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Persistent infection with high-risk human papillomavirus (HPV) together with progressive dysregulation of the cervical tumor immune microenvironment (TIME) drives the continuum from cervical intraepithelial neoplasia (CIN) to invasive cancer. Vitamin D (VitD) signaling via the vitamin D receptor (VDR) intersects this trajectory by inducing antimicrobial peptides, strengthening epithelial barrier function, redirecting dendritic cells (DCs) toward less inflammatory programs, attenuating Th1 and Th17 activity, and promoting regulatory T-cell responses. These coordinated effects can shift a “cold” cervical niche toward improved viral clearance and controlled inflammation. Clinically, a randomized trial reported that biweekly cholecalciferol at 50,000 IU for 6 months increased CIN1 regression to 84.6%. Preclinical and early clinical studies also suggest that VitD enhances radiotherapy (RT) responses by suppressing autophagy, promoting apoptosis, and reducing the neutrophil-to-lymphocyte ratio (NLR). Translational options include systemic supplementation with monitoring of 25-hydroxyvitamin D (25 [OH]D), cervicovaginal delivery to concentrate drug at lesion sites, and development of low-calcemic VDR agonists used alongside standard antiviral and oncologic care. Key uncertainties remain, including tissue heterogeneity of VDR expression, optimal dosing windows and target 25(OH)D ranges for cervical endpoints, and safety at higher exposures such as hypercalcemia. This review aims to integrate mechanistic and clinical evidence, define stage-specific roles of the VitD–VDR axis across the CIN–cancer spectrum, and outline practical strategies and research priorities for VitD-based adjunctive interventions in HPV-associated cervical disease.
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1 Introduction

Cervical cancer ranks as the fourth most common malignancy and the fourth leading cause of cancer-related mortality among women worldwide (1, 2). Its primary etiological mechanism involves persistent infection with high-risk human papillomavirus (HPV), which induces cervical intraepithelial neoplasia (CIN) and subsequently progresses to invasive cervical carcinoma (3, 4). Although most HPV infections are transient and self-limiting, a subset of individuals fails to clear the virus due to immune surveillance defects or viral immune evasion, resulting in the progression of CIN from low-grade lesions (CIN1 or LSIL) to high-grade lesions (CIN2/3), and eventually to invasive cancer (5, 6).

Recent evidence highlights the central role of host immunity in cervical carcinogenesis beyond its traditional antiviral function. The cervical tumor immune microenvironment (TIME) remodels across disease progression, shifting from an immune-active state in early lesions to a strongly immunosuppressive milieu in advanced disease (7). Hallmarks include impaired antigen presentation, exhaustion of effector T cells, and enrichment of regulatory T cells and M2-polarized macrophages (8). Acting together with persistent high-risk HPV, these immune changes serve as a secondary oncogenic driver that accelerates malignant transformation. Accordingly, strategies that reprogram the local immune microenvironment are gaining prominence in prevention and treatment of cervical cancer (9, 10).

Vitamin D (VitD) (particularly its active form, 1,25-dihydroxyVitD3 (VD3) is traditionally known for its essential role in calcium and bone metabolism. However, it is now widely recognized as a critical immunomodulatory molecule (11). Through interaction with the vitamin D receptor (VDR), VD3 influences the functional phenotype of diverse immune cell subsets, enhancing innate immune defenses, suppressing pro-inflammatory responses, and promoting immune tolerance (12). Epidemiological studies have revealed that individuals with VitD deficiency exhibit a higher susceptibility to high-risk HPV infection and demonstrate reduced rates of CIN regression (13). At the tissue level, downregulation of VDR expression in cervical cancer specimens is closely associated with elevated expression of immune exhaustion markers, implicating the VD–VDR signaling axis as a potential regulator of TIME remodeling (14, 15).

This review systematically examines how VitD shapes the cervical TIME across the disease continuum, from cervical polyps and CIN to invasive carcinoma. We focus on mechanisms that influence innate barrier integrity, dendritic cells (DCs) maturation, T-cell polarization, and immune-escape pathways, and we assess the translational potential of targeting the VitD–VDR axis as a preventive or adjunctive therapeutic strategy. By linking these mechanistic insights to stage-specific biology, we provide a conceptual framework and therapeutic rationale for precision interventions in HPV-associated cervical carcinogenesis.



2 Cervical lesion progression and immune microenvironmental features

Cervical lesions typically follow a continuum from cervical polyps to CIN1/2/3, and eventually progress to invasive cervical carcinoma. Each stage of lesion development is characterized by distinct alterations in the local TIME, which critically influence disease trajectory.


2.1 Cervical polyps

Cervical polyps are commonly regarded as benign hyperplastic lesions resulting from prolonged chronic inflammation and are frequently observed in multiparous women (16). While polyps are largely non-malignant, their association with persistent inflammatory stimuli may increase the risk of subsequent cervical pathologies. The development of cervical polyps is linked to prolonged exposure of the cervical mucosa to bacterial infections, viral insults (including low-risk HPV), or mechanical irritation (17).

Histologically, polyps are characterized by fibrous stromal hyperplasia with prominent capillary dilation, and the epithelial surface may exhibit squamous or columnar epithelial proliferation. The cervical tissue frequently exhibits chronic inflammatory infiltration, predominantly by lymphocytes, plasma cells, and neutrophils (18). Occasional detection of DCs and macrophages suggests active immune surveillance and local immune engagement.

The chronic inflammatory microenvironment of polyps is marked by elevated pro-inflammatory cytokines. These factors promote angiogenesis and stromal proliferation while potentially impairing mucosal barrier function, thereby increasing susceptibility to secondary infections like HPV (19). Notably, innate immune components such as macrophages and DCs are often hyperactivated, whereas adaptive immune responses, particularly those mediated by T cells for viral clearance, are suppressed or functionally impaired. This immune imbalance may create a permissive microenvironment that facilitates progression toward higher-grade cervical lesions.



2.2 Low-grade squamous intraepithelial lesions (CIN1)

CIN1 represents mild cervical epithelial dysplasia, most commonly induced by transient infection with high-risk HPV subtypes (e.g., HPV16, HPV18) or occasionally low-risk types. Approximately 60–80% of CIN1 cases undergo spontaneous regression owing to host immune surveillance (20, 21). At this stage, the TIME is generally “immune-active,” characterized by infiltration of effector T cells and DCs.

CIN1 lesions are typically infiltrated by abundant CD8+ cytotoxic T lymphocytes, CD4+ helper T cells and Langerhans-type DCs, reflecting an active immune response directed against HPV-infected epithelial cells (22). A Th1-polarized immune profile predominates, with upregulation of pro-inflammatory cytokines such as IFN-γ and IL-2. This immune activation facilitates viral clearance, apoptosis of infected cells, and epithelial repair (23).

However, a subset of CIN1 patients displays a slightly TIME, evidenced by the infiltration of Treg cells, increased M2 macrophages, and a cytokine milieu skewed toward IL-10 and TGF-β. This mild immunosuppressive state may impair timely viral clearance, increasing the risk of progression to higher-grade lesions (CIN2/3) (24).

Thus, the TIME in CIN1 represents a dynamic equilibrium in which effective immune activation promotes lesion regression, whereas mild immune suppression may predispose to disease progression.



2.3 High-grade squamous intraepithelial lesions (CIN2/3)

CIN2 and CIN3 are considered moderate to severe dysplastic lesions and represent critical precancerous stages, often driven by persistent high-risk HPV infection. The immune microenvironment in these lesions transitions from an “immune-active” to an “immune-silent” or even “immune-excluded” state (25).

