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Abstract: immunotherapy has emerged as a revolutionary approach that harnesses the immune
system to combat malignancies. While compelling evidence demonstrates that gut microbiota
critically influences treatment efficacy through tumor microenvironment modulation, the role of
vitamin D (VD) remains controversial yet promising. VD exerts dual immunomodulatory effects: it
activates immune cells via vitamin D receptor (VDR) signaling while simultaneously shaping gut
microbial composition to enhance antitumor immunity potentially. Clinical data present conflicting
results - optimal VD levels correlate with improved immunotherapy response and reduced toxicity
in some studies, yet paradoxically associate with immunosuppression and even poorer survival
outcomes in others. While VD generally suppresses pro-inflammatory Th17/IL-17 pathways,
emerging evidence reveals context-dependent Th17 activation that may promote tumor metastasis in
specific populations. These contradictory findings underscore the urgent need to clarify VD's
complex dose-dependent and microbiome-mediated immunoregulatory mechanisms. Future
investigations should prioritize resolving these controversies to establish precise clinical applications
of VD in immunotherapy regimens.
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Introduction

Cancer immunotherapy represents a breakthrough treatment modality focused on activating or
strengthening the host immune system to recognize and destroy malignant cells. Significant advances
in this field have reinvigorated the therapeutic landscape for cancer patients [1,2]. However,
immunotherapy efficacy varies substantially among patients, characterized by low response rates
and significant side effects. Consequently, improving immunotherapy response rates through
endogenous immune regulation mechanisms has become a critical direction in tumor immunology
research. Within this context, vitamin D (VD), a hormone with both nutritional and
immunomodulatory effects, has gradually demonstrated potential value.

VD is well-established for its classical functions in calcium homeostasis and bone metabolism
and its pleiotropic effects, including cardiovascular protection, neuroregulation, and
immunomodulation [3,4]. Beyond these roles, emerging evidence highlights VD as a potent
immunomodulator with promising applications in cancer immunotherapy. The biological effects of
VD are mediated through its binding to vitamin D receptors, which are widely expressed on various
immune cells. This interaction modulates immune cell differentiation, functional activation, and
cytokine secretion profiles [5,6]. Notably, the immunomodulatory effects of VD are also achieved
through its impact on the gut microbiota. VD exhibits prebiotic-like properties by selectively
enriching beneficial bacterial populations, thereby becoming a key regulator of gut microbial
structure [7]. The gut microbiota itself plays a key role in regulating anti-tumor immune responses.
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In recent years, the "gut-immuno-tumor" research framework has gradually taken shape.
Multiple studies have confirmed associations between the abundance and diversity of specific
microbiota and immunotherapy efficacy [8-11]. Growing evidence indicates that microbial diversity
and taxonomic characteristics are linked to general health and significantly regulate tumorigenesis,
progression, and treatment efficacy [12]. This microbiota-mediated immunomodulation may
synergize with immune checkpoint inhibitor therapies, creating a favorable microenvironment for
enhancing anti-tumor immunity [13,14].

In conclusion, although VD and intestinal microbiota independently regulate immune
responses, the linkage between VD and its synergistic effect on cancer immunotherapy requires
systematic exploration, particularly because VD also influences intestinal microbiota changes.
Current studies generally suggest that VD can potentially promote tumor immunotherapy by
regulating intestinal microbiota and immune function; however, its effect is inconsistent. Excessive
VD supplementation can trigger immunosuppression, interfering with anti-tumor immune
responses [15]. Concurrently, while substantial evidence supports vitamin D receptor (VDR)
inhibiting the Th17/IL-17 pathway, reducing inflammation, and delaying tumor progression, it may
also activate the Th17 response and promote tumor metastasis in specific populations or tumor types
[16]. This contradiction indicates that VD's immunomodulatory effect involves complex dose-
dependence and individual variation; its interaction with microbiota and immunotherapy still
necessitates systematic study.

