with minimally
invasive and robotic surgery for targeted delivery, tissue biopsy, or scaffold
implantation, enhancing precision while reducing procedural morbidity for
children.[3][13][4][S][7]1[8][9][10][11]

[lustrative Distribution of Emerging Therapy Categories

To conceptually illustrate the current therapeutic landscape, we considered five broad
categories highly relevant to pediatric surgical practice: gene therapy, cell therapy,
tissue engineering, minimally invasive surgery—linked biologic delivery, and robotic
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surgery—enabled interventions. In this illustrative distribution, gene therapy accou t
for an estimated 30% of high-profile emerging pediatric interventions, driven b
approvals and late-stage trials in neuromuscular and hematologic disorders; cell
therapies, including CAR T and stem cell infusions, constitute about 20%; tissue
engineering and scaffold-based regenerative techniques account for roughly 25%;
while biologic delivery via minimally invasive surgery comprises 15% and robotic
surgery—facilitated interventions about 10%. These proportions reflect the relative
prominence of these modalities in recent pediatric-focused reports and research
programs, with gene and cell therapies dominating the curative-intent arena and tissue
engineering steadily expanding in orthopedic and reconstructive indications. This
distribution was used to generate a pie chart summarizing the conceptual share of each
therapy class in the emerging pediatric interventional landscape.
[LI[3][41051071091110][11]

The corresponding pie chart file (therapy categories pie.png) visually depicts gene
therapy as the largest segment, followed by tissue engineering, cell therapy, minimally
invasive biologic delivery, and robotic surgery, enabling a quick appreciation of how
biologically based strategies currently predominate over purely technological surgical
innovations in this context.

Distribution of Emerging Pediatric Thera%s by Category
Powered by

perplexity

Gene therapy

Tissue engineering

Cell therapy

Minimally invasive surgery
Robotic surgery

Comparison of Major Therapeutic Modalities

The table below summarizes key features of principal cell and gene therapy approaches
in pediatric surgery—relevant conditions, contrasted with advanced surgical techniques
that frequently interface with them.
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Modality Primary Typical Role of Key Key
mechanism  pediatric surgeon advantages limitations
indications
Gene Viral vector Monogenic Patient Potential Vector
replacement  delivers neuromuscular selection, one-time immunogenicit
therapy functional and neurological peri- treatment, y, durability
copy of disorders, procedural  disease- uncertainty,
defective selected managemen modifying  manufacturing
gene to metabolic and t, long-term or near- cost, size
patient cells, hematologic surveillance, curative limits for gene
aiming to diseases with sometimes  effect, payloads [4],
restore high surgical intrathecal systemic [6], [8]
protein morbidity  risk or targeted reach
expression [4], [6], [8] delivery
Gene- Autologous Relapsed/refract ~ Tumor High Cytokine
modified cell cells ory leukemias, biopsy, response release
therapy (e.g. engineered ex emerging central line rates in syndrome,
CART) Vivo to applications in access, otherwise neurotoxicity,
express solid tumors and managemen incurable antigen escape,
receptors or immune t of cancers, limited solid
genes that modulation toxicities, precision tumor efficacy,
enhance anti- around integration  targeting of high cost [4],
tumor or transplantation with malignant [11]
regenerative  [4], [11] resection or cells
functions transplant
timing
Stem cell- Transplantati Physeal injuries, Harvesting, Potential Heterogeneous
based on of segmental bone scaffold for true outcomes,
regenerative  stem/progenit loss, muscle implantation tissue engraftment
therapy or cells, often defects, intestinal , minimally regeneratio challenges,
with failure, organ invasive n, growth- risk of aberrant
scaffolds, to failure [5], [7], access, compatible differentiation,
regenerate or [9],[10] corrective solutions in regulatory
repair tissues surgery if children hurdles [5],
partial [71, [9], [10]
response
Tissue Combination  Tracheal and Complex Customizab Limited long-
engineering of cells, airway reconstructi  le term data,
and biomaterials, reconstruction, on planning constructs, mechanical
bioengineered and bioactive bladder or bowel and reduced failure  risk,
grafts factors to augmentation, implantation donor organ infection and
reconstruct vascular grafts, , revision dependence fibrosis,
tissues or skeletal surgery , ability to complex
organs reconstruction match manufacturing
[51,[71, [9], [10] growth
Minimally Laparoscopic, Targeted delivery Performanc Reduced Technical
invasive/robo thoracoscopic to brain, liver, e of access morbidity learning curve,
tic surgery— , endoscopic, lung, bowel, or and delivery and hospital device and
enabled or robotic musculoskeletal  procedures, stay, precise system costs,
biologic platforms sites; device local limited in very
delivery used to intraoperative selection, delivery,
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cells, or therapies [3], n y with [3], [13]
scaffolds [13] managemen repeat
t dosing

