
                                                                                                                                                                OPEN ACCESS 
     ©NIJRMS                                                                                                                             ONLINE ISSN: 2992-5460 

Publications 2025                                                                                                                    PRINT ISSN: 2992-6041 

This is an Open Access article distributed under the terms of the Creative Commons Attribution License 
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the 
original work is properly cited 

 
 

Page | 25 

 
 
 
 

  https://doi.org/10.59298/NIJRMS/2025/6.2.2529 

 
Immunomodulation in Congenital Immunodeficiencies: 
Targeting Innate and Adaptive Pathways 
 

Mubanza Zunguka J. 

Faculty of Science and Technology Kampala International University Uganda 
 

ABSTRACT 
Congenital immunodeficiencies, also known as primary immunodeficiency disorders (PIDs), comprise a 
heterogeneous group of inherited conditions affecting both innate and adaptive immune pathways. These disorders 
result in increased susceptibility to infections, immune dysregulation, and heightened risk of autoimmunity and 
malignancies. Advances in immunomodulatory strategies have transformed the management of these conditions, 
providing targeted therapeutic approaches to enhance immune function. This review explores key 
immunomodulatory mechanisms, including cytokine modulation, gene therapy, and cellular therapies, that are being 
developed to correct immune deficiencies. Emerging therapies such as CRISPR-based gene editing, monoclonal 
antibodies, and microbiome-based interventions hold great potential for improving patient outcomes. 
Understanding the interplay between innate and adaptive immunity in congenital immunodeficiencies is crucial for 
optimizing treatment strategies and developing novel interventions. Future research should focus on refining these 
approaches to achieve durable immune restoration and minimize adverse effects. 
Keywords: Congenital immunodeficiencies, primary immunodeficiency, immunomodulation, gene therapy, 
cytokine therapy 

 
INTRODUCTION 

Congenital immunodeficiencies, also known as primary immunodeficiency disorders (PIDs), result from genetic 
mutations affecting critical components of the immune system [1]. These defects compromise innate and adaptive 
immunity, leading to increased susceptibility to infections, autoimmunity, and malignancies [2]. The spectrum of 
congenital immunodeficiencies is broad, encompassing disorders affecting immune cell development, signaling 
pathways, cytokine production, and complement activation [3]. Traditionally, management has focused on 
supportive care, including antimicrobial prophylaxis, immunoglobulin replacement therapy, and hematopoietic stem 
cell transplantation (HSCT) for severe cases [4]. While these strategies mitigate infection risk, they do not directly 
restore immune function. Recent advances in immunomodulatory therapies have shifted the paradigm of congenital 
immunodeficiency management [5-7]. Immunomodulation aims to enhance immune responses, correct 
dysregulated signaling, and improve overall host defense [8]. Targeted therapies, including cytokine 
supplementation, monoclonal antibodies, and gene-editing technologies, are being explored to modify immune 
function more precisely [9]. Janus kinase (JAK) inhibitors, for instance, have shown promise in managing immune 
dysregulation syndromes, while gene therapy is emerging as a curative option for conditions such as severe 
combined immunodeficiency (SCID) and chronic granulomatous disease (CGD) [10]. Additionally, biologics 
targeting key immune checkpoints offer novel approaches for modulating immune responses without excessive 
immune suppression [11]. This review explores the principles of immunomodulation in congenital 
immunodeficiencies, discussing the mechanisms, benefits, and limitations of current and emerging therapies. By 
elucidating these advancements, we aim to highlight innovative strategies that not only enhance immune function 
but also improve long-term patient outcomes. Understanding the evolving landscape of immunomodulation in 
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congenital immunodeficiencies is crucial for optimizing personalized therapeutic approaches and addressing the 
unmet needs of affected individuals.   

Innate Immune Modulation 
The innate immune system serves as the first line of defense against infections, providing rapid and nonspecific 
responses to pathogens [12]. Genetic defects in innate immunity can result in severe immunodeficiency, increasing 
susceptibility to recurrent infections and inflammatory disorders [13]. Therapeutic strategies targeting the innate 
immune system aim to enhance or restore immune function through cytokine supplementation, receptor agonists, 
and cellular therapies.   

Cytokine Therapy 
Cytokines are key regulators of innate immunity, modulating immune cell activation and function. Several cytokine-
based therapies have been developed to compensate for innate immune deficiencies.   

Interferon-Gamma (IFN-γ) Therapy: This therapy is widely used in chronic granulomatous disease (CGD) to 
enhance macrophage function and oxidative burst activity, improving microbial clearance [14] Granulocyte Colony-
Stimulating Factor (G-CSF): G-CSF stimulates neutrophil production and function, benefiting patients with 
neutropenia-related immunodeficiencies, such as severe congenital neutropenia (SCN) [15] Interleukin-2 (IL-2) 
Therapy: IL-2 has been explored in conditions involving T-cell dysfunction, promoting regulatory T-cell activity 
and immune homeostasis [16].   

Toll-Like Receptor (TLR) Agonists 
Toll-like receptors (TLRs) recognize pathogen-associated molecular patterns (PAMPs) and activate innate immune 
responses [17]. In congenital immunodeficiencies where pattern recognition receptor (PRR) signaling is defective, 
TLR agonists may enhance immune activation.   
CpG oligodeoxynucleotides (ODNs), synthetic TLR9 agonists, have been studied for their potential to enhance 
innate immune responses, particularly in patients with impaired dendritic cell function or defective antimicrobial 
defense [18,19].   

