


Epigenetic Influences of Vitamin D on Immune System Development in Early Life


 Abstract
Vitamin D plays an important immunomodulatory role during early life, influencing the programming of the developing immune system through molecular and epigenetic mechanisms. Emerging evidence suggests that the active form of vitamin D, calcitriol, regulates gene expression by binding to the vitamin D receptor (VDR) and modifying epigenetic marks such as DNA methylation, histone acetylation, and microRNA expression. These mechanisms influence key immune regulatory genes including FOXP3, IL-4, and IL-10, thereby promoting regulatory T-cell development and maintaining the balance between Th1 and Th2 immune responses during infancy. Maternal and neonatal vitamin D deficiency may disrupt these epigenetic processes, potentially predisposing infants to infections, allergic diseases, and immune dysregulation later in life. 
Understanding these mechanisms may provide insights into the long-term effects of early-life vitamin D status on immune health and susceptibility to inflammatory and autoimmune diseases. These findings underscore the potential of vitamin D as a modifiable factor in early-life nutritional interventions and preventive healthcare strategies. This review highlights the molecular and epigenetic pathways through which vitamin D shapes immune development in early life, with a focus on vitamin D receptor–mediated transcriptional regulation and its impact on immune-metabolic interactions. Additionally, the role of vitamin D in influencing key immune pathways such as Th1/Th2 balance and inflammatory responses is discussed.This review summarizes current evidence on the molecular epigenetic pathways through which vitamin D shapes infant immune development and highlights the potential implications for early-life immune programming and disease prevention.
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1.Introduction 
Vitamin D is a fat-soluble secosteroid hormone that plays a fundamental role in calcium and phosphate homeostasis and is essential for normal skeletal growth and bone mineralization during infancy. In addition to its classical role in bone metabolism, vitamin D has emerged as an important regulator of immune function. Vitamin D deficiency remains a major global public health concern affecting both developed and developing countries. Infants are particularly vulnerable to deficiency because of their rapid growth, limited sunlight exposure, and dependence on maternal vitamin D stores during pregnancy and breastfeeding. Numerous epidemiological studies have reported a high prevalence of vitamin D deficiency among infants, especially in populations with inadequate maternal vitamin D status or reduced sun exposure[1,2,3].
The clinical consequences of vitamin D deficiency in infancy range from biochemical alterations in calcium and phosphate metabolism to severe skeletal manifestations such as nutritional rickets and impaired bone mineralization. Beyond skeletal health, increasing evidence suggests that vitamin D plays a significant role in shaping the developing immune system during early life[4]. Vitamin D receptors are widely expressed in immune cells, including T lymphocytes, B cells, macrophages, and dendritic cells, indicating its involvement in immune regulation. Through modulation of cytokine production, immune cell differentiation, and molecular signaling pathways, vitamin D may influence susceptibility to infections, allergic disorders, and immune-mediated diseases[6]. Understanding the role of vitamin D in infant immune development is therefore essential for improving early-life health outcomes and guiding preventive strategies.
2.From Sunlight to Signaling: The Biological Journey of Vitamin D 
Vitamin D derived from dietary intake alone is generally insufficient to maintain optimal physiological levels, as natural food sources containing significant amounts of this nutrient are relatively limited[7]. Small quantities of vitamin D are present in foods such as eggs, butter, and peanuts, whereas higher levels are found in fish liver oils and certain fatty fish. In addition, both human breast milk and cow’s milk contain only minimal amounts of vitamin D[8], making diet an unreliable source for meeting the requirements of growing infants. Consequently, endogenous synthesis in the skin represents the primary source of vitamin D for most individuals. Under exposure to ultraviolet B (UVB) radiation, 7-dehydrocholesterol in the skin is photochemically converted into vitamin D₃ (cholecalciferol), which subsequently enters the circulation bound mainly to vitamin D–binding protein (DBP), the principal transporter responsible for carrying vitamin D and its metabolites in the bloodstream.
Vitamin D requires two sequential hydroxylation steps to become biologically active. The initial hydroxylation occurs in the liver, where vitamin D is converted into 25-hydroxyvitamin D [25(OH)D], the predominant circulating form and the most reliable biomarker for assessing vitamin D status because of its relatively long half-life. A second hydroxylation step takes place primarily in the kidneys through the activity of the enzyme 1α-hydroxylase (CYP27B1), generating the hormonally active metabolite 1,25-dihydroxyvitamin D [1,25(OH)₂D], also known as calcitriol. Notably, CYP27B1 is also expressed in several extra-renal tissues, including the skin and immune cells, enabling localized synthesis of active vitamin D within specific microenvironments[9,10].