In CIN2/3 lesions, effector T cells, including CD8+ CTL and Th1 helper cells, are significantly diminished, whereas FoxP3+ Tregs are markedly elevated, resulting in a predominantly TIME. Macrophage polarization shifts toward a tumor-promoting M2 phenotype, which secretes immunosuppressive mediators such as IL-10, VEGF, and Arginase-1 (26). These factors inhibit effector T cell activity and enhance immune escape and neovascularization.

Additionally, dendritic cell function becomes compromised, with phenotypic changes toward a tolerogenic profile and diminished antigen-presenting capacity. NK cell infiltration and cytotoxic function are also suppressed, further weakening local immune surveillance (27). Cytokine profiles demonstrate reduced levels of pro-inflammatory mediators and increased levels of inhibitory cytokines (28).

Furthermore, expression of immune checkpoint molecules is progressively upregulated in CIN2/3, contributing to T cell exhaustion and diminished antitumor immunity (29). These alterations collectively signify the emergence of immune escape mechanisms at the precancerous stage, which, if not effectively controlled, may facilitate the progression to invasive cervical cancer.

Single-cell RNA sequencing (scRNA-seq) and spatial transcriptomics (ST) delineate a stage-specific reprogramming of the cervical tumor immune microenvironment at CIN2/3 that anticipates invasion. Cytotoxic CD8+ T cells contract and acquire exhaustion signatures marked by PD1, TIGIT and TOX, with reduced granzyme programs and a narrowing of T-cell receptor clonotypes. Regulatory T cells expand and express CCR4 and CTLA4, while the CXCL9 and CXCL10 chemokine axis that supports CXCR3+ effector trafficking declines. Myeloid compartments shift toward immunoregulatory states typified by SPP1+ macrophages with high IL10, VEGFA and ARG1, accompanied by a loss of CCR7-programmed migratory dendritic cells and attenuation of cross-presentation modules associated with BATF3-dependent conventional dendritic cells (30). Epithelial trajectories inferred by pseudotime place proliferative basal cells on a branch characterized by partial epithelial–mesenchymal transition, activation of TGF-β and hypoxia programs, and down-modulation of antigen-processing and MHC class I pathways including B2M and TAP1. Spatial maps localize PD-L1 expression to epithelial nests and adjoining stroma and reveal immune exclusion patterns in which Tregs and SPP1+ macrophages form a perilesional ring separated from epithelial clusters by collagen-rich, ACTA2 and COL1A1-high fibroblasts (31).

Ligand–receptor analyses identify recruitment and suppression circuits that consolidate immune escape at this stage. CCL22 and CCL17 produced by myeloid and stromal cells engage CCR4 on Tregs. PD-1 with PD-L1 and CTLA4 with CD80 or CD86 enforce T-cell dysfunction. SPP1 with CD44 and MIF with CD74 support protumor myeloid signaling, while TGFB1 with TGFBR1 or TGFBR2 sustains fibroblast activation and matrix remodeling. Endothelial cells display tip-like states with VEGFA and KDR signaling and organize perivascular immune aggregates that lack effective cytotoxic programs (32). Collectively, these single-cell and spatial data portray CIN2/3 as a tipping point at which exhausted T-cell states, immunosuppressive myeloid programs and fibrovascular remodeling converge to create an immune-excluded niche that lowers the barrier to invasion (33).

Targeting the immunosuppressive TIME at the CIN2/3 stage may offer a critical opportunity to prevent cervical cancer development.



2.4 Invasive cervical cancer

As lesions progress to invasive cervical cancer, the tumor further consolidates an immune-evasive microenvironment. Cervical tumors frequently express high levels of immunosuppressive molecules such as PD-L1 and IDO-1, leading to T cell exhaustion and immune tolerance. Treg infiltration is markedly increased, accompanied by elevated production of TGF-β, which inhibit effector T cell infiltration and induce functional impairment (34).

TAMs predominantly display an M2-polarized phenotype, releasing immunosuppressive mediators that promote tumor growth and immune escape (35). Overall, the TIME in invasive cervical cancer is characterized by “immune cold” or “immune excluded” features, in stark contrast to the “immune-active” profile observed in early CIN1 lesions (36).

This progressive immunologic transformation illustrates the immune escape trajectory across cervical lesion development: persistent viral antigen exposure and tumor selection pressures drive the transition from immune activation to immune suppression and exhaustion, ultimately permitting tumor cells to evade immune surveillance (37).

High-throughput genomics and transcriptomics refine the immune portrait of invasive cervical cancer and clarify why immune evasion becomes consolidated at this stage. Whole-exome and whole-genome studies show a mutation spectrum dominated by APOBEC signatures with recurrent alterations in PIK3CA, FBXW7, EP300, and STK11, together with copy-number gains on 3q and 5p and focal losses in antigen presentation regions (38). Viral–host integration events create enhancer hijacking and viral–host chimeric transcripts that reprogram interferon signaling and cell cycle control and are associated with immune checkpoint upregulation. Bulk RNA-seq identifies immune classes ranging from interferon-inflamed to mesenchymal and immune-excluded phenotypes. The latter display downregulation of antigen processing genes such as B2M and TAP1, enrichment of TGF-β and hypoxia programs, and matrix remodeling that spatially restricts effector trafficking (39). TCR sequencing reveals contraction of repertoire diversity with expansion of exhaustion-biased clonotypes, consistent with progressive loss of cytotoxic function. scRNA-seq and ST demonstrate accumulation of exhausted CD8 T cells marked by LAG3 and TOX, expansion of FOXP3 positive regulatory T cells, dominance of SPP1 positive macrophages with IL10, VEGFA and ARG1 programs, attenuation of CCR7 dependent migratory DCs, and activation of collagen producing cancer-associated fibroblasts that form barriers to immune entry (40). Spatial ligand–receptor inference highlights CCL22 or CCL17 to CCR4 and SPP1 to CD44, interactions that together reinforce immune suppression and exclusion. DNA methylation and chromatin accessibility profiling add an epigenetic layer by showing promoter hypermethylation and closed chromatin at antigen presentation and chemokine loci, with parallel activation of remodeling factors in stroma (41). Integrating these data suggests composite biomarkers that outperform single markers for immunotherapy selection, including combinations of APOBEC activity or tumor mutational burden, HLA class I loss, exhausted T-cell state scores, SPP1 positive macrophage fraction, stromal TGF-β signaling and epithelial PD-L1 expression (42).

Understanding and intervening in this immunologic evolution is essential for developing effective strategies for cervical cancer prevention and treatment.




3 Overview of VitD/VDR signaling and immunoregulatory mechanisms

VitD is a group of fat-soluble secosteroids primarily composed of cholecalciferol (VitD3) and ergocalciferol (VitD2), derived from diet or synthesized in the skin. Among them, VitD3, produced by ultraviolet B-induced conversion of 7-dehydrocholesterol in the skin, constitutes the major source in humans (43). VitD itself has limited biological activity and requires two sequential hydroxylation steps for activation. First, in the liver, it is converted to 25-hydroxyVitD [25(OH)D] by 25-hydroxylases such as CYP2R1 and CYP27A1 (44). Subsequently, in the renal proximal tubules and various peripheral tissues, 25(OH)D is converted by 1α-hydroxylase (CYP27B1) to the biologically active form, 1,25-dihydroxyVitD [1,25(OH)2D, also known as calcitriol] (45).

