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Abstract

Recent breakthroughs in cancer immunotherapy have shown remarkable success, yet
treatment efficacy varies significantly among individuals. Emerging evidence highlights
the gut microbiota as a key modulator of immunotherapy response, while vitamin D
(VD), an immunomodulatory hormone, has garnered increasing attention for its potential
interactions with gut microbiota and immunotherapy outcomes. However, the precise
mechanisms and clinical applications of VD in this context remain controversial. This study
systematically analyzed peer-reviewed evidence from PubMed, Scopus, Web of Science,
PsycINFO, and MEDLINE (January 2000–May 2025) to investigate the complex interplay
among VD, gut microbiota, and cancer immunotherapy. This review demonstrates that VD
exerts dual immunomodulatory effects by directly activating immune cells through vitamin
D receptor (VDR) signaling while simultaneously reshaping gut microbial composition
to enhance antitumor immunity. Clinical data reveal paradoxical outcomes: optimal VD
levels correlate with improved immunotherapy responses and reduced toxicity in some
studies yet are associated with immunosuppression and poorer survival in others. The
bidirectional VD–microbiota interaction further complicates this relationship: VD supple-
mentation enriches beneficial bacteria, which reciprocally regulate VD metabolism and
amplify immune responses, whereas excessive VD intake may disrupt this balance, leading
to dysbiosis and compromised therapeutic efficacy. These findings underscore the need
to elucidate VD’s dose-dependent and microbiota-mediated mechanisms to optimize its
clinical application in immunotherapy regimens. Future research should prioritize mech-
anistic studies of VD’s immunoregulatory pathways, personalized strategies accounting
for host–microbiota variability, and large-scale clinical trials to validate VD’s role as an
adjuvant in precision immunotherapy.

Keywords: vitamin D; gut microbiota; cancer immunotherapy; crosstalk

1. Introduction
Cancer immunotherapy has revolutionized oncology by harnessing the immune sys-

tem to target and eliminate malignant cells. Despite its transformative potential, the
efficacy of immunotherapy varies widely among patients, with many experiencing limited
responses or significant adverse effects. This variability underscores the need to identify
factors that can optimize treatment outcomes [1,2].
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Among these, vitamin D (VD) and the gut microbiota have emerged as critical modu-
lators of immune function, with growing evidence suggesting their interplay may influence
immunotherapy efficacy. VD, traditionally recognized for its role in calcium homeosta-
sis and bone health, also exhibits potent immunomodulatory properties. It acts through
the vitamin D receptor (VDR), which is expressed on immune cells, regulating their dif-
ferentiation, activation, and cytokine production [3–6]. Recent studies have highlighted
VD’s ability to shape the gut microbiota, promoting the growth of beneficial bacteria such
as Bacteroides fragilis, which, in turn, enhances antitumor immunity [7]. Conversely, VD
deficiency or excess can disrupt immune balance, leading to paradoxical effects such as
immunosuppression or heightened inflammation [8,9].

The gut microbiota, a dynamic ecosystem of microorganisms, plays a pivotal role in
immune regulation and has been linked to immunotherapy responses. Specific microbial
taxa, including Akkermansia muciniphila and Bifidobacterium, are associated with improved
outcomes by modulating immune cell activity and the tumor microenvironment [10–16].
Notably, VD and the gut microbiota engage in bidirectional interactions: VD influences
microbial composition, while gut bacteria metabolize VD into its active form, creating a
feedback loop that impacts host immunity [17,18].

This review examines the tripartite relationship among VD, gut microbiota, and
cancer immunotherapy, synthesizing current evidence on their synergistic and context-
dependent effects. It further analyzes the mechanisms by which VD and microbiota
regulate immune responses, reviews clinical findings—including conflicting evidence on
VD’s role in immunotherapy—and explores future research directions and therapeutic
applications. By elucidating these interactions, this review aims to provide novel insights
into leveraging VD and microbiota modulation to enhance immunotherapy efficacy and
develop personalized cancer treatment strategies.

