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SUMMARY

The impact of dietary nutrients on tumor immunity remains an area of ongoing investigation, particularly
regarding the specific role of vitamins and their mechanism. Here, we demonstrate that vitamin B3 (VB3)
induces antitumor immunity against liver cancer through biased GPR109A axis in myeloid cell. Nutritional
epidemiology studies suggest that higher VB3 intake reduces liver cancer risk. VB3 supplementation demon-
strates antitumor efficacy in multiple mouse models through alleviating the immunosuppressive tumor
microenvironment (TME) mediated by tumor-infiltrating myeloid cell, thereby augmenting effectiveness of
immunotherapy or targeted therapy in a CD8* T cell-dependent manner. Mechanically, the TME induces
aberrant GPR109A/nuclear factor kB (NF-kB) activation in myeloid cell to shape the immunosuppressive
TME. In contrast, VB3 activates B-Arrestin-mediated GPR109A degradation and NF-kB inhibition to suppress
the immunosuppressive polarization of myeloid cell, thereby activating the cytotoxic function of CD8* T cell.
Overall, these results expand the understanding of how vitamins regulate the TME, suggesting that dietary

VB3 supplementation is an adjunctive treatment for liver cancer.

INTRODUCTION

Liver cancer is a significant global health concern, ranking
among the most lethal malignancies.” Unfortunately, due to the
absence of early-stage symptoms, over 50% of liver cancer
cases are diagnosed at an advanced stage, limiting treatment
options to systemic therapies.” Only a small proportion of pa-
tients benefit from systemic approaches due to genetic, meta-
bolic, and inflammatory heterogeneity and immunosuppressive
microenvironments.* Hence, there is an urgent need to investi-
gate novel therapeutic interventions aimed at halting the pro-
gression of liver cancer in its early stages.

The composition of diet plays a crucial role in determining the
availability of nutrients in the plasma and tumor microenviron-
ment (TME), affecting both cancer cells or immune cells.® Nutri-
ents encompass macronutrients such as proteins, carbohy-
drates, and fatty acids, as well as micronutrients like vitamins
and minerals.>” Observational epidemiological studies and
experimental research have provided evidence that dietary nutri-
ents can modulate immune homeostasis and impact the pro-
gression and outcomes of various cancers.®”'" Given the wide-
spread use of dietary nutritional supplements among cancer
patients, there is a growing research interest in exploring the po-
tential of these supplements as adjunctive approaches during

conventional cancer therapy.'” However, the precise mecha-
nisms through which nutritional factors influence cancer pro-
gression and therapeutic response remain largely unknown.
Therefore, it is crucial to identify the clinical relevance of dietary
nutritional supplements and elucidate their underlying mecha-
nisms of action in improving cancer therapy. This knowledge
can guide the clinical application of nutritional supplements for
the benefit of cancer patients.

Vitamins are a crucial subgroup of micronutrients that play an
essential role in various cellular processes, contributing to
overall human health.'® Vitamins have a significant impact on
the proinflammatory and carcinogenic effects, as well as the
antitumor immune responses of immune cells, thereby influ-
encing the development and prevention of malignant can-
cers.'® For instance, dietary supplementation of vitamin E and
B6 has been shown to activate dendritic cells (DCs) and natural
killer (NK) cells, thereby enhancing the antitumor immunity of
T cells against melanoma, mammary tumor, or pancreatic
ductal adenocarcinoma.®'® Therefore, growing insight into
cancer immunity is highlighting the importance of specific
vitamin supply on tumor development and therapeutic
response. In this study, we demonstrate how dietary vitamin
B3 (VB3) remodels the immunosuppressive TME to induce
the antitumor immunity against liver cancer.
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Figure 1. Dietary VB3 supplementation reduces the risk of human liver cancer
(A) Multivariable logistic regression models to analyze the relationship between dietary B group vitamins intake and digestive system cancers in the NHANES

database; error bars represent 95% confidence intervals.

(B) Multivariable Cox regression models to analyze the relationship between dietary B group vitamins intake and liver cancer in the UK Biobank database; error

bars represent 95% confidence intervals.

(C) Kaplan-Meier survival curves for VB3 supplementation with overall cancer-related mortality outcomes in the NHANES database.

