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ABSTRACT

The neonatal period represents a critical window of immune system development marked by profound plasticity and
adaptability. Unlike the relatively mature adult immune system, the neonatal immune landscape is characterized by
a delicate balance between tolerance and responsiveness, allowing for the establishment of immune homeostasis
while limiting deleterious inflammation. This review explores the unique features of neonatal immune system
plasticity, including cellular and molecular components that govern its development, and how these characteristics
influence responses to immunotherapeutic interventions and early-life vaccination. We discuss recent advances in
understanding innate and adaptive immune programming in neonates, the role of microbial colonization, maternal
immunity, and epigenetic regulation. Furthermore, we examine how targeted immunotherapies and vaccines
administered in early life can leverage this plasticity to induce long-term immune outcomes, including disease
protection and potential immune tolerance. Special attention is given to novel strategies such as adjuvant
optimization, mRNA platforms, and immune modulators tailored to neonatal immunity. Finally, we address the
ethical and translational challenges associated with immunological interventions during this vulnerable period,
underscoring the need for age-specific immunotherapeutic designs and robust safety monitoring frameworks.
Keywords: Neonatal immunity, Immune plasticity, Vaccine programming, Early-life immunotherapy, Immune
development

INTRODUCTION
The neonatal immune system is a dynamic and malleable entity undergoing rapid development and refinement
during the first weeks of life [17]. Far from being merely immature, it is increasingly recognized as a uniquely
adaptable system, shaped by a confluence of genetic, developmental, environmental, and epigenetic influences [27].
This period is marked by a complex interplay between the need to tolerate commensal microbes and maternal
antigens, and the imperative to mount protective responses against pathogens [37]. As such, the neonatal immune
system has evolved a specialized balance that prioritizes regulation and tissue preservation over robust inflammation
[47]. Historically, neonatal immunity was viewed as deficient or underdeveloped, with an emphasis on its limitations,
such as reduced antigen presentation, weaker inflammatory responses, and impaired memory formation [5].
However, recent advances in immunology have reframed this perspective, highlighting the inherent plasticity of
neonatal immune cells, particularly their capacity to be programmed or “educated” by early-life exposures [67. This
plasticity encompasses the ability of both innate and adaptive immune compartments to respond to environmental
cues—including microbial colonization, maternal antibodies, and nutritional factors with enduring consequences for
immune function across the lifespan [77]. Importantly, this heightened plasticity renders the neonatal period a
critical window of opportunity for immunomodulatory interventions. Immunotherapies and vaccines administered
during this phase have the potential not only to protect against immediate threats but also to influence the trajectory
of immune development and disease susceptibility later in life [87]. At the same time, this sensitivity to modulation
raises concerns about unintended long-term effects, such as immune tolerance, hypersensitivity, or autoimmune risk
[97. As such, understanding the mechanisms that underlie neonatal immune plasticity is essential for designing age-
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appropriate interventions that are both effective and safe. This review aims to explore the current knowledge on
neonatal immune system plasticity and its implications for immunotherapy and vaccine-induced programming.
Developmental Plasticity of the Neonatal Immune System
The neonatal immune system is not a miniature version of the adult immune system but rather a unique and
transitional system with remarkable plasticity [77]. This plasticity allows for rapid adaptation to environmental
exposures while maintaining a controlled immunological balance. During this early phase of life, immune responses
are tightly regulated to avoid damaging inflammation that could interfere with organogenesis and tissue remodeling
[10. The architecture and functionality of both innate and adaptive immunity in neonates are specialized to meet the
dual demands of tolerance to non-harmful antigens and protection against pathogens.
Innate Immunity

Innate immunity in neonates forms the frontline defense against infections and is essential for shaping adaptive
responses [11[. However, neonatal innate immune responses are often biased toward anti-inflammatory and
tolerogenic outcomes. This is partly attributed to altered functionality of key innate cells, including dendritic cells
(DCs), macrophages, neutrophils, and natural killer (NK) cells. Dendritic cells in neonates display reduced
expression of co-stimulatory molecules and decreased antigen-presenting capacity, which leads to suboptimal T cell
activation [[127]. Neonatal macrophages exhibit diminished phagocytic activity and altered cytokine secretion, with
a preference for interleukin-10 (IL-10) and transforming growth factor-beta (TGF-f), both of which promote
immune regulation. Neutrophils in neonates have impaired chemotaxis, reduced reactive oxygen species (ROS)

production, and delayed apoptosis, which may limit their bactericidal capacity but prolong their presence at sites of

infection [187. Toll-like receptor (TLR) signaling pathways, critical for pathogen recognition, are present but
functionally attenuated in neonates. For instance, TLR4-mediated responses to lipopolysaccharide (LPS) result in
reduced pro-inflammatory cytokine production. Despite these limitations, neonatal innate immunity can be
effectively activated under the right conditions [147]. Mucosal tissues, such as the gastrointestinal and respiratory
tracts, exhibit heightened innate responses to microbial colonization, suggesting tissue-specific adaptation and
responsiveness. Moreover, evidence supports the concept of "trained immunity," whereby innate cells undergo
functional reprogramming following early microbial or vaccine exposure, resulting in enhanced responses to
subsequent infections [157].
Adaptive Immunity