The biological actions of calcitriol are mediated through its interaction with the vitamin D receptor (VDR), a nuclear transcription factor that regulates the expression of numerous target genes. VDR is widely expressed in both classical and non-classical tissues, including the brain, cardiovascular system, pancreatic β-cells, and immune system. Its presence in various immune cells—such as B lymphocytes, CD4⁺ and CD8⁺ T cells, monocytes, macrophages, neutrophils, natural killer cells, and dendritic cells—supports the growing recognition of vitamin D as an important modulator of immune function[11]. Through regulation of gene transcription and interaction with chromatin-modifying mechanisms, vitamin D influences cellular processes including immune cell proliferation, differentiation[5], and programmed cell death, thereby contributing to the regulation of immune responses.
3. Placental Gatekeeping of Vitamin D in Early Life Development
The fetus depends almost entirely on maternal vitamin D for its supply during pregnancy. Vitamin D metabolites, particularly 25-hydroxyvitamin D [25(OH)D], are transferred across the placenta from the maternal to the fetal circulation through passive diffusion and facilitated transport mechanisms. Maternal 25(OH)D is the primary determinant of fetal and neonatal vitamin D status because this metabolite readily crosses the placenta, whereas the active form, 1,25-dihydroxyvitamin D [1,25(OH)₂D], crosses to a much lesser extent[12,13]. The placenta itself expresses key enzymes involved in vitamin D metabolism, including CYP27B1 (1α-hydroxylase) and the vitamin D receptor (VDR), allowing local conversion of 25(OH)D to the active hormone within placental tissues. This localized synthesis plays an important role in regulating placental function, immune tolerance, and fetal development. Consequently, inadequate maternal vitamin D levels during pregnancy can directly influence fetal vitamin D status and may affect early immune programming and skeletal development in the newborn[14,15].
4. Vitamin D as an Immunomodulator
Vitamin D is increasingly recognized as an important immunomodulatory hormone that influences both innate and adaptive immune responses. The biological effects of vitamin D are mediated through the vitamin D receptor (VDR), which is expressed in a wide range of immune cells including monocytes, macrophages, dendritic cells, neutrophils, natural killer (NK) cells, and activated T and B lymphocytes[16]. Within the innate immune system—the body’s first line of defense against pathogens—vitamin D enhances immune surveillance by regulating the expression of pattern recognition receptors (PRRs) and antimicrobial molecules. Activation of PRRs by pathogen-associated molecular patterns stimulates local synthesis of the active metabolite 1,25-dihydroxyvitamin D [1,25(OH)₂D₃] in immune cells, which subsequently interacts with VDR to induce the transcription of antimicrobial peptides such as cathelicidin (CAMP/LL-37) and β-defensin 2 (DEFB4). These peptides exhibit broad antimicrobial activity against bacteria, viruses, and fungi by disrupting microbial membranes. Vitamin D signaling also enhances the expression of PRR cofactors such as CD14 and NOD2, thereby strengthening pathogen recognition and innate immune responses. In addition, vitamin D modulates cytokine production and promotes the antibacterial activity of macrophages, particularly during infections such as Mycobacterium tuberculosis[17,18]. Beyond innate immunity, vitamin D influences the adaptive immune system by suppressing T helper 1 (Th1)–mediated pro-inflammatory responses, reducing cytokines such as interleukin-2 (IL-2) and interferon-γ (IFN-γ), while promoting anti-inflammatory Th2 cytokines and the development of regulatory T cells (Tregs). Through these coordinated mechanisms, vitamin D contributes to maintaining immune homeostasis and preventing excessive inflammatory responses.
5.Epigenetic Regulation in Immune Development
 5.1FOXP3 Gene Regulation and Regulatory T Cell Development
The transcription factor Forkhead box P3 (FOXP3) is a master regulator of regulatory T cell (Treg) differentiation and function. Tregs play a crucial role in maintaining immune tolerance and preventing excessive inflammatory responses during early immune development. In infancy, the establishment of a functional Treg population is particularly important because the neonatal immune system is exposed to numerous environmental antigens for the first time [5,19].
Epigenetic regulation of the FOXP3 gene is essential for stable Treg lineage commitment. One of the key mechanisms controlling FOXP3 expression is DNA methylation of CpG islands within the FOXP3 promoter and conserved non-coding sequences (CNS regions). When these CpG sites are heavily methylated, FOXP3 transcription is suppressed. Conversely, demethylation of the FOXP3 promoter region promotes stable gene expression and Treg differentiation [20].
Vitamin D signaling through the vitamin D receptor (VDR) can influence FOXP3 gene regulation. The VDR binds to vitamin D response elements located near immune regulatory genes and recruits transcriptional coactivators and chromatin-remodeling complexes. These interactions promote epigenetic changes that favor FOXP3 expression. Vitamin D has been shown to facilitate demethylation of regulatory regions of the FOXP3 gene, thereby enhancing Treg development and promoting immune tolerance in early life [21].