Therefore, this review aims to systematically explore the interaction between VD, gut
microbiota, and cancer immunotherapy efficacy, analyze their potential mechanisms and influencing
factors, clarify current research consensus and controversy, and evaluate the prospects and
challenges of VD as an adjunct strategy for cancer immunotherapy.

VD Metabolism and Function

VD deficiency is a major public health problem for all ages worldwide, even in countries with
perennial sun exposure [17-19]. The main source of VD in humans (90%) is the transformation of 7-
dehydrocholesterol, which is developed in the skin after UVB radiation from the sun, into preVD.
Only 10% of VD is obtained through dietary intake. VD is a fat-soluble vitamin in two forms, VD2
(ergocalciferol) and VD3 (cholecalciferol), both available through the diet. Vitamins D2 and D3 are
transformed into 25-hydroxyVD (25(OH)D) by 25-hydroxylase enzymes such as CYP27A1 and
CYP2R1 in the liver, which is the main circulating form of VD. Subsequently it is hydroxylated to
1,25 dihydroxyVD (1,25(0OH)2D) in the kidney by the 25(OH)D-1a-hydroxylase CYP27B1 [3,20].

1,25(OH)2D served as the primary ligand of VDR. The VDR is a nuclear hormone receptor and
transcription factor in virtually all cell types. The VDR forms a heterodimer within the nucleus with
the retinoid X receptor (RXR). This enables the VDR/RXR complex to bind to VD-responsive elements
(VDRES) in target genes and regulate their transcription. As a result, VD modulates numerous
cellular processes, with one of its most significant effects being the regulation of calcium absorption
in the intestine. Currently, 11,031 potential VDR target genes have been identified [21]. Among these,
43% are associated with metabolic processes, 19% with cell and tissue morphology, 10% with cell
junctions and adhesion, another 10% with differentiation and development, 9% with angiogenesis,
and 5% with epithelial-to-mesenchymal transition. Furthermore, the VDR governs various
microRNAs (miRNAs) and long non-coding RNAs linked to directly or indirectly expressing a broad
spectrum of proteins. These insights collectively highlight VD's vital role in numerous biological
processes [20,22-25] (Figure 1).

As such, VD is vital for maintaining calcium and phosphate homeostasis and bone
mineralization and plays an increasingly recognized role in metabolic regulation, immune
modulation, and cellular differentiation [26,27]. For instance, VD exhibits significant
immunomodulatory effects by enhancing the function of immune organs such as the spleen and
lymph nodes, as well as boosting T-cell activity, thereby strengthening the body's antitumor immune
defenses. VD exerts these effects through VDR expressed on immune cells, modulating genes related
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to cell proliferation and suppressing tumor cell survival, proliferation, migration, and metastasis [28].
In terms of inflammation regulation, clinical studies have confirmed that regular VD
supplementation significantly reduces disease activity in patients with relapsing-remitting multiple
sclerosis [29] and lowers the risk of cancer-associated inflammation, such as that linked to colorectal
cancer [28]. Additionally, VD provides cardiovascular protection [30], with supplementation shown
to reduce the risk of atherosclerotic cardiovascular diseases, particularly ischemic heart disease,
suggesting it may serve as an effective preventive strategy in populations with VD deficiency [31,32].
Research also indicates that higher serum 25-hydroxyVD levels are significantly associated with a
lower risk of venous thromboembolism, with this protective effect being more pronounced in
individuals with diabetes [25]. VD also plays a vital protective role during pregnancy and fetal
development [27,33].

Given these broad systemic functions, recent research has turned to exploring how VD status
contributes to more complex physiological and pathological processes, particularly in the fields of
cancer immunotherapy and host-microbiota interactions. The following sections will discuss these
emerging domains of VD biology.
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Figure 1. VD metabolism and mechanism of action.
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Effects of VD-Cancer Immunotherapy

Cancer remains a formidable global public health challenge in contemporary medicine[34,35].
Modern oncological interventions typically employ a multimodal approach, integrating surgical
resection, chemotherapy, radiotherapy, hormone therapy, immunotherapy, and hematopoietic stem
cell transplantation to combat malignant progression. Immunotherapy is one of the oncological
treatments by harnessing the immune system to selectively target tumor cells [36-39]. However,
treatment responses are often heterogeneous. Considering its established roles in calcium-phosphate
metabolism and systemic homeostasis, VD has emerged as a key immunomodulatory agent. In this
context, VD has attracted attention for its potential to both enhance antitumor immunity and mitigate
immunotherapy-associated toxicity [40].