Calcitriol exerts its effects by binding to the VDR, a member of the nuclear receptor superfamily, which is broadly expressed across multiple tissue types, including immune cells such as T cells, B cells, DCs, and macrophages (Figure 1). Upon ligand binding, VDR heterodimerizes with RXR and binds to VDREs in the promoter regions of target genes, recruiting transcriptional machinery to regulate gene expression (46). Through this genomic pathway, VitD modulates a wide range of genes involved in cellular proliferation, differentiation, and immune regulation. In addition, membrane-associated VDR can mediate rapid, non-genomic signaling. However, the immunomodulatory effects of VitD are primarily mediated via transcriptional regulation of cytokines and immune effector molecules.
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FIGURE 1
 Effects of Vitamin D on the Immune System. Schematic summarizing the immunomodulatory actions of 25(OH)D and its active metabolite 1,25(OH)2D via vitamin D receptor (VDR) signaling. Innate immune: Vitamin D (VitD) calibrates antigen presentation by promoting a more tolerogenic dendritic-cell (DC) phenotype; dampens pro-inflammatory programs in monocytes/macrophages/neutrophils (e.g., down-modulates NF-κB and inflammasome activity; ↑IL-10, ↓IL-12/IL-6/TNF); and induces antimicrobial peptides (AMP), notably cathelicidin and β-defensins. Adaptive immune: VitD strengthens epithelial barrier function by upregulating tight-junction proteins (claudins/occludin); modulates T-cell responses by attenuating activation and proliferation, suppressing Th1/Th17 polarization, and favoring Treg differentiation; and shapes B-cell functions, influencing proliferation, differentiation, and antibody production. Collectively, VitD tempers excessive inflammation while supporting mucosal defense—mechanisms relevant to HPV control and cervical mucosal homeostasis.



3.1 Regulation of innate immunity by VitD

Innate immune cells, upon recognizing pathogen-associated molecular patterns (PAMPs), rapidly upregulate both CYP27B1 and VDR via Toll-like receptors (TLRs), including TLR2, TLR4, and TLR9 (47). This enables the local conversion of circulating 25(OH)D to 1,25(OH)2D at sites of infection or inflammation, initiating transcriptional and non-transcriptional responses that enhance antimicrobial defenses, stabilize epithelial barriers, and limit inflammatory damage—without significantly perturbing systemic calcium homeostasis (48).


3.1.1 Macrophages and monocytes

Activated macrophages and monocytes, under the control of the CYP27B1-VDR axis, upregulate the expression of CAMP, DEFB2, inducible nitric oxide synthase (iNOS), and the iron-regulatory peptide hepcidin. The resulting antimicrobial peptides, including cathelicidin LL-37 and β-defensin-2, exert broad-spectrum activity by disrupting bacterial and fungal membranes and contribute to antiviral defense by targeting viral envelopes (49). Nitric oxide and hepcidin further restrict pathogen proliferation via oxidative stress and iron sequestration. Additionally, 1,25(OH)2D can act in an autocrine or paracrine fashion to modulate neighboring T and NK cell responses (50). However, when circulating 25(OH)D levels exceed 75 nmol/L, excessive extrarenal synthesis of 1,25(OH)2D by activated macrophages may disrupt calcium homeostasis, potentially resulting in hypercalcemia (51). This phenomenon has been observed in patients with granulomatous diseases, particularly during the summer months. To prevent immune–metabolic imbalance, macrophages induce the inactive splice variant CYP24A1-SV and downregulate TLRs, forming a localized negative feedback loop.



3.1.2 Antigen-presenting cells and natural killer (NK) cells

In DCs, 1,25(OH)2D suppresses CIITA and NF-κB signaling, maintaining cells in an immature, tolerogenic state characterized by reduced MHC class II and CD80/86 expression, decreased IL-12, and increased IL-10 production. This attenuates Th1/Th17 polarization (52). Similarly, monocytes exhibit downregulation of TLR2/4/9 and pro-inflammatory cytokines, effectively raising the threshold for autoimmunity (53). The effects of 1,25(OH)2D on NK cells appear to be context-dependent. Under conditions of high inflammatory burden, NK cell cytotoxicity and IFN-γ production are suppressed, whereas in low-inflammatory settings, mild activation may be observed (54). These findings suggest a bidirectional regulatory role for 1,25(OH)2D that is relevant in both infectious and malignant contexts.

Neutrophil extracellular traps (NETs) are web-like chromatin structures extruded by activated neutrophils and decorated with histones, myeloperoxidase, neutrophil elastase, and antimicrobial peptides such as LL-37. NET formation is induced by pathogen sensing and sterile danger signals through pathways that involve NADPH oxidase activity, reactive oxygen species, and PAD4-dependent chromatin decondensation (55). At mucosal surfaces, NETs immobilize and neutralize microbes and viral particles, concentrate antimicrobial effectors, and shape subsequent antigen presentation and T-cell priming. Dysregulated or persistent NETs can conversely drive epithelial injury, fibrosis, thrombosis, and pro-tumor inflammation. Within the cervicovaginal niche, balanced NET formation may aid pathogen containment and epithelial repair, whereas excessive NETosis can sustain local damage and immunosuppression (56). In this context, vitamin D has been reported to promote efficient NET release while simultaneously limiting overproduction of pro-inflammatory cytokines, thereby supporting microbial control and barrier integrity without amplifying collateral tissue injury. Furthermore, vitD promotes the formation of NETs while concurrently limiting the release of pro-inflammatory cytokines (57). It also inhibits eosinophil recruitment through suppression of IL-15 and attenuates IgE-dependent mast cell degranulation. Collectively, these actions help maintain a balance between effective pathogen clearance and the preservation of tissue integrity.



3.1.3 Vascular endothelium

VitD and its metabolites confer endothelial protection through both rapid and sustained mechanisms. In the non-genomic pathway, VitD3 binds membrane-bound VDR within seconds to minutes, activating AC/cAMP, IP3-DAG, and PI3K/Akt-Ser1177-eNOS signaling cascades (58). This elevates intracellular Ca2+, stimulates nitric oxide (NO) production, reinforces VE-cadherin-mediated adherens junctions, suppresses actin stress fiber formation, and reduces vascular permeability. Subsequently, 1,25(OH)2D enhances transcription of eNOS and heme oxygenase-1 (HO-1) via nuclear VDR, maintaining NO flux and counteracting oxidative stress (59). In vivo studies have confirmed that this dual action mitigates endothelial dysfunction and microvascular leakage in models of chronic kidney disease and sepsis.



3.1.4 Intestinal epithelium and Paneth cells

In the gut, 1,25(OH)2D upregulates tight junction proteins such as ZO-1, Claudin-1, and Occludin, thereby restoring epithelial barrier integrity. It also enhances intracellular pattern recognition receptors (PRRs) like NOD2 and NLRP6, facilitating early detection of invading pathogens (60). Upon stimulation, intestinal epithelial cells, Paneth cells, and intraepithelial lymphocytes secrete antimicrobial peptides including LL-37, REG3γ, and α-defensin HD-5 (61). These peptides restrict microbial translocation and promote host–microbiota homeostasis, reducing the risk of chronic low-grade inflammation and metabolic disturbances.

Through the central TLR–CYP27B1–VDR axis, VitD orchestrates an integrated innate immune network encompassing localized antimicrobial responses, immune tolerance, vascular stabilization, and epithelial defense. Maintaining serum 25(OH)D levels within the optimal range of 50–75 nmol/L ensures a balance between anti-infective immunity and calcium safety. From a translational perspective, the development of selective VDR partial agonists and tissue-specific CYP27B1 activators holds promise for adjunctive therapies targeting tuberculosis, multidrug-resistant infections, and immune-mediated diseases (62).




