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A role for vitamin D in immune modulation and in cancer has been suggested. In this work, we
report that mice with increased availability of vitamin D display greater immune-dependent resistance to
transplantable cancers and augmented responses to checkpoint blockade immunotherapies. Similarly,
in humans, vitamin D–induced genes correlate with improved responses to immune checkpoint inhibitor
treatment as well as with immunity to cancer and increased overall survival. In mice, resistance
is attributable to the activity of vitamin D on intestinal epithelial cells, which alters microbiome
composition in favor of Bacteroides fragilis, which positively regulates cancer immunity. Our findings
indicate a previously unappreciated connection between vitamin D, microbial commensal communities,
and immune responses to cancer. Collectively, they highlight vitamin D levels as a potential
determinant of cancer immunity and immunotherapy success.

T
he micronutrient vitamin D has an im-
portant role in immune modulation and
in shaping commensalmicrobial commu-
nities (1–6). Vitamin D has also been
studied for its potential role in cancer,

with reports showing that it can decrease
cancer cell proliferation, promote apoptosis,
reduce angiogenesis (7–9), and dampen the
protumorigenic activity of cancer-associated
fibroblasts (10, 11). In some but not all stud-
ies, higher blood levels or increased dietary
intake of vitamin D have been correlated with
a lower incidence of colorectal, breast, prostate,
and pancreatic tumors and/or decreased can-
cer mortality (12–21). However, to what extent
the activity of vitamin D affects cancer develop-
ment, and whether this involves the immune
systemand/or themicrobiome, remains unclear.
VitaminD (calciferol) is a term that includes

both vitaminD3 (cholecalciferol) and vitaminD2

(ergocalciferol) forms of the vitamin. VitaminD3

is derived from animal-sourced foods or is pro-
duced by the skin in response to ultraviolet
radiation, whereas vitamin D2 is derived from
plants and fungi (22). Irrespective of source,
both vitamin D2 and D3 are converted in the
liver and other tissues to 25-hydroxyvitamin
D (25-OHD), the main circulating form of vita-
min D (22). 25-OHD is then converted primarily
in the kidney to 1,25-dihydroxy-vitaminD [1,25-
(OH)2D], which can bind to the vitamin D
receptor (VDR) to regulate the expression of
vitamin D–responsive genes (22). Notably,
vitamin D and its 25-OHD and 1,25-(OH)2D
metabolites (collectively called VitD henceforth)
are bound by the blood carrier protein group-
specific component (Gc) globulin, also known
as the vitamin D binding protein. Gc has a do-
main at its N terminus with high affinity for
25-OHD and lower affinity for its precursor

calciferol and for 1,25-(OH)2D (23, 24). Gc
binding sequesters VitD, principally 25-OHD,
away from tissues, acting as a blood reservoir
(24, 25). Despite the prominent role of VitD in
calcium homeostasis, Gc−/− mice (and a rare
human patient displaying biallelic GC loss) do
not display bone abnormalities (e.g., rickets or
osteomalacia) associated with VitD deficiency
(24, 26). Rather, animals lacking the Gc globu-
lin display low levels of VitD in the blood, which
results in more rapid and profound tissue re-
sponses to VitD at the expense of low buffering
capacity (24).
Cross-presentation of tumor antigens by type

1 conventional dendritic cells (cDC1s) is critical
for generating anticancer CD8+ T cells (27, 28).
In mice and humans, cDC1s express DNGR-
1 (also known as CLEC9A), a receptor that binds
to F-actin exposed by dying cells and promotes
cross-presentation of antigenswithin the corpses
(29, 30). Previously, we had shown that secreted
gelsolin (sGSN), an extracellular protein that
circulates in theplasmaand is secreted by tumor
cells, severs F-actin and blocks DNGR-1 ligand
binding, dampening anticancer immunity and
the efficacy of immunogenic anticancer therapies
(31, 32). Notably, Gc globulin has a C-terminal
actin-binding domain and functions as an actin
scavenging protein in partnership with sGSN—
a role that is independent of VitD buffering
(33). We therefore set out to test whether, like
sGSN, Gc acts as a barrier to anticancer CD8+

T cell responses. We show that this is the case
but that it is not attributable to actin scaveng-
ing but rather to Gc regulation of VitD avail-
ability.Weuncover a complex interplaywhereby
increased VitD levels promote responses from
intestinal epithelial cells (IECs) thatmodulate the
gutmicrobiome,which in turn acts to potentiate
anticancer immunity. Notably, the effect of in-
creasedVitD availability on immune-mediated
resistance to cancer can be transferred in do-
minant fashion to microbiota-replete mice by
transplantation of fecal matter or oral inocula-
tion with the bacterium Bacteroides fragilis,
provided that dietary vitamin D intake is main-
tained. In humans, we show that vitamin D
levels correlate with lower cancer incidence
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and that hallmarks of VDR activity are asso-
ciated with better disease outcomes in cancer
patients and improved responses to checkpoint
blockade immunotherapy. Overall, our data sug-
gest that VitD can regulate the microbiome and
anticancer immunity, with possible clinical and
public health applications.

