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Abstract

Vitamin B,, is essential for immune-cell function and DNA synthesis. In children, adequate Vitamin B, is critical for balanced
immune development. About 60% of young populations in developing economy are affected by widespread deficiency of this
important vitamin. This review examines how Vitamin B,, status influences immune regulation and infection severity in pediatric
populations. A systematic review of the published literatures were conducted, including review studies and experimental research
on Vitamin B, and immune function in children. Databases were searched for observational studies examining Vitamin B, , impacts
on lymphocyte profiles and infection severity in pediatric populations. Deficient Vitamin B, status is associated with immune
alterations. For example, Vitamin B,, deficient infants have been shown to have reduced regulatory T-cell percentages. Immunology
studies have reported that Vitamin B, deficiency causes decreased CD8+ T-lymphocyte counts and suppressed natural killer (NK) cell
activity. Correspondingly, administration of methylcobalamin restores CD8+ and NK-cell levels. Vitamin B, also influences cytokine
networks. It downregulates inflammatory mediators and augments antiviral cytotoxic responses. In clinical cohorts, Vitamin B,
supplementation in deficient infants led to significant reductions in pro-inflammatory cytokine levels. Insufficient Vitamin B,
appears to tip the immune balance toward dysregulated cytokine profiles and weakened pathogen defense. Vitamin B, is a key

immunomodulator in pediatric health.
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Introduction

Pediatric infectious diseases are a leading cause of morbidity and mortality globally. This is more prominent in low and middle income
countries where malnutrition weakens immune competence [1]. Among key micronutrients, vitamin B, (cobalamin) is traditionally
recognized for its roles in erythropoiesis and DNA synthesis. However, its biological functions extend beyond classical metabolism to
include critical regulatory roles in both innate and adaptive immunity [2]. Consequently, vitamin B,, deficiency is both a nutritional
disorder and an immunological deficit that shapes cytokine responses and infection susceptibility in children. Vitamin B,, deficiency is
prevalent and underdiagnosed. An estimated 15 - 40% of children in developing regions are affected, particularly in populations mostly
dependent on plant-based diets [3]. Neonates born to deficient mothers are equally at a high risk since maternal B,, stores and breast

milk concentrations determine early-life availability [4]. Furthermore, infections can also exacerbate deficiency through altered intestinal
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absorption and elevated metabolic demand during immune activation. This signifies that vitamin B, , deficiency impairs immune defense

while infection itself deepens micronutrient depletion [5].

Vitamin B, acts as a cofactor for methionine synthase and methylmalonyl-CoA mutase. These enzymes are essential for methylation
reactions and nucleotide synthesis. These are necessary for immune cell proliferation and cytokine signaling. Deficiency disrupts these
pathways, which lead to impaired DNA synthesis and oxidative stress [2,6]. Elevated homocysteine and reactive oxygen species (ROS)
associated with B, deficiency trigger overexpression of pro-inflammatory cytokines (e.g. interleukin-6 (IL-6), interleukin-8 (IL-8),
and tumor necrosis factor-alpha (TNF-a)). These are the key mediators of systemic inflammation and infection severity in pediatric
populations [7]. Studies have shown that adequate B,, enhances macrophage function and restrains excessive Th17-driven inflammation

[8,9]. This indicates that B,, contributes to immune balance and inflammation resolution.

Despite these evidences, critical knowledge gaps persist. There is a paucity of studies examining how vitamin B, status influences
cytokine Kinetics and immune recovery in children. Limited research has explored how B,, deficiency affects vaccine responsiveness
or how B, supplementation might enhance vaccine-induced antibody and cytokine responses. Furthermore, the interplay between B ,
metabolism and immune regulation remains poorly characterized. Also, how the gut microbiome might contributes to both B, , synthesis
and immune homeostasis. A comprehensive grasp of this nutrient/microbiome/cytokine interface is essential to disentangling the
immunological consequences of deficiency. This review therefore aims to synthesize current evidence on the immunomodulatory role of

vitamin B,, in children, with focus on its effects on cytokine regulation and infection severity.

