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ABSTRACT

Congenital immunodeficiencies, also known as primary immunodeficiency disorders (PIDs), are a heterogeneous
group of genetic disorders that impair immune function, resulting in increased susceptibility to infections,
autoimmune diseases, and malignancies. These conditions arise from mutations affecting immune cell development,
differentiation, or signaling pathways, leading to deficiencies in innate and adaptive immunity. This review explores
the genetic and molecular mechanisms underlying congenital immunodeficiencies, emphasizing key mutations and
their impact on immune system functionality. We discuss current diagnostic strategies, including newborn screening
for severe combined immunodeficiency (SCID), immunophenotyping, functional immune assays, and genetic testing,
all of which are crucial for early identification and tailored management. Additionally, we examine emerging
therapeutic options, such as hematopoietic stem cell transplantation (HSCT), gene therapy using viral vectors or
CRISPR-Cas9, and immunomodulatory approaches, highlighting their efficacy, limitations, and ongoing research
efforts. While significant advancements in molecular diagnostics and targeted treatments have improved prognosis
and survival rates, challenges remain in accessibility, cost, and potential treatment toxicities. Continued research
and expanded newborn screening programs will be essential in optimizing outcomes for infants affected by these
life-threatening disorders.

Keywords: Congenital immunodeficiency, genetic mutations, immune dysfunction, gene therapy, hematopoietic
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INTRODUCTION
Congenital immunodeficiencies, also known as the identification of these disorders, allowing for
primary immunodeficiency disorders, are a group of earlier and more precise diagnoses [6]. Early
genetic conditions that impair the normal function of detection is crucial for implementing appropriate
the immune system [17]. These disorders can affect management  strategies, which may include
various immune components, including T cells, B antimicrobial prophylaxis, immunoglobulin
cells, phagocytes, and the complement system, replacement therapy, hematopoietic stem cell
leading to increased susceptibility to infections, transplantation, or emerging gene therapy
autoimmune diseases, and even malignancies [27]. approaches [7]. This review aims to explore the
Infants with these conditions often experience mechanisms underlying congenital
recurrent, severe, or opportunistic infections that can immunodeficiencies, focusing on the genetic and
be life-threatening if left untreated [37]. The molecular basis of these disorders. It discusses
classification of primary immunodeficiencies has contemporary diagnostic strategies that enhance
expanded  significantly ~ with  advances in early identification and classification. Additionally,
immunogenetics [47]. The discovery of novel genetic emerging therapeutic approaches, including gene
mutations and their impact on immune function has editing technologies and novel biologic treatments,
provided a deeper understanding of disease were examined as potential advancements in the
mechanisms [57]. Next-generation sequencing and management of primary immunodeficiency disorders.
other molecular diagnostic tools have revolutionized By integrating recent research findings, this
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discussion seeks to provide a comprehensive overview
of current challenges and future directions in the field
of congenital immunodeficiencies.
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Mechanisms of Congenital Immunodeficiencies

Primary immunodeficiencies (PIDs) arise due to
mutations affecting genes responsible for the
development, differentiation, and function of immune
cells [8]. These mutations impact different
components of the immune system, leading to various

clinical manifestations and increased susceptibility to
infections. Congenital immunodeficiencies can be
broadly categorized based on the specific part of the
immune system that is affected [97].

Defects in Innate Immunity

Innate immunity serves as the body's first line of
defense against pathogens. Defects in this system
arise from mutations affecting genes that encode
critical proteins involved in pathogen recognition,
phagocytosis, and inflammatory signaling [107.
Pathogen Recognition Defects: Toll-like receptors
(TLRs) and other pattern recognition receptors
(PRRs) play a crucial role in detecting microbial
components [117]. Mutations in TLRs or associated
signaling molecules (e.g., MYD88 or IRAK4) lead to
impaired responses to bacterial and viral infections

[12] Phagocytic Defects: Proper function of
phagocytes, such as neutrophils and macrophages, is
essential for clearing infections [187. In chronic
granulomatous disease (CGD), mutations in the
NADPH oxidase complex impair the ability of
phagocytes to produce reactive oxygen species,
leading to recurrent bacterial and fungal infections
[147]. Similarly, leukocyte adhesion deficiencies
(LADs) result from defects in adhesion molecules
required for leukocyte migration, causing recurrent
infections and impaired wound healing.

