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ABSTRACT

Early-life immunotherapies are increasingly being explored as a preventive and therapeutic strategy to modulate
immune development and protect against both infectious and non-communicable diseases. Administered during
critical windows of immune plasticity, these interventions—ranging from vaccines and monoclonal antibodies to
microbial-derived adjuvants and immune-modulating agents—can exert long-lasting effects on immune
competence, disease susceptibility, and overall health trajectories. This review synthesizes emerging and established
evidence on the long-term benefits of early-life immunotherapies, highlighting their potential to reshape health
outcomes well beyond childhood. By priming the immune system early, these interventions enhance resistance to
infections, reduce the incidence and severity of allergic and autoimmune diseases, and improve the effectiveness and
durability of future vaccinations. Mechanisms underlying these benefits include epigenetic reprogramming,
development of robust immunological memory, trained innate immunity, and interactions with the microbiome. The
review also explores the implications for public health strategies, especially in low-resource settings where early-
life interventions may yield significant lifelong health gains. As research advances, early immunotherapeutic
approaches may become cornerstone strategies in global efforts to promote immune resilience and reduce the burden
of chronic disease
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INTRODUCTION
The neonatal and early childhood periods represent a critical phase in human development, particularly for the
immune system, which undergoes rapid maturation and differentiation during this time [17. The immune landscape
in early life is characterized by a shift from innate-dominant responses towards the gradual establishment of adaptive
immunity, which includes the generation of memory T and B cells, regulatory pathways, and tolerance mechanisms
[27. This phase also coincides with initial exposures to environmental antigens, commensal microbiota, and
vaccines, all of which contribute to shaping lifelong immune competence [87. Given this heightened plasticity and
responsiveness, early life presents a unique window of opportunity to apply immunotherapeutic strategies aimed at
optimizing immune development. Immunotherapies in this context include a broad range of interventions such as
prophylactic vaccines, monoclonal antibodies targeting specific pathogens, microbial-derived adjuvants that
modulate innate immunity, and other immunomodulatory agents designed to guide immune maturation [47]. These
approaches are not only intended to provide immediate protection against infectious agents but also to induce long-
lasting eftects that persist into adolescence and adulthood. The rationale for focusing on early-life immunotherapy
stems from both epidemiological and mechanistic evidence. Epidemiologically, early interventions like the Bacillus
Calmette-Guérin (BCG) vaccine have been associated with reduced all-cause mortality and decreased incidence of
non-targeted infections [57. Mechanistically, early exposures can induce epigenetic modifications, promote the
expansion of regulatory immune subsets, and train innate immune cells to respond more effectively to future
challenges [67]. These enduring changes have the potential to reduce the incidence of allergies, autoimmune
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conditions, and chronic inflammatory diseases later in life. Understanding the long-term impacts of early-life
immunotherapies is crucial for guiding public health policies, vaccination schedules, and future research [77. A
comprehensive analysis of these impacts can help identify the most effective windows for intervention, the types of
therapies that confer the greatest benefit, and the potential risks associated with manipulating the immune system
during a period of rapid development.
Mechanisms Underlying Long-Term Immune Modulation
Early-life immunotherapies shape the immune system through several interconnected mechanisms. Epigenetic
reprogramming refers to the alteration of gene expression patterns without changing the DNA sequence [87.
Immunotherapies may induce such modifications in immune progenitor cells, resulting in long-lasting changes in
immune cell function and responsiveness [97. This can affect cytokine production, receptor expression, and the
overall inflammatory profile of the host [107]. The induction of T-cell and B-cell memory is another critical