The association between VD and cancer presents complex and varied findings. While multiple
observational studies have found that breast cancer patients generally exhibit lower serum 25(OH)D
levels compared to healthy controls, with more severe VD deficiency observed in advanced-stage
patients [41-43] , conclusions across studies differ significantly. Recent research has unveiled the
population-specific nature of VD's anticancer effects: a meta-analysis showed that higher serum
25(OH)D levels demonstrated significant protective effects only in premenopausal women or at the
time of diagnosis [44]. Conversely, a cohort study focusing on elderly European populations reached
the opposite conclusion, finding that breast cancer risk increased with higher 25(OH)D
concentrations [45]. More strikingly, research by Kanstrup et al. indicated that female breast cancer
patients with excessively high serum 25(OH)D levels (exceeding 110 nmol/L) exhibited poorer
survival outcomes [15]. At the mechanistic level, most evidence supports VD's role in inhibiting Th17
cell differentiation and IL-17 production via the VDR signaling pathway, thereby mitigating
inflammatory responses and suppressing tumor progression [16]. However, under certain conditions
(such as in younger individuals or high-estrogen environments), VD may paradoxically promote
Th17 cell activation and tumor metastasis risk by upregulating osteopontin (OPN) or activating
estrogen receptor pathways, among other mechanisms [16]. These conflicting findings suggest that
VD's role in cancer development and progression may be influenced by various factors, including
age, hormone levels, and genetic background. VD's precise mechanisms and clinical applications in
oncology warrant further in-depth research.

Cancer immunotherapy represents a paradigm shift in oncology, fundamentally transforming
cancer treatment strategies. This innovative approach harnesses and enhances the host's immune
system to target and eliminate malignant cells specifically, establishing itself as a cornerstone in
contemporary cancer management [1]. Conventional immunotherapeutic strategies primarily focus
on immune cell activation and immune response potentiation through several mechanisms: immune
checkpoint blockade targeting CTLA-4 and PD-1/PD-L1 pathways to counteract immune evasion;
tumor vaccines for immune system priming; adoptive cell therapy involving ex vivo immune cell
modification and expansion; and monoclonal antibody-mediated specific antigen targetin [2,39,46—
48]. The therapeutic advantages of immunotherapy are substantial, characterized by its exceptional
specificity and minimal off-target effects on normal tissues. Clinically, this modality has
demonstrated remarkable efficacy, with some patients achieving durable remission or complete
eradication of malignancies [49]. Furthermore, the immunological memory conferred by this
approach provides sustained protection against tumor recurrence, representing a significant
advancement in cancer therapeutics [50].

VD demonstrates synergistic potential in cancer immunotherapy, primarily mediated through
its interaction with the VD receptor (VDR). It is broadly expressed across immune cell lineages,
including T lymphocytes, dendritic cells, and macrophages [51,52]. Studies reveal that activation of
the VDR signaling pathway enhances anti-tumor immune responses via dual mechanisms: it
promotes the differentiation, maturation, and functional optimization of regulatory T cells (Tregs),
while concurrently reducing immunosuppressive factor levels within the tumor microenvironment
[35,53]. Notably, VD upregulates the expression of major histocompatibility complex (MHC)
molecules, thereby significantly enhancing the immune system's recognition capacity [54-56].
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Additionally, the crosstalk regulatory network between VD and key signaling pathways such as
PPARy, PI3K/AKT/mTOR can dynamically modulate the expression of immune checkpoint
molecules like PD-L1, providing new targets for combination therapies. Emerging evidence also
reveals the synergistic tumor-suppressive effects between VD signaling and the estrogen receptor
(ESR) pathway. These findings suggest that VD supplementation, through multi-pathway synergistic
effects, may serve as an ideal adjuvant to enhance the efficacy of immune checkpoint blockade
therapies [6].