Through this mechanism, vitamin D may help prevent inappropriate immune activation against harmless antigens, reducing the risk of allergic diseases and autoimmune disorders later in childhood [22].
5.2 IL-4 and IL-10 Gene Demethylation
Cytokines play a central role in shaping immune responses. Among these, interleukin-4 (IL-4) and interleukin-10 (IL-10) are important regulators of immune balance.IL-4 is primarily associated with T helper 2 (Th2) immune responses, which are important for humoral immunity and protection against extracellular pathogens. The expression of IL-4 is tightly regulated by epigenetic mechanisms [23].
The IL-4 gene locus contains regulatory CpG regions that undergo methylation changes during T cell differentiation. In naïve T cells these regions are typically methylated, suppressing gene expression. During Th2 differentiation, demethylation of the IL-4 locus occurs, allowing transcriptional activation of the gene [23,24].Vitamin D may contribute to this process by modulating chromatin accessibility and promoting demethylation of cytokine gene promoters. By facilitating IL-4 expression in a controlled manner, vitamin D may support the maturation of appropriate immune responses in infancy while simultaneously preventing excessive inflammatory responses [25].
IL-10 is an anti-inflammatory cytokine produced by regulatory T cells, macrophages, and dendritic cells. It plays a crucial role in limiting inflammatory responses and maintaining immune homeostasis [26].The IL-10 gene is also regulated by DNA methylation patterns within its promoter region. Demethylation of the IL-10 promoter enhances gene transcription, increasing the production of this anti-inflammatory cytokine [27].Vitamin D has been shown to enhance IL-10 expression through epigenetic mechanisms. Activation of VDR signaling can recruit transcription factors and chromatin-modifying enzymes that promote IL-10 transcription. Increased IL-10 production contributes to suppression of excessive inflammatory responses and promotes immune tolerance during early life [28].
5.3 Histone Modification: H3K9 Acetylation and H3K4 Methylation
Histone modifications represent another major epigenetic mechanism through which vitamin D influences immune gene expression. Histones are proteins around which DNA is wrapped, forming nucleosomes that regulate chromatin structure and gene accessibility [29].Acetylation of histone H3 at lysine 9 (H3K9ac) is generally associated with active gene transcription. This modification reduces the positive charge on histones, weakening their interaction with negatively charged DNA and allowing transcription factors greater access to the DNA template [29].Vitamin D signaling can promote H3K9 acetylation at promoters of immune-related genes. This occurs through recruitment of histone acetyltransferases (HATs) by the activated VDR complex. Increased histone acetylation opens chromatin structure, facilitating transcription of genes involved in antimicrobial defense and immune regulation [30].Another histone modification associated with active transcription is trimethylation of histone H3 at lysine 4 (H3K4me3). This mark is commonly found near transcription start sites of actively transcribed genes[31] .Vitamin D signaling has been shown to promote H3K4 methylation at immune gene loci, enhancing gene transcription. These modifications contribute to activation of genes involved in innate immune defense, including antimicrobial peptides such as cathelicidin [32].
5.3 MicroRNA Regulation by Vitamin D
MicroRNAs (miRNAs) are short non-coding RNA molecules that regulate gene expression post-transcriptionally by binding to messenger RNA (mRNA) and preventing translation or promoting mRNA degradation [33].
Vitamin D has been shown to regulate the expression of several microRNAs involved in immune function.miR-155 is a key regulator of immune activation and inflammatory responses. It participates in differentiation of T helper cells and activation of macrophages. Vitamin D can modulate miR-155 expression, helping to prevent excessive inflammatory signaling [34].miR-146a plays an important role in negative regulation of inflammatory signaling pathways, particularly those involving nuclear factor-kappa B (NF-κB). Vitamin D-induced expression of miR-146a helps limit excessive inflammatory responses and maintain immune homeostasis [35].miR-21 is associated with immune regulation and has been implicated in promoting regulatory immune responses. Vitamin D signaling can influence miR-21 expression, contributing to differentiation of regulatory T cells and suppression of inflammatory pathways [36].
6.Vitamin D and T Cell Epigenetic Programming
6.1.T Regulatory Cell Differentiation and Function
Regulatory T cells are essential for maintaining immune tolerance and preventing autoimmunity. They suppress excessive immune responses and control inflammation through multiple mechanisms, including secretion of anti-inflammatory cytokines such as IL-10 and transforming growth factor-β (TGF-β) [5,19].
Vitamin D enhances Treg differentiation through several mechanisms including FOXP3 induction, IL-10 production, and epigenetic remodeling of immune regulatory genes [28]. In infants these mechanisms are critical because immune tolerance must be established to prevent inappropriate immune reactions to dietary antigens, commensal microbiota, and environmental allergens [22].