2. Methods
2.1. Search Strategy

This review was conducted in PubMed, Scopus, Web of Science, PsycINFO, and MED-
LINE, covering publications from January 2000 to May 2025. Medical subject headline
terms included “Vitamin D and Immunotherapy”, “Vitamin D and Gut Microbiota”, “Gut
Microbiota and Immunotherapy”, and “Vitamin D and Gut Microbiota and Immunother-
apy”. We explored our proposed association by examining diverse levels of evidence, as
discussed successively (Figure 1).

Figure 1. PRISMA flowchart for the selection of studies.
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2.2. Inclusion Criteria

(a) Study types include randomized controlled trials, cohort studies, case–control studies,
cross-sectional studies, and systematic reviews. Animal or cellular experimental
studies with clearly defined mechanistic investigations are also eligible;

(b) For human studies, participants must be cancer patients receiving immunotherapy. Animal
studies must examine the effects of VD or gut microbiota on immunotherapy outcomes;

(c) Studies must explicitly report VD status or gut microbiota composition and their
interactions, with particular focus on the bidirectional regulatory relationship between
VD and gut microbiota;

(d) Primary outcomes include immunotherapy response rates and survival data. Secondary
outcomes encompass immune-related adverse events and changes in microbiota diversity.

2.3. Exclusion Criteria

(a) Non-original research types such as case reports and conference abstracts will be excluded;
(b) Studies not focused on cancer immunotherapy will be excluded;
(c) Studies failing to report key measurement methods or with insufficient sample sizes

will be excluded based on data quality considerations;
(d) Studies with significant uncontrolled confounding factors will be excluded;
(e) Duplicate publications or studies irrelevant to the research topic will not be considered.

2.4. Quality Assessment

This systematic review employed standardized assessment tools tailored to different
study types to evaluate the methodological quality of the included literature comprehen-
sively. Systematic reviews were assessed using the AMSTAR checklist (11 items, total score
of 0–11), with scores ranging from 0–4 indicating low quality, 5–8 indicating moderate
quality, and 9–11 indicating high quality (Table 1). Observational studies were evaluated
using the Newcastle-Ottawa Scale (NOS) across three domains (selection of study partic-
ipants, comparability among groups, and outcome assessment), with a maximum score
of 9 stars, as follows: 1–3 stars for low quality, 4–6 for moderate quality, and 7–9 for high
quality (Table 2). Randomized controlled trials were assessed using the modified Jadad
scale (0–7 points), where scores of 1–3 indicated low quality and scores of 4–7 indicated
high quality (Table 3). Preclinical animal studies were evaluated using the Systematic
Yardstick for Evaluating Credibility of Laboratory Experimental Studies (SYECLE) tool
for bias risk assessment (Table 4). Although some items were rated as unclear in certain
studies, their methodological credibility was still acknowledged, given their publication in
high-impact-factor journals. This multi-tool approach ensured a rigorous and appropriate
quality assessment for each study design included in the analysis.

Table 1. Quality assessment of AMSTAR.

Author/Year 1⃝ 2⃝ 3⃝ 4⃝ 5⃝ 6⃝ 7⃝ 8⃝ 9⃝ 10⃝ 11⃝ Total
Score

Literature
Quality

Fekete M. et al., 2025 [19] 1 0 1 1 1 1 0 0 0 0 1 6 Medium
Estébanez N. et al., 2018 [20] 1 1 1 1 1 1 1 1 1 1 1 11 High
Mondul A.M. et al., 2017 [21] 0 0 1 0 1 1 0 0 1 1 1 6 Medium

Aggeletopoulou I. et al., 2023 [22] 1 1 1 1 0 1 0 1 1 0 1 8 High
Waterhouse M. et al., 2018 [23] 1 1 1 1 1 1 1 1 1 0 1 10 High

1⃝ Is there a study design protocol? 2⃝ Were screening and extraction performed by two individuals? 3⃝ Is the
search strategy comprehensive? 4⃝ Do the inclusion criteria cover gray literature? 5⃝ Are there inclusion and
exclusion criteria? 6⃝ Are the characteristics of the included studies described? 7⃝ Were the scientific quality of the
included studies assessed and reported? 8⃝ Was the scientific quality of the included studies appropriately applied
in deriving conclusions? 9⃝ Was the synthesis of the results appropriate? 10⃝ Was the possibility of publication
bias assessed? 11⃝ Were conflicts of interest disclosed?
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Table 2. Quality assessment of NOS.