Defects in Humoral Immunity

Humoral immunity, mediated by B cells and
antibodies, is essential for neutralizing pathogens and
facilitating opsonization [15]. Deficiencies in this
arm of immunity lead to recurrent bacterial
infections, especially those caused by encapsulated
organisms. X-linked Agammaglobulinemia (XLA):
This condition results from mutations in the BTK
gene, which is essential for B-cell maturation [167].
Affected individuals have an absence of mature B cells

and a lack of immunoglobulin production, leading to
severe bacterial infections early in life. Common
Variable Immunodeficiency (CVID): A heterogeneous
disorder  characterized by  impaired  B-cell
differentiation and defective antibody production.
Patients suffer from recurrent respiratory and
gastrointestinal infections, along with an increased
risk of autoimmune diseases and malignancies [17].

Defects in Cellular Immunity

Cellular immunity, primarily mediated by T cells, is
critical for adaptive immune responses. Deficiencies
in this pathway often result in profound immune
dysfunction, affecting both humoral and cell-
mediated responses [187]. Severe Combined
Immunodeficiency (SCID): A group of disorders
caused by mutations affecting T-cell development
and function. The most common form, X-linked

SCID, results from mutations in the IL2RG gene,
impairing interleukin receptor signaling and leading
to severe opportunistic infections [197] DiGeorge
Syndrome: A developmental disorder caused by
22q11.2 deletion, leading to thymic hypoplasia and T-
cell deficiency. Affected individuals exhibit increased
susceptibility to viral, fungal, and bacterial infections

[20].

Complement System Deficiencies

The complement system enhances pathogen
clearance  through  opsonization, lysis, and
inflammation. Defects in complement proteins lead to
increased infection risk and immune dysregulation
[21]. C3 Deficiency: Affects all complement
pathways, resulting in severe bacterial infections,
particularly with encapsulated bacteria. Hereditary

Angioedema (HAE): Caused by mutations in the C1
inhibitor (C1-INH) gene, leading to excessive
complement activation and recurrent episodes of
angioedema [227]. Understanding these mechanisms
helps in diagnosing, managing, and developing
targeted therapies for congenital immunodeficiencies.

Genetic Testing

Genetic testing plays a crucial role in diagnosing
primary immunodeficiencies (PIDs) by identifying
pathogenic  variants responsible for immune
dysfunction. Advanced sequencing technologies such
as whole-exome sequencing (WES) and whole-
genome sequencing (WGS) enable the detection of
mutations in genes associated with immune system
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development and function [237]. WES focuses on
sequencing protein-coding regions of the genome,
which contain the majority of disease-causing
mutations. It is particularly useful for identifying
known and novel genetic defects in patients with
suspected PIDs. WGS, on the other hand, provides a
comprehensive analysis of the entire genome,

8

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



www.idosr.org

allowing for the detection of non-coding variants,
structural variations, and copy number changes that
may contribute to immune deficiencies [247] In
addition to these high-throughput sequencing
approaches, targeted gene panels are used for cost-
effective and rapid diagnosis of specific PIDs. These
panels include genes known to be associated with
various immunodeficiency disorders, offering a
focused and efficient diagnostic tool [257]. Early
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genetic diagnosis through these methods enables
precise classification of PIDs, facilitates personalized
treatment strategies, and aids in genetic counseling
for affected families. The integration of genetic
testing in clinical practice continues to improve
patient  outcomes by  guiding  therapeutic
interventions such as hematopoietic stem cell
transplantation and gene therapy.

Emerging Therapies

Recent advancements in therapeutic interventions
have significantly improved outcomes for infants with
congenital immunodeficiencies. These innovative

approaches aim to restore immune function, reduce
infection risks, and enhance quality of life.

