Page | 95

https://doi.org/10.59298 /ROJESR/2025/4.3.95101

Personalized Immunotherapy for Congenital Immune
Defects: Precision Approaches to Immune Reconstitution

Kagambira Zimbuga M.

Faculty of Medicine Kampala International University Uganda

ABSTRACT

Congenital immune defects, or primary immunodeficiency disorders (PIDs), represent a diverse group of genetically
determined conditions that compromise immune function from birth. Recent advances in genomics, gene editing,
and cell-based therapies have catalyzed a shift toward personalized immunotherapy—strategies that target the
molecular root cause of each disorder while minimizing oft-target effects. This review highlights the current
landscape of precision approaches for immune reconstitution, including gene therapy, hematopoietic stem cell
transplantation (HSCT), and targeted biologics. Gene therapy using lentiviral vectors and CRISPR/Cas9 has shown
success in correcting defects in conditions such as SCID and Wiskott-Aldrich Syndrome. Innovations in HSCT,
such as reduced-intensity conditioning and gene-modified autologous transplants, have enhanced safety and efficacy.
Additionally, cellular therapies like adoptive T cells and regulatory T-cell infusions are gaining traction for immune
modulation. Precision diagnostics—powered by next-generation sequencing and immune profiling—now guide
therapy selection and monitoring. While challenges remain in access, long-term safety, and ethical oversight,
personalized immunotherapy offers transformative potential for treating congenital immune defects. As the field
progresses, integrating individualized interventions with global health equity will be key to maximizing impact and
improving outcomes for affected children.
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INTRODUCTION
Congenital immune defects, also known as primary immunodeficiency disorders (PIDs), represent a diverse and
expanding group of over 450 rare genetic conditions that result from defects in the development, regulation, or
function of various components of the immune system [17]. These disorders manifest early in life, although some
may not become clinically evident until later childhood or even adulthood. Affected individuals are predisposed to
recurrent, severe, and sometimes life-threatening infections, as well as autoimmune manifestations, chronic
inflammation, and an increased risk of malignancies [27]. The clinical heterogeneity and overlapping phenotypes of
PIDs often complicate diagnosis and management. In recent years, significant progress has been made in
understanding the genetic and molecular basis of these disorders, driven largely by advances in next-generation
sequencing (NGS) and systems immunology [3,77]. These tools have not only improved diagnostic accuracy but
have also laid the groundwork for personalized immunotherapy, a rapidly evolving field that aims to tailor
interventions to the unique immunological and genetic profile of each patient [47]. Traditional treatment options for
PIDs, such as antimicrobial prophylaxis, immunoglobulin replacement therapy, and allogeneic hematopoietic stem
cell transplantation (HSCT), have been instrumental in improving survival. However, they often provide
symptomatic relief rather than addressing the root cause of the immune dysfunction [5,67]. Personalized
immunotherapy encompassing gene therapy, gene editing, targeted biologics, and customized stem cell-based
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strategies seeks to correct or modulate the immune defect at its source 7. These precision approaches aim not only
to restore immune competence but also to reduce treatment-related toxicities, prevent complications, and improve
long-term quality of life. This review provides a comprehensive overview of the current and emerging personalized
immunotherapeutic strategies for congenital immune defects. It emphasizes advances in gene therapy, HSCT, and
immune modulation, while also addressing the diagnostic innovations, ethical considerations, and future directions
necessary to optimize inmune reconstitution in affected individuals.
Pathophysiology and Classification of Congenital Immune Defects
The pathophysiology of congenital immune defects is rooted in inherited mutations that disrupt key pathways
involved in immune cell development, differentiation, signaling, or effector function. These disruptions lead to
qualitative or quantitative deficiencies in various components of innate and adaptive immunity, resulting in a wide
spectrum of clinical phenotypes. Congenital immune defects are broadly categorized into five major groups:
Combined immunodeficiencies (CID): These involve defects affecting both T and B lymphocyte development or
function [87. A classic example is Severe Combined Immunodeficiency (SCID), often referred to as a "pediatric
emergency" due to its early onset and fatal course if untreated [97. Predominantly antibody deficiencies: These
disorders, such as X-linked agammaglobulinemia (XLLA) and Common Variable Immunodeficiency (CVID), are