3.2 Immunomodulatory roles of VitD in adaptive immunity

Activated T and B lymphocytes not only express the VDR but also induce the expression of CYP27B1, enabling the local conversion of circulating 25-hydroxyVitD [25(OH)D] into the bioactive form 1,25-dihydroxyVitD [1,25(OH)2D] within the lymphoid microenvironment. This establishes an autocrine/paracrine hormonal loop that allows VitD to reshape adaptive immune responses through multiple regulatory layers.


3.2.1 T cells

1,25(OH)2D exerts lineage-specific effects on CD4+ T cells. In vitro studies demonstrate that it suppresses the transcription and secretion of Th1 cytokines, while enhancing IL-4 expression, thereby inhibiting Th1 differentiation and favoring Th2 polarization (63). In murine models of Crohn's disease, administration of 1,25(OH)2D, either alone or in combination with dexamethasone, further attenuates Th17 responses and increases Th2-associated markers (64). These findings suggest a potential role for vitamin D in mitigating mucosal inflammation through the suppression of IL-17.

Simultaneously, under the influence of TGF-β and IL-2, 1,25(OH)2D induces FoxP3 expression in naïve CD4+ T cells, promoting their differentiation into Tregs, and enhances IL-10 production by CD4+/CD25+ Tregs. This “Th1/Th17 suppression–Th2/Treg promotion” axis underpins VitD's potential protective role in Th1/Th17-driven autoimmune diseases (65, 66). Transcriptomic analyses of bronchoalveolar lavage fluid from COVID-19 patients further support this concept, revealing that Th1 cells locally activate the VitD pathway to suppress IFN-γ and upregulate IL-10, facilitating resolution of hyperinflammation (67).

CD8+CTLs are similarly regulated through VDR signaling. Upon infection or polyclonal activation, CTLs upregulate VDR expression, enabling 1,25(OH)2D to restrain their excessive proliferation by downregulating IL-2 and IL-12 signaling (68). This effect contributes to the restoration of the CD4/CD8 ratio, which serves as a surrogate marker for balanced immune activation. Clinical studies have reported that supplementation with 5,000–10,000 IU per day of vitamin D3 increases the CD4/CD8 ratio, reflecting a reduction in systemic immune activation.



3.2.2 B cells

Resting B cells express negligible levels of VDR, but upon mitogen or antigen stimulation, both VDR and CYP27B1 are rapidly induced. 1,25(OH)2D directly inhibits B cell differentiation into antibody-secreting plasma cells, promotes apoptosis in activated B cells and plasmablasts, and markedly suppresses immunoglobulin and autoantibody production (69). Furthermore, VitD induces interleukin-10 (IL-10) expression in B cells and upregulates C–C chemokine receptor 10 (CCR10), promoting their differentiation toward an anti-inflammatory phenotype. This mechanism is particularly relevant in antibody-mediated autoimmune disorders.

It is noteworthy that multiple cross-sectional and retrospective studies have reported significantly reduced serum 25(OH)D levels in patients with chronic inflammation or autoimmune diseases. However, systemic inflammation itself may acutely deplete or redistribute VitD metabolites, as evidenced by human endotoxemia models showing a rapid drop in 25(OH)D levels within hours (70). Thus, hypovitaminosis D may represent both a contributing factor and a downstream effect of inflammation, necessitating careful differentiation in longitudinal interventional studies.

Through establishing a self-contained “25(OH)D–CYP27B1–1,25(OH)2D–VDR” loop within activated lymphocytes, VitD enables precise control over T/B cell proliferation, differentiation, and cytokine expression networks. This culminates in a coordinated program characterized by anti-inflammatory effects, immune tolerance promotion, and suppression of pathogenic antibody responses, offering a viable therapeutic strategy for various autoimmune and inflammatory diseases.





4 The role of VitD in different stages of cervical lesions

VitD exerts significant influence across various stages in the progression of cervical lesions from benign to malignant, although its primary functions differ at each stage (Table 1).

TABLE 1 Role of vitamin D across cervical lesion stages: mechanisms, evidence, and clinical implications.


	Stage
	Clinical features
	Primary VitD mechanisms
	Clinical implications
	Limitations
	Ref.





	Polyp stage
	Benign proliferative lesions, often driven by chronic inflammation; typically curable by physical removal
	Anti-inflammatory and antimicrobial actions: strengthens mucosal barrier, upregulates antimicrobial peptides, potentially lowers chronic cervicitis and recurrence
	Primarily primary prevention: maintaining adequate VitD may reduce formation/recurrence and secondary infection risk
	Inference rather than direct evidence; never a substitute for procedural management
	(71)

 
	CIN1
	Usually transient HPV infection; >60% regress within 1–2 years
	Enhances antiviral mucosal immunity (innate responses, antimicrobial peptides), decreases local inflammation/oxidative stress, promotes epithelial repair
	Assess and correct VitD deficiency as an adjunct to CIN1 management to promote HPV clearance and histologic regression
	Thresholds/dosing not standardized; study heterogeneity; does not replace routine follow-up/management
	(72)

 
	CIN2/3
	High-grade precancerous lesions; persistent high-risk HPV; LEEP/conization is standard of care
	Pro-differentiation, anti-proliferative; improves inflammatory/metabolic milieu but unlikely to reverse established HSIL alone
	Maintain adequate VitD alongside standard therapy to possibly slow progression, aid post-operative healing, and support HPV clearance; may help during conservative management of CIN2 in selected young patients
	More immunosuppressive TIME; monotherapy effect limited; high-quality randomized evidence lacking
	(73, 74)

 
	Invasive cervical cancer
	Deeply immunosuppressive TIME, established immune evasion; multimodal therapy required
	In vitro: induces p21 and cell-cycle arrest; inhibits E6/E7 functions; may enhance radio-/immuno-therapy sensitivity; correcting deficiency supports systemic immunity and bone health
	Supportive/sensitizing role: correct deficiency, potential radiosensitization and mitigation of immunosuppression; improves overall nutritional/bone status
	Evidence largely in vitro/animal or retrospective; lacks phase III clinical proof; not a curative modality
	(75, 76)






4.1 Polyp stage

Cervical polyps are benign proliferative lesions usually caused by chronic inflammatory stimulation. Although direct studies evaluating the effects of VitD on cervical polyps are lacking, it is hypothesized that sufficient levels of VitD may reduce the risk of polyp formation via its anti-inflammatory and antimicrobial properties. For example, VitD enhances mucosal immune barriers and increases antimicrobial peptide expression, which may reduce the incidence of chronic cervicitis and thereby indirectly decrease the risk of polyp development (71). Moreover, its immunomodulatory effects help maintain a balanced local immune response, preventing excessive inflammation that may otherwise induce tissue overgrowth. Therefore, maintaining adequate VitD levels through sunlight exposure or diet might help reduce the risk of benign cervical lesions, particularly in women with chronic inflammation. However, since cervical polyps can usually be resolved through physical removal, the role of VitD in this stage is likely preventive, such as reducing recurrence or secondary infections.