Gc-deficient mice display immune-dependent
transmissible tumor resistance

We set out to test whether Gc, like sGSN, acts
as a barrier to anticancer immunity.Weused the

transplantable 5555 BrafV600E melanoma cell
line, the growth of which is greatly attenuated
in sGsn−/− mice (31), and examined its ability
to grow in Gc−/− mice (24) versus Gc+/+ litter-
mate controls that were separated at weaning
and housed in different cages. Gc-deficient mice
(fully backcrossed to the C57BL/6J background)
controlled the 5555 BrafV600Emelanoma cell line
significantly better compared with Gc-sufficient
littermate controls (Fig. 1A) and displayed great-
er intratumoral accumulation of total and acti-
vatedCD4+andCD8+Tcells (Fig. 1B). The relative

resistance of Gc−/− mice to 5555 BrafV600E mela-
noma was abrogated by antibody-mediated
CD8+ T cell depletion (Fig. 1C). Additionally,
Gc−/− mice bearing 5555 BrafV600E melanoma
or MCA-205 fibrosarcoma tumors displayed
greater responses to anti–PD-1 and anti–CTLA-4
checkpoint blockade immunotherapies com-
paredwith C57BL6/Jwild-type (WT)mice (Fig. 1,
D to F). Thus, like sGsn−/− mice, Gc−/− mice ex-
hibit enhancedCD8+T cell–dependent resistance
to transplantable tumors and superior respon-
siveness to checkpoint blockade immunotherapies.
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Fig. 1. Loss of Gc increases CD8+ T cell–dependent tumor control and
augments response to immunotherapy. (A) Growth profile of 0.2 × 106 5555
BrafV600E cancer cells implanted in separately housed groups of Gc−/− mice
(n = 8) and Gc+/+ littermate control mice (n = 11). (B) Quantification of the
indicated intratumoral immune cell populations in separately housed groups of
WT C57BL/6J (n = 9) or Gc−/− (n = 8) mice at day 15 postinoculation with
5555 BrafV600E cancer cells. Data are presented as number of cells per gram of
tumor from two independent experiments. (C) Same as in (A), but mice received
anti-CD8 antibody or isotype-matched control [300 mg intraperitoneally (i.p.) on
days −3, 1, 4, 7, 10, 13, 16, 19, and 22]. WT C57BL/6J + isotype (n = 12), WT
C57BL/6J + anti-CD8 (n = 12), Gc−/− + isotype (n = 14), and Gc−/− + anti-CD8
(n = 13). (D) Percent of 5555 BrafV600E tumor rejection from two independent
experiments in separately housed WT C57BL/6J or Gc−/− groups of mice that
received anti–PD-1 monoclonal antibody or isotype-matched control (200 mg
i.p. every 3 days from day 3 to day 18). WT + isotype (n = 15), WT + anti–PD-1

(n = 16), Gc−/− + isotype (n = 14), Gc−/− + anti–PD-1 (n = 15). (E and F) Separately
housed WT C57BL/6J or Gc−/− groups of mice implanted with 0.5 × 106 MCA-
205 and given isotype-matched control or anti–CTLA-4 (50 mg injected i.p. on
days 6, 9, and 12). (E) Growth profile (n = 10 mice per group). (F) Survival (Kaplan-
Meier) curves from two independent experiments (n = 21 mice per group). Data in
(A), (C), and (E) are presented as tumor volumes (in cubic millimeters) + SEMs
and are representative of two independent experiments. Tumor growth profiles [(A),
(C), and (E)] were compared using Bonferroni-corrected two-way analysis of
variance (ANOVA). Groups in (B) were compared using two-tailed unpaired t test
with Welch’s correction. Incidence of tumor rejection and survival (Kaplan-Meier)
curves in (D) and (F) were compared using log-rank (Mantel-Cox) test for
comparison of each group with WT C57BL/6J + isotype and log-rank for trend
for comparison of all groups. In (F), hazard ratios (HRs) with 95% confidence
intervals are shown in brackets, calculated as a ratio of each group/WT + isotype.
*P < 0.05; ***P < 0.001; ****P < 0.0001; ns, not significant.
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To control for possible differences in micro-
biota between Gc−/− mice and Gc+/+ controls
separated at weaning, we repeated the experi-
ments inGc−/− andGc+/+ littermates kept in the
same cages. Notably, cohoused Gc+/+ mice ac-
quired the tumor resistance phenotype of their
Gc-deficient littermates (Fig. 2A). Similarly,
C57BL6/J WT mice (bred as an independent

line) becamemore resistant to tumor challenge
when cohoused with Gc−/−mice (fig. S1A). This
transmissible tumor resistance was reversible,
asGc+/+ littermate controls cohoused since birth
withGc−/−mice were less able to control tumors
when separated for at least a month before tu-
mor challenge (Fig. 1A and Fig. 2A). These data
suggest that (i) Gc−/− and Gc+/+ mice exhibit

genotype-driven divergence inmicrobiota com-
position, which dictates their differential ability
to control tumors, and (ii) the Gc−/−-associated
component of the microbiota that mediates
tumor resistance can be transmitted in a dom-
inant fashion to cohousedmice by coprophagy.
Consistent with the latter, fecal transplant (FT)
from Gc−/− donors into microbiota-replete
C57BL/6WTmice led to enhanced tumor con-
trol (Fig. 2B). Further, single administration of
certain antibiotics (vancomycin, metronidazole,
or neomycin) inhibited or decreased the ability
of Gc−/− mice to control transplantable tumors
(Fig. 2C and fig. S1B).
The antitumor effect of the intestinal micro-