characterized by impaired B cell development or antibody production, leading to recurrent bacterial infections
[10,117. Phagocytic disorders: Conditions like Chronic Granulomatous Disease (CGD) result from defects in
neutrophil function, impairing the ability to kill pathogens and leading to granuloma formation and recurrent
abscesses [127]. Complement deficiencies: These impair the innate immune response and predispose individuals to
infections with encapsulated bacteria, as well as autoimmune phenomena [1387. Immune dysregulation syndromes:
Examples include Immune dysregulation, Polyendocrinopathy, Enteropathy, X-linked (IPEX) syndrome and
Autoimmune Lymphoproliferative Syndrome (ALPS), where mutations affect immune tolerance mechanisms,
resulting in autoimmunity, lymphoproliferation, and tissue damage [14,15]. Accurate classification based on the
underlying molecular defect, rather than solely clinical phenotype, is critical for selecting the most appropriate and
effective immunotherapeutic strategy
Gene Therapy: Correcting the Root Cause
Gene therapy has rapidly progressed from experimental treatment to a transformative therapeutic option for select
primary immunodeficiency disorders (PIDs) [167. Unlike traditional therapies that manage symptoms or mitigate
complications, gene therapy directly targets the underlying genetic defect, offering the possibility of long-term or
even permanent correction of immune dysfunction [177]. Among the most well-established modalities is lentiviral
vector-based gene therapy, which has shown success in treating conditions such as X-linked Severe Combined
Immunodeficiency (SCID-X1), Adenosine Deaminase Deficiency (ADA-SCID), and Wiskott-Aldrich Syndrome
[187. Lentiviral vectors enable stable gene insertion into the genome of hematopoietic stem cells (HSCs), allowing
for durable reconstitution of the immune system [197. Unlike early retroviral vectors, lentiviral platforms reduce
the risk of insertional oncogenesis, although continuous long-term monitoring remains essential [207].
Emerging technologies such as CRISPR/Cas9 gene editing are revolutionizing the field by allowing precise, site-
specific correction of pathogenic mutations without the need for random vector integration [217]. CRISPR-based
approaches are currently being evaluated in preclinical studies and early-phase clinical trials for diseases including
SCID and Chronic Granulomatous Disease (CGD) [227]. While promising, challenges related to off-target effects
and delivery efficiency must be carefully addressed. Newer approaches like base editing and prime editing further
enhance the precision and safety of gene correction. These techniques allow for targeted nucleotide conversions or
small DNA insertions without inducing double-strand breaks, thereby minimizing genomic instability [23,247.
Though largely in the experimental stage, they hold significant potential for expanding the treatable spectrum of
PIDs. Despite these advances, gene therapy carries risks that warrant ongoing research. Concerns include immune
responses to viral vectors, inflammatory reactions, and the durability of gene expression [257]. Regulatory oversight
and standardized long-term follow-up protocols are vital to ensure safety, particularly in pediatric patients.
Precision Hematopoietic Stem Cell Transplantation (HSCT)
Allogeneic Hematopoietic Stem Cell Transplantation (HSCT) remains the cornerstone of curative treatment for
many congenital immune defects, particularly for severe combined immunodeficiencies and other life-threatening
PIDs [267]. Recent innovations have transformed HSCT into a more personalized and accessible therapy, even in
the absence of fully matched donors [27]. HLA-matched sibling donors remain the ideal source; however,
advancements in haploidentical transplantation with T-cell receptor (TCR) af3 depletion have significantly improved
outcomes in patients lacking matched donors [297]. This approach reduces the risk of graft-versus-host disease
(GVHD) while maintaining robust immune reconstitution. Reduced-intensity conditioning (RIC) regimens have
become standard for many pediatric and high-risk patients [307. Tailoring conditioning intensity to the patient’s
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age, genetic background, and comorbid conditions has improved tolerability and survival, especially in infants and
those with pre-existing organ damage [307]. The use of gene-modified autologous HSCT is an emerging alternative
that combines gene therapy with stem cell transplantation [277]. This approach eliminates the need for an external
donor and reduces complications such as GVHD and graft rejection [317]. Additionally, pre-transplant immune
profiling, including chimerism assessment and cytokine profiling, and post-transplant monitoring have enabled real-
time evaluation of immune reconstitution [327]. These tools support individualized transplant planning, optimize
engraftment, and guide early interventions for complications [337. Together, these precision strategies are