The tumor microenvironment's inflammatory milieu constitutes a pivotal driver of oncogenesis,
facilitating neoplastic progression through sustained tumor cell proliferation, angiogenic induction,
and metastatic dissemination [57] . In this pathological context, VD exerts multimodal anti-
inflammatory effects, notably suppressing IL-6 and TNF-a production to disrupt the self-
perpetuating cycle of inflammation-mediated tumorigenesis [58-60]. These immunomodulatory
mechanisms collectively position VD as a potential adjuvant capable of recalibrating immune
homeostasis to potentiate conventional immunotherapies.

In immunotherapy, particularly immune checkpoint inhibitors (ICIs) such as anti-PD-1/PD-L1
and anti-CTLA-4 therapies*. Studies have shown that maintaining VD levels within the normal range
during anti-PD-1 immunotherapy is necessary to ensure treatment efficacy in patients with advanced
melanoma [61,62]. Additional research has indicated that, for melanoma patients receiving PD-1,
CTLA-4, or combined immune checkpoint inhibitors (ICIs), the administration of VD significantly
decreases the likelihood of developing ICI-induced colitis [4]. The PROVIDENCE study highlights
that early implementation of systematic VD supplementation may exert beneficial effects on clinical
outcomes in advanced cancer patients undergoing immune checkpoint inhibitor (ICI) therapy, while
also demonstrating that maintaining optimal VD sufficiency could serve as a preventive strategy
against thyroid-related immune-related adverse events (irAEs) [63]. Clinical observations have also
suggested that higher serum levels of VD are associated with improved responses to immunotherapy
and better overall survival in cancer patients [4,64,65].

However, the relationship between VD (VD) and cancer immunotherapy is complex and
context-dependent (Figure 4). While VD demonstrates immunomodulatory benefits that may
enhance immune checkpoint blockade therapy, emerging evidence suggests it may also exert
immunosuppressive effects on dendritic cells (DCs) and B cell function, which could potentially limit
its therapeutic efficacy in certain contexts [15,66]. The current literature presents conflicting findings
regarding VD's role in cancer immunotherapy, with variations in study outcomes potentially
attributable to differences in dosing regimens, patient characteristics [27], and cancer types [64].
Further research is needed to establish optimal dosing protocols, determine the most effective timing
for VD administration relative to treatment cycles, elucidate its precise mechanisms of action, and
identify patient subgroups that may derive the most significant clinical benefit from VD
supplementation in combination with immunotherapy.

In conclusion, VD constitutes a promising adjunctive therapy in cancer immunotherapy,
demonstrating potential to bolster immune responses and enhance therapeutic efficacy. However,
its complex and context-dependent effects require further clarification about its interplay with the
gut microbiome, an emerging axis of immunoregulation in cancer.
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Figure 4. VD can alleviate cancer progression and benefit the immune response of cancer immunotherapy.

VD Interacts with Gut Microbiota

Based on its role in modulating the immune system, VD also profoundly affects the gut
microbiota. The interaction between VD and the gut microbiota may further illuminate VD's
contribution to cancer immunotherapy efficacy.

The gut microbiota, a complex and dynamic ecosystem residing within the host's gastrointestinal
tract, comprises various microorganisms, including bacteria, archaea, fungi, viruses, and
bacteriophages. This intricate microbial community is pivotal in modulating multiple host
physiological functions and is intimately involved in health maintenance and disease pathogenesis
[67-70].