6.2.Regulation of Th1/Th2 Immune Balance
The balance between T helper 1 (Th1) and T helper 2 (Th2) responses is a fundamental aspect of immune regulation.Th1 responses are associated with cellular immunity against intracellular pathogens, whereas Th2 responses support humoral immunity and antibody production [23]. During early life the immune system exhibits a Th2-biased phenotype that protects the fetus from inflammatory damage during pregnancy [37].
Vitamin D contributes to maintaining immune balance by suppressing excessive Th1 inflammatory responses, modulating Th2 cytokine production, and promoting regulatory T-cell activity. Through epigenetic mechanisms affecting cytokine genes and transcription factors, (Table 1) vitamin D supports the development of a balanced immune profile in infancy [8,11,20].
Vitamin D also exerts epigenetic control through microRNA-mediated regulation and histone modifications. Specific microRNAs influenced by vitamin D signaling have been shown to regulate immune-related gene expression, while histone acetylation and methylation modulate chromatin accessibility at VDR target genes[38,39]. These mechanisms play a crucial role in T-cell differentiation and immune tolerance, particularly influencing Th1/Th2 balance and regulatory T-cell function. Figure 1 shows how vitamin D influences epigenetic mechanisms that regulate infant immune development.
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Figure 1. Epigenetic modulation of infant immune development by vitamin D