RESULTS

Dietary VB3 supplementation reduces the risk of liver
cancer

The investigation of relationship between B group vitamins
supplementation and cancer development, specifically diges-
tive system cancer influenced by dietary factors, holds sub-
stantial importance considering the widespread use of these
supplements among adults. Firstly, we utilized the cross-
sectional data from the National Health and Nutrition Exami-
nation Survey (NHANES) 1999-2020 cycles to assess the po-
tential association of diet-derived B group vitamins (VB1, VB2,
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VB3, VB6, and VB12) with digestive system cancers. The
study involved 47,269 participants (Figure S1A; Table S1).
Baseline characteristics revealed a deficiency of diet-derived
B group vitamins in individuals with digestive system cancer
compared to non-cancer counterparts, notably VB3
(p < 0.01) (Table S1). Subsequently, the investigation of corre-
lations between typical B group vitamins intake and the inci-
dence of digestive system cancers was further conducted. Af-
ter adjusting for gender, age, and race, we specifically
focused on the higher intake of VB3, which was found to be
associated with a lower incidence of liver cancer, esophageal
cancer, and gastric cancer (Figure 1A).
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Considering the vital role of the liver in vitamin storage, ab-
sorption, transportation, modification, and utilization, we further
confirmed the association between higher VB3 intake and
reduced risk of liver cancer in a larger prospective cohort of
84,476 participants in the UK Biobank database with a median
follow-up of 11.6 years (Table S2; Figure S1B). The higher
intake of VB3 also specifically decreased the liver cancer risk
compared to other B group vitamins (hazard ratio = 0.68, 95%
confidence interval: 0.48-0.96, p = 0.03) (Figure 1B). To further
explore the impact of VB3 supplementation on the prognosis
of cancer patients, Kaplan-Meier analysis was employed to illus-
trate the correlation between VB3 supplementation and cancer-
related death outcomes in the NHANES database. We found
cancer patients who took VB3 supplementation had a lower can-
cer-related death rate (p < 0.001) (Figure 1C). Similarly, a lower
cancer-related death risk was observed in digestive system can-
cer patients with VB3 supplementation, although the association
was not statistically significant due to the limited population size
of digestive system cancer patients in this analysis (p = 0.15)
(Figure S1E).

Previous studies have revealed that long-term VB3 intake
(over 1,000 mg/daily, over 6 months) could cause liver dam-
ages.'® Here, the daily VB3 intake of included participants
ranged from 0 to 379.852 mg (median value, 21.869 mg) in
the NHANES database and 0 to 215.95 mg (median value,
37.5 mg) in the UK Biobank database, which was substantially
lower than dosage implicated in liver damage. Furthermore, the
serum aspartate transferase (AST) and alanine aminotrans-
ferase (ALT) levels of enrolled participants were extracted to
evaluate their liver function. Analysis indicated little difference
in AST and ALT levels between the low and high VB3 intake
group (Figures S1C and S1D), suggesting no occurrence of liver
damage in the included participants. Based on these epidemi-
ological results, we hypothesize that VB3 supplementation may
potentially slow down the progression of liver cancer.

Dietary VB3 supplementation inhibits liver cancer
growth

The epidemiological findings prompted further investigation into
the potential of dietary VB3 supplementation to prevent liver can-
cer progression in animal models. A preventive tumor model was
established to assess the effect of VB3 on liver tumor growth,
involving a 7-day VB3 pretreatment prior to the implantation
of subcutaneous Hepail-6, LPC-H12, and H22 liver tumors
(Figures 2A, S2A, and S2D). The results indicated that the tumor
growth and weight of tumor were significantly inhibited in VB3-
treated mice (Figures 2B, 2C, and S2B-S2G). Intragastric admin-

Cell Reports Medicine

istration exhibited a better antitumor efficacy compared to intra-
peritoneal administration (Figures S2B and S2C). However, there
was no dose-dependent response observed with intragastric
VB3 treatment (Figures S2E and S2F), possibly due to the com-
parable VB3 levels in tumor interstitial fluid after different dos-
ages of VB3 supplementation (Figure S2I). Furthermore, the
accumulated levels of endogenous 3-hydroxybutyric acid and
butyric acid were found to be low in tumor interstitial fluid and
serum compared to VB3 (Figures S2I and S2J). Considering
both safety and antitumor efficiency (Figures 2B and S2H),
50 mg/kg VB3 was selected for further in vivo treatment dosage
in the subsequent study.

Next, we evaluate the antitumor effect of VB3 against primary
liver cancer in diethylnitrosamine (DEN) and carbon tetrachloride
(CCly) model, which mimics genotoxic injury and advanced
fibrosis-associated human liver cancer (Figure 2D). In the vehicle
group, a significant incidence of the liver tumors was observed.
However, VB3 intervention effectively reduced the tumor number
and tumor weight in the liver (Figures 2E and 2F). Histopathology
analysis further indicated that VB3 provided protection against
DEN+CCl4-induced orthotopic liver cancer (Figure 2G). Immuno-
staining of alpha fetoprotein (AFP) and Ki67 confirmed that VB3
postponed hepatocarcinogenesis and inhibited abnormal cell
proliferation in both tumors and surrounding liver tissues
(Figure 2H).