Author/Year Selection Comparability Outcome Total Score Literature
Quality

Grover S. et al., 2020 [4] ⋆⋆⋆⋆ ⋆⋆ ⋆⋆⋆ Nine High
Kanstrup C. et al., 2020 [8] ⋆⋆⋆⋆ ⋆⋆ ⋆⋆⋆ Nine High
Chaput N. et al., 2017 [12] ⋆⋆⋆ ⋆ ⋆⋆⋆ Seven High

Zhu X. et al., 2024 [13] ⋆⋆⋆⋆ ⋆⋆ ⋆⋆⋆ Nine High
Gopalakrishnan V. et al., 2018 [15] ⋆⋆⋆⋆ ⋆⋆ ⋆⋆⋆ Nine High

Matson V. et al., 2018 [16] ⋆⋆⋆⋆ ⋆⋆ ⋆⋆⋆ Nine High
Song S. et al., 2025 [24] ⋆⋆⋆⋆ ⋆⋆ ⋆⋆⋆ Nine High
Lim S.T. et al., 2015 [25] ⋆⋆⋆ ⋆⋆ ⋆ Six Medium

Shirazi L. et al., 2016 [26] ⋆⋆⋆ ⋆⋆ ⋆⋆⋆ Eight High
Ordóñez-Mena J.M. et al., 2016 [27] ⋆⋆⋆⋆ ⋆⋆ ⋆⋆⋆ Nine High

Middleton P.G. et al., 2002 [28] ⋆⋆⋆⋆ ⋆⋆ ⋆⋆⋆ Nine High
Galus Ł. et al., 2023 [29] ⋆⋆⋆⋆ ⋆⋆ ⋆⋆ Eight High

Boughanem H. et al., 2023 [30] ⋆⋆⋆ ⋆⋆ ⋆⋆⋆ Eight High
Sardar P. et al., 2025 [31] ⋆⋆⋆⋆ ⋆⋆ ⋆⋆ Eight High

Zitvogel L. et al., 2018 [32] ⋆⋆⋆ ⋆⋆ ⋆⋆ Seven High
Routy B. et al., 2018 [33] ⋆⋆⋆⋆ ⋆⋆ ⋆⋆ Eight High
Kanno K. et al., 2023 [34] ⋆⋆⋆⋆ ⋆⋆ ⋆⋆⋆ Nine High

Ferrer-Mayorga G. et al., 2017 [35] ⋆⋆⋆⋆ ⋆⋆ ⋆⋆ Eight High

Table 3. Quality assessment of modified Jadad score.

Author/Year Random Sequence
Generation

Randomization
Concealment Blinding Withdrawals

and Dropouts Total Score Literature
Quality

Jamshidi S.
et al., 2022 [36] +2 +2 +2 +1 7 High

Table 4. Quality assessment of SYECLE.

Author/Year Sequence
Generation

Baseline
Characteristics

Allocation
Concealment

Random
Housing Blinding

Random
Outcome

Assessment

Incomplete
Outcome

Data

Selective
Outcome
Reporting

Other
Bias

Giampazolias E.
et al., 2024 [7] High Low Unclear Unclear Unclear Low Low Low Moderate

Vétizou M. et al.,
2015 [11] Unclear Low Unclear Low Unclear Low Low Low Low

Gopalakrishnan V.
et al., 2018 [15] Unclear Low Unclear Low Unclear Low Low Low Low

Matson V. et al.,
2018 [16] Unclear Low Unclear Low Unclear Low Low Low Low

Liao X. et al.,
2023 [37] Unclear Unclear Unclear Low Unclear Low Low Low Unclear

Assa A. et al.,
2014 [38] Unclear Low Unclear Low Unclear Low Low Low Unclear

Du J. et al.,
2022 [39] Unclear Unclear Unclear Low Unclear Low Low Low Low

Jin D. et al.,
2015 [40] Unclear Unclear Unclear Low Unclear Low Low Low Low

Wang H. et al.,
2025 [41] Unclear Low Unclear Low Unclear Low Low Low Unclear

Ma C. et al.,
2018 [42] Unclear Low Unclear Low Unclear Low Low Low Low

Song X. et al.,
2020 [43] Unclear Low Unclear Low Unclear Low Low Low Low

The NOS criteria consist of three main sections:

(a) Selection of Study Groups:

i. Representativeness of the exposed cohort (⋆): Rated from “fully representa-
tive of population” to “not described” (4 tiers).

ii. Selection of non-exposed group (⋆): Highest score if drawn from the same
community; lower if from different sources/not described.
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iii. Ascertainment of exposure (⋆): Priority given to secure records or structured
interviews; self-reports or no description score lower.

iv. Absence of outcome at baseline (⋆): Must confirm no pre-existing outcome
(“yes” scores).

(b) Comparability:

i. Control for the most important confounder (⋆), with additional control for
other factors (⋆).

(c) Outcome Assessment:

i. Evaluation method (⋆): Blind independent assessment or record linkage
scores highest; self-reports or no description score lower.

ii. Follow-up duration (⋆): Must be sufficient and predefined.
iii. Follow-up adequacy (⋆): Complete follow-up or low-bias attrition (e.g., <20%

loss) scores highest.

3. VD Metabolism and Function
VD deficiency is a major public health problem for all ages worldwide, even in

countries with perennial sun exposure [44–46]. 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(OH)2D) in the kidneys by the 25(OH)D-1α-hydroxylase CYP27B1 [3,47].

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 po-
tential VDR target genes have been identified [48]. 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 express-
ing a broad spectrum of proteins. These insights collectively highlight VD’s vital role in
numerous biological processes [47,49–52] (Figure 2).

VD plays a crucial role in calcium–phosphate homeostasis and bone mineraliza-
tion while also demonstrating increasingly recognized functions in immune regulation,
metabolic control, and cellular differentiation [53,54]. Its immunomodulatory effects in-
clude enhancing immune organ function and T-cell activity, thereby strengthening an-
titumor immunity through VDR expressed on immune cells. These receptors regulate
genes involved in cell proliferation while suppressing tumor survival, migration, and
metastasis [19]. In the context of hematopoietic stem cell transplantation (HSCT), VD
deficiency, commonly observed both before and after transplantation, has been associated
with increased risks of graft-versus-host disease (GVHD) and poorer survival outcomes.
Conversely, maintaining sufficient VD levels during the transplantation process is corre-
lated with reduced GVHD incidence, decreased production of pro-inflammatory cytokines,
and enhanced immune reconstitution [55–57].
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Figure 2. Vitamin D (VD) metabolism and mechanism of action. The circulating form of VD in
the blood and its mechanism of action through vitamin D receptors (VDRs). A VDR is a nuclear
hormone receptor and transcription factor present in almost all cell types. In the nucleus, a VDR
forms a heterodimer with the retinoid X receptor (RXR). This enables the VDR/RXR complex to bind
to vitamin D response elements (VDREs) in target genes and regulate their transcription, as well as
the aspects encompassed by the target genes.

Regarding inflammation modulation, clinical evidence demonstrates that VD supple-
mentation effectively attenuates oxidative stress and inflammatory markers (IL-6, hs-CRP,
PAI-1, and fibrinogen) in VD-deficient patients with type 2 diabetes [58]. Furthermore,
VD exhibits protective effects against cancer-associated inflammation, particularly in col-
orectal cancer [19], and provides cardiovascular benefits by reducing atherosclerotic risks,
especially ischemic heart disease [59–61]. Notably, higher serum 25(OH)D levels show
significant association with decreased venous thromboembolism risk, with enhanced pro-
tection observed in diabetic populations [49]. Additionally, VD contributes substantially to
maternal health and fetal development [54,62].

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.

4. Effects of VD-Based Cancer Immunotherapy
Cancer remains a formidable global public health challenge in contemporary

medicine [63,64]. Modern oncological interventions typically employ a multimodal ap-
proach, integrating surgical resection, chemotherapy, radiotherapy, hormone therapy, im-
munotherapy, and hematopoietic stem-cell transplantation to combat malignant progres-
sion. Immunotherapy is one of the oncological treatments that harnesses the immune
system to selectively target tumor cells [24–26,65]. 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 con-
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text, VD has attracted attention for its potential to both enhance antitumor immunity and
mitigate immunotherapy-associated toxicity [66].