4.2 CIN1 stage

CIN1 is typically associated with transient HPV infection, and over 60% of cases regress spontaneously within 1–2 years. Multiple studies suggest that adequate VitD levels favor the regression of CIN1 and the clearance of HPV. A systematic review indicated that nearly half of the observational studies found lower VitD levels among HPV-infected women, and VitD deficiency was significantly associated with persistent high-risk HPV infection. A case–control study by Ozgu et al. further suggested that insufficient levels of VitD metabolites might contribute to persistent HPV DNA and CIN occurrence (P = 0.009). Interventional evidence also supports the benefit of supplementation. In a randomized controlled trial in Iran, CIN1 patients were given 50,000 IU of VitD3 every 2 weeks for 6 months. Results showed that 84.6% of patients in the VitD group experienced lesion regression, compared with 53.8% in the placebo group (P = 0.01) (72). Serum 25(OH)D levels significantly increased in the treatment group, along with improved fasting insulin and antioxidant markers. These findings indicate that VitD supplementation not only promotes histological regression of CIN1 but also improves metabolic and inflammatory profiles. Mechanistically, VitD may enhance mucosal antiviral immunity and reduce local inflammation and oxidative stress, thereby facilitating epithelial repair. In summary, VitD appears to play a protective role in the CIN1 stage by inhibiting lesion progression and promoting regression. Evaluating and correcting VitD deficiency could thus serve as a useful adjunct in CIN1 management to enhance natural viral clearance and lesion reversal.



4.3 CIN2/3 stage

CIN2 and CIN3 are precancerous lesions of the cervix, often indicating persistent high-risk HPV infection and a greater tendency toward neoplastic transformation. Surgery (e.g., LEEP or conization) remains the standard treatment. However, the immune microenvironment still plays a critical role in determining disease progression, and some CIN2 cases can regress spontaneously. The role of VitD in this stage is more complex. On the one hand, its ability to promote cell differentiation and inhibit proliferation may suppress lesion advancement; on the other hand, the microenvironment becomes increasingly immunosuppressive, making VitD alone insufficient for complete reversal. Clinical trials show that high-dose VitD supplementation for 6 months improves metabolic and inflammatory indices in CIN2/3 patients but has limited impact on lesion outcomes. As Avila et al. reported in a review, VitD supplementation did not significantly reduce recurrence rates during post-treatment follow-up in CIN2/3 patients. This suggests that VitD monotherapy is unlikely to eliminate established high-grade lesions (73). Nonetheless, vitamin D may provide auxiliary benefits by improving the local tissue microenvironment, such as reducing the risk of residual disease following surgical intervention and promoting HPV clearance. Some cohort studies also suggest that sufficient VitD status is associated with a lower risk of HSIL. In cases of conservative management of CIN2 (e.g., in young women avoiding immediate surgery), raising VitD levels may help promote lesion regression, though most supporting evidence stems from CIN1 studies. Therefore, although the effect of VitD diminishes in the CIN2/3 stage compared to earlier stages, it still holds potential in slowing lesion progression (74). Clinically, maintaining sufficient VitD levels alongside standard therapies may support immune function and tissue repair, though VitD should not be considered a replacement for excisional procedures.



4.4 Invasive cervical cancer stage

Once invasive cervical cancer has developed, the tumor microenvironment often becomes deeply immunosuppressive, characterized by well-established immune evasion mechanisms. At this stage, the antitumor effects of vitD are limited. According to Avila et al., although sufficient vitamin D levels may help prevent or regress early intraepithelial neoplasia, they confer minimal benefit in advanced cervical cancer, even when combined with chemotherapy (75). This may be due to tumor-intrinsic resistance mechanisms, such as dysregulated VDR signaling, and the presence of a stably TIME.

Nevertheless, VitD may still offer supportive benefits for cervical cancer patients. Firstly, VitD deficiency is common among these patients, and supplementation can improve systemic immune function and bone metabolism. Retrospective data show impaired immunity and elevated inflammatory markers in cervical cancer patients, which may be linked to low VitD levels (76). Secondly, in vitro studies have shown that VitD can exert antiproliferative effects on cervical cancer cell lines, such as inducing p21 expression to cause cell cycle arrest and inhibiting E6/E7 oncogenic functions (77). Preclinical models also suggest that VitD or its analogs can enhance tumor sensitivity to treatment. Notably, vitD may exert synergistic effects when combined with other therapies in advanced disease stages, such as enhancing radiosensitivity or alleviating immunosuppression during immunotherapy. Therefore, although VitD has a weaker impact in established cervical cancer than in precancerous stages, it remains a meaningful component of multimodal management.




5 The functions of VitD in the cervical-cancer immune microenvironment

VitD acts as an “immune-microenvironment modulator”, reshaping local immunity through multiple, stage-specific mechanisms. Below, its principal actions are summarized by functional category (Figure 2).
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FIGURE 2
 The role of vitamin D in cervical cancer. Vitamin D (VitD) coordinates antiviral and antitumor defenses across cervical disease. Via vitamin D receptor (VDR) signaling, it induces antimicrobial peptides (cathelicidin, β-defensins) and helps maintain a Lactobacillus-dominant microbiota, promoting clearance of high-risk human papillomavirus (HPV). VitD restrains tumor growth by up-regulating p21 and repressing HPV E6/E7, lowers the threshold for apoptosis (mitochondrial and Fas–caspase routes), and dampens COX-2/NF-κB–driven inflammation. It also remodels immunity by strengthening epithelial barrier function, tempering dendritic-cell activation, shifting CD4+ T-cell polarization toward a more regulatory profile, and reducing myeloid-derived suppression. These effects are strongest in infection and low-grade lesions (CIN1) and become adjunctive in HSIL and invasive cancer.



5.1 Induction of antimicrobial/antiviral peptides and HPV clearance

One of the most classical immune effects of VitD is the induction of antimicrobial peptides, a feature of particular relevance in cervical pathology, where persistent high-risk HPV infection is the pivotal oncogenic driver. Epidemiological data support this link: in the US NHANES cohort, every 10 ng mL−1 decrease in serum 25-hydroxy-VitD [25(OH)D] was associated with a 14 % increase in high-risk HPV prevalence (OR = 1.14, 95 % CI 1.02–1.27). A Turkish case–control study similarly reported significantly lower VitD metabolites in HPV-positive women (P = 0.009) (78). In cervical epithelial cells, VD/VDR signaling markedly up-regulates cathelicidin and human β-defensin, peptides that not only exert direct virucidal activity but also recruit immune cells and accelerate mucosal healing. Avila and co-workers proposed that VitD-driven cathelicidin limits HPV spread and oncogenicity within the cervix. In vitro, VitD-treated epithelial cells display reduced susceptibility to HPV, in parallel with increased peptide expression (79). By stabilizing a Lactobacillus-dominant microbiota and neutralizing bacterial toxins, VitD may additionally lower the micro-inflammatory milieu that favors HPV persistence. Clinical observations in HIV-infected women further show that VitD supplementation shortens the duration of high-risk HPV carriage (80). Collectively, adequate VitD status appears to shift HPV infection from “persistent” to “transient”, explaining, at least in part, the lower cervical-cancer incidence in regions with abundant sunlight exposure.



5.2 Anti-proliferative and pro-differentiation effects

VD/VDR signaling suppresses cervical-cancer cell growth through coordinated inhibition of the cell cycle and down-regulation of HPV oncogenes. In HeLa cells, calcitriol up-regulates the cyclin-dependent-kinase inhibitor p21CIP1/WAF1, blocks Cyclin-E/CDK2 activity and arrests cells in the G0/G1 phase, which is corroborated by CCK-8 quantification and flow cytometry (81). In contrast, treatment with cholecalciferol or 25(OH)D3 in SiHa and CaSki cells does not affect Ki-67 expression or the G1-phase fraction. However, it significantly increases the sub-G1 population, which is indicative of DNA fragmentation and early apoptosis rather than classical G1 cell cycle arrest (82). These discrepancies reveal the distinct efficacy of systemic (hepatic–renal) vs. intracrine (CYP27B1-mediated) activation pathways, and underscore heterogeneity in hydroxylase/VDR expression among HPV-positive cell lines. Calcitriol further down-regulates HPV-E6/E7, preventing p53 degradation and thereby dismantling the viral proliferative programme (83, 84). Overall, VitD weakens cervical-cancer proliferation through a synergistic “G0/G1 blockade + oncogene repression” mechanism.