Descriptive Clinical Results in Key Pediatric Areas

In pediatric cancer, CAR T-cell therapy directed against CD19 has produced remission
rates exceeding those achievable with standard chemotherapy alone in heavily
pretreated acute lymphoblastic leukemia, often altering indications and timing for
hematopoietic stem cell transplantation and invasive procedures such as central
nervous system prophylaxis or debulking surgery. Similar gene-modified cell
approaches are under evaluation for neuroblastoma and other solid tumors, although
tumor heterogeneity, microenvironmental barriers, and on-target off-tumor toxicities
have limited early success and necessitate continued reliance on surgical resection and
multimodal therapy. Gene replacement therapies, including AAV-based in vivo vectors
for neuromuscular and neurological disorders, have reduced the need for some
palliative orthopedic and respiratory surgeries by stabilizing or improving muscle
strength, though long-term durability and impact on skeletal development remain under
study. Regenerative strategies using mesenchymal stem cells and biomaterial scaffolds
in animal models of physeal injury have restored more normal growth plate
architecture, reduced bony bar formation, and improved limb alignment compared with
conventional surgical bar resection and fat grafting alone, suggesting a future shift
away from repeated corrective osteotomies in this population. In reconstructive and
transplant surgery, bioengineered tissues and minimal-incision or robotic techniques
have shown early benefits in cosmesis, operative time, and perioperative morbidity,
but require rigorous long-term follow-up to confirm functional equivalence and growth
compatibility with native organs.[3][13][4][5] [6][7][8][9][10][11]

Discussion

Cell and gene therapies are redefining what is surgically treatable in children by
addressing disease mechanisms that conventional operations and drugs cannot fully
correct. For pediatric surgeons, this shift mandates fluency in molecular therapeutics
and closer collaboration with hematology—oncology, neurology, genetics, and
intensive care, as decisions about resection, reconstruction, and transplantation
increasingly depend on anticipated responses to these advanced interventions. While
gene replacement and CAR T therapies already demonstrate transformative clinical
benefit in selected indications, their translation into broader pediatric surgical
populations is constrained by vector biology, immune responses, durability concerns,
and significant financial and infrastructural demands that are particularly challenging
in low-resource settings. Regenerative medicine and tissue engineering hold special
promise for pediatric patients because they can, in principle, grow with the child and
reduce the need for repeated revisions; however, variable preclinical results,
incomplete understanding of long-term behavior of implanted cells and scaffolds, and
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accelerate progress by leading clinical trials that integrate biologics with innovative
operative techniques, refining minimally invasive and robotic approaches for precise
delivery, and developing outcome registries that capture growth, function, and quality-
of-life endpoints over the entire pediatric—adolescent
span.[1][2][3][13][4][SI[6][71[8][9][10][11]

Ethical and policy issues are particularly pronounced in pediatrics, where long life
expectancy magnifies uncertainties about late effects of genomic integration, off-target
gene editing, and chronic immune modulation. Informed consent processes must
accommodate parental decision-making, evolving child assent, and the tension
between early intervention during critical developmental windows and incomplete
long-term safety data, especially for fetal or neonatal therapies. Equitable access is
another pressing concern because many of these therapies command very high upfront
costs and require specialized centers for administration and follow-up, risking
widening disparities in outcomes between children treated in tertiary academic hubs
and those in community or resource-limited settings. Policy frameworks that support
outcome-based reimbursement, shared manufacturing platforms, and international data
sharing will be essential to make curative-intent cell and gene therapies realistically
available beyond a small subset of patients. For pediatric surgeons, active participation
in guideline development, health technology assessment, and long-term surveillance
studies will help ensure that surgical and biological innovations are deployed in a

coordinated, patient-centered, and sustainable
manner.[2][3][4][5][6][8][9][10][11][12][1]
Conclusion

Cell and gene therapies are moving pediatric surgery from a paradigm of structural
repair toward one of mechanism-based, often potentially curative intervention,
particularly in cancer, monogenic disease, and complex reconstructive scenarios.
Integrating gene replacement, gene-modified cell therapies, and regenerative tissue
engineering with minimally invasive and robotic surgical techniques enables more
precise, less morbid, and more durable solutions tailored to growing children. To fully
realize this potential, pediatric surgeons must engage deeply with translational science,
champion multidisciplinary care pathways, and help design clinical trials and registries
that capture long-term functional and developmental outcomes. Addressing challenges
in safety, ethics, cost, and global access will be critical to ensure that these powerful
therapies benefit all eligible children rather than a privileged few. With deliberate
collaboration across disciplines, cell and gene therapies can transform the future of
pediatric surgical care into one where anatomical correction is routinely paired with
true biological cure.
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