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 with healthy controls, with more severe VD de-
ficiency observed in advanced-stage patients [27,28,67], 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 [20]. 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 [68]. 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 [8]. 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. 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 [9].
Recent studies have revealed that VDR gene polymorphisms show significant associa-
tions with the risk of acute GVHD and patient survival following allogeneic bone marrow
transplantation. Recipients carrying low-activity VDR alleles demonstrate increased sus-
ceptibility to severe GVHD. At the same time, donors with high-activity VDR genotypes
significantly elevate recipient mortality risk, particularly in cases receiving intensified im-
munosuppressive therapy [69]. These conflicting findings suggest that VD’s role in cancer
development and progression may be influenced by various factors, including age, hor-
mone 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 trans-
forming 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 immunotherapeu-
tic strategies primarily focus on immune cell activation and immune response potentiation
through several mechanisms, as follows: 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 [2,65,70–72]. 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 com-
plete eradication of malignancies [73]. Furthermore, the immunological memory conferred
by this approach provides sustained protection against tumor recurrence, representing a
significant advancement in cancer therapeutics [74].

VD demonstrates synergistic potential in cancer immunotherapy, primarily mediated
through its interaction with the VDR. It is broadly expressed across immune cell lineages,
including T lymphocytes, dendritic cells, and macrophages [75,76]. Studies reveal that the
activation of the VDR signaling pathway enhances antitumor 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 [64,77]. Notably, VD upregulates the expression
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of major histocompatibility complex (MHC) molecules, thereby significantly enhancing
the immune system’s recognition capacity [78–80]. Additionally, the crosstalk regulatory
network between VD and key signaling pathways such as PPARγ, 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 [81]. In this pathological context, VD ex-
erts multimodal anti-inflammatory effects, notably suppressing IL-6 and TNF-α production
to disrupt the self-perpetuating cycle of inflammation-mediated tumorigenesis [29,82,83].
These immunomodulatory mechanisms collectively position VD as a potential adjuvant
capable of recalibrating immune homeostasis to potentiate conventional immunotherapies
(Figure 3).

Figure 3. VD demonstrates potential in cancer immunotherapy. Its mechanisms of action include
(1) interacting with pathways such as PPARγ/PI3K/ESR to regulate immune checkpoints like PD-L1;
(2) modulating immune cell function; (3) upregulating MHC molecule expression to enhance immune
recognition; and (4) suppressing pro-inflammatory factors such as IL-6/TNF-α. These multi-pathway
synergistic effects suggest VD could serve as an ideal adjuvant to enhance the efficacy of immune
checkpoint inhibitors.

In immunotherapy, particularly immune checkpoint inhibitors (ICIs) such as anti-
PD-1/PD-L1 and anti-CTLA-4 therapies [4], 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 [37,84]. Additional research has
indicated that, for melanoma patients receiving PD-1, CTLA-4, or combined ICIs, the
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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 ICI therapy while also demonstrating that maintaining optimal VD
sufficiency could serve as a preventive strategy against thyroid-associated immune-related
adverse events (irAEs) [85]. 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 [4,21,86].

However, the relationship between VD and cancer immunotherapy is complex and
context-dependent. While VD demonstrates immunomodulatory benefits that may en-
hance immune checkpoint blockade therapy, emerging evidence suggests it may also exert
immunosuppressive effects on dendritic cells (DCs) and β-cell function, which could poten-
tially limit its therapeutic efficacy in certain contexts [8,87]. 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 characteris-
tics [54], and cancer types [21]. 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 immunother-
apy, demonstrating the potential to bolster immune responses and enhance therapeutic
efficacy. However, its complex and context-dependent effects require further clarifica-
tion about its interplay with the gut microbiome, an emerging axis of immunoregulation
in cancer.

5. 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, comprise 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 [88–90].