Vitamin B,, and immune regulation

The immune system is a dynamic network that integrates nutritional status and host defense, and vitamin B, sits at the core of this
interaction. B,, is recognized for its broader immunomodulatory functions that span hematopoiesis and cytokine gene expression [10].
These effects are mediated through its participation in one-carbon metabolism and methylation pathways. These are fundamental to DNA
synthesis and cellular energy balance. Deficiency in this micronutrient disrupts molecular signaling and metabolic processes essential for
immune responsiveness. Such deficiency sets the stage for inflammation and immune dysfunction [11]. Vitamin B,, serves as a coenzyme
for methionine synthase and methylmalonyl-CoA mutase. These enzymes sustain methylation potential and mitochondrial energy
metabolism at the cellular level [5]. Through these pathways, cobalamin supports lymphocyte proliferation and cytokine regulation.

Inadequate B, leads to homocysteine accumulation and oxidative stress, which weaken immune cell proliferation and function [12].

The effects of vitamin B, deficiency extend across both innate and adaptive immunity. In the innate immunity, cobalamin deficiency
diminishes neutrophil chemotaxis and macrophage phagocytic activity. It also dysregulates pattern-recognition receptor signaling, which
leads to excessive proinflammatory cytokine release [13]. However, adequate B,, levels promote pathogen clearance and mitigate tissue
injury. In adaptive immunity, B, deficiency impairs lymphocyte proliferation and shifts T-cell differentiation toward a proinflammatory
Th17 phenotype. It also while suppresses regulatory T-cell (Treg) activity [14]. This Th17/Treg imbalance results in chronic inflammation

and weakened immune tolerance.

At the molecular level, vitamin B,, exerts epigenetic control over cytokine networks. It maintains methylation potential through
S-adenosylmethionine (SAM) synthesis. It regulates promoter activity of both pro and anti-inflammatory cytokine genes. Deficiency
induced hypomethylation leads to overexpression of IL-6 and TNF-« [15]. However, adequate B, , availability supports the transcriptional
upregulation cytokines essential for immune resolution and tissue repair [16]. Table 1 summarizes the immunomodulatory roles of

vitamin B, , and the consequences of its deficiency.

Immunopathological effects of vitamin B, deficiency in children

Vitamin B, , deficiency suppresses methionine synthase activity. This leads to the accumulation ofhomocysteine and decreased synthesis

of SAM. This results in hypomethylation that alters gene regulation in immune cells [21]. Promoter regions of proinflammatory cytokine
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Level of Inmunity | Physiological Role of Vitamin B,, | Effect of Deficiency | Key Cytokines Results
Molecular Supports one carbon metabolism Oxidative stress IL-6, TNF-q, Disrupted cytokine gene
and DNA synthesis ROS regulation, oxidative tissue
injury [6]
Mitochondrial Energy production for immune-cell | Impaired ATP genera- Reduced energy availability
metabolism tion and mitochon- for lymphocyte proliferation
drial respiration [5]
Innate Immunity Enhances neutrophil chemotaxis, Excessive inflamma- IL-1B, IL-6, Delayed pathogen clearance,
macrophage phagocytosis, and PRR tory signaling TNF-a excessive inflammation [17]
signaling
T Cells Th1 differentiation, and Treg bal- Th17/Treg imbal- IL-17,IFN-y, | Hyperinflammatory respons-
ance ance, reduced CD4* IL-10, TGF-B es, immune dysregulation
proliferation [14]
B Cells Antibody production Impaired antibody IgG, IgA Weak humoral response [18]
formation

Gut Microbiota and Supports beneficial commensal Dysbiosis, increased | Treg cytokines, Susceptibility to enteric

Mucosal Immunity growth and strengthens mucosal gut inflammation IL-6 infections and impaired

Treg function mucosal immunity [19]
Pediatric Immunity Critical for immune maturation; Impaired vaccine Elevated IL-6/ | Increased morbidity, delayed

supports balanced cytokine signal- | response, and recur- TNF-q, low immune recovery [20]
ing rent infections IFN-y

Table 1: Summary of the immunomodulatory roles of vitamin B,, and the consequences of its deficiency.

genes become hypomethylated, which drives excessive inflammatory responses [22]. In converse, methylation dependent regulatory
cytokines are suppressed, which in turn weaken the mechanisms that resolve inflammation [23]. The concurrent rise in homocysteine
also promotes ROS formation and activates NF-kB signaling. This further amplifies cytokine production and oxidative injury. These effects

are detrimental in children with developing immune systems [24].