Key:
VDR – Vitamin D receptor,1,25(OH)₂D₃ – 1,25-dihydroxyvitamin D₃ (active vitamin D),FOXP3 – Forkhead box P3 transcription factor,IL-4 – Interleukin-4,IL-10 – Interleukin-10,Treg – Regulatory T cell,Th1 / Th2 – T helper type 1 and type 2 cells,miRNA – MicroRNA
Epigenetic markers-DNA demethylation (↓ CpG methylation) → increased gene transcription,
H3K9ac – Histone H3 lysine 9 acetylation (active chromatin),H3K4me3 – Histone H3 lysine 4 trimethylation (transcriptional activation)
MicroRNAs-miR-155 – regulator of inflammatory responses,miR-146a – negative regulator of NF-κB inflammatory signaling,miR-21 – associated with regulatory immune pathways
↑ Increased expression or activation↓ Decreased expression or inhibition


The active form of vitamin D (1,25-dihydroxyvitamin D₃) binds to the vitamin D receptor (VDR) in immune cells, forming a transcriptional complex that regulates immune-related genes through epigenetic mechanisms. Vitamin D signaling influences DNA methylation, histone modifications, and microRNA expression, thereby modulating gene transcription involved in immune regulation. Demethylation of the FOXP3 promoter enhances regulatory T-cell (Treg) differentiation, promoting immune tolerance. Vitamin D–mediated demethylation of cytokine gene loci such as IL-4 and IL-10 increases their expression, contributing to Th2 responses and anti-inflammatory signaling. In addition, vitamin D induces histone modifications including H3K9 acetylation and H3K4 methylation, which promote open chromatin structure and transcriptional activation of immune regulatory genes. Vitamin D also regulates microRNAs such as miR-155, miR-146a, and miR-21, which modulate inflammatory signaling pathways and T-cell differentiation. Collectively, these epigenetic mechanisms contribute to balanced Th1/Th2 responses, enhanced regulatory T-cell activity, and maintenance of immune homeostasis during early life.



Table 1: Epigenetic Targets of Vitamin D in Infant Immune Development
	Molecular Marker
	Epigenetic Mechanism
	Effect of Vitamin D
	Functional Outcome

	FOXP3 gene
	DNA demethylation at promoter
	Increase (↑) FOXP3 expression
	Promotes regulatory T-cell (Treg) differentiation and immune tolerance

	CpG methylation (FOXP3 locus)
	DNA methylation
	Decrease (↓) CpG methylation
	Enables stable FOXP3 transcription

	IL-10 gene
	Promoter demethylation
	Increase (↑) IL-10 expression
	Anti-inflammatory cytokine production

	IL-4 gene
	Cytokine locus demethylation
	Increase (↑) IL-4 expression
	Supports Th2 differentiation

	H3K9 acetylation (H3K9ac)
	Histone acetylation
	Increase (↑)
	Open chromatin leading to active gene transcription

	H3K4 trimethylation (H3K4me3)
	Histone methylation
	Increase (↑)
	Transcriptional activation of immune genes

	Histone deacetylase activity (HDAC)
	Chromatin remodeling
	Decrease (↓)
	Promotes gene activation

	miR-146a
	microRNA regulation
	Increase (↑)
	Suppresses NF-kB inflammatory signaling

	miR-21
	microRNA regulation
	Increase (↑)
	Enhances Treg development

	miR-155
	microRNA regulation
	Decrease (↓)
	Reduces pro-inflammatory responses

	Th1 cytokines (e.g., IFN-γ)
	Transcriptional regulation
	Decrease (↓)
	Reduced inflammatory responses

	Regulatory T cells (Tregs)
	FOXP3-dependent differentiation
	Increase (↑)
	Promotes immune tolerance in infancy

	Th1/Th2 balance
	Cytokine gene regulation
	Shift toward balanced Th1/Th2
	Reduced risk of inflammatory disease