In the realm of nutritional metabolism, the gut microbiota plays an indispensable role in nutrient
biotransformation, particularly through the fermentation of indigestible dietary fibers into
biologically active short-chain fatty acids (SCFAs) [71], while simultaneously orchestrating lipid
metabolism and energy homeostasis. Regarding immune regulation, commensal microorganisms are
essential for the maturation and differentiation of immune cells, particularly in gut-associated
lymphoid tissues [72]. Furthermore, these microbial communities contribute to maintaining intestinal
epithelial barrier integrity and regulating mucosal immune homeostasis through complex host-
microbe interactions [73]. Meanwhile, it plays a significant role in digesting food, regulating intestinal
endocrine function and neural signaling [74], training host immunity [72], modifying drug action and
metabolism [75], as well as detoxifying the body [68]. However, although the gut microbiota plays
many key roles, it is complexly influenced by various physiological and environmental factors.

VD influences the gut microbiota apparently (Figure 2) [76,77]. The findings revealed a
correlation between VD levels and the composition, diversity, or functionality of the gut microbiota
[78-80]. In a double-blind randomized controlled trial, VD was found to improve gut microbiota and
promote muscle anabolism [81]. The Mediterranean diet was applied to 91 patients with obesity and
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metabolic syndrome. After one year of dietary intervention, patients with low levels of 25(OH)D
exhibited an increase in the diversity of their intestinal microbiota, which influenced their metabolic
processes [82]. Additionally, individuals with the highest versus lowest concentrations of
1,25(0OH)2D and its activation ratios tend to possess greater abundances of butyrate-producing
bacteria, which have been linked to improved gut microbial health [83]. In particular, VD
supplements can increase beneficial gut microbiota, including Ruminococcaceae, Akkermansia,
Faecalibacterium, and Coccus, thereby modulating autoimmune responses [84]. In mice subjected to
VD-deficient diets or genetic knockout models, the abundance of Bacteroidetes (or taxa within this
phylum) in the gut microbiota was observed to increase [80]. VD induces the expression of
antimicrobial peptides (AMPs) in the zebrafish intestine by activating microbiota-dependent IL-22
signaling. In VD-deficient zebrafish, the abundance of the acetate-producing bacterium Vibrio is
reduced. This study demonstrates that VD regulates the composition of the gut microbiota in
zebrafish and the production of short-chain fatty acids (SCFAs), thereby enhancing immunity [71].
VD deficiency syndrome can manifest as colonic hyperplasia and epithelial barrier dysfunction
during C. rodentium attack [85].

VDR is also closely related to the gut microbiota [77]. The downregulation of VDR and the
impaired ability to produce the active form of VD have been correlated with a reduction in
Lactobacillus and an increase in Proteobacteria within the gut microbiota [86]. By the way, other
research indicates that the induction of Cyp27b1 in mice colonic epithelial cells, which is anticipated
to boost local production of 1,25(OH)2D, functions as a protective mechanism. This mechanism
partially mitigates the downregulation of epithelial VDR during colonic inflammation. The elevated
local levels of 1,25(0OH)2D sustain the 1,25(0OH)2D-VDR signaling pathway, which safeguards the
mucosal barrier and diminishes colonic inflammation [87]. In parallel, fecal and cecal stool samples
were collected from VDR knockout (Vdr+) and wild-type mice to extract bacterial DNA. Then,
samples were subjected to 454 pyrosequencing to determine the bacterial composition present in the
stool samples. The findings suggest that VDR status influences the gut microbiota at a taxonomic and
functional level and correlates with VDR-associated bacterial changes in clinical disease [88].

Studies have shown that gut microbiota can modulate intestinal VD metabolism [89].
Specifically, the Bifidobacterium longum strain FSHHK13M significantly elevated 1,25-dihydroxy
VD and osteocalcin serum, thereby alleviating osteoporosis in mice [90]. In addition, the study found
that doubling the genetic liability associated with the abundance
of Erysipelotrichia, Erysipelotrichaceae, and Erysipelotrichales reduced the concentration of
25(OH)D [91].