The aforementioned findings prompted further investigation
into the potential antitumor effect of VB3 against liver cancer in
a therapeutic model. In Hepa1-6- or LPC-H12-implanted mice,
we found VB3 treatment also effectively suppressed tumor
growth (Figure 2I). However, the therapeutic effect of VB3 was
inferior to the prevention effect (Figure 2I). Taking together, these
findings demonstrate that dietary supplementation of VB3 plays
a protective role in the initiation and progression of liver cancer.

VB3 remodels the immunosuppressive TME to activate
antitumor immune response

To decipher the antitumor effect of VB3, we initially assessed its
potential to directly inhibit tumor cells proliferation and colony
formation. However, the results demonstrated that VB3 did
not have a direct impact on the proliferation and colony forma-
tion of Hepa1-6 and LPC-H12 (Figures S2K and S2L). Next, we
investigated the potential involvement of the immune system in
the antitumor efficacy of VB3. In VB3-treated mice, flow cyto-
metric analysis of tumor tissues revealed a significant increase
of CD8" T cells and M1-like tumor-associated macrophages
(TAMs), as well as a dramatic decrease in granulocyte-like
myeloid derived suppressor cells (G-MDSCs) and M2-like

Figure 2. Dietary VB3 supplementation inhibits liver cancer growth

(A-C) The schedule of establishing subcutaneous liver cancer models and VB3 treatment (A). Tumor volumes (B) and tumor weights (C) of Hepa1-6 (n = 8),

LPC-H12 (n = 7), and H22 (n = 6) were measured.

(D-F) The schematic of the experimental design and timeline for DEN+CCl4-indued primary liver cancer model and VB3 treatment (D). Representative images of
liver were shown (E). Total tumor number and liver weight were quantified (F, n = 12).

(G) Representative histopathology images of the liver. Scar bar, 210 pm.
(H) Representative images of AFP and Ki67 staining. Scar bar, 100 pm.

() Tumor volumes and tumor weights were observed in the prevention (P) and treatment (T) model of VB3 intervention. Data are presented as means + SEM.
Experiments were conducted independently in triplicates or more. Statistical analysis was performed by two-way ANOVA (B and I), one-way ANOVA (C and I), or

Student’s t test (F). ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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TAMs compared to the vehicle group (Figures 3A-3D and S3E).
The infiltration of other immune cells, such as CD4* T cells,
monocytic myeloid-derived suppressor cells (M-MDSCs),
DCs, and NK cells, remained unchanged (Figures S3A-S3D).
Immunostaining of CD8, inducible nitric oxide synthase
(INOS), arginase 1 (Arg-1), and Ly6G in Hepa1-6 tumor tissues
further confirmed a decrease in M2-like TAMs (Arg-1) and
G-MDSCs (Ly6G), and an increase in M1-like TAMs (INOS)
and CD8* T cells (Figure 3E). In addition, VB3 supplementation
did not impact the proportion of CD4* T and CD8" T cells in
mice spleen (Figure S3F).

Following VB3 intervention, a noteworthy increase in the
effector cell population within tumor-infiltrated CD8" T cells
was observed (Figure 3F). This increase was attributed to the up-
regulated proliferation ability (Ki67) and enhanced cytotoxic
function (Perforin, granzyme B [GZMB], interferon [IFN]-y, and
tumor necrosis factor alpha [TNF-«]), coupled with a decrease
in exhausted states (programmed death-1 [PD-1], T cell immu-
noglobulin and mucin-containing molecule 3 [TIM-3], lympho-
cyte activation gene 3 [LAG-3], and T cell immunoglobulin and
ITIM domain [TIGIT]). Conversely, VB3 exhibited no impact on
the CD4* regulatory T cell (Treg) components or DC subtypes
within the tumor-infiltrated CD4* T cells and DCs (Figures 3G
and S3H). The activation, proliferation, exhaustion, or cytotoxic
states of tumor-infiltrated CD4* T cells and DCs remained unaf-
fected by VB3 (Figures S3G and S3H). Moreover, immunostain-
ing results showed an increase in cleaved caspase-3 and
TUNEL, indicating that VB3 promoted the apoptosis of liver can-
cer cells in vivo (Figure 3E). These results suggested that VB3
supplementation led to fundamental remodeling of the TME
through modulation of tumor-associated myeloid cells and
CD8" T cells.

To further assess the importance of CD8" T cells in the anti-
tumor efficacy of VB3, mice were treated with an anti-CD8
neutralization antibody in conjunction with VB3. Depletion of
CD8* T cells was found to eliminate the antitumor effect of
VB3 in Hepal-6 and LPC-H12 tumor models, confirming
the cytotoxic role of CD8* T cells in VB3 supplementation
(Figures 3H and 3l). Indeed, it is interesting to note that, in the
CD8" T cells-depletion groups, where intratumor CD8" T cells
level was nearly underdetectable, there was still a noticeable in-
hibition of M2-like TAMs and G-MDSCs, as well as an increase in
M1-like TAMs after VB3 intervention (Figure 3J). These findings
suggest that CD8" T cells play a crucial role in mediating the anti-
tumor function of VB3, while the immunomodulation of tumor-
associated myeloid cells may be responsible for this particular
effect.