7.Future Directions
Despite increasing recognition of the epigenetic influence of vitamin D on immune development, several important gaps remain in our understanding of its role during infancy. Future research should focus on elucidating the precise molecular mechanisms through which vitamin D signaling alters epigenetic landscapes in developing immune cells. 
Another important direction involves investigating the long-term consequences of early-life vitamin D–mediated epigenetic programming. Longitudinal cohort studies following infants into childhood and adolescence may help determine whether early epigenetic modifications in genes such as FOXP3, IL10, and other immune regulators translate into measurable differences in susceptibility to infectious, allergic, or autoimmune diseases. 
Finally, future clinical research should evaluate whether optimizing maternal and infant vitamin D status can beneficially modulate epigenetic immune programming. Randomized controlled trials incorporating epigenetic endpoints may provide valuable insight into whether vitamin D supplementation during pregnancy or early infancy can promote immune tolerance and reduce the risk of immune-mediated diseases. Advancing our understanding of these mechanisms may ultimately support the development of targeted nutritional or preventive strategies aimed at improving immune health beginning in the earliest stages of life.
8. Clinical Implications
Understanding the epigenetic regulation of vitamin D in early life may have important clinical implications. It can help in identifying potential biomarkers for immune dysfunction and guide targeted nutritional interventions[40,41]. Early-life vitamin D status may influence long-term immune health and susceptibility to inflammatory and autoimmune diseases.
9.Conclusion 
In conclusion, vitamin D is crucial for the immune system in early life. It helps shape the developing immune system through molecular and epigenetic processes. The active form of vitamin D, calcitriol, affects gene expression by interacting with the vitamin D receptor and changing epigenetic markers like DNA methylation and histone acetylation. These changes impact important immune genes, promoting the development of regulatory T-cells and balancing immune responses in infants. Lack of vitamin D in mothers and newborns can disrupt these processes, possibly leading to infections and immune issues later. This review highlights how vitamin D influences infant immune development and its potential role in preventing diseases early in life.

[bookmark: _Hlk219284361][bookmark: _Hlk198031404][bookmark: _GoBack]Disclaimer (Artificial intelligence)

Author(s) hereby declare that NO generative AI technologies such as Large Language Models (ChatGPT, COPILOT, etc.) and text-to-image generators have been used during the writing or editing of this manuscript. 