mechanism [117. Immunological priming during infancy can lead to the generation of long-lived memory
lymphocytes that confer rapid and robust responses upon re-exposure to specific pathogens [127]. These memory
cells are essential for sustained immunity and the prevention of reinfection.
Trained immunity is a recently recognized phenomenon whereby innate immune cells, traditionally viewed as
nonspecific and short-lived, acquire memory-like characteristics following certain stimuli [187. This
reprogramming enhances their ability to respond more vigorously to subsequent infections, including those caused
by unrelated pathogens [147]. Trained immunity provides a broad layer of protection and is particularly relevant in
early life when adaptive immunity is still developing [157. Interactions with the microbiome also play a pivotal role
in immune modulation [167]. The colonization of the gut by diverse microbial species during infancy educates the
immune system and promotes the development of tolerance and balanced immune responses [17]. Immunotherapies
may influence this process by shaping microbial composition or by enhancing host-microbe interactions that support
immune homeostasis. Together, these mechanisms contribute to the durable effects of early-life immunotherapies
and form the foundation for their potential to enhance health outcomes across the lifespan.
Protection Against Infectious Diseases
Early-life immunotherapies, particularly vaccination, play a crucial role in safeguarding infants and young children
against a wide array of infectious diseases [187]. These interventions not only provide immediate defense but also
induce long-lasting immunological memory that extends protection well into later life [197]. One prominent example
is the Bacillus Calmette—-Guérin (BCG) vaccine, administered shortly after birth in many countries [207. While its
primary purpose is to protect against severe forms of tuberculosis (TB), emerging evidence indicates that the BCG
vaccine exerts beneficial off-target effects, including non-specific reductions in neonatal mortality [20,217. This
broader protection is believed to arise from its ability to enhance innate immune responses, a phenomenon known
as “trained immunity.”
Vaccines against rotavirus and Streptococcus pneumoniae have also demonstrated profound impacts on infant health
[227. Rotavirus vaccination dramatically reduces the incidence of severe gastroenteritis, a leading cause of infant
morbidity and mortality in many low-resource settings [237. Similarly, pneumococcal conjugate vaccines (PCVs)
have significantly decreased the burden of invasive pneumococcal diseases, such as meningitis and pneumonia, and
contribute to herd immunity by reducing nasopharyngeal carriage [247. In addition to vaccines, monoclonal
antibodies (mAbs) have emerged as a promising immunotherapeutic approach. For instance, palivizumab, a
monoclonal antibody targeting the respiratory syncytial virus (RSV), is administered to high-risk infants and has
been shown to reduce RSV-related hospitalizations [257. Importantly, by preventing severe RSV infection early in
life, such interventions may also mitigate long-term respiratory complications, including recurrent wheezing and
asthma [267].
Allergy and Autoimmune Disease Prevention
Beyond infectious disease control, early immunotherapies have shown potential in modulating immune system
development and reducing the risk of allergic and autoimmune diseases [277]. Oral immunotherapy (OIT),
particularly when initiated in infancy, is being investigated as a method to induce tolerance to common food allergens
such as peanuts and eggs [287. Early introduction and controlled exposure can reprogram immune responses away
from hypersensitivity [297. The use of probiotics and microbial-derived adjuvants is also gaining attention [30,317.
These agents may foster immune tolerance by influencing gut microbiota composition and enhancing regulatory T-
cell responses, thereby reducing the risk of allergic conditions like eczema and asthma [317]. Furthermore, emerging
research suggests that the timing, sequence, and spacing of early vaccinations may influence the developing immune
system’s trajectory [327]. Some studies propose that certain vaccination schedules could alter susceptibility to
autoimmune diseases such as type 1 diabetes and multiple sclerosis [337], although further research is needed to
establish causality and optimal strategies
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Enhancement of Vaccine Responsiveness