The literature thus suggests a potential pathogenic cascade: VD deficiency triggers gut
microbiota imbalance, exacerbating microbial dysbiosis and systemic disease [79]. Furthermore, the
gut microbiota reciprocally modulates intestinal VD levels. This bidirectional interplay between VD
and gut microbiota may inform clinical strategies to optimize VD supplementation.

Given the central role of the gut microbiota in immune modulation and its tight interplay with
VD signaling, it is reasonable to hypothesize that VD-microbiota interactions may significantly
influence responses to cancer immunotherapy. The following section explores how gut microbiota
composition and function affect the efficacy and safety of cancer immunotherapy, thereby
complementing the immunoregulatory role of VD.
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Figure 2. VD serves as a key regulator of gut microbiota, with bidirectional interactions between them.

Gut Microbiota as a Determinant of Immunotherapy Efficacy

The gut microbiota has emerged as a key modulator of cancer immunotherapy efficacy. Research
has demonstrated that gut microbiota profoundly influences the effectiveness of immunotherapy
through multiple mechanisms [8], including modulation of immune cell function, production of
immunologically active metabolites, maintenance of intestinal barrier integrity, and alteration of the
tumor microenvironment (Figure 3). Firstly, concerning immune cell function, studies have
demonstrated that secondary bile acids, which are products of primary bile acid metabolism by gut
microbiota, enhance the activation and effector functions of T cells while reducing the accumulation
and functionality of myeloid-derived suppressor cells (MDSCs) [92,93], thereby modulating immune
cell activity. In terms of the production of immunologically active metabolites, gut microbiota such
as Akkermansia muciniphila and Bifidobacterium enhance the anti-tumor activity of CD8+ T cells by
producing short-chain fatty acids (SCFAs) and tryptophan metabolites, thus improving the efficacy
of immunotherapy [13,14]. Analysis of fecal metagenomes from 112 melanoma patients and in vivo
experiments in mice revealed that bacterial subpopulations encoding immunostimulatory hexa-
acylated lipopolysaccharide (LPS) can enhance the anti-tumor efficacy of anti-PD-1 therapy [94].
Additionally, the gut microbiota supports intestinal barrier integrity, blocking bacterial and toxin
entry into the bloodstream to reduce systemic inflammation and indirectly enhance anti-tumor
immunity [95]. Finally, research has shown that the gut microbiota can alter the tumor
microenvironment; For instance, Bacteroides fragilis enhances the efficacy of anti-CTLA-4 therapy by
remodeling the tumor microenvironment through immunomodulatory mechanisms [9].

Many findings highlight the critical role of gut microbiota in modulating host immune responses
and shaping clinical outcomes during cancer immunotherapy [10,11]. Emerging evidence positions
the gut microbiota as a vital determinant in regulating therapeutic responses to immune checkpoint
inhibitors (ICIs) [13,14,96]. Fecal microbiota transplantation from humans to mice demonstrated that
anti-CTLA-4 antibody treatment in melanoma patients promotes the expansion of Bacteroides
fragilis, which possesses potent anticancer properties [9]. In previous studies, extensive research has
shown that the gut microbiota composition serves as a reliable predictive biomarker for both the
therapeutic efficacy of immune checkpoint blockade (ICB) therapy and the likelihood of associated
adverse events.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In summary, the gut microbiota plays a critical role in cancer immunotherapy. Looking ahead,
modulating the gut microbiota through approaches such as probiotics and fecal microbiota
transplantation (FMT) may emerge as a pivotal strategy for enhancing therapeutic efficacy and
reducing adverse effects in immunotherapy.

Importantly, VD is a potential co-regulator of this microbiota—immune axis to enhance responses
in cancer immunotherapy. The following section thoroughly explores this emerging interplay
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Gut Microbiota and VD Synergy in Modulating Cancer Immunotherapy

Recent studies have underscored the pivotal role of VD in immune regulation and its profound
implications for cancer immunity [97-99]. Research by Giampazolias et al. [7] demonstrates that
elevated VD levels enhance immune-mediated resistance to melanoma and improve responses to
immune checkpoint blockade therapies. This immunomodulatory effect is mediated through VD's
action on intestinal epithelial cells (IECs), which remodel the gut microbiota and promote the
proliferation of Bacteroides fragilis, a bacterium known for its positive regulation of cancer
immunity.