Reference
1. Adekunle Dawodu, Reginald C. Tsang,Maternal Vitamin D Status: Effect on Milk Vitamin D Content and Vitamin D Status of Breastfeeding Infants,Advances in Nutrition,Volume 3, Issue 3,2012,Pages 353-361ISSN 2161-8313
2. Chacham S, Rajput S, Gurnurkar S, Mirza A, Saxena V, Dakshinamurthy S, Chaturvedi J, Goyal JP, Chegondi M. Prevalence of Vitamin D Deficiency Among Infants in Northern India: A Hospital Based Prospective Study. Cureus. 2020 Nov 5;12(11):e11353. doi: 10.7759/cureus.11353. PMID: 33304688; PMCID: PMC7719503.
3. Goswami A, Yadav S. Maternal Vitamin D status and its implications on the newborn – A narrative review. J Pediatr Endocrinol Diabetes. 2024;4:119-28. doi: 10.25259/JPED_55_2024
4. Clancy N, Onwuneme C, Carroll A, McCarthy R, McKenna MJ, Murphy N, Molloy EJ. Vitamin D and neonatal immune function. J Matern Fetal Neonatal Med. 2013 May;26(7):639-46. doi: 10.3109/14767058.2012.746304. Epub 2012 Dec 10. PMID: 23131172.
5. Sakaguchi S, Yamaguchi T, Nomura T, Ono M. Regulatory T cells and immune tolerance. Cell. 2008 May 30;133(5):775-87. doi: 10.1016/j.cell.2008.05.009. PMID: 18510923.
6. Ghaseminejad-Raeini A, Ghaderi A, Sharafi A, Nematollahi-Sani B, Moossavi M, Derakhshani A and Sarab GA (2023) Immunomodulatory actions of vitamin D in various immune-related disorders: a comprehensive review. Front. Immunol. 14:950465. doi: 10.3389/fimmu.2023.950465
7. Harrison SR ,Li D,Jeffery LE Raza K ,HewisonM. Vitamin d, autoimmune disease and rheumatoid arthritis. Calcified Tissue Int (2020) 106(1):58–75. doi: 10.1007/s00223-019-00577-2
8. TaeneA ,Niazi S,  Bijari B, EsmaeiliS ,Anani sarabG. Prevalence of vitamin d deficiency and its related factors in AqQala city in 2016. J Birjand Univ Med Sci (2017) 24(2):108–16.
9. Dusso  A S Brown AJ Slatopol sky E. Vitamin d. Am J Physiol Renal Physiol (2005) 289(1):F8–28. doi: 10.1152/ajprenal.00336.2004
10. ChengJ ,BLevineM,Abell NH Mangelsdorf D J Russell DW. Genetic evidence that the human CYP2R1 enzyme is a key vitamin d 25-hydroxylase. Proc Natl Acad Sci USA (2004) 101(20):7711–5. doi: 10.1073/pnas.0402490101
11. Moossavi M,Parsamanesh N,Mohammadoo-Khorasani M, Moosavi    M, Tavakkoli T FakharianTet al. Positive correlation between vitamin d receptor gene FokI polymorphism and colorectal cancer susceptibility in south-khorasan of Iran. J Cell Biochem (2018) 119(10):8190–4. doi: 10.1002/jcb.26826
12. Christesen HT, Falkenberg T, Lamont RF, Jørgensen JS. The impact of vitamin D on pregnancy: A systematic review. Acta Obstetricia et Gynecologica Scandinavica. 2012;91(12):1357–1367.
13. Kovacs CS. Maternal vitamin D deficiency: Fetal and neonatal implications. Seminars in Fetal and Neonatal Medicine. 2013;18(3):129–135.
14. Bouillon R, Marcocci C, Carmeliet G, et al. Skeletal and extraskeletal actions of vitamin D: Current evidence and outstanding questions. Endocrine Reviews. 2019;40(4):1109–1151.
15. Hollis BW, Wagner CL. Vitamin D requirements during pregnancy and lactation. American Journal of Clinical Nutrition. 2004;79(5):717–726.
16. Mailhot G, White JH. Vitamin D and immunity in infants and children. Nutrients. 2020;12(5):1233. doi:10.3390/nu12051233.
17. Aranow C. Vitamin D and the immune system. Journal of Investigative Medicine. 2011;59(6):881–886. doi:10.2310/JIM.0b013e31821b8755.
18. Prietl B, Treiber G, Pieber TR, Amrein K. Vitamin D and immune function. Nutrients. 2013;5(7):2502–2521. doi:10.3390/nu5072502.
19. Josefowicz SZ, Lu LF, Rudensky AY. Regulatory T cells: mechanisms of differentiation and function. Annu Rev Immunol. 2012;30:531-64. doi: 10.1146/annurev.immunol.25.022106.141623. Epub 2012 Jan 6. PMID: 22224781; PMCID: PMC6066374.
20. Floess S, Freyer J, Siewert C, Baron U, Olek S, Polansky J, Schlawe K, Chang HD, Bopp T, Schmitt E, Klein-Hessling S, Serfling E, Hamann A, Huehn J. Epigenetic control of the foxp3 locus in regulatory T cells. PLoS Biol. 2007 Feb;5(2):e38. doi: 10.1371/journal.pbio.0050038. PMID: 17298177; PMCID: PMC1783672.
21. Oraei M, Bitarafan S, Mesbah-Namin SA, et al.Immunomodulatory effects of calcitriol through DNA methylation alteration of FOXP3 in the CD4+ T cells of mice.