Cellular Therapies 
Restoring innate immune cell function through cellular therapies represents a promising approach for congenital 
immunodeficiencies affecting myeloid lineage cells.   
Hematopoietic Stem Cell Transplantation (HSCT): HSCT remains the gold standard for severe congenital 
immunodeficiencies, providing a lifelong source of functional immune cells [4].   
Gene-Edited Stem Cells: Advances in gene-editing technologies, including CRISPR-Cas9, have enabled precise 
correction of mutations in innate immune pathway genes, offering a potential curative approach [6,20].   

Adaptive Immune Modulation 
Adaptive immunity, mediated by T and B lymphocytes, is essential for pathogen-specific immune responses and 
immune memory [21]. Defects in adaptive immunity can lead to severe combined immunodeficiencies (SCID) and 
other primary immunodeficiency disorders (PIDs). Immunomodulatory strategies focus on restoring or enhancing 
adaptive immune functions through gene therapy, monoclonal antibodies, and immunoglobulin replacement therapy 
[22].   

Gene Therapy 
Gene therapy offers a targeted approach to correct genetic defects underlying adaptive immune deficiencies [18]. 
Ex Vivo Gene Correction: Patient-derived hematopoietic stem cells (HSCs) are genetically modified using lentiviral 
or retroviral vectors to introduce functional copies of defective genes, as demonstrated in SCID and Wiskott-Aldrich 
syndrome.  CRISPR-Based Gene Editing: CRISPR-Cas9 technology enables precise correction of pathogenic 
mutations in T and B cells, holding promise for long-term immune reconstitution [23].   

Monoclonal Antibodies (mAbs) and Biologics 
Monoclonal antibodies and biologics are used to modulate immune responses in primary immunodeficiencies 
associated with immune dysregulation [24].  Anti-IL-6 and Anti-TNF Therapies: These biologics help control 
inflammation in immunodeficiencies with autoimmune manifestations, such as autoimmune lymphoproliferative 
syndrome (ALPS). Checkpoint Inhibitors: Targeting immune checkpoint molecules, such as CTLA-4 and PD-1, is 
being explored as a strategy to restore immune function in disorders with immune dysregulation [25].   

Immunoglobulin Replacement Therapy (IgRT) 
B-cell deficiencies result in impaired antibody production, necessitating passive immunity through IgRT.  
Intravenous or subcutaneous immunoglobulin (IVIG/SCIG) provides essential antibodies, reducing infection risk 
and improving quality of life in patients with X-linked agammaglobulinemia (XLA) and common variable 
immunodeficiency (CVID) [26]. Emerging advancements in immunomodulation continue to refine treatment 
strategies for congenital immunodeficiencies, offering hope for improved patient outcomes and potential curative 
therapies. 



                                                                                                                                                                OPEN ACCESS 
     ©NIJRMS                                                                                                                             ONLINE ISSN: 2992-5460 

Publications 2025                                                                                                                    PRINT ISSN: 2992-6041 

This is an Open Access article distributed under the terms of the Creative Commons Attribution License 
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the 
original work is properly cited 

 
 

Page | 27 

Emerging and Future Therapies 
Recent advances in immunomodulation have introduced innovative therapeutic approaches aimed at enhancing 
immune function, correcting genetic defects, and fine-tuning immune responses. These emerging strategies offer 
potential breakthroughs in the management of congenital immunodeficiencies.   

mRNA-Based Therapies 
Messenger RNA (mRNA) technology, widely recognized for its role in vaccine development, is now being explored 
for personalized immune modulation [27]. mRNA-based therapies can be designed to encode cytokines, immune-
modulating proteins, or even gene-correcting enzymes, allowing for transient yet highly specific immune regulation 
[3]. In congenital immunodeficiencies, mRNA therapy could be used to restore defective immune signaling 
pathways or boost immune responses against infections.   

Synthetic Biology Approaches 
Advances in synthetic biology have enabled the engineering of immune cells with enhanced functional capabilities. 
Chimeric antigen receptor (CAR) T-cell therapy, initially developed for cancer immunotherapy, is being adapted for 
primary immunodeficiencies to enhance immune surveillance and pathogen clearance [30]. Additionally, synthetic 
gene circuits are being designed to modulate immune activation dynamically, providing precision control over 
immune responses.   

Microbiome-Based Interventions 
The gut microbiome plays a crucial role in shaping immune function. Dysbiosis, or an imbalance in microbial 
composition, has been implicated in immune dysregulation [31]. Microbiome-based therapies, including probiotics, 
prebiotics, and fecal microbiota transplantation (FMT), are being investigated as potential strategies to enhance 
immune resilience and modulate inflammatory pathways in patients with immunodeficiencies [32,33]. These 
cutting-edge approaches hold promise for revolutionizing the treatment landscape, offering more targeted, durable, 
and patient-specific immunomodulatory therapies. 

CONCLUSION 
Immunomodulation in congenital immunodeficiencies has advanced significantly, shifting from purely supportive 
care to targeted therapies that restore immune function. Gene therapy, biologics, and cell-based approaches offer 
promising avenues for long-term disease management and potential cures. Emerging innovations, such as mRNA-
based therapies and synthetic biology, continue to expand treatment possibilities. Despite these advancements, 
challenges remain in optimizing efficacy, safety, and accessibility. Ongoing research and clinical trials will refine 
these strategies, ultimately improving patient outcomes and quality of life. A deeper understanding of immune 
regulation will drive the development of more precise and personalized therapeutic interventions for congenital 
immunodeficiencies. 
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