Among the cytokines most influenced by B,, deficiency, IL-6, IL-8, and TNF-a play dominant roles in inflammation. Elevated IL-6
promotes fever and acute-phase reactions but, in excess, is associated with severe infection [7]. Similarly, hyperproduction of TNF-a
can lead to vascular injury. IL-8 contributes by sustaining tissue inflammation and worsening clinical conditions such as pneumonia
[25]. These overexpression create a hyperinflammatory state that compromises host defence and also increases the risk of systemic
complications. At the same time, B,, deficiency suppresses anti-inflammatory mediators that normally restore immune balance. IL-10
and TGF-B, produced by Tregs, are crucial for promoting tissue repair [26]. Their reduction prolongs inflammations in children. This
suppression also weakens mucosal defense and predisposes the body to recurrent infections [1]. Therefore, B, deficiency undermines

both systemic and mucosal immunity.

The Th17/Treg balance is a critical determinant of immune tolerance. In B,, deficiency, elevated IL-6 and IL-23 promote Th17
differentiation and IL-17 production. Impaired methylation and metabolic stress weaken Treg development [27]. The result is a Th17-
dominant immune phenotype marked by inflammation and tissue injury. Experimental evidence shows that correcting B,, deficiency
restores Th17/Treg balance. This makes B,, a metabolic checkpoint in immune regulation [28]. Low serum B,, levels correlate with
increased infection incidence and severity in children. Deficient children exhibit elevated IL-6 and TNF-«, prolonged fever [29]. Table 2

summarizes the immunopathological effects of vitamin B, deficiency in children.
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Global hypomethylation

TNFA, IL1B; suppres-
sion of IL-10 and
TGF-8

B,, deficiency linked with
hyperinflammation

I logical Implicati for Child
Aspect Mechanistic Insights mmunoogica Epidemiological Evidence mplications for L.l

Consequences Health
Biochemical Pathways Upregulation of IL6,

Inflammatory reactivity
in children [21].

Proinflammatory
Cytokines (IL-6, IL-8,
TNF-a)

Overactivation of NF-kB
and ROS pathways

Systemic inflamma-
tion

Elevated cytokines
observed in B, -deficient

Hyperinflammatory
responses [7].

Anti-inflammatory
Cytokines (IL-10,

Methylation-sensitive
gene suppression under

Impaired immune
resolution and mu-

Restoration of [L-10/TGF-3
levels after B,

Prolonged inflammation,

SAM and TGF-f reduce
Treg stability

Excessive IL-17,
chronic inflamma-
tion

repletion normalizes Th17/
Treg ratio, improves

TGF-B) deficiency cosal defense supplementati.on in clinical impaired growth [1]
studies
Th17/Treg Imbalance Animal models show B,,

Immune dysregulation in
infections [27].

infection survival

Table 2: Summary of immunopathological effects of vitamin B, deficiency in children.

Vitamin B, immunotherapeutic potential in pediatric infections

Vitamin B,, supplementation is increasingly recognized for its profound immunomodulatory potential in children vulnerable to
infection and malnutrition [13]. Vitamin B, acts as a biochemical regulator of immune homeostasis by influencing cytokine production
and T-cell differentiation. Its capacity to restore immune balance and support vaccine efficacy positions it as a low-cost, evidence-based
adjunct in pediatric infection management [30]. Vitamin B, , supplementation reactivates one-carbon metabolism by restoring methionine
synthase function and boosting SAM production. It normalizes DNA and histone methylation in immune cells. This biochemical correction
suppresses the transcription of proinflammatory genes while enhancing the expression of anti-inflammatory mediators [6]. Furthermore,
vitamin B, curbs excessive cytokine release and tissue injury during infection by mitigating homocysteine-induced oxidative stress and
inhibiting NF-kB activation [31].