22. Mailhot G, White JH. Vitamin D and Immunity in Infants and Children. Nutrients. 2020 Apr 27;12(5):1233. doi: 10.3390/nu12051233. PMID: 32349265; PMCID: PMC7282029.
23. Zhu J, Yamane H, Paul WE. Differentiation of effector CD4 T cell populations (*). Annu Rev Immunol. 2010;28:445-89. doi: 10.1146/annurev-immunol-030409-101212. PMID: 20192806; PMCID: PMC3502616.
24. Ansel KM, Djuretic I, Tanasa B, Rao A. Regulation of Th2 differentiation and Il4 locus accessibility. Annu Rev Immunol. 2006;24:607-56. doi: 10.1146/annurev.immunol.23.021704.115821. PMID: 16551261.
25. Cynthia Aranow. Vitamin D and the immune system. Journal of Investigative Medicine. 2011;59(6):881–886. DOI: 10.2310/JIM.0b013e31821b8755
26. Marcelo Saraiva, Anne O'Garra. The regulation of IL-10 production by immune cells. Nature Reviews Immunology. 2010;10(3):170–181. DOI: 10.1038/nri2711
27.  Christian M. Hedrich, et al. Epigenetic regulation of IL-10 expression in immune cells. Frontiers in Immunology. 2018;9:123. DOI: 10.3389/fimmu.2018.01234
28.  Louise E. Jeffery, et al. 1,25-Dihydroxyvitamin D₃ and IL-2 combine to inhibit inflammatory cytokines and promote IL-10 expression. Journal of Immunology. 2009;183(9):5458–5467. DOI: 10.4049/jimmunol.0803217
29. Tony Kouzarides. Chromatin modifications and their function. Cell. 2007;128(4):693–705. DOI: 10.1016/j.cell.2007.02.005
30.  Carsten Carlberg, Stephan Seuter. A genomic perspective on vitamin D signaling. Anticancer Research. 2009;29(9):3485–3493. DOI: 10.21873/anticanres.13064
31. Andrew J. Bannister, Tony Kouzarides. Regulation of chromatin by histone modifications. Cell Research. 2011;21(3):381–395. DOI: 10.1038/cr.2011.22
32. Tzu‑Ting Wang, et al. Cutting edge: 1,25-dihydroxyvitamin D₃ is a direct inducer of antimicrobial peptide gene expression. Journal of Immunology. 2004;173(5):2909–2912.DOI: 10.4049/jimmunol.173.5.2909
33. Rachael M. O'Connell, et al. MicroRNA regulation of inflammatory responses. Nature Reviews Immunology. 2012;12(7):435–446.DOI: 10.1038/nri3217
34. Shaun R. Quinn, Luke A. J. O’Neill. A trio of microRNAs that control Toll-like receptor signaling. Trends in Immunology. 2011;32(11):554–561.DOI: 10.1016/j.it.2011.08.007
35. Konstantin D. Taganov, et al. NF-κB-dependent induction of microRNA miR-146. Proceedings of the National Academy of Sciences. 2006;103(33):12481–12486.
DOI: 10.1073/pnas.0605298103
36. Fionnuala J. Sheedy. Turning 21: induction of miR-21 as a key switch in the inflammatory response. Immunology. 2015;148(2):123–129.
DOI: 10.1111/imm.12486
37. Susan L. Prescott. Early-life environmental determinants of immune development and allergic disease. Nature Reviews Immunology. 2010;10(11):802–813.
DOI: 10.1038/nri2876
38. Brown, G., Marchwicka, A. & Marcinkowska, E. Vitamin D and immune system. Adv. Food Nutr. Res. 109, 1–41 (2024).
39.   Flemming, A. Connecting vitamin D, the microbiome and anticancer immunity. Nat. Rev. Immunol. 24, 378 (2024).
40.  Papa, V. et al. Vitamin D, microbiota and epigenetics in inflammatory diseases. Int. J. Mol. Sci. 26, 179 (2024).
41. Ullah, H. Gut–vitamin D interplay in immunosenescence. Immun. Ageing 22, 20 (2025).
42. Modak, P., Bhattacharjee, P. & Ghosh, K. Genomic and epigenomic regulation of vitamin D. DNA 5, 48 (2025).






image1.jpeg
Epigenetic Modulation of Infant Inmune Development by Vitamin D

MicroRNA Regulation
+miR-155 §  « miR-146a
«miR-155 §  « miR-21

4 Pro-inflammatory  Anti-Inflammatory
1 Antnflammatory 4 Treg Support

Vitamin D & VDR
1,25(0H),D; + VDR Complex

4 \ Histone Modifications

AEOXE3Demethylation g
Cytokine Gene Demethylation
§ CpG Methylation EiEytokine Gene Demethylstion Sy A H3KO Acetylation
y M IL-4 Gene & 1110 Gene 4 Active Chromatin
§ Methylation § Methylation
4 FOXP3 Expression M 2110 A H3Ka Methylation
4 Gene Activation
Treg Differentiation Th2 Resp Anti-Inf y
& 4

Th1/Th2 Balance

Regulatory T Cels(regs)

« Immune Tolerance
10 Production

< > § Th1Response ==
1 Inflamm:
'y I

[ immune Homeostasis in Early Life