biome of Gc−/− mice was not accompanied by
obvious signs of gut inflammation or histolog-
ical changes to the intestinal barrier (fig. S1C).
The extent of gut-associated lymphoid tissue,
gut permeability, total leukocyte numbers, and
immune cell composition of intestinal lamina
propria were all grossly similar between WT
and Gc−/− mice, except for a decrease in the
frequency of interleukin-17 (IL-17)–producing
CD4+ T cells in the small intestine and of total
CD4+ T cells and regulatory T cells in the colon
of Gc-deficient hosts (fig. S1, D to I). Moreover,
FT of Gc−/− fecal matter into WT mice did not
increase the severity of dextran sodium sulfate
(DSS)–induced colitis (fig. S2, A toD). Collectively,
thesedata suggest that the commensal organisms
present in the intestine of Gc-deficientmice do
notmarkedly alter barrier function ormucosal
immunity, either at steady state or after induc-
tion of intestinal inflammation.
To confirm that the transmissible resistance

to transplantable tumors was immune depend-
ent and to dissect the pathways involved, we
tested different immune-deficient strains (Fig.
2D and fig. S3A). FT from Gc−/− donors into
mice deficient in T and B cells (Rag1−/−) or
interferon-g (IFN-g) receptor (Ifngr−/−) did not
confer enhanced protection to subsequent tu-
mor challenge (Fig. 2D). Similarly,mice deficient
in CD8+ T cells and major histocompatibility
complex (MHC) class I presentation (Tap1−/−)
or cDC1 (Batf3−/−) did not display enhanced
control of transplantable tumors when given
Gc−/− fecal matter (Fig. 2D and fig. S3A). Global
deletion of type I IFN receptor (IFNAR) or
MyD88 [an adaptor molecule that operates
downstream of IL-1 family receptors and Toll-
like receptors (TLRs)] also diminished tumor
resistance conferred by Gc−/− FT (Fig. 2D and
fig. S3B). Using bone marrow radiation chi-
meras, MyD88 expression in the hematopoietic
compartment was found to be necessary and
sufficient for enhanced tumor control (Fig.
2E and fig. S3C). By contrast, the DNA sensor
cGAS and the TLR adaptor molecule TRIF
were dispensable for increased tumor re-
sistance after Gc−/− FT administration (fig.
S3B). Collectively, these data indicate a key
role for innate and adaptive immunity in the
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Fig. 2. FTs from Gc−/− mice increase anticancer immunity. (A to E) Growth profile of 0.2 × 106 5555
BrafV600E cancer cells implanted into: (A) Separately housed Gc+/+ (n = 12) and cohoused Gc+/+ (n = 7) and
Gc−/− (n = 6) groups of mice. (B) Separately housed groups of WT C57BL/6J mice (n = 10 per group)
that received phosphate-buffered saline (PBS) orally or FT from WT or Gc−/− donors twice (days −14 and −12)
before tumor inoculation (day 0). (C) Separately housed groups of WT C57BL/6J or Gc−/− mice that received
or did not receive vancomycin (0.5 g/l) in the drinking water starting from 2 weeks before tumor inoculation.
WT (n = 11), WT + vancomycin (n = 10), Gc−/− (n = 11), Gc−/− + vancomycin (n = 10). (D and E) The
indicated separately housed groups of mice that received oral FT from WT C57BL/6J or Gc−/− donors twice
(days −14 and −12) before tumor inoculation (day 0). (D) WT (n = 11 per group), Rag1−/− (n = 9 per
group), Ifngr1−/− (n = 10 per group), Batf3−/− (n = 10), and Ifnar−/− (n = 10 per group) mice. (E) Irradiated
CD45.1 WT mice reconstituted using bone marrow (BM) from CD45.2 WT or Myd88−/− donors. WT
(WT BM) + WT FT (n = 11), WT (WT BM) + Gc−/− FT (n = 12), WT (Myd88−/− BM) + WT FT (n = 10), WT
(Myd88−/− BM) Gc−/− FT (n = 10). Data in (A) to (E) are presented as tumor volumes + SEMs and are
representative of two independent experiments. Tumor growth profiles were compared using Bonferroni-corrected
two-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant.
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Fig. 3. Loss of Gc increases VitD-dependent anticancer immunity by altering
the gut microbiome. (A to E) Growth profile of 0.2 × 106 5555 BrafV600E cancer
cells implanted into: (A and B) WT C57BL/6J or Gc−/− mice that were fed a VitD3
standard (2 IU/g), deficient (0 IU/g), or high (10 IU/g) diet starting from 3.5 weeks
before tumor inoculation. (A) WT + VitD3

Standard (n = 8), WT + VitD3
Deficient (n = 9),

Gc−/− + VitD3
Standard (n = 8), Gc−/− + VitD3

Deficient (n = 9). (B) WT + VitD3
Standard

(n = 12), WT + VitD3
High (n = 13), Gc−/− + VitD3

Standard (n = 12), Gc−/− + VitD3
High

(n = 13). (C) WT C57BL/6J (n = 10 per group) that received (on days −14 and
−12 before tumor inoculation) FT from WT C57BL/6J or Gc−/− donors that had been
fed with VitD3 standard or deficient diet. (D) WT C57BL/6J mice that were fed a
VitD3 standard or deficient diet starting 3.5 weeks before FT (on days −14 and
−12 before tumor inoculation) with fecal matter from WT C57BL/6J or Gc−/− donors.
WT-VitD3

Standard + WT FT (n = 7), WT-VitD3
Standard + WT Gc−/− (n = 10), WT-

VitD3
Deficient + WT FT (n = 10), WT-VitD3

Deficient + WT Gc−/− FT (n = 10). (E) WT
C57BL/6J, Rag1−/−, Batf3−/−, or Myd88−/− mice (n = 10 per group) that were fed
with VitD3 standard or high diet starting from 3.5 weeks before tumor inoculation.