At the immunological level, vitamin B,, supplementation enhances both innate and adaptive immunity. It improves macrophage
phagocytic efficiency and strengthens Th1 and Th2 cytokine responses. It crucially restores the Th17/Treg balance by dampening IL-
6-driven Th17 expansion and promoting Treg-mediated immune regulation [32]. In humoral immunity, B,, sufficiency supports B-cell
proliferation and antibody synthesis. This leads to improved seroconversion following vaccination. Clinical evidence from studies in
South Asia and sub-Saharan Africa demonstrates reduced inflammatory markers and higher antibody titers among B, -supplemented
children compared to controls [33,34]. Emerging data also suggest that vitamin B,, supplementation can enhance vaccine responsiveness
and mitigate infection-related immunopathology. B,, strengthens vaccine induced immunity for pneumococcal and diphtheria pertussis
vaccines. Supplementation reduces proinflammatory cytokines in post-infectious syndromes and may help normalize immune
function during recovery from severe infections like malaria or COVID-19 [30]. Table 3 shows vitamin B;, supplementation and its

immunotherapeutic potential in pediatric infections.

Vitamin B, and vaccine responsiveness in children

Vitamin B,, plays a crucial role in shaping vaccine responsiveness in a setting where nutritional deficiencies and infectious disease

burdens overlap. Numerous observational studies have demonstrated that sufficient vitamin B, , levels enhance immune competence and
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Domain

Key Findings

Mechanistic or Clinical Implications

Mechanistic Basis of Immuno-
modulation

Restores one-carbon metabolism via
methionine synthase activity and SAM
synthesis.

Normalizes gene methylation; suppresses proin-
flammatory cytokines [6,31].

Innate Immune Effects

Improves macrophage phagocytosis,
neutrophil regulation.

Enhances pathogen clearance while preventing
excessive inflammatory damage [32].

Adaptive Immune Effects

Promotes T-cell proliferation, restores
Th17/Treg balance.

Increases regulatory Treg activity, strengthens
Th1l-mediated immunity [32].

Clinical Evidence in Children

Supplementation reduces IL-6, TNF-q,
and C-reactive protein (CRP) levels.

Demonstrated in trials from India, Nepal, and
sub-Saharan Africa showing faster recovery and
improved vaccine response [35,36].

Impact on Vaccine Responsiveness

Enhances IgG and IgA responses.

Strengthens post-vaccination immunity [30].

Infection and Inflammation Control | Reduces cytokine storm intensity and Supports immune resolution [30].

oxidative stress in sepsis.

Table 3: Summary of vitamin B;, supplementation and its immunotherapeutic potential in pediatric infections.

promote stronger vaccine protection. For instance, infants born to mothers with adequate cobalamin status show higher antibody titers

following DTP vaccination, while deficiencies correlate with weaker immune responses to oral polio and measles vaccines [30,37].

Mechanistically, vitamin B, deficiency disrupts several key immunological pathways. Elevated homocysteine and methylmalonic acid
levels in deficient individuals promote oxidative stress and impair the function of antigen-presenting cells. This leads to suboptimal T-cell
activation. Consequently, the immune system becomes less efficient at generating high-affinity antibodies and durable memory responses
[38]. These effects are particularly detrimental in children, whose developing immune systems depend heavily on nutrient-mediated

metabolic stability for vaccine efficacy.

Vitamin B,, deficiency also reduces lymphocyte proliferation and impairs both humoral and cellular immunity. At the cellular level,
cobalamin insufficiency leads to fewer activated B and T cells and reduced maturation of antibodies [39]. These deficits blunt the
immunogenic potential of vaccines and that is why malnourished children often exhibit incomplete protection despite full immunization.
Evidence suggests that vitamin B, supplementation can restore immunological balance and enhance vaccine results. Therefore,
administering vitamin B, supplementation with vaccination programs could serve as a low-cost, scalable approach to improving immune

responsiveness.

Pathophysiological pathways of vitamin B,, deficiency and infection severity

Vitamin B,, deficiency triggers a cascade of metabolic and immunological disturbances that increase infection severity in children.
As a vital cofactor in mitochondrial energy metabolism and one-carbon methylation, its absence leads to homocysteine accumulation
and increased oxidative stress [5,6]. These deficits weaken immune cell function and limits their ability to proliferate. During infection,
excess ROS and mitochondrial damage activate inflammasome pathways. This drives uncontrolled release of IL-1f3, IL-6, and TNF-a.
This dysregulated inflammatory response, often termed a “cytokine storm”, mirrors the pathology observed in severe infections such as

pneumonia, where systemic inflammation amplify diseases [40].