Cell Reports Medicine

VB3 acts on tumor-associated myeloid cells to boost
antitumor effect of CD8* T cells

TAMs and G-MDSCs are recognized as two major subtypes of
immunosuppressive myeloid cells that accumulate in liver can-
cer TME. They impair the antitumor function of CD8" T cells by
promoting anti-inflammatory factors and chemokines.'”'® The
aforementioned findings led us to explore whether the increase
of CD8* T cells was related to VB3-mediated suppression of
myeloid cells infiltration and polarization. To investigate the
role of myeloid cells in VB3-treated mice, we used clodronate li-
posomes and anti-Ly6G neutralization antibody. Depletion of
myeloid cells in the TME suppressed the tumor progression
and increased the proportions and cytotoxic effect of CD8*
T cells in tumors, indicating the facilitating role of myeloid cells
in liver cancer development (Figures 4A-4D). However, in
myeloid cells-deleted mice, VB3 treatment no longer sup-
pressed tumor progression and failed to elevate the infiltrated
numbers and cytotoxic function of CD8" T cells (Figures 4A-
4D). Furthermore, we sorted the CD45"CD11b* myeloid cells
in tumor tissues by flow cytometry and evaluated their immuno-
suppressive status by quantitative reverse-transcription PCR
(RT-gPCR) (Figures 4E-4G). In VB3-treated mice, there was a
significant decrease in anti-inflammation factors (Arg-1,
CD163, interleukin [IL]-10, and vascular endothelial growth fac-
tor [VEGF]) and myeloid cell recruitment-related chemokines
(CCL2, CSF-1, CXCL1, CXCL2, and CXCLS5). These results sug-
gest that VB3 may activate CD8" T cells by inhibiting immuno-
suppressive myeloid cells.

Next, we investigated the effect of VB3 on the polarization of
myeloid cells in vitro. An LPC-H12 conditioned medium (CM)
was employed to mimic the TME to treat primary bone
marrow-derived macrophages (BMDM), G-MDSC, and
RAW264.7 cell line with VB3. We found VB3 treatment
decreased the mRNA expression of Arg-1, CD163, IL-10,
VEGF, CCL2, CSF-1, CXCL1, CXCL2, and CXCL5 (Figure 4H).
Flow cytometric analysis demonstrated that the CM induced
the polarization of primary myeloid cells into immunosuppressive
M2-like TAMs and G-MDSCs, whereas VB3 suppressed
this immunosuppressive polarization (Figures 41 and 4J). Further-
more, we investigated the influence of VB3-educated G-MDSCs
and TAMs on CD8" T cells by co-culturing (Figures 4K and 4L).
The results showed that VB3-educated G-MDSCs and TAMs
promoted the proliferation of CD8" T cells, indicating that VB3
abolished the immunosuppressive role of myeloid cells in the
TME. Overall, our findings suggest that VB3 remodels the immu-
nosuppressive TME mediated by tumor-associated myeloid
cells to activate the antitumor effect of CD8"* T cells.

Figure 3. VB3 remodels immunosuppressive TME to activate adaptive immune response
(A-D) The frequency of infiltrated immune cells in the TME was analyzed from Hepa1-6 (A, n = 8), LPC-H12 (B, n = 7), H22 (C, n = 6), and DEN+CCl4 tumor model

(D, n = 12) after VB3 treatment.

(E) Representative images of CD8, INOS, Arg-1, Ly6G, cleaved caspase-3, and TUNEL staining form Hepa1-6 tumors. Scar bar, 100 um for IHC and 60 um for IF.
(F) VB3-induced changes in tumor-infiltrated CD8" T cells were determined (n = 6), including activation (naive-like CD8* T, CD8"CD44~CD62L"; effector CD8" T,
CD8*CD44*CD62L "), cytotoxic function (Perforin, GZMB, IFN-y, and TNF-a), proliferation (Ki67), and exhaustion (PD-1, TIM-3, LAG-3, and TIGIT).

(G) VB3-induced CD4* T component changes in the TME were determined (n = 6). CD4" Tgon, CD4*FOXP3™, CD4 T,e5, CD4"FOXP3*.

(H and 1) Tumor volumes (H) and tumor weights (l) were observed in VB3-treated mice after CD8" T cells depletion (n = 6).