In the realm of nutritional metabolism, the gut microbiota play an indispensable
role in nutrient biotransformation, particularly through the fermentation of indigestible
dietary fibers into biologically active short-chain fatty acids (SCFAs) [91,92], while simul-
taneously 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 [36]. Furthermore, these
microbial communities contribute to maintaining intestinal epithelial barrier integrity and
regulating mucosal immune homeostasis through complex host–microbe interactions [93].
Meanwhile, they play significant roles in digesting food, regulating intestinal endocrine
function and neural signaling [94], training host immunity [36], and modifying drug action
and metabolism [95], as well as detoxifying the body [89]. However, although the gut
microbiota play many key roles, they are complexly influenced by various physiological
and environmental factors.

VD influences the gut microbiota apparently (Figure 4) [17,95]. The findings reveal a
correlation between VD levels and the composition, diversity, or functionality of the gut
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microbiota [22,23,96]. In a double-blind randomized controlled trial, VD was found to
improve gut microbiota and promote muscle anabolism [39]. The Mediterranean diet was
applied to 91 patients with obesity and 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 [30]. Addition-
ally, individuals with the highest versus lowest concentrations of 1,25(OH)2D and its
activation ratios tend to possess greater abundances of butyrate-producing bacteria, which
have been linked to improved gut microbial health [40]. In particular, VD supplements
can increase beneficial gut microbiota, including Ruminococcaceae, Akkermansia, Faecalibac-
terium, and Coccus, thereby modulating autoimmune responses [41]. 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 [23]. 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 [92]. VD deficiency syndrome can manifest as
colonic hyperplasia and epithelial barrier dysfunction [97].

Figure 4. VD and gut microbiota exhibit a bidirectional regulatory relationship. VD can optimize gut
microbiota composition, while the gut microbiota, in turn, regulates VD metabolic activity.

VDR is also closely related to the gut microbiota [17]. 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 [42]. In
addition, other research indicates that the induction of Cyp27b1 in mice colonic epithelial
cells, which is expected 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. Elevated local levels of 1,25(OH)2D sustain the 1,25(OH)2D-
VDR signaling pathway, which safeguards the mucosal barrier and diminishes colonic
inflammation [43]. 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
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stool samples. The findings suggest that VDR status influences the gut microbiota at a
taxonomic and functional levels and correlates with VDR-associated bacterial changes in
clinical disease [98].

Studies have shown that gut microbiota can modulate intestinal VD metabolism [18].
Specifically, the Bifidobacterium longum strain FSHHK13M significantly elevated 1,25-
dihydroxy VD and osteocalcin serum, thereby alleviating osteoporosis in mice [99]. 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 [100].

The literature, thus, suggests a potential pathogenic cascade: VD deficiency triggers
gut microbiota imbalance, exacerbating microbial dysbiosis and systemic disease [96]. Fur-
thermore, the gut microbiota reciprocally modulate 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 their 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.

6. Gut Microbiota as a Determinant of Immunotherapy Efficacy
The gut microbiota have emerged as a key modulator of cancer immunotherapy effi-

cacy. Research has demonstrated that gut microbiota profoundly influence the effectiveness
of immunotherapy through multiple mechanisms [10], including modulation of immune
cell function, production of immunologically active metabolites, maintenance of intestinal
barrier integrity, and alteration of the tumor microenvironment (Figure 5). Firstly, con-
cerning 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) [101,102], thereby modulating immune cell
activity. In terms of the production of immunologically active metabolites, gut microbiota
such as Akkermansia muciniphila and Bifidobacterium enhance the antitumor activity of CD8+
T cells by producing short-chain fatty acids (SCFAs) and tryptophan metabolites, thus
improving the efficacy of immunotherapy [15,16]. Analysis of fecal metagenomes from
112 melanoma patients and in vivo experiments in mice revealed that bacterial subpopula-
tions encoding immunostimulatory hexa-acylated lipopolysaccharide (LPS) can enhance
the antitumor efficacy of anti-PD-1 therapy [31]. Additionally, the gut microbiota support
intestinal barrier integrity, blocking bacterial and toxin entry into the bloodstream to reduce
systemic inflammation and indirectly enhance antitumor immunity [32]. 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 [11].