5.3 Promotion of apoptosis

VD/VDR concurrently engages the intrinsic (mitochondrial) and extrinsic (death-receptor) apoptotic cascades, forming a dual-pathway amplifier. Calcitriol triggers cytochrome-c release, apoptosome assembly and sequential activation of caspase-9 and caspase-3; in parallel, VDR lowers anti-apoptotic Bcl-2 and raises pro-apoptotic Bax, heightening mitochondrial permeability (85). Extrinsically, VDR transcriptionally induces Fas/Fas-ligand, activating caspase-8 and converging with the intrinsic pathway at caspase-3. This cooperation dramatically lowers the apoptotic threshold in HPV-driven or genomically stressed cells (86). In VDR-null C33A cells, calcitriol fails to induce CYP24A1 or initiate either cascade, confirming VDR dependence. Hence, VitD restrains cervical-cancer progression through combined growth arrest and apoptotic priming.



5.4 Dampening of pro-tumor inflammation

Persistent inflammation is a double-edged sword in carcinogenesis. VitD attenuates key inflammatory axes by down-regulating COX-2, thereby reducing pro-tumorigenic prostaglandin-E2, and by inhibiting chronic NF-κB activation (87). These effects are crucial in HPV infection, where viral oncoproteins (e.g., E6/E7) induce cytokine release that, in turn, sustains viral persistence. VitD interrupts this positive feedback loop, and epidemiological studies consistently show lower rates of persistent HPV and CIN progression in vitamin-D-replete individuals (88).



5.5 Modulation of immune cell compartments and immunometabolism

VitD tailors DC maturation toward a tolerogenic phenotype. In early HPV infection or low-grade lesions, such semi-mature DCs curb injurious inflammation and favor a balanced microenvironment. In established tumors, however, excessive tolerogenic DCs may assist immune escape, implying a stage-specific benefit/risk profile. VD/VDR skews CD4+ T-cell polarization away from Th1/Th17 toward Th2/Treg lineages: this diminishes cytotoxic inflammation yet alleviates HPV-driven chronic damage (89). VitD-induced Tregs, though potentially suppressive in overt tumors, can prevent premalignant inflammation. Meanwhile, VD/VDR signaling limits the suppressive capacity of myeloid-derived suppressor cells (MDSCs) by down-regulating Arg-1 and iNOS, partly counterbalancing Treg expansion (90, 91). On the metabolic front, VitD reprogrammes immune-cell energy use, promoting oxidative phosphorylation in DCs and enhancing their IL-10 profile. It lowers reactive-oxygen species, thereby reducing DNA damage in chronically infected epithelia, and may shift tumor-associated macrophages toward an M1-like phenotype (92, 93). Together, these actions portray VitD as a metabolic and immunological nexus that maintains equilibrium between inflammation and tolerance throughout cervical-carcinogenesis continuum (Figure 3).
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FIGURE 3
 Vitamin D–VDR reprograms the cervical tumor immune microenvironment (TIME). 1,25(OH)2D3 acting via vitamin D receptor (VDR) counteracts tumor-derived factor–driven myelopoiesis by restraining MDSC suppressive programs (↓NOS2/NO and ARG-1–mediated L-arginine depletion; ↑15-PGDH to catabolize PGE2), promotes dendritic cells (DCs) with an anti-inflammatory profile (IL-10↑, IL-12/IL-23↓), and repolarizes tumor-associated macrophages toward M1 while limiting M2 states. In the lymphoid compartment, it enhances regulatory tuning (Tregs with IL-10↑ and IL-17/TNF-γ↓ and characteristic CCR3/CCR4/CCR8 patterns) and modulates CD8+ T cells—supporting activation through TCR signaling and potentially alleviating exhaustion (PD-1/TIM-3). Collectively, these actions soften chronic inflammation and reduce immune suppression within cervical cancer TIME.





6 VitD-based therapeutic strategies and future perspectives

Given the multifaceted roles of VitD in immunity and the TME, a range of VitD-related therapeutic strategies have recently emerged for the prevention and treatment of cervical lesions.


6.1 Systemic supplementation of VitD

Systemic supplementation, administered either orally or intramuscularly, represents the most straightforward intervention for individuals with VitD deficiency. This strategy is particularly promising for the prevention and conservative management of low-grade cervical lesions (94). As discussed earlier, randomized controlled trials have shown that high-dose VitD supplementation significantly increases the spontaneous regression rate of CIN1. This suggests that, in clinical settings, oral high-dose VitD could be considered as an adjunctive therapy for CIN1 patients with documented deficiency. Similarly, for women with persistent HPV infection but no progression to high-grade lesions, maintaining adequate VitD levels (e.g., serum 25(OH)D > 30 ng/mL) may facilitate viral clearance and reduce the risk of disease advancement (95). This approach is cost-effective and generally safe; toxicity is rare if levels are maintained within the physiological range. Moreover, systemic VitD supplementation may enhance overall immune responsiveness. One study found that cancer patients undergoing immunotherapy experienced significantly better outcomes when their VitD levels were sufficient. While VitD is not a conventional anticancer agent, it functions as a foundational immune-supportive therapy and should be integrated into the comprehensive management of cervical lesions (96).



6.2 Local application of VitD

Given that the cervix and vagina are accessible for direct drug delivery, several studies have explored local administration of VitD or its derivatives. Vaginal suppositories or gels containing active VitD compounds could potentially deliver high concentrations directly to the lesion site, thereby minimizing systemic side effects and enhancing localized immune responses (97). While studies in this area are limited, dermatological applications have yielded promising results. For instance, topical use of VitD analogs such as calcipotriol has demonstrated excellent efficacy in treating HPV-related cutaneous warts, achieving complete clearance in 73% of cases compared to negligible effects in placebo groups. As cervical lesions are also driven by HPV, it is reasonable to hypothesize that localized VitD therapy could be effective (98, 99). Innovative formulations such as nano-gel systems delivering calcitriol intravaginally may enhance epithelial targeting, promote viral clearance, induce apoptosis in dysplastic cells, and minimize hypercalcemia. Preliminary studies have also explored intralesional VitD injection for treating genital warts and CIN, though data remain scarce. Advantages of local therapy include rapid onset, minimal off-target toxicity, and potential for repeated administration (100). However, challenges such as compound instability and unknown effects on mucosal tissues with long-term use remain. Small-scale clinical trials are warranted to evaluate the efficacy of localized VitD treatment in CIN. If validated, this could offer a conservative option for CIN2/3 and a potential adjuvant for residual disease management.