(J) The proportion of infiltrated immune cells in tumors was determined (n = 6). Data are presented as means + SEM. Experiments were conducted independently
in triplicates or more. Statistical analysis was performed by one-way ANOVA (A, B, C, |, and J), Student’s t test (D, F, and G) or two-way ANOVA (H). ns, p > 0.05; *,
p <0.05; **, p <0.01; ™, p < 0.001.
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GPR109A is required for the antitumor effect of dietary
VB3 supplementation
Given that GPR109A is identified as the receptor of VB3 and
highly expressed in myeloid cells in vivo,'® we first analyzed
the clinical relevance of GPR109A in liver cancer patients.
Compared to early stage, the expression of GPR109A was grad-
ually increased in advanced stages (Figure S4A). Kaplan-Meier
analysis of The Cancer Genome Atlas data revealed that
increased expression of GPR109A was associated with poor
prognosis in liver cancer patients (Figure 5A), suggesting
GPR109A may involve liver cancer progression. To determine
which cell types express GPR109A in liver cancer TME, bio-
informatic analysis of single-cell RNA sequencing data from
133 HCC samples revealed GPR109A was mainly expressed
on myeloid cells compared to other immune cells (Figure S4B).
In Hepa1-6 and LPC-H12 tumors, GPR109A was also highly ex-
pressed in tumor-infiltrated myeloid cells, while CD45™ cells
(major tumor cells) and other immune cells (CD45*CD11b™)
showed low expression level of GPR109A (Figures 5B and 50).
Meanwhile, there was an accumulation of GPR109A" myeloid
cells in the TME with liver cancer progression (Figures 5C, 5D,
and S4C). Furthermore, we analyzed the association between
GPR109A expression, myeloid cells abundance, and patient
prognosis via the Tumor Immune Estimation Resource
(TIMER2.0) database. As expected, Kaplan-Meier analysis
showed that high expression of GPR109A and increased infiltra-
tion of macrophages/MDSCs indicated a poor prognosis in liver
cancer patients (Figure 5E). To elucidate the role of GPR109A in
liver cancer progression, we utilized GPR109A-deficiency mice
and a GPR109A blocker mepenzolate bromide (MPN). Both
GPR109A deficiency and MPN treatment significantly slowed
down tumor growth and reduced tumor weight (Figures 51, 5J,
5L, and 5M). Flow cytometric analysis of the TME revealed a sig-
nificant increase of CD8" T cells and M1-like TAMSs, as well as a
dramatic decrease in G-MDSCs and M2-like TAMs in GPR109A-
deficient or MPN-treated mice (Figures 5K and 5N). These re-
sults suggest GPR109A may play a role in shaping the immuno-
suppressive TME, making it a potential therapeutic target.
Next, we investigated the impact of VB3 treatment on
GPR109A in the TME. In DEN+CCl,-induced tumors, there was
a significant decrease of GPR109A* myeloid cells after VB3
treatment (Figure 5F). Immunostaining of GPR109A and CD11b
in tumor tissues also confirmed this finding (Figure 5D). Western
blot and RT-gPCR analysis of sorted tumor-associated myeloid
cells verified the downregulated mRNA and protein expression

Cell Reports Medicine

of GPR109A in tumors from VB3-treated mice (Figures 5G and
5H). In vivo, both GPR109A deficiency and MPN treatment abol-
ished the VB3-mediated tumor inhibition (Figures 5l, 5J, 5L,
and 5M). Consistently, flow cytometry analysis showed that
GPR109A deficiency or MPN treatment abolished the VB3-medi-
ated increase of CD8" T cells and M1-like TAMs, as well as
the decrease of M2-like TAMs and G-MDSCs in the TME
(Figures 5K and 5N). Based on these results, we speculate that
GPR109A is required for the antitumor effect of dietary VB3
supplementation.

Biased B-Arrestin/GPR109A axis activation in myeloid
cells is responsible for antitumor effect of VB3

To further verify the role of GPR109A and downstream signaling
responsible for the regulation of VB3 on myeloid cells, we iso-
lated primary G-MDSC and BMDM and used the RAW264.7
cell line. In normal myeloid cells, VB3 had no impact on the
GPR109A expression and inflammatory status (Figures 6A and
S5A). In contrast, the increased mRNA and protein expression
of GPR109A induced by CM was significantly inhibited after
VB3 intervention (Figures 6A and 6B). Compared to normal
myeloid cells, VB3 effectively suppressed the immunosuppres-
sive polarization of CM-treated myeloid cells (Figures 6C and
6D). To elucidate the differential effects of VB3 on normal and
CM-stimulated myeloid cells, the classical cyclic AMP (CAMP)/
protein kinase A (PKA), extracellular signal-regulated kinase
(ERK), and biased B-Arrestin axis in cells were explored, which
have been identified as the downstream signaling pathway after
GPR109A activation.”® In addition, nuclear factor kB (NF-kB)
signaling was also observed, which has been proven to regulate
GPR109A expression and inflammatory responses in macro-
phages.”"*? As indicated in the normal myeloid cells, we found
a decrease of the cAMP level after VB3 treatment (Figure S5B).
Consistently, VB3 decreased the downstream P-PKA expres-
sion and increased P-ERK expression, where P-P65 was not
affected, suggesting VB3 activated classical inhibitory G protein
(Gi) signaling in normal myeloid cells without affecting the NF-xB
axis (Figure S5C). In contrast, in CM-treated myeloid cells, CM
alone was sufficient to suppress the cAMP level and VB3 could
not further affect the cAMP level (Figure S5B). Accordingly, the
CM-induced downregulated P-PKA expression and upregulated
P-ERK expression were not impacted after VB3 intervention,
whereas VB3 inhibited the CM-mediated upregulated P-P65
expression (Figures 6B and S5D). These results indicated
that VB3 could not further activate classical Gi signaling but