Many findings highlight the critical role of gut microbiota in modulating host immune
responses and shaping clinical outcomes during cancer immunotherapy [12,13]. Emerging
evidence positions the gut microbiota as a vital determinant in regulating therapeutic
responses to ICIs [15,16,33]. Fecal microbiota transplantation (FMT) 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 [11]. In
previous studies, extensive research has shown that the gut microbiota composition serves
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as a reliable predictive biomarker for both the therapeutic efficacy of immune checkpoint
blockade therapy and the likelihood of associated adverse events.

Figure 5. Gut microbiota impact on cancer immunotherapy. The gut microbiota serve as a critical
regulator of cancer immunotherapy efficacy through the following mechanisms: (1) regulating
immune cell functions; (2) generating immunologically active metabolites; (3) preserving intestinal
barrier integrity; (4) reshaping the tumor microenvironment.

In summary, the gut microbiota play a critical role in cancer immunotherapy. Looking
ahead, modulating the gut microbiota through approaches such as probiotics and 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 en-
hance responses in cancer immunotherapy. The following section thoroughly explores this
emerging interplay between VD and gut microbiota.

7. 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 [34,103,104]. 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 im-
munomodulatory 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 antitumor immunity by boosting T-cell activity and
improving immunotherapy efficacy. These beneficial effects can be transferred via FMT,
provided recipients maintain adequate dietary VD levels. This indicates that VD establishes
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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 receptor (VDR) target genes correlate with improved
cancer prognoses and enhanced efficacy of ICIs [7,103,104].

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 treat-
ment [35,37]. This highlights the strategic potential of VD supplementation in modulating
the microbiota and augmenting the effectiveness of cancer immunotherapies (Figure 6).
Further clinical translational research is warranted to explore optimal approaches for VD
supplementation in cancer patients.

Figure 6. VD-dependent microbiota-enhancing tumor immunotherapy. VD levels act on intestinal
epithelial cells to promote the growth of beneficial bacteria (e.g., Bacteroides fragilis) while inhibiting the
proliferation of unfavorable bacterial species (e.g., Prevotella brevis). This microbiota remodeling effect
significantly enhances T-cell activity and improves the efficacy of immunotherapy responses. Clinical
evidence demonstrates that VD status and VDR target gene expression correlate with improved
therapeutic outcomes in patients.

8. Publication Bias and Evidence Gaps
Publication bias represents a critical yet underrecognized challenge in studies investi-

gating the role of VD in cancer immunotherapy. The current scientific literature exhibits a
marked overrepresentation of positive findings demonstrating VD’s immunomodulatory
or therapeutic benefits compared with neutral or negative results [4,8,9]. This systematic
imbalance not only risks inflating perceptions of VD’s clinical efficacy but may also obscure
essential limitations and paradoxical effects. While numerous observational studies report
positive correlations between VD status and immunotherapy response, research document-
ing null effects or potential adverse outcomes, such as immunosuppression at high VD
doses [87] or negative survival associations [8], frequently receives inadequate attention or
remains unpublished.
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Several methodological factors contribute to this imbalance. Statistically significant posi-
tive findings predominantly emerge from small-scale or non-randomized controlled trials [21],
whereas large-scale randomized controlled trials (RCTs) yielding neutral outcomes often
encounter publication barriers. Additionally, industry-sponsored studies may demonstrate
preferential reporting of favorable results [84]. Addressing these evidence gaps requires a con-
certed research effort focusing on the following three key areas: implementing rigorous null-
result trial designs with prospective registration and publication protocols [47]; conducting
multicenter, large-scale RCTs to validate VD’s dose–response relationships, population-specific
effects [85], and gut microbiota interactions [7]; and establishing standardized evaluation met-
rics for both VD status assessment and immunotherapy response measurement to minimize
interpretation bias arising from methodological heterogeneity [47].

This comprehensive approach will enable more accurate characterization of VD’s ther-
apeutic potential in cancer immunotherapy while mitigating current biases in the evidence
base. Such efforts are particularly crucial given the growing clinical interest in VD as an
immunomodulatory adjuvant, where balanced evaluation of both benefits and risks is
essential for informed treatment decisions [85]. Future research must prioritize method-
ological rigor and transparency to overcome existing publication biases and establish a
more reliable evidence foundation for clinical applications.