(F) Growth profile of 0.5 × 106 MCA-205 cancer cells implanted into WT C57BL/6J
mice (n = 10 per group) that received (on days −14 and −12 before tumor inoculation)
FT from WT C57BL/6J donors that were fed with VitD3 standard or high diet. Mice
were treated i.p. with 50 mg of isotype-matched control or anti–CTLA-4 antibody on
days 6, 9, and 12. (G and H) Separately housed groups of WT C57BL/6J mice that
received (on days −14 and −12 before tumor inoculation) FT from WT C57BL/6J
donors that had been fed with VitD3 standard or high diet were implanted with 0.5 ×
106 MC38 cells (day 0). Mice were treated i.p. with 200 mg of isotype-matched control
or anti–PD-1 monoclonal antibody every 3 days from day 3 to day 12. (G) Growth profile
(n = 10 mice per group). (H) Percent tumor rejection from two independent experiments
(n = 20 mice per group). Data in (A) to (G) are presented as tumor volumes + SEMs and
are representative of two independent experiments. Tumor growth profiles [(A)
to (G)] were compared using Bonferroni-corrected two-way ANOVA. Incidence of
tumor rejection in (H) were compared using log-rank (Mantel-Cox) test for comparison
of each group with WT C57BL/6J + isotype and log-rank for trend for comparison of all
groups. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant.
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enhanced tumor resistance conferred by Gc−/−

microbiota.

Vitamin D availability determines
transmissible tumor resistance in mice

Because mice deficient in sGSN do not trans-
fer tumor resistance to cohoused WT mice
(31), we hypothesized that a deficiency in actin
scavenging was not responsible for the en-
hanced tumor resistance in Gc−/− mice. As
expected (24), Gc−/− mice displayed lower le-
vels of vitaminD3 and 25-OHD3 in plasma, indi-
cative of VitD redistribution to tissues (fig. S4A).
The main vitamin D in mouse chow is chole-
calciferol (VitD3). To test whether Gc deficiency
enhances tumor resistance in a VitD-dependent
manner, WT and Gc−/− mice were put on a
VitD3-deficient diet for ~4 weeks to deplete
their VitD reservoirs (fig. S4A). This complete-
ly abrogated the enhanced ability of Gc−/−mice

to resist tumors (Fig. 3A). In the converse ex-
periment, increased dietary VitD3 supplemen-
tation led to elevated total VitD serum levels
(fig. S4A) and decreased tumor growth in WT
mice to the point that they became comparable
to Gc-deficient animals fedwith standardVitD3

chow (Fig. 3B). The latter strain displayed even
greater tumor resistancewhen placed on a high-
VitD3 diet (Fig. 3B). Collectively, these data
suggest that enhancedVitD availability, induced
by loss of Gc and/or by dietary VitD3 supple-
mentation, promotes increased resistance to
transplantable tumors in mice.
We next assessed whether, as for Gc defi-

ciency, dietary VitD3 supplementation increases
tumor resistance through the microbiota. Con-
sistent with that notion, a high-VitD3 diet did
not increase the ability of germ-free mice to
resist tumors (fig. S4B). Further, the capacity
to transmit increased tumor resistance to WT

mice was abrogated when fecal material was
derived from Gc−/− mice that had been placed
on a VitD3-deficient diet (Fig. 3C). Conversely,
increasing dietary VitD3 inWTmice conferred
their fecal matter the ability to transmit tumor
control, which was prevented by treatment with
vancomycin (fig. S4, C andD). FT fromWTmice
that were fed with a high-VitD3 diet transferred
tumor resistance to C576BL/6mice from three
different sources thatwere imported andhoused
in geographically distinct animal units (fig. S4E).
Finally, we established that VitD availability in
the recipient mice was also necessary for the
beneficial antitumor effects of FT from Gc−/−

donors. Enhanced resistance to tumors was
prevented if the FT recipients were placed on a
VitD3-deficient diet (Fig. 3D).
In parallel, we tested whether manipulation

ofdietaryVitD3 affected tumorgrowthbymodu-
lating cancer immunity. Like Gc-deficient hosts
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Fig. 4. VitD acts through VDR in the gut epithelium to alter the gut micro-
biome and permit tumor control. (A, C, and D) Growth profile of 0.2 × 106

5555 BrafV600E cancer cells implanted into: (A) WT C57BL/6J mice that received
(on days −14 and −12 before tumor inoculation) FT from WT C57BL/6J, Rag1−/−,
Batf3−/−, or Myd88−/− donors that had been fed for 3.5 weeks on a VitD3
standard or VitD3 high diet. WT + WT-VitD3

Standard FT (n = 10), WT + WT-VitD3
High

FT (n = 10), WT + Rag1−/−-VitD3
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9). (B) Lysates from the indicated mouse tissues of Vdr+/+ and VdrDIEC mice
immunoblotted for VDR and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). (C) Vdr+/+ or VdrDIEC mice kept on a VitD3 standard

+ (2 IU/g) diet

complemented with 2% calcium, 1.25% phosphorus, and 20% lactose were
then maintained on the same diet or switched to a VitD3 high