The adaptive immune system in neonates is characterized by a distinct composition and functional profile that differs
significantly from that of older children and adults. T and B lymphocytes are present in adequate numbers but
exhibit unique phenotypic and functional characteristics due to their recent emergence from primary lymphoid
organs [16]. Neonatal T cells are predominantly recent thymic emigrants with a high expression of surface markers
such as CD31 and a bias toward Th2 and regulatory phenotypes [177]. This skewing limit pro-inflammatory Th1
responses, which could be harmful during early development, but also compromises responses to intracellular
pathogens. Regulatory T cells (Tregs) are more prevalent in neonates and play a critical role in establishing
tolerance to maternal antigens, self-antigens, and commensal microbiota [187]. The humoral arm of adaptive
immunity is similarly specialized. B cell repertoires in neonates are more restricted, with reduced somatic
hypermutation and limited class-switch recombination. As a result, antibodies produced are often of lower affinity
and predominantly of the IgM isotype [197]. However, neonatal B cells can respond effectively to T-independent
antigens, such as polysaccharides, and demonstrate considerable plasticity upon priming. Importantly, memory B
cell formation and long-lived plasma cell differentiation are possible with appropriate antigenic stimulation,
particularly when adjuvants or booster strategies are employed [207. The plasticity of neonatal adaptive immunity
offers opportunities for targeted vaccine and immunotherapy design. Recent studies have demonstrated that early-
life immunization can prime robust and durable memory responses, especially when combined with adjuvants that
are specifically tailored to overcome neonatal immune constraints [7_. In summary, the neonatal immune system
possesses a high degree of developmental plasticity, balancing tolerance and protection through a tightly regulated
interplay of innate and adaptive components. This unique immunological landscape provides both challenges and
opportunities for designing interventions that optimize immune programming and long-term health.

Immunotherapeutic Opportunities in Early Life
The neonatal period offers a unique and promising window for immunotherapeutic interventions due to the
heightened plasticity and responsiveness of the developing immune system [217. Strategic immune modulation
during this stage can not only confer immediate protection but also shape long-term immunity and disease
susceptibility [227] Advances in immunology and biotechnology are now making it possible to tailor
immunotherapies specifically for neonatal immune profiles.
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Early-Life Vaccination Strategies
Vaccination during the neonatal period has the potential to induce robust and durable immunity when carefully
designed to align with the unique features of the neonatal immune system [237] Traditional vaccines often
underperform in neonates due to low immunogenicity, but innovative strategies are addressing this challenge.
Neonatal-specific adjuvants, such as Toll-like receptor (TLR) 7/8 agonists, have shown promise in enhancing both
innate and adaptive responses. Novel delivery platforms, including lipid nanoparticles and mRNA-based vaccines,
offer improved antigen presentation and immunogenicity tailored to early-life physiology [24] Mucosal
immunization approaches are also gaining interest, as they exploit the highly active mucosal surfaces in neonates
for both local and systemic immunity [257]. Crucially, the timing, dosing, and antigen design must be optimized to
stimulate protective immunity without triggering harmful inflammation or immune dysregulation.
Immune Modulators and Biologics
In addition to vaccines, biologic therapies and immune modulators are increasingly being explored for neonatal use
[267]. Monoclonal antibodies, such as palivizumab for respiratory syncytial virus (RSV), are already clinically applied
in newborns. Experimental therapies include cytokine-based treatments, tolerogenic dendritic cell transfer, and
epigenetic modulators aimed at preventing autoimmunity or chronic inflammation [277]. These approaches can
correct congenital immune defects or support immune function during critical periods of vulnerability.
Trained Immunity and Immune Memory
The concept of trained immunity refers to the functional reprogramming of innate immune cells through early
exposures, leading to enhanced responses to subsequent infections [287]. The BCG vaccine exemplifies this
phenomenon, offering non-specific protection against a variety of pathogens [297. Understanding and harnessing
trained immunity may enable broad-spectrum immunoprophylaxis in neonates, particularly in settings with high
infectious disease burdens.
Long-Term Implications of Early-Life Inmunomodulation
Early-life immunomodulation offers the potential to profoundly shape immune development and long-term health
outcomes [307]. However, the long-term consequences of these interventions must be carefully evaluated to ensure
that benefits outweigh risks. The plasticity of the neonatal immune system, while advantageous for adaptive
programming, also renders it susceptible to maladaptive imprinting if interventions are improperly timed or overly
aggressive [317].
Risk of Immune Dysregulation
One of the major concerns associated with neonatal immunotherapy is the risk of immune dysregulation [27.
Inappropriate modulation of the immune system during critical windows of development may predispose individuals
to adverse outcomes such as allergic diseases, autoimmunity, or chronic inflammatory conditions [327]. For instance,
excessive skewing toward Th2 responses may promote allergic sensitization, while insufficient regulatory signaling
could fail to prevent autoimmune reactivity [387]. Similarly, early exposure to potent adjuvants or immune
stimulants could disrupt the natural development of tolerance to self and environmental antigens. Therefore,
rigorous preclinical safety testing, long-term surveillance, and age-specific risk assessment are essential components
of neonatal immunotherapy development.
Lifespan Immunity and Disease Prevention
Conversely, well-designed neonatal immunotherapies can offer enduring benefits by directing immune maturation
toward balanced, protective profiles. Early immune imprinting can reduce susceptibility to infectious diseases,
modulate inflammatory pathways, and potentially lower the lifetime risk of non-communicable diseases such as
asthma, type 1 diabetes, and certain cancers [347]. For example, early BCG vaccination has been associated with
lower all-cause mortality and reduced incidence of respiratory infections, effects thought to be mediated through
trained immunity [357]. Identifying optimal windows of intervention—when the immune system is most amenable
to beneficial programming is critical to achieving these long-term outcomes [367]. Ultimately, integrating
immunological insights with developmental biology will be key to unlocking the full preventive potential of neonatal
immunotherapies.
CONCLUSION
Advancing neonatal immunotherapy requires an integrated approach that combines immunology, vaccinology,
systems biology, and bioethics. With ongoing advances in immune profiling and precision medicine, there is an
unprecedented opportunity to harness neonatal immune plasticity for tailored, safe, and effective interventions that
extend benefits across the lifespan.
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