Animal studies reveal that VD deficiency or supplementation directly impacts gut microbiota
composition, triggering significant immune response alterations. VD facilitates the expansion
of Bacteroides fragilis and reduces the abundance of Prevotella brevis. This microbial shift markedly
enhances anti-tumor immunity by boosting T cell activity and improving immunotherapy efficacy.
These beneficial effects can be transferred via fecal microbiota transplantation (FMT), provided
recipients maintain adequate dietary VD levels. This indicates that VD establishes a conducive
microenvironment in the gut that supports the growth of beneficial bacteria like Bacteroides fragilis,
thereby amplifying cancer immune responses. In human studies, VD levels and the expression of VD
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receptor (VDR) target genes correlate with improved cancer prognoses and enhanced efficacy of
immune checkpoint inhibitor [7,97,98].

In summary, these findings suggest that VD status may serve as a predictive biomarker for
immunotherapy outcomes and a potential therapeutic target to optimize cancer treatment [61,100].
This highlights the strategic potential of VD supplementation in modulating the microbiota and
augmenting the effectiveness of cancer immunotherapies (Figure 5). Further clinical translational
research is warranted to explore optimal approaches for VD supplementation in cancer patients.
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Conclusions

The synergistic interaction among VD, gut microbiota, and cancer immunotherapy offers a novel
research direction for tumor treatment. VD not only directly modulates the activity of immune cells
through the VDR but also reshapes the gut microbiota structure, promoting the colonization of
beneficial bacteria such as Bacteroides fragilis, thereby enhancing antitumor immune responses via
the "microbiota-immune axis." Maintaining optimal VD levels can improve the efficacy of immune
checkpoint inhibitors, reduce immune-related adverse events, and enhance patient survival rates.
However, the role of VD is complex and paradoxical. While it generally suppresses the Th17/IL-17
pathway to mitigate inflammation and inhibit tumor progression, VD may unexpectedly enhance
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Th17 activity and even increase metastasis risk in specific populations or tumor types. Thus, the
immunomodulatory effects of VD are highly dependent on individual variability, the tumor
microenvironment, and gut microbiota composition.

Future Perspectives

Although the synergy between VD and immunotherapy shows great promise, several key issues
remain to be addressed:

(1) Mechanistic Research: Further exploration is needed to understand how VD influences
immune cell function via gut microbiota, particularly its bidirectional regulation of the Th17/Treg
balance. Studies should also investigate VD's crosstalk with other critical signaling pathways (e.g.,
PPARYy, PI3K/AKT/mTOR) and its dynamic impact on PD-L1 expression.

(2) Personalized Treatment Strategies: Multi-omics data (e.g., metagenomics, metabolomics,
immunomics) should be integrated to develop predictive models identifying patients who may
benefit from VD supplementation. Precision intervention strategies, such as combining probiotics,
prebiotics, or fecal microbiota transplantation (FMT), should be explored to optimize
immunotherapy outcomes.

(3) Clinical Translation: Large-scale randomized controlled trials (RCTs) are required to
determine the optimal VD dosage, timing, and target populations while avoiding the
immunosuppressive risks of excessive supplementation. The combined use of VD with other
immunomodulators should be investigated to develop more effective combination therapies.

(4) Technological Advancements: Rapid and cost-effective VD and gut microbiota detection
methods should be developed to facilitate routine clinical monitoring. Organoid or humanized
mouse models could help simulate VD-microbiota-immune system interactions, accelerating
mechanistic research.

In summary, integrating VD and immunotherapy provides a promising new approach to cancer
treatment, but its clinical application requires deeper mechanistic insights and rigorous validation.
Combining basic research, multi-omics analysis, and personalized medicine, safer and more effective
precision immunotherapy strategies may soon become a reality.
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