VitD deficiency is common because only a small fraction of the recommended daily intake can be obtained even from the richest dietary sources such as fatty fish, fish oil, and egg yolks. Supplementation is therefore important to maintain serum 25-hydroxyvitamin D [25(OH)D] at approximately 30 ng/mL (75 nmol/L) for bone health and at 40–60 ng/mL (100–150 nmol/L) for lower cardiovascular and all-cause mortality risks (101). In normal-weight adults, these targets can typically be achieved with 2,000–5,000 IU/day, whereas individuals with obesity may require up to 10,000 IU/day because responses vary with genetics, body weight, health status, and medications (102). Higher-dose intermittent cholecalciferol regimens, such as 50,000 IU weekly or 100,000 IU monthly, have been shown to maintain 25(OH)D concentrations of 40–60 ng/mL without signs of vitamin D toxicity; toxicity is rare relative to other fat-soluble vitamins (103). When employing higher doses, periodic monitoring of 25(OH)D and serum calcium is advisable to ensure safety and goal attainment.



6.3 VDR agonists and VitD analogs

Calcitriol, the natural ligand for the VDR, has a narrow therapeutic window and may cause hypercalcemia at high doses. Hence, the development of VitD analogs with selective VDR agonism and reduced calcium-related activity has become a strategic priority. Calcipotriol, a synthetic VitD analog used in psoriasis, modulates keratinocyte proliferation and inflammation and has demonstrated efficacy in clearing HPV-related cutaneous warts (104). In the context of cervical disease, next-generation VDR agonists, including third-generation analogs with minimal calcemic activity, hold potential therapeutic value. In vitro studies have shown that certain analogs (e.g., EB1089) exhibit antiproliferative and pro-apoptotic effects on cervical cancer cells, with comparable or superior potency to calcitriol and lower toxicity (105). Paricalcitol, a selective intravenous VDR agonist primarily used for secondary hyperparathyroidism in chronic kidney disease, has also been investigated for its anti-inflammatory properties in cancer supportive care (106). It may mitigate radiation-induced tissue inflammation during chemoradiotherapy in cervical cancer patients. Overall, novel VDR-targeted agents hold promise as pharmaceutical interventions for cervical neoplasia, pending further validation of safe dosage ranges and clinical efficacy.



6.4 VitD as a radiosensitizer

Radiotherapy remains a cornerstone of cervical cancer treatment, yet tumor radioresistance limits therapeutic efficacy. Emerging evidence suggests that VitD can act as a radiosensitizer (107). Zhang et al. reported that pretreatment with VitD significantly sensitized VDR-positive cervical cancer cells to ionizing radiation by promoting radiation-induced apoptosis (108). Mechanistically, VitD downregulated the autophagy regulator Ambra1, impairing tumor cell autophagic responses that would otherwise protect against radiation-induced damage. Notably, VitD did not enhance DNA repair but rather shifted the balance toward cell death pathways (109). Animal studies support this synergistic interaction: combined VitD and radiotherapy more effectively suppressed tumor growth than radiotherapy alone. Thus, in VDR-expressing cervical tumors, VitD or calcitriol supplementation during radiotherapy may improve treatment outcomes. Given its ease of implementation, VitD supplementation around the time of radiotherapy represents a feasible clinical strategy (110). However, electrolyte disturbances due to VitD overdose must be monitored, and optimal dosage and timing remain to be established. Available data justify further investigation of VitD as a low-toxicity radiosensitizer to enhance local tumor control.



6.5 VitD combined with immunotherapy

Immune checkpoint inhibitors (ICIs), such as anti–PD-1/PD-L1 antibodies, have shown efficacy in subsets of patients with advanced cervical cancer, but overall response rates remain limited. VitD has potential to improve ICI responsiveness by modulating the immunosuppressive TME and enhancing T-cell functionality (111). Specifically, VitD reduces PD-1 expression on T cells, thereby mitigating exhaustion signals. It also decreases the suppressive activities of MDSCs and Tregs, supporting a more robust effector T-cell response. Clinical studies support this mechanism: a prospective study in patients with advanced solid tumors found that those receiving concurrent VitD supplementation during ICI treatment had significantly improved progression-free survival and disease control rates compared to VitD-deficient patients (112). In melanoma, patients with sufficient VitD levels also demonstrated higher objective response rates. These findings highlight VitD as a promising immunotherapeutic adjuvant. In cervical cancer, trials evaluating agents such as pembrolizumab may benefit from stratification by VitD status or integration of VitD supplementation into treatment protocols. Furthermore, VitD may enhance the efficacy of therapeutic HPV vaccines by maintaining adequate immune function, facilitating stronger T-cell responses. Experts recommend maintaining serum 25(OH)D levels within the range of 30–50 ng/mL in patients undergoing immunotherapy to optimize immune support.



6.6 Other combined strategies

Additional VitD-based combination strategies include.

VitD and chemotherapy: While a study by Avila et al. reported limited efficacy for VitD combined with conventional chemotherapy in advanced cervical cancer, synergism may exist for select agents. For example, VitD analogs combined with cisplatin demonstrated enhanced growth inhibition in cervical cancer cell lines (113, 114).

VitD and targeted small molecules: VitD may complement agents targeting the PI3K/Akt pathway by attenuating proliferation via nuclear receptor signaling and overcoming resistance (115).

VitD and microbiota modulation: VitD influences both gut and vaginal microbiota. Co-administration with probiotics or microbial therapeutics may restore vaginal microbial balance in HPV-infected individuals (e.g., by increasing Lactobacillus dominance), enhancing antiviral immunity (116).

VitD and NSAIDs: Dual inhibition of the COX-2/PGE2 axis through VitD and non-steroidal anti-inflammatory drugs (NSAIDs) may yield additive anti-inflammatory and chemopreventive effects—an area worth exploring for cervical cancer prevention (117).

Finally, VitD contributes to improving cancer patient quality of life, We also summarized the current relevant clinical trials (Table 2). Cervical cancer patients frequently suffer from fatigue, muscle weakness, and bone loss due to treatment or disease burden. Adequate vitamin D supplementation may help mitigate these effects by supporting musculoskeletal health and overall vitality, thereby reinforcing its importance in comprehensive patient care.

TABLE 2 Clinical trials related to vitamin D deficiency in tumors.


	NCT number
	Study title
	Conditions
	Interventions
	Phases





	NCT03038516
	‘Palliative-D' Vitamin D to Palliative Cancer Patients
	Vitamin D Deficiency
	DRUG: Cholecalciferol|DEVICE: Placebo
	PHASE2

 
	NCT03594214
	Prognostic Value of Vitamin D Levels in Egyptian Females With Breast Cancer
	Vitamin D Deficiency
	DIAGNOSTIC_TEST: serum vitamin d level measured by ELISA kit
	NA

 
	NCT05506696
	Vitamin D Supplementation Study
	Colorectal Cancer|Vitamin D Deficiency
	DIETARY_SUPPLEMENT: Fultium
	NA

 
	NCT03144128
	Vitamin D for Muscle Metabolic Function in Cancer Cachexia
	Cancer Cachexia|Vitamin D Deficiency
	DIETARY_SUPPLEMENT: Vitamin D|DIETARY_SUPPLEMENT: Placebo
	NA

 
	NCT01817231
	Epidemiological Analysis of Vitamin D and Breast Cancer Risk in Saudi Arabian Women
	Breast Cancer|Vitamin D Deficiency
	NA

 
	NCT01575717
	The Effect of Vitamin D Repletion in Patients With Hepatocellular Carcinoma on the Orthotopic Liver Transplant List
	Vitamin D Deficiency|Hepatocellular Carcinoma
	DRUG: Vitamin D3 4000 IU|DRUG: Vitamin D3 2000 IU
	NA

 
	NCT03986268
	Vitamin D Can Increase Pathological Response of the Breast Cancer Patients Treated With Neoadjuvant Therapy
	Vitamin D Deficiency|Chemotherapy Effect|Pathology
	DRUG: Vit D
	NA