Figure 4. VB3 acts on myeloid cells to boost antitumor effect of CD8"* T cells
(A and B) Tumor volumes (A) and tumor weights (B) were observed in VB3-treated mice after myeloid cells depletion (n = 6).
(C and D) The proportion (C) and cytotoxic function (D) of CD8* T cells were explored (n = 6).

(E-G) The myeloid cells were sorted by flow cytometry in tumor tissues. The mRNA expression of Arg-1, CD163, IL-10, VEGF, CCL2, CSF-1, CXCL1, CXCL2, and
CXCL5 was detected (n = 6).

(H) Primary BMDM, G-MDSC, or RAW264.7 were treated with LPC-H12 CM and VB3 for 12 h. The mRNA expression of Arg-1, CD163, IL-10, VEGF, CCL2, CSF-1,
CXCL1, CXCL2, and CXCL5 was detected (n = 3).

(I and J) Primary BMDM and G-MDSC were treated with LPC-H12 CM and VB3 for 24 h. The polarization ratio of G-MDSCs or M1-like TAMs and M2-like TAMs
were explored by flow cytometry. Representative gating images were shown (I). The polarization ratio was quantified (J, n = 3).

(K and L) Carboxyfluorescein succinimidyl ester (CFSE)-labeled CD8" T cells were co-incubated with VB3-primed myeloid cells for 48 h. The proliferation rates of
CD8* T cells were detected by flow cytometry. Representative gating images were shown (K). The proliferation ratio was quantified (L, n = 4-5). Data are pre-
sented as means + SEM. Experiments were conducted independently in triplicates or more. Statistical analysis was performed by two-way ANOVA (A), one-way
ANOVA (B, C, D, H, J, and L), or Student’s t test (E-G). ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001.