reshaping HSCT into a safer, more effective, and patient-centered modality for immune reconstitution in congenital
immune defects.
Cell-Based Immunotherapy
Cell-based immunotherapy is emerging as a powerful adjunct or alternative to traditional treatments for congenital
immune defects. These approaches leverage the functional properties of specific immune cells to restore or regulate
immune function, often with greater specificity and reduced systemic toxicity compared to broader therapies [34].
Adoptive T-cell therapy has proven particularly beneficial in the post-transplant setting, where reactivation of latent
viruses such as cytomegalovirus (CMV), Epstein-Barr virus (EBV), and adenovirus can cause severe complications
[357. Infusion of virus-specific T cells (VSTs), generated from either the patient, donor, or third-party sources, has
demonstrated efficacy in controlling infections without the toxicities of antiviral drugs [367].
Regulatory T-cell (Treg) therapy is under investigation for congenital syndromes characterized by immune
dysregulation, such as IPEX (Immune dysregulation, Polyendocrinopathy, Enteropathy, X-linked) syndrome [877.
Tregs play a central role in maintaining immune tolerance, and ex vivo expanded Tregs or genetically modified
Tregs may help prevent or mitigate autoimmune manifestations in these patients [387.
Chimeric Antigen Receptor (CAR) T-cell therapy, though primarily associated with oncology, is now being explored
in primary immunodeficiencies with lymphoproliferative or autoimmune complications [397]. The potential to
reprogram autologous T cells with engineered receptors that target specific inmune cells or antigens could provide
new therapeutic avenues in otherwise treatment-refractory cases. These cell-based therapies are increasingly being
incorporated into personalized treatment algorithms, informed by immunophenotyping, genetic diagnosis, and
disease severity [40_]. As manufacturing processes improve and safety profiles are optimized, cell therapy is likely
to become a cornerstone of individualized care in congenital immune defects.
Targeted Biologics and Immune Modulators
In patients for whom gene or cell therapies are not immediately accessible or appropriate, targeted biologics and
immune modulators offer effective interim or long-term disease control. These therapies focus on specific molecular
pathways involved in immune activation, regulation, or inflammation [417. mTOR inhibitors (e.g., sirolimus) and
JAK inhibitors (e.g., ruxolitinib) have shown promise in managing immune dysregulation, lymphoproliferation, and
autoimmunity in several PIDs [427. Similarly, cytokine-blocking agents, such as anti-IL-6 (tocilizumab) and anti-
IFN-y (emapalumab), can attenuate hyperinflammatory states, including hemophagocytic lymphohistiocytosis
(HLH)-like presentations [437]. Checkpoint inhibitors are being evaluated in patients with PID-associated
malignancies, especially those with DNA repair defects or cancer predisposition syndromes [437]. For many antibody
deficiencies, immunoglobulin replacement therapy (IRT) remains the mainstay of treatment [457]. Administered
intravenously or subcutaneously, IRT reduces infection frequency and severity while supporting overall immune
function. Increasingly, the selection and dosing of these agents are informed by immune pathway analysis, genetic
mutations, and cytokine profiling, enabling a precision medicine approach to pharmacologic immunomodulation
[467]. These targeted strategies offer flexibility, especially in complex cases awaiting curative therapy or requiring
long-term management
Diagnostic Innovations Driving Personalization
The foundation of personalized immunotherapy lies in accurate and timely diagnosis. Recent advances in diagnostic
technology have dramatically enhanced our ability to characterize congenital immune defects at the molecular and
cellular levels, facilitating individualized treatment strategies. Next-generation sequencing (NGS) has become a
standard tool in the diagnostic workup of suspected primary immunodeficiencies [47]. Whole-exome and targeted
gene panel sequencing allow for the rapid identification of pathogenic mutations, which not only confirm the
diagnosis but also directly inform therapy selection—such as eligibility for gene therapy, specific transplant
protocols, or biologic therapies [487. Beyond genomics, single-cell RNA sequencing (scRNA-seq) and high-
throughput proteomics provide detailed profiles of immune cell populations and their functional states [497. These
technologies can uncover unique immune signatures predictive of disease progression, treatment responsiveness,
and post-intervention outcomes. This level of cellular resolution is particularly useful in heterogeneous or atypical
presentations. Machine learning and artificial intelligence (AI) tools are increasingly being applied to integrate
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genetic, immunological, and clinical datasets [507. These algorithms enable risk stratification, prediction of adverse