 
	NCT03584529
	Association Between Vitamin D and the Development of Uterine Fibroids
	Gynecological Disease|Vitamin D Deficiency
	DRUG: Vitamin D 3
	NA

 
	NCT06551688
	Influence of Preoperative Vitamin D Level on Postoperative Pain in Breast Cancer Surgery Patients
	Cancer Breast|Hypovitaminosis D
	DIAGNOSTIC_TEST: Serum 25(OH)D level
	NA

 
	NCT04621500
	Vitamin D Supplementation in RNA-seq Profiles of Single-core Prostate Samples, Among Veterans
	Prostate Cancer|Vitamin D Deficiency|Stress Reaction
	DRUG: cholecalciferol|PROCEDURE: Standard of Care Prostate Biopsy - collection of 13th core for RNA-seq|PROCEDURE: Standard of Care Prostate Biopsies at baseline and after one year vitamin D3 supplementation|DIAGNOSTIC_TEST: Allostatic Load
	PHASE2

 
	NCT04030182
	Vitamin D Deficit in Women With Uterine Fibroids
	Leiomyoma|Vitamin D Deficiency|Fibroid Uterus
	DIAGNOSTIC_TEST: Level of Vitamin D
	NA

 
	NCT05950204
	Effect of Supplementation With 蠅-3 Fatty Acids, Vitamin D and Calcium in Patients With Acute Lymphoblastic Leukemia.
	Acute Lymphoblastic Leukemia|Vitamin d Deficiency
	DIETARY_SUPPLEMENT: 蠅-3 polyunsaturated fatty acids (DHA and EPA), Vitamin D (cholecalciferol), Calcium (calcium carbonate)
	NA

 
	NCT03472833
	High-dose Vitamin D3 in Pancreas Cancer
	Pancreas Cancer|Vitamin D Deficiency|Quality of Life
	DRUG: High-dose|DRUG: Standard dose
	PHASE3

 
	NCT05650151
	Peri-operative Vitamin D Therapy for Hepatectomy
	Vitamin D Deficiency|Hepatocellular Carcinoma|Perioperative Complication
	DIETARY_SUPPLEMENT: Vitamin D|DIETARY_SUPPLEMENT: Placebo
	NA

 
	NCT03871868
	Vitamin D Levels And Myoma Uteri
	Myoma;Uterus|Vitamin D Deficiency|Polycystic Ovary
	NA








7 Limitations, safety, and implementation considerations of VitD-related therapeutic strategies

VitD-based strategies for cervical disease include systemic supplementation, cervicovaginal local delivery, selective VDR agonists, radiosensitization, and combinations with immunotherapy or other agents. Their translational promise coexists with several constraints.

First, the strength of evidence varies across indications. Randomized trials in deficient populations suggest that high-dose cholecalciferol can increase spontaneous regression of low-grade CIN. By contrast, support for high-grade CIN and invasive cancer derives largely from small, heterogeneous studies, preclinical models, and secondary analyses. Well-stratified phase II and real-world trials are needed that enroll by baseline 25-hydroxyvitamin D [25(OH)D], VDR expression, HPV genotype, and lesion grade, and that use endpoints such as histologic regression, durable HPV clearance, and quality of life rather than short-term surrogates.

Second, measurement and dosing introduce variability. Immunoassays and LC–MS for 25(OH)D are not interchangeable, and total concentrations may not reflect the bioavailable fraction, which depends on VitD–binding protein and genetic variation. Target ranges for cervical outcomes are not standardized, and responses may differ between daily and intermittent regimens. Overall safety is favorable, yet high-dose or intermittent schedules warrant attention to hypercalcemia, nephrolithiasis risk, and drug interactions. Thiazide diuretics, calcium supplements, digitalis, anticonvulsants, glucocorticoids, and antiretrovirals can modify vitamin D metabolism or amplify adverse effects; dose intensification should be accompanied by monitoring of 25(OH)D and serum calcium.

Third, tissue context sets an efficacy ceiling. VDR expression is heterogeneous across the cervical disease spectrum and may decline in advanced tumors, potentially attenuating the benefit of systemic VitD or VDR agonists. On-target activity also depends on intracrine activation via CYP27B1, the prevailing inflammatory tone, and the state of the local microbiome. In radiosensitization settings, the timing relative to fractionated radiotherapy and the balance between apoptosis promotion and autophagy suppression require prospective optimization to avoid off-target toxicity. For combinations with immune checkpoint inhibition, associations between VitD sufficiency and outcomes are hypothesis-generating; prospective studies should incorporate immune phenotyping, including PD-L1, T-cell exhaustion states, and the neutrophil-to-lymphocyte ratio, to identify subgroups most likely to benefit.

Fourth, delivery and formulation pose practical barriers. Cervicovaginal gels, rings, and nanocarriers can concentrate drug at lesion sites while limiting systemic exposure, but stability in the vaginal milieu, mucosal retention, patient acceptability, and the regulatory pathway for device–drug combinations must be addressed. Although selective VDR agonists offer a wider therapeutic window than calcitriol, dose-finding that preserves antitumor and immunomodulatory effects while minimizing calcemic activity remains a key translational step.

Fifth, implementation requires system-level solutions. Harmonized assays, shared data standards, and pooled procurement can reduce heterogeneity and cost. Adherence, access, and equity are central, particularly in high-HPV-burden, resource-limited settings. Future studies should use adaptive, biomarker-enriched designs; include cervicovaginal pharmacokinetics and pharmacodynamics; and embed mechanistic readouts such as LL-37 induction, antigen-presentation transcripts, and spatial immune metrics. These steps will clarify where vitamin D functions primarily as prevention or immune support, where it acts as a true therapeutic adjunct, and where alternative strategies should be prioritized.



8 Conclusion

The future of cervical cancer prevention and treatment will increasingly rely on multidisciplinary collaboration and integrated management strategies. VitD, owing to its unique immunomodulatory and antitumor properties, holds promise as an effective adjunctive intervention for cervical lesions. From a public health perspective, improving VitD nutritional status across populations may serve as a feasible strategy to reduce the risk of persistent HPV infection and the development of precancerous cervical lesions. In clinical practice, targeted VitD supplementation for high-risk individuals (such as those with persistent HPV infection) may help delay or prevent the onset and progression of CIN. For patients already diagnosed with cervical lesions, incorporating VitD into therapeutic regimens may enhance treatment response, improve prognosis, and contribute to better quality of life.

However, several key scientific questions remain unresolved. For instance, the dose–response relationship of VitD in cervical disease is still unclear. The impact of VDR gene polymorphisms on treatment efficacy also warrants further investigation, as certain VDR genotypes have been associated with increased susceptibility to cervical cancer. In addition, how VitD supplementation could be synergistically integrated with existing preventive strategies, such as HPV vaccination, is an important area for future research. Given that VitD acts as a metabolic and immune regulator with typically slow and cumulative effects, its clinical benefits may not be immediately apparent. Therefore, outcome evaluation should emphasize long-term follow-up indicators, such as lesion progression, recurrence rates, and patient-reported quality of life, rather than relying solely on short-term histopathological changes.

In conclusion, the dynamic interplay between VitD, the immune microenvironment, and cervical disease progression is offering new insights into the pathogenesis and management of cervical cancer. VitD appears to exert influence at multiple critical stages of cervical carcinogenesis. With continued mechanistic investigations and high-quality clinical trials, this safe and naturally occurring molecule has the potential to be fully harnessed to develop optimized strategies, ultimately contributing to the global reduction of cervical cancer burden and improving patient outcomes.
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