+ (10 IU/g) diet
(similarly complemented with 2% calcium, 1.25% phosphorus, and 20%
lactose) from 3.5 weeks before tumor inoculation. Vdr+/+-VitD3

Standard+ (n = 12),
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High+ (n = 11), VdrDIEC -VitD3
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(D) WT C57BL/6J mice (n = 10 per group) received (on days −14 and −12
before tumor inoculation) FT from the groups in (C)—i.e., Vdr+/+ or VdrDIEC

donors that were fed with VitD3 standard
+ or VitD3 high

+ diet. Data in (A), (C),
and (D) are presented as tumor volumes + SEMs and are representative of
two independent experiments. Tumor growth profiles [(A), (C), and (D)]
were compared using Bonferroni-corrected two-way ANOVA. *P < 0.05;
****P < 0.0001; ns, not significant.
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(Fig. 1C) or WT mice gavaged with Gc−/− fecal
matter (Fig. 2, D and E, and fig. S3, A and B),
mice fed with a high-VitD3 diet did not exhibit

increased tumor resistance if rendered defi-
cient in T and B cells, cDC1, orMyD88 (Fig. 3E).
Further resemblingGc−/−mice, FTs fromWT

mice that were fed with a high-VitD3 diet in-
creased the therapeutic efficacy of anti–CTLA-4
and anti–PD-1 immune checkpoint blockade

Fig. 5. B. fragilis promotes tumor resistance
in a VitD-dependent manner. (A and B) Meta-
analysis of metagenomic data to determine common
features in microbial gene products (top 20/62 features
in each direction shown) (A) and last known taxon
associated with differences in VitD availability (B).
Fecal samples were sequenced from WT or Gc−/−

mice that had been fed with VitD3 standard
(2 IU/g), deficient (0 IU/g), or high (10 IU/g)
diet for 3.5 weeks. Comparison is of mice with
high VitD availability [WT + VitD3

High (n = 13),
Gc−/− + VitD3

Standard (n = 20), Gc−/− + VitD3
High

(n = 13)] versus mice with normal or low VitD
availability [WT + VitD3

Standard (n = 22), WT +
VitD3

Deficient (n = 10), Gc−/− + VitD3
Deficient

(n = 10)]. In (A) and (B), count of significant
features indicated in the Venn diagram and
shown by color scale (top) and ranked bar plots
(bottom) show common features across
three meta-analyses, as indicated. (C) Growth
profile of 0.2 × 106 5555 BrafV600E cancer cells
implanted into separately housed WT C57BL/6
groups of mice (n = 10 per group) fed with VitD3
standard (left) or deficient diet (right) starting
3.5 weeks before receiving B. fragilis, P. brevis,
or vehicle. Mice received 109B. fragilis or P. brevis by
oral gavage on days −14, −12, and −10 before
tumor inoculation. Data in (A) and (B) are
presented as average log2 median fold change
from three meta-analyses of data from two
independent experiments. Data in (C) are
presented as tumor volumes + SEMs and
are representative of two independent experiments
for P. brevis and three independent experiments
for B. fragilis. In (A) and (B), P values
were calculated using the Mann-Whitney-
Wilcoxon U test on parts per million (PPM)
relative abundances for that feature in samples
for pairwise comparisons. The combined P value
(cP) for meta-analysis of group comparisons was
calculated using Fishers P value. For each
feature type, the cut-offs for the meta-analysis
were: P < 0.2; cP < 0.1; false discovery rate
(FDR) < 0.15. Tumor growth profiles [(A), (C),
and (D)] were compared using Bonferroni-
corrected two-way ANOVA. ****P < 0.0001;
ns, not significant.
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Fig. 6. VitD correlates with lower risk of cancer and increased patient
survival. (A) Prognostic value of VitD-VDR gene signature levels for overall
survival and HR comparing samples with the lowest (VitD-VDR signLow) versus
highest (VitD-VDR signHigh) expression in the indicated TCGA datasets. Skin
cutaneous melanoma (SKMC; n = 460), sarcoma (SARC; n = 259), liver
hepatocellular carcinoma (LIHC; n = 370); bottom and top 25% of patient cohort.

(B) HR, adjusted for age, sex, and tumor stage, comparing samples with the
lowest (VitD-VDR signLow) or highest (VitD-VDR signHigh) versus medium
(VitD-VDR signMedium) expression in the indicated TCGA datasets, as in (A).
(C) Prognostic value of VitD-VDR signature levels for tumor stage comparing
samples with the lowest (VitD-VDR signLow) versus highest (VitD-VDR = signHigh)
expression in the indicated TCGA datasets. Breast cancer (BRCA; n = 1092),
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inhibitors in transplantable cancermodels other
than 5555 BrafV600E melanoma, such as MCA-
205 andMC38 (Fig. 3, F toH). Collectively, these
results establish that (i) high VitD levels favor a
mouse microbiome that augments anticancer
immunity and (ii) the favorable effect can be
transferred by FT as long as VitD remains avail-
able to the recipient mice.