8 Cell Reports Medicine 5, 101718, September 17, 2024



Cell Reports Medicine

¢? CellPress

OPEN ACCESS

A GPRIOOA Iow B Hepa1-6 Lrc-H1iz2 C Hepa1-6 Lpc-H12 D GPR109A/CD11b/DAPI
2 “GPRIOSANGN 1007  yue o 21000, T80 60
g o Sw gl 1 Sag g2 3% £
E-] [ o = D = 60 o = E
s $3 53 g3 g3 s
5 050 s ,° 60 s, 60 (=1 c °
3 53 5 S g 8%
2 0% yp = 162 (1.08-243) o3 40 63 40 5a 5 o 20
g logrank P value = 0.00871 o = 20 o = 20 o O 20 oo =
& 00 [ o X = = o
0 1000 2000 3000 4000 % 0 % ¥ ° 0 o 0 ‘;’
E Overall survival (days) I CD45cells 1 Myeloid cells C1 Other immune cells I 5Days 1 10 Days LI 15 Days E :
& o DEN+CCl4
2 e, S HONERISAY ko Macrop e, g o
5 o5 ’ Isotype control Vehicle g, 2 40 . 3
2 i S @ t =
[ w1 e 9301 —— o
S 050] 3 ® * . O
wq w 3 wk L 3
= O <« 20 z
> 025 L | ¥ [Tl w
E HR = 0.641 (0.236-0.899) g b+ cell GPR109A+CD11b+ cell o 010 =]
S go|loorank P value = 0.0222 i } 260 S 5 H ~DEN+CCl4
L2 0 500 1000 1500 2000 2500 : o " Vehicle VB3
Overall survival (days) G VehicleVB3 . BA
GPR10 e
DEN+CCl4 Hepal-6 LPC-H12 -
gmu —H?;aepmouﬂﬁghmosc .9'5“1 5 .931.5 . .2?1.5 GAPDH | S |
2o ﬁ % . § g * § g __Hepat-6
g ‘5-'5 1.0 5-'5 1.0 'ﬁ.ﬁ 1.0 GPR109A [ ) B =5 &5 &5
[ 8§ w B = £s oaPoi [ )
©
> 025 < 5 0.5 < 5 0.5 < 5 0.5
T HR = 0.396 (0.204-0.77) Z3 = % b4 % LPC-H12
2 ol n z2 28 ge SR 11 Ta—
L 0 500 1000 1500 2000 2500 0 r 0. r 0. T GAPDH
Overall survival (days) VehicleVB3 VehicleVB3 VehicleVB3
Hepa1-6 Hepa1-6 Hepa1-6 Hepa1-6
| WT Vehicl J P L P M
2 2000 - wrves H o
£ * =15 £ 12007~ Vehicle =~ 1.0 sk
£ -+~ GPR109A-/- Vehicle|= * 2 sk £ 1000{= VB3 |} =) |
T 15001+ GPR109A/-vB3 |® = -t = * £08] . —_
E Dol 4 2 soof™ MPN |3 = ns
3 1000 ° PO 3 *x s - MPN+VB3 1 ® 0.6 t%v =
] 2 ——— 5 6001 2 _}‘
=
S 500 805 wEe > 4 5 04 .-
2 £ -l 5 <) € o2 = I o
E 2 £ 200 S 0.
=R 0.0— - - - 2 o0 0
0 3 6 95 12 15 0 3 6 9 12 15 ’
Days after tumor implantation Days after tumor implantation
LPC-H12 LPC-H12 LPC-H12 LPC-H12
o - WT Vehicle & . I Jk
£ 20007 WT VB3 i 31.5 e £ 15001 - Vehicle " 61.0 4
: = = |
E 1600{~ GPR109A-- Vehicle| % E | — £ - VB3 1T |, Fos8{ o P
2 - GPR109A--VB3 |® 5107 L £ 1000{™ MPN [z [* 2 £ —
£ 1200 g N s < MPN+VB3 gos s
3 2 — = % Iz
; 800 g 0.5 :—:Ei |‘_JPL ; 5004 g 0.4 e AAA s
§ 400 3 e SIS 2 0 FE .
2 0 . . . .0 2 0 : - . . . 0 y ;
0 3 6 9 12 15 0 3 6 9 12 15
Days after tumor implantation Days after tumor implantation
K Hepal-6 N Hepa1-6 (0]
20 ey g0 -
Z 0l esns g I |
E dekk 8
o % = . 1 ns
+ m] ns %40 I —x_ ns
230 A ' B ons [
a e T I oS 'y 0 . DR [ BN =~ N
| Jedek ° ”? o ' o E ']
% 20 a m % g ﬁ|—|'"_s‘ @ g 5 E o @ E‘ APC-Isotype control APC-GPR109A
£ ) =3 e 20 208 - E : |
310 3 Baa B
3 8 B .
o ] * b -]
o o ]
" CDS'T  MI-TAM M2 TAM  G-MDSC CD8'T  M1-TAM M2-TAM  G-MDSC 3 -
(2]
=80 LPC-H12 S 80 LPC-H12 !
S — 5 Hkk 1
] ] — o
- ns - & 6w
3 60 "*'“'"‘1_{ 3 60 ns FITC-CD45
. *5 % A
1] < I
< a =
o 340 cotsico ol
O 40 U ns - - 935
"o' r Sk o ke dekk 5"
skk NS Pk - S o
E 20 & ; = ﬂ:) 20 . ns B ns A oS é ]
=} ns, o — — - !
o & & '_: = e ,"—51 5 - B m & = Woey oterimmunecots
2 oo P & . ‘
0 . T : :
= cD8'T M1-TAM M2-TAM  G-MDSC CcD8'T M1-TAM  M2-TAM G-MDSC FITC-CD45

O WT Vehicle 0 WT VB3 [ GPR109A-/- VehicleZ] GPR109A-/- VB3

3 Vehicle & VB3 O MPN [ MPN+VB3

Cell Reports Medicine 5, 101718, September 17, 2024

(legend on next page)

9




¢ CellPress

OPEN ACCESS

specifically suppressed NF-«kB signaling in tumor-associated
myeloid cells. This discrepancy could be closely related to the
GPR109A activation that was profoundly influenced by cellular
context.