The gut microbiome forms a critical link in the pathophysiological chain connecting vitamin B,, deficiency to immune dysfunction.
Commensal bacteria such as Lactobacillus and Bifidobacterium contribute to cobalamin production and recycling. They support both

nutrient absorption and immune regulation [41]. Deficiency disrupts this balance, which result to microbial translocation and chronic
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inflammation [42]. Furthermore, B, dependent metabolic pathways influence the synthesis of short-chain fatty acids (SCFAs). The SCFAs
are essential for maintaining Treg-mediated anti-inflammatory control. Reduced SCFA availability promotes Th17 dominance. Restoration

of B,, levels has been shown to rebalance gut microbiota composition and strengthen mucosal defenses [43].

Public health and clinical implications

Effective detection and management of vitamin B, deficiency are critical to improving pediatric health. Traditional screening methods
based solely on serum B, are often inadequate because inflammation and binding protein alterations can mask true deficiency [37,44].
Functional biomarkers such as methylmalonic acid (MMA) and homocysteine (Hcy) provide more reliable indicators of intracellular B,,
activity. In children, combining these tests enhances diagnostic accuracy and helps identify early-stage or tissue-level deficiencies linked
to immune dysfunction [45]. Implementing such diagnostic strategies in resource constrained settings can aid in identifying children at

high risk for recurrent or severe infections.

Beyond its nutritional role, vitamin B, , is a promising biomarker for infection severity. Low or persistently declining serum B, , levels
correlate with elevated inflammatory markers and poor clinical treatments in pediatric infections [45]. However, during acute illness,
serum B, may transiently rise due to hepatic release. This necessitates interpretation alongside inflammatory status and functional
markers like MMA and Hcy [46].

Public health strategies aimed at addressing vitamin B,, deficiency must move beyond clinical management to population-level
practices. Integrating B, screening and supplementation into maternal and child health (MCH) programs can be achieved through
existing platforms such as immunization clinics. Oral supplementation and fortified complementary formulas offer cost effective delivery

routes in community settings [47]. Special attention should be given to high-risk infants born to vegetarian or malnourished mothers [48].

At the policy level, integrating vitamin B, into pediatric immunization and infection control frameworks is a progressive, nutrition-
sensitive approach to child health. Linking B, , assessment with immunization schedules could enhance vaccine efficacy [49]. Collaboration
across health sectors would create a unified child health record supporting holistic care. Policymakers should also consider mandatory
B,, fortification of staple foods and subsidized supplementation to prevent deficiency driven disparities. Since vitamin B, , serves as both
a preventive and diagnostic tool, it bridges nutrition and infectious disease control. Its systematic integration into child health systems

could significantly reduce infection burden [50].

Need for standardized cytokine panels in B, deficiency studies

Current research on vitamin B, and immune modulation is limited by methodological inconsistencies. Many studies measure only a
narrow set of cytokines without evaluating the broader Th1/Th2/Th17/Treg networks that define immune regulation. This fragmented
approach obscures the complexity of cobalamin’s immunomodulatory effects and prevents identification of reliable immune biomarkers.
Standardized cytokine panels are essential for comparability and meta-analysis. Harmonized sampling methods and the use of multiplex

technologies such as Luminex could significantly enhance data reproducibility [51].

A major research gap lies in the lack of longitudinal studies capable of establishing causality between B,, status and immune results.
Most available evidence is cross-sectional that offers only snapshots rather than trajectories of immune recovery. Future trials should
monitor children before, during, and after B , supplementation [52]. Given the immune plasticity of early life, pediatric cohorts are
particularly valuable for understanding whether early B, sufficiency confers lasting immune and developmental advantages [53].

Embedding these studies within routine immunization programs would maximize both feasibility and policy relevance.

The gut microbiome is an emerging frontier linking B,, metabolism to systemic immunity. Beneficial pobiotics synthesize or recycle
cobalamin, while deficiency disrupts this ecosystem [41]. Moreover, interventions that enrich B, producing microbiota through probiotics

or engineered microbial therapies may provide sustainable alternatives to supplementation [54].
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Conclusion

Vitamin B,, deficiency is an underappreciated modulator of pediatric immune function and infection severity. Beyond its classical

hematologic roles, vitamin B,, is increasingly recognized as a determinant of cytokine balance and immune resilience. Treatments that

integrate B,, screening and supplementation into child health and immunization programs hold promise for reducing infection burden

and enhancing vaccine responsiveness in low income settings.
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