Hematopoietic Stem Cell Transplantation (HSCT)

Hematopoietic stem cell transplantation (HSCT)
remains the gold standard for treating severe primary
immunodeficiencies, particularly severe combined
immunodeficiency (SCID) [267]. It provides long-
term immune reconstitution by replacing defective
hematopoietic stem cells with healthy donor cells.
Matched sibling donors offer the best outcomes;

however, alternative donor sources, such as
haploidentical transplantation and umbilical cord
blood transplantation, have expanded treatment
options. Advances in conditioning regimens have
improved engraftment rates while reducing
transplant-related complications [277].

Gene Therapy

Gene therapy has emerged as a promising curative
approach for certain PIDs. Ex vivo gene therapy
utilizes viral vectors to introduce functional copies of
defective genes into patient-derived hematopoietic
stem cells before reinfusion. This strategy has
demonstrated success in treating SCID-X1, Wiskott-

Aldrich syndrome, and chronic granulomatous
disease (CGD). Advancements in genome-editing
technologies, such as CRISPR-Cas9, offer precise
gene correction with minimal off-target effects,
paving the way for safer and more effective
treatments [287].

Immunomodulatory Therapies

Immunomodulatory therapies play a crucial role in
managing congenital immunodeficiencies.
Intravenous immunoglobulin (IVIG) therapy is
widely used to supplement antibody deficiencies in B-
cell disorders [297. Additionally, cytokine-based
therapies, including interleukin-2 (IL-2) and
interferon-gamma (IFN-y), are being investigated for

their potential to modulate immune responses in
specific PIDs [[307. These therapies aim to enhance
immune function and reduce susceptibility to
infections, providing a valuable adjunct to existing
treatments. Continued research and advancements in
these therapeutic strategies hold promise for
improving long-term outcomes and quality of life for
individuals with congenital immunodeficiencies.

Challenges and Future Directions

Despite remarkable progress in the diagnosis and
treatment of congenital immunodeficiencies, several
challenges persist that impact patient outcomes and
healthcare accessibility. Delayed diagnosis remains a
significant barrier, particularly in regions with
limited access to newborn screening programs. Early
detection is crucial for timely interventions, yet many
infants with primary immunodeficiencies (PIDs) go
undiagnosed until severe infections or complications
arise. Treatment toxicity is another major concern.
While hematopoietic stem cell transplantation
(HSCT) is a life-saving procedure, it carries risks such
as graft-versus-host disease (GVHD) and transplant-
related complications [317]. Similarly, gene therapy,
though promising, presents challenges such as
insertional mutagenesis and immune responses
against viral vectors. Refining conditioning regimens
and improving gene-editing precision remain critical
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areas of research. Cost and accessibility continue to
hinder widespread implementation of advanced
therapies. Genetic treatments, including gene therapy
and enzyme replacement therapies, remain
prohibitively expensive and are not universally
available [327. This disparity limits equitable access
to life-saving interventions, particularly in low-
resource settings. Future research should prioritize
optimizing gene-editing technologies, expanding
newborn screening programs, and developing cost-
effective therapeutic approaches. Efforts to improve
global healthcare infrastructure and funding
mechanisms will be essential in ensuring that all
patients, regardless of geographic location or
economic status, have access to timely and effective
treatments. By addressing these challenges, the field
can move toward more personalized, safe, and
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CONCLUSION

Congenital immunodeficiencies pose a significant
health challenge, requiring early diagnosis and
precise treatment strategies to improve patient
outcomes. Advances in molecular diagnostics have
enhanced the identification of pathogenic variants,
enabling earlier interventions. Innovative therapies,
such as gene therapy and hematopoietic stem cell
transplantation, have transformed the management of
primary immunodeficiencies, offering the potential
for long-term immune reconstitution. Despite these
advancements, challenges remain in accessibility,
affordability, and  treatment-associated  risks.

Expanding newborn screening programs, refining
gene-editing technologies, and improving healthcare
infrastructure are essential for ensuring equitable
access to life-saving therapies. Global collaborations
and continued research efforts will be instrumental in
overcoming these barriers and enhancing the
prognosis for affected infants. By addressing these
challenges, the medical community can move toward
more effective, personalized, and widely available
treatments, ultimately improving the quality of life
for individuals with congenital immunodeficiencies.
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