Increased vitamin D levels in mice favor a
microbiome that potentiates cancer immunity

The fact that Rag1−/−, Batf3−/−, or Myd88−/−

mice did not display VitD-driven increased im-
mune resistance to cancer (Fig. 3E) was not
because immune defects in thosemice compro-
mised the ability of a high-VitD3 diet to pro-
mote favorable alterations in themicrobiota.
Fecal matter from all of the immunodeficient
mice given high-VitD3 diets was able to induce
greater tumor resistance upon FT into WT
mice (Fig. 4A). These data suggest that the
ability of high VitD availability to alter the
microbiome is largely independent of the im-
mune system. To look for a nonimmune com-
ponent, we turned our attention to the possible
effects of VitD on IECs. Although it did not alter
gut permeability (fig. S1E), a high-VitD3 diet
induced profound changes in gene expression
in the colonic tissue ofWTmice (fig. S5A). Gene
expression analysis did not revealmarked com-
positional differences in specific immune cell
populations, as predicted, but alterations were
revealed in cellular signaling, cell junction
organization, and defense from microbes (fig.
S5, B toD). This is consistentwith the ability of
VitD, acting through VDR, to directly regulate
the expression ofmultiple genes that affect host
physiology (22, 34). To directly assess the im-
portance of VDR in IECs, we bred Vdr fl/fl mice
to VillinCre mice to generate a VdrDIEC strain
that lacks VDR expression in IECs (Fig. 4B).
Uponweaning, VDRDIECmiceweremaintained
on diets complementedwith calcium, phospho-
rus, and lactose to mitigate the osteomalacia-
like effects of abrogating VitD responsiveness
in the gut epithelium (35). This altered diet
did not prevent the ability of VitD3 supplement-
ation to increase tumor resistance in control
WTmice [Fig. 4C; VitD3 high

+ diet (where the +
symbol denotes calcium/phosphorus/lactose
complementation)]. However, the VitD3 high

+

diet failed to increase tumor resistance in

littermate VDRDIECmice (Fig. 4C). Furthermore,
the fecal matter of VDRDIEC mice on the VitD3

high+ diet was no longer able to transmit tumor
resistance, unlike that of control WT littermates
(Fig. 4D). These data indicate that VitD acts
through IECs to favor a gut microbiome that
increases immune-mediated cancer control.
To look for VitD-associated alterations in the

microbiome,we carried out shotgunmetageno-
mic analyses of fecal samples from mice in
which we altered VitD levels by manipulating
diet and/or genotype.We found that bacterial
species alpha diversity was largely similar across
all samples, whereas beta diversity and taxo-
nomic profiles showedmajor differences across
genotype but not diet (fig. S6, A to D; fig. S7, A
and B; and fig. S8, A and B). To gain further
insight into bacterial species modulated by VitD
availability, we combined three meta-analyses
of different comparisons across experiments:
Meta1, differences driven by genotype (WT
versusGc−/−) in a VitD3

Standard condition;Meta2,
differences driven by genotype (WT versus
Gc−/−) in the presence of varying levels of
dietary VitD (VitD3

Standard and VitD3
High); and

Meta3, differences driven by genotype (WT
versus Gc−/−) consistent with those driven by
increased dietary VitD in WT (VitD3

Standard

versus VitD3
High). This approach allowed us to

identify 62 gene products and two taxa that
were consistently regulated by VitD availabil-
ity across conditions (Fig. 5, A and B, and fig.
S9, A to C). Higher VitD availability increased
the abundance of B. fragilis at the expense of
Prevotella brevis (Fig. 5B; fig. S9, A to C; and
fig. S10, A and B). Because the ability of Gc−/−

mice to transmit tumor resistance through
microbiota depends on the presence of dietary
VitD, we removed background differences dri-
ven by genotype by contrasting Gc−/− and WT
inmice fed VitD3

Deficient and VitD3
Standard diets

and focused on taxonomic differences observed
exclusively in the presence of VitD (VitD3

Standard).
This analysis further confirmed the VitD-
dependent increase in B. fragilis and reduc-
tion of P. brevis (fig. S10C). Therefore, we
assessed whether either bacterium could affect
tumor resistance in a VitD-dependent manner.
Notably, three rounds of oral gavage with
B. fragilis was sufficient to induce increased
resistance to subsequent tumor transplantation
across WT C576BL/6 mice procured from dif-

ferent sources and housed in two different
animal units (Fig. 5C, left, and fig. S10D). How-
ever, and in line with our earlier data using
FT (Fig. 3D), tumor resistance induced by
B. fragiliswas prevented if the recipient mice
were placed on a diet deficient in VitD3 (Fig.
5C, right). Thus, VitD availability is necessary
to maintain a niche in which B. fragilis can
thrive. Consistentwith that notion, gavagewith
the bacterium led to slightly lower levels of the
organism in the intestine of mice placed on a
VitD3-deficient diet compared with those on a
VitD3-standard diet (fig. S10E). In contrast to
B. fragilis, gavage with P. brevis did not in-
crease tumor resistance (Fig. 5C) and, in fact,
decreased it slightly inmice placed on a VitD3-
deficient diet (Fig. 5C, right, and fig. S10F).