events, and decision support for personalized care plans [517. The integration of dynamic immune monitoring and

computational modeling is driving a shift from generalized protocols toward precision immune care tailored to each

patient’s evolving immunological landscape.

Ethical and Societal Considerations

The advent of personalized immunotherapy brings with it significant ethical and societal implications that must be

addressed proactively to ensure just and responsible implementation.

A major concern is equitable access to high-cost therapies such as gene editing and cell-based interventions [527].

Many patients, particularly in low- and middle-income countries, may be excluded from these innovations due to

financial, infrastructural, or logistical barriers. Bridging this gap requires global collaboration, innovative funding

mechanisms, and capacity-building in resource-limited settings. Long-term safety of gene editing, particularly in

pediatric patients, is another critical issue [537]. While genome editing technologies like CRISPR ofter curative

potential, the risks of off-target effects, insertional mutagenesis, or unknown late-onset complications necessitate

robust preclinical testing and lifelong surveillance. Informed consent is complex in the pediatric context, especially

for experimental therapies. Parents or guardians must be adequately informed about risks, benefits, and

uncertainties, while also considering the child’s future autonomy and right to an open future [547]. Ethical oversight,

stakeholder engagement, and policy development are essential to address these challenges and promote safe,

transparent, and equitable deployment of personalized immunotherapy [557.

Future Directions

The future of personalized immunotherapy is poised to benefit from ongoing technological and conceptual

breakthroughs. In vivo gene editing direct correction of mutations within the patient may eliminate the need for ex

vivo cell manipulation, reducing cost and complexity.

Organoid and organ-on-chip technologies offer promising platforms to model patient-specific immune responses

and test interventions in a controlled, physiologically relevant setting. Artificial intelligence (AI) will play an

increasingly central role in designing adaptive treatment algorithms, integrating real-time immune monitoring data

to guide clinical decisions dynamically. Collectively, these innovations aim to achieve durable, safe, and

individualized immune reconstitution for each patient, with minimal toxicity and maximal long-term benefit.

CONCLUSION

Personalized immunotherapy represents a paradigm shift in the treatment of congenital immune defects. By

correcting the root genetic causes and tailoring interventions to the individual’s molecular and clinical profile, these

approaches offer hope for durable immune reconstitution, improved quality of life, and long-term survival. As the

field advances, it is imperative to ensure that scientific innovation is matched by ethical responsibility, equitable

access, and global collaboration. A multidisciplinary, patient-centered, and precision-based framework will be key

to realizing the full potential of personalized immunotherapy in congenital immunodeficiency care.
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