Early-life administration of immunomodulators and novel adjuvant systems has the potential to significantly
enhance the efficacy of routine and future vaccinations. Neonates and young infants often exhibit suboptimal
responses to conventional vaccines due to the immaturity of their immune systems [347]. However, carefully
designed strategies can overcome these limitations and prime the immune system for more robust responses [35].
Prime-boost strategies are a well-established method in which an initial (priming) immunization is followed by one
or more booster doses. Priming during early infancy can shape the immune repertoire, increasing both the
magnitude and durability of subsequent responses [867]. For example, early administration of hepatitis B and
Haemophilus influenzae type b (Hib) vaccines primes the infant immune system, enabling strong anamnestic responses
upon boosting [37,387.
Adjunctive agents, such as toll-like receptor (TLR) agonists, cytokines, and other immunomodulators, are being
increasingly explored to enhance vaccine-induced immunity in neonates [39,407]. These agents can stimulate innate
immune pathways that are underactive in early life, thereby enhancing antigen presentation and adaptive immune
activation. TLR agonists, in particular, show promise in eliciting a more balanced Th1/Th2 response profile, which
is critical for effective defense against viral and intracellular bacterial infections [397].

Long-Term Immunological Memory
One of the most important goals of early-life inmunotherapy is to establish durable immunological memory that
can protect individuals across the lifespan [417]. Immunizations and immunotherapeutic interventions administered
in infancy can initiate immune responses that persist for years, or even decades. Vaccines that are effective in infancy
can lead to sustained antibody titers, which remain above protective thresholds well into adolescence [427. For
instance, measles, mumps, rubella (MMR), and diphtheria-tetanus-pertussis (DTP) vaccines are associated with
long-lasting humoral immunity when administered in early childhood [487. Furthermore, successful early
immunotherapy contributes to the development of memory T and B cell pools, which are essential for rapid and
efficient responses upon re-exposure to pathogens [447]. These memory cells also form the basis for cross-protection
against antigenically similar organisms and facilitate the immune system’s ability to adapt to evolving threats [45].
The longevity of protection afforded by some early-life vaccines-such as the hepatitis B vaccine-demonstrates the
potential of these interventions to reduce disease burden not just in childhood but across multiple life stages [467].

Public Health and Policy Implications
The strategic implementation of early-life immunotherapy carries significant implications for public health and
global healthcare systems. By reducing the incidence and severity of infectious, allergic, and autoimmune diseases,
early immunotherapies contribute to improved long-term health outcomes, reducing morbidity and mortality across
populations [337. This, in turn, leads to economic benefits, including lower healthcare expenditures, fewer workdays
lost due to illness, and increased lifetime productivity. Importantly, targeted deployment in low-resource settings
can address existing disparities in health outcomes. Innovations such as thermostable vaccines, simplified dosing
schedules, and passive immunization approaches have the potential to bridge global health inequities, ensuring that
vulnerable populations receive effective protection during critical developmental windows [47]. In summary, early-
life immunotherapeutic strategies are not only clinically beneficial but also align with broader public health priorities
aimed at building healthier, more resilient societies

Future Directions and Research Gaps
While early-life immunotherapies have shown substantial promise, several important research gaps and
opportunities remain. One critical need is for longitudinal cohort studies that follow individuals from infancy into
adulthood to evaluate the long-term safety, durability, and broader health impacts of early immunotherapeutic
interventions. Such studies would provide valuable insights into how early immune modulation influences disease
susceptibility, immune memory, and overall health trajectories over time. Another emerging area is personalized
immunotherapy, which tailors interventions based on individual genetic, epigenetic, and microbiome profiles. The
neonatal immune system is highly dynamic, and its development is influenced by both intrinsic and environmental
factors. Understanding how these factors interact could lead to more effective, customized approaches to
immunization and immune modulation, reducing the risk of adverse events and enhancing efficacy. In addition, there
is growing interest in the development of novel agents that specifically target neonatal immune pathways, which
differ significantly from those in older children and adults. This includes the design of age-appropriate adjuvants,
delivery systems, and biologics that can safely and effectively stimulate immature immune systems. Innovations in
nanotechnology, systems immunology, and synthetic biology offer promising avenues for advancing this field.

CONCLUSION

Early-life immunotherapies represent a transformative approach to preventive healthcare. By enhancing immune
competence during critical developmental windows, these interventions can offer durable protection against
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infectious, allergic, and autoimmune diseases. Continued research and strategic implementation have the potential
to reshape population health and usher in a new era of personalized, preventive immunology.
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