Vitamin D levels in humans correlate with
cancer resistance

Polymorphisms in genes that encode proteins
that participate in 1,25-(OH)2D biosynthesis
(CYP2R1, CYP27A1, and CYP27B1), that restrict
VitD availability (GC), or that mediate VitD bio-
logical functions (VDR) have been variously cor-
relatedwith cancer risk, alterations inmicrobiota,
and/or changes in immune parameters in health
and disease (36–40) (https://www.ebi.ac.uk/
gwas/; fig. S11A and table S1). VDR is a ubi-
quitously expressed (fig. S11B) nuclear receptor
that functions as a ligand-activated transcription
factor. We therefore hypothesized that the ex-
pression of VDR target genes in any tissue,
healthy or malignant, may act as a surrogate
measurement of VitD availability in that tis-
sue (24, 41). We assembled a gene signature
(VitD-VDR sign) consisting of 237 VDR tar-
get genes from several human cell types iden-
tified using chromatin immunoprecipitation
assays with sequencing (ChIP-seq) datasets
(table S2) (11, 42–46). We confined our an-
alysis to ChIP-seq data to increase resolution
and ensure that we analyzed only primary
VDR targets, even if this might exclude other
relevant VitD-inducible genes. We examined
the expression of the VitD-VDR sign in dif-
ferent cancers using data from The Cancer
Genome Atlas (TCGA) collection (table S2). An-
alysis of skin cancer (n = 460 cases), sarcoma
(n = 259), liver hepatocellular carcinoma (n =
370), breast cancer (n = 1092), and prostate
adenocarcinoma (n = 497) revealed that lower

prostate adenocarcinoma (PRAD; n = 497); bottom and top 25% of patient
cohort. (D) VitD-VDR signature levels in samples with no response versus
exceptional response (left) and rapid versus standard disease progression (right)
of patients (n = 1008) treated with checkpoint inhibitors (CPI1000+ cohort).
(E) Estimated HR, adjusted for sex, age, and Charlson’s comorbidity index, in the
VitD deficient (<25 nmol/L) or insufficient (25 to 50 nmol/L) group versus
the VitD sufficient (50 to 125 nmol/L) group of individuals (n = 1,496,766) that
were living in Denmark between 2008 and 2017. In (A), data are presented as
means of log2 normalized expressions ± SEMs. In (C), data are represented
as number of patients that are subdivided on the basis of the tumor stage.

In (D), data are presented as log2 normalized expression box-and-whisker plots
with the median and 25th and 75th percentiles represented by the box and the
min/max represented by the whiskers. Survival (Kaplan-Meier) curves in (A)
were compared using log-rank (Mantel-Cox) test. In (A), (B), and (E), HRs with
95% confidence interval are shown. In (A) and (C), gene signature levels
between groups were compared using two-tailed unpaired t test with Welch’s
correction. In (C), frequency of tumor stage was compared between groups
using a Chi-squared test. In (D), expression of gene signature between the
groups was compared using Wilcoxon signed-rank test. *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001; ns, not significant.
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expression of the VitD-VDR signature cor-
relatedwith poorer survival ormore-advanced
disease (Fig. 6, A to C). In the same cancers,
the VDR transcript did not correlate with pa-
tient survival, highlighting a specific association
of VDR target genes—but not necessarily VDR
expression—with cancer progression (fig. S11,
C and D). Comparison of human tumors with
high versus low VitD-VDR sign revealed that
VitD-VDR signhigh cancers displayed specific
enrichment for genes and gene signatures of
the same immune elements that we found to
be required to restrict growth of mouse tumors
after increased VitD availability (fig. S11E). This
correlation between high VitD-VDR signature
and gene signatures of antitumor immunity
prompted us to further test the value of VitD-
VDR sign in predicting responses to immuno-
therapy. We analyzed >1000 patients treated
with immune checkpoint inhibitors (CPI1000+

cohort) across seven cancer types using bio-
informatic pipelines and standardized clinical
criteria, as reported (47). Low expression of
VitD-VDR sign and, to a lesser extent, of VDR
was associated with resistance to immune
checkpoint inhibitors and more rapid disease
progression (Fig. 6D and fig. S11F). Overall,
these data suggest that, in humans as in mice,
lower VitD tissue availability is associatedwith
lower overall immune-mediated control and
worse cancer outcome.
Several human epidemiological studies have

associatedhigh total (boundandunbound toGc)
and freeVitD serum levelswithdecreased cancer
onset and extended patient survival (12–21).
However, these studies are inconclusive and
limited by relatively small sample sizes. There-
fore, we analyzed combined data from the
Danish Central Person Registry, the Cancer
Registry, and the Register of Laboratory Results
forResearch to include clinical information from
a very large cohort of participants (1,496,766
individuals) that lived in Denmark and had at
least one vitaminD (25-OHD) serummeasure-
ment registered between 2008 and 2017 (48, 49)
(Fig. 6E). Time elapsed since 1 year after first 25-
OHD serum measurement until first diagnosis
of cancer was analyzed by a Cox regression
model using age as the underlying timescale
and adjusting for sex, sample collection time,
and Charlson’s comorbidity index calculated
on the 5 years before the sample was taken, as
previously described (50). Skin pigmentation,
which can affect VitD3 production in response
to sun exposure, was not available as a varia-
ble, but the analysis is unlikely to be affected
by differences in ethnicity because the Danish
population is highly homogeneous (86% of
Danishdescent). Further, the relativelynortherly
latitudeofDenmarkmeans thatmost of the year
is a “vitamin D winter”—i.e., the period during
which cutaneous synthesis of vitamin D3 does
not occur. Skin cancer was excluded from the
study because sun exposure is a major con-

founder as it contributes to both VitD3 syn-
thesis and skin carcinogenesis. [In the previous
analysis of cancer outcomes (Fig. 6, A, B, and
D), this confounder is not relevant because we
correlated VitD-induced transcripts with the
outcome of patients that already developed
skin cancer.] Notably, and consistent with our
preclinical mousemodels, we found that a low
serum measurement of 25-OHD, indicative of
vitamin D deficiency at the time the sample
was taken, is associated with increased cancer
risk in 6/10 individual cancer cohorts over the
following decade. This analysis highlights that
low vitaminD serum levels can be a prospective
risk factor for cancer development in humans
(Fig. 6E).