9. Discussion and Conclusions
The synergistic interplay among VD, gut microbiota, and cancer immunotherapy

represents a promising frontier in tumor treatment research [7]. VD exerts its effects through
the following dual mechanisms: directly modulating immune cell activity via the VDR and
reshaping gut microbiota composition to promote colonization of beneficial species such as
Bacteroides fragilis [99]. This “microbiota-immune axis” enhancement augments antitumor
immune responses, with optimal VD levels having been shown to improve the efficacy of
ICIs, reduce immune-related toxicities, and prolong patient survival [37,85].

However, VD’s role in immunotherapy exhibits notable paradoxes. While it typically
suppresses the Th17/IL-17 inflammatory pathway to hinder tumor progression [19], context-
dependent effects such as enhanced Th17 activity and increased metastasis risk in specific
populations or tumor types highlight the complexity of its immunomodulatory profile [9].

These contradictory effects are rooted in multiple interdependent factors, starting
with host-related influences, where younger patients demonstrate heightened sensitivity to
VD-mediated immune regulation compared with older individuals with blunted responses
due to immunosenescence [71]; for example, high-estrogen environments in younger
patients may prime VD to activate Th17 pathways and paradoxically promote tumor
metastasis [9]. Gender and hormonal milieu also play a role, as estrogen levels influence
VD’s immunomodulatory trajectory (evident in breast cancer through crosstalk between
estrogen receptor and VDR signaling) [69] and sex-based disparities in VD metabolism
impact therapeutic efficacy.

Therapeutic- and tumor-related factors further complicate this complexity. VD exhibits
a biphasic dose–response, where low doses enhance antitumor immunity, while high doses
(serum 25(OH)D > 110 nmol/L) in breast cancer correlate with immunosuppression [8].
Tumor heterogeneity leads to divergent responses, such that VD enhances immunotherapy
in melanoma and colorectal cancer via modulation of the gut microbiota but exhibits
paradoxical effects in hormone-dependent cancers [15,68].

Microbial and genetic determinants are equally critical. VD promotes growth of
beneficial bacteria like butyrate-producing species while microbiota metabolize VD into
active 1,25(OH)2D in a bidirectional regulatory loop [40], with interindividual microbiota
variations underlying inconsistent VD efficacy [13]; meanwhile, VDR gene polymorphisms
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alter VD signaling efficiency, contributing to interpatient differences in cancer risk and
immunotherapy response [69].

In summary, VD’s dual role in cancer immunotherapy is governed by a complex matrix
of host, tumor, microbial, and genetic factors [7], the deciphering of which may enable
personalized VD supplementation strategies to optimize immunotherapeutic outcomes
while mitigating paradoxical effects.

10. Future Perspectives
Although the synergy between VD and immunotherapy shows great promise, several

key issues remain to be addressed, as follows:

(a) 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 [9,86]. Studies should also investigate VD’s crosstalk with other
critical signaling pathways (e.g., PPARγ and PI3K/AKT/mTOR) and its dynamic
impact on PD-L1 expression [6,35].

(b) Personalized Treatment Strategies: Multi-omics data (e.g., metagenomics, metabolomics,
and immunomics) should be integrated to develop predictive models identifying
patients who may benefit from VD supplementation [13,15]. Precision intervention
strategies, such as combining probiotics, prebiotics, or FMT, should be explored to
optimize immunotherapy outcomes [16,33].

(c) Clinical Translation: Large-scale RCTs are required to determine the optimal VD dosage,
timing, and target populations while avoiding the immunosuppressive risks of excessive
supplementation [34,85]. The combined use of VD with other immunomodulators
should be investigated to develop more effective combination therapies [6].

(d) Technological Advancements: Rapid and cost-effective VD and gut microbiota de-
tection methods should be developed to facilitate routine clinical monitoring [47].
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 ap-
proach to cancer treatment, but its clinical application requires deeper mechanistic insights
and rigorous validation. Combining basic research, multi-omics analysis, and personal-
ized medicine, safer and more effective precision immunotherapy strategies may soon
become a reality.
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