Discussion

The interplay between diet, microbiome, and
the immune system is increasingly recognized
as an important component of immunity, in-
cluding to cancer (51–53). Studies in mice and
humans have shown that gut commensals in-
fluence anticancer immune responses and affect
the efficacy of immune checkpoint blockade
therapy (54–60). The host factors that allow
gut-resident microbes to modulate anticancer
immune responses remain elusive. In this work,
we show that increased VitD availability upon
genetic deletion of Gc or after vitamin D die-
tary supplementation alters the gut microbiome
to enhance cancer immunity (see graphical
summary in fig. S12, A and B). Specifically, VitD
levels appear to regulate the abundance and/or
metabolic properties of B. fragilis, an anaerobic
Gram-negative bacterium that is part of the
normal microbiome of humans and mice.
Notably, gavage of WT mice with fecal mat-
ter from Gc−/− mice or a nonenterotoxic cli-
nical isolate ofB. fragiliswas sufficient to confer
increased immune-mediated tumor resistance.
This did not require antibiotic-mediated con-
ditioning of the recipient mice but necessitated
continued availability of dietary vitamin D,
demonstrating the dependence of the putative
B. fragilis niche on themicronutrient. Our data
further indicate that this niche requires the
activity of VitD on IECs, but further workwill be
required to understand which VDR-dependent
IEC-derived factors are involved and whether
they allow for B. fragilis expansion or alter its
immunomodulatory activity. With regards to
the latter, we do not presently know how
B. fragilisacts toboost cancer immunity, although
our findings suggest that MyD88-dependent
receptor signaling and type I IFN production
are necessary, as are cDC1-dependent T cell
responses. B. fragilis has previously been asso-
ciated with favorable antitumor immune re-
sponses after treatment of patients with anti–
CTLA-4, whereas gut-resident Prevotella species
had the opposite effect (55, 61). Further, vitamin
D supplementation in healthy human volun-
teers is associated with an increase in intesti-

nal Bacteroides species and in the Bacteroides/
Prevotella ratio (62, 63), and abundance of
B. fragilis inhuman infant fecal samples shows
a positive correlation with maternal plasma
25-OHD levels (64). Thus, our data suggest a
model in which VitD levels in humans, as in
mice, modulate the ability of intestinal cells to
produce mediators that select for an altered
microbiome that includes organisms, such as
B. fragilis, which potentiate cancer immunity
(see graphical summary in fig. S12C). Whether
this comes at the risk of adverse effects, es-
pecially given the ability of B. fragilis to be-
come pathogenic (65), will require further
assessment. However, in mice, we do not see
evidence for B. fragilis–associated exacerbation
of gut inflammation, and the bacterium is also
reported to protect gut integrity and reduce
colorectal cancer induction (66, 67).
In some but not all studies, higher blood

levels or increased dietary intake of vitamin D
have been correlated with a lower risk of colo-
rectal, breast, prostate, and pancreatic tumors
(12–21). Our data from nearly 1.5 million indi-
viduals, the largest ever such cohort, confirm
that a low VitD measurement correlates with
increased subsequent risk of cancer incidence.
Notably, this may be an underestimate of the
true effect of VitD in cancer protection because
those individuals who were found to be VitD
deficient may have subsequently redressed it
with dietary supplements, a factor that is not
considered in our analysis. Notably, VitD levels
at diagnosis of melanoma have been reported
to positively correlatewith both thinner tumors
and better survival (68). Because it is exceed-
ingly difficult to control for diet and sunlight
exposure, and because a singlemeasurement of
VitD may not reflect actual vitamin D availa-
bility, we derived a VitD-VDR gene signature as
a surrogate of tissueVitD activity.We show that
this VitD-VDR gene signature correlates with
cancer patient survival, consistent with studies
showing that VitD can decrease cancer cell
proliferation, promote apoptosis, reduce angio-
genesis (7–9), and dampen the protumorigenic
activity of cancer-associated fibroblasts (10, 11).
We further show that the VitD-VDR gene sig-
nature correlates with signatures of anticancer
immunity and with patient responses to im-
munotherapy. Similarly, VDR expression in
melanoma correlates with immune score and
increasedpatient survival, possibly becauseVDR
signals help counteract immunosuppressive
Wnt signaling (69). Notably, a recent study has
reported that greater VitD levels at baseline or
after dietary correction correlate with higher
responsiveness to immune checkpoint blockade
therapy in a cohort of advanced melanoma pa-
tients (70). Thus, in humans, as in mice, VitD
activity appears to potentiate immune responses
to cancer.
We report that disrupted vitamin D signal-

ing in IECs alters the intestinal microbiome,
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which in turns affects immunity to cancer in
mice. Further,we show that the vitaminD status
of human patients and VitD-VDR signatures
within tumors affects cancer incidence, sur-
vival, and/or the response to immunotherapy.
Further work will be necessary to assess to
what extent there is overlap between these two
findings. Longitudinal studies in humans will
help to disentangle the interaction between
VitD availability with the microbiome and
immunity to cancer as well as to better assess
the effects of vitaminDdietary supplementation.
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