Because biased B-Arrestin1/2 act as regulators of GPR109A
activation and degradation, as well as function to inhibit
NF-kB pathway activation,”*° our focus shifted to the B-Ar-
restin axis. Although VB3 had little effect on the B-Arrestin1/2
expression in CM-treated myeloid cells (Figure S5D), the coim-
munoprecipitation assay showed that VB3 enhanced the binding
of B-Arrestin1/2 with GPR109A, suggesting that VB3 facilitated
the activation of the biased Gi axis in the TME (Figure 6J). Further
exploration of the relationship between GPR109A, B-Arrestini1/2,
and NF-«B signaling in CM-treated myeloid cells with VB3 inter-
vention was conducted by the use of GPR109A—/— mice,
GPR109A blocker MPN, NF-kB inhibitor JSH-23, and B-Ar-
restin1/2-small interfering RNA. After GPR109A deletion, the
increased immunosuppressive polarization and P-P65 expres-
sion in CM-treated wild-type (WT) myeloid cells were markedly
attenuated in CM-treated GPR109A—/— myeloid cells (Figures
6C and 6E). This finding was further confirmed in MPN-treated
WT myeloid cells (Figures 6D and 6F). Moreover, JSH-23 signif-
icantly inhibited the GPR109A expression and downstream in-
flammatory responses in CM-treated myeloid cells (Figures
S5E and S5F), consistent with previous studies that the NF-kB
axis regulated GPR109A expression and inflammatory re-
sponses.”' These effects of JSH-23 on CM-treated myeloid cells
were no longer existed following GPR109A depletion (Figures
S5E and S5F). The aforementioned results indicated that
liver cancer TME may activate the GPR109A/NF-kB P65 axis
to create a positive feedback loop to promote the immunosup-
pressive polarization of myeloid cells. In GPR109A-deleted or
GPR109A-blocked myeloid cells, VB3 no longer decreased
the protumor polarization and NF-kB signaling activation in
CM-treated myeloid cells (Figures 5C-5F), indicating the down-
regulated GPR109A/NF-kB P65 axis was responsible for the
antitumor effect of VB3. After knocking down B-Arrestin1/2 in
myeloid cells, VB3 also exerted no effect on suppressing CM-
induced GPR109A upregulation, NF-kB axis activation, and
immunosuppression polarization (Figures 5K, 5L, and S5G),
which was in line with the previous finding that B-Arrestin in-
hibited NF-kB activity.”"?® Thus, the aforementioned results
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indicated B-Arrestin was important for VB3-mediated inhibition
of the GPR109A/NF-«B P65 axis.

Based on our in vivo and in vitro experiments, we observed
that VB3 decreased both mRNA and protein expression of
GPR109A in tumor-associated myeloid cells. We were interested
in determining whether VB3-induced downregulation of
GPR109A protein expression was solely attributed to the
reduced transcription and subsequent translation of GPR109A
mRNA or it also involved B-Arrestin-mediated GPR109A degra-
dation. The transcription inhibitor actinomycin-D (ACTD) and
protein synthesis inhibitor cycloheximide (CHX) were employed.
Myeloid cells were previously stimulated with CM for 12 h to acti-
vate GPR109A expression and then treated with VB3/ACTD/
CHX (Figure 6G). In ACTD-treated myeloid cells, VB3 could
not further suppress the GPR109A mRNA expression, whereas
the decreased GPR109A protein expression induced by VB3
was still existed (Figures 6H and 61), indicating that VB3-downre-
gulated GPR109A protein expression was dependent of
GPR109A translation. In CHX-treated myeloid cells, CHX failed
to block the VB3-induced inhibition of GPR109A mRNA and pro-
tein expression (Figures 6H and 6l), eliminating the possibility
that the VB3-mediated downregulated GPR109A protein totally
relied on protein synthesis. Therefore, we speculated that -Ar-
restin-mediated GPR109A degradation was also essential for
the antitumor effect of VB3.

To further understand the importance of the biased B-Arrestin
axis in the antitumor effect of VB3, we conducted a comparative
analysis using a partial GPR109A agonist MK-0354 and
GPR109A antagonist MPN. Given that VB3 is identified as a full
GPR109A agonist, MK-0354 only activates the classical Gi
signaling without affecting the B-Arrestin pathway, while MPN
blocks GPR109A-mediated downstream signaling activation.”®
We found MK-0354 treatment did not suppress liver cancer pro-
gression and had no impact on tumor-infiltrated CD8* T cells,
G-MDSCs, M1-like TAMs, and M2-like TAMs compared to VB3
or MPN (Figures S6A and S6B). Meanwhile, the antitumor immu-
nity of MPN was inferior to that of VB3 (Figures S6A and S6B).
In vitro experiments demonstrated that MK-0354 had no impact
on CM-mediated GPR109A upregulation, NF-«B axis activation,
and immunosuppression polarization of tumor-associated
myeloid cells (Figures S6C and S6D). These results suggest
that biased B-Arrestin  activation-mediated GPR109A

Figure 5. GPR109A is required for the antitumor effect of VB3

(A) The Kaplan-Meier survival analysis for liver cancer patients based on GPR109A mRNA expression.
(B) The GPR109A expression on non-immune cells (CD457), other immune cells (CD45"CD11b~), and myeloid cells (CD45*CD11b*) was detected by flow

cytometry in tumor tissues (n = 6).

(C) The proportion of GPR109A* myeloid cells in TME was explored at day 5, 10, and 15 after tumor implantation (n = 6).

(D) Representative images of CD11b and GPR109A staining in DEN+CCI4 model. Scar bar, 60um.

(E) The Kaplan-Meier survival analysis for GPR109A expression and MDSCs or macrophages abundance of liver cancer patients.

(F) The GPR109A expression on myeloid cells were determined in DEN+CCl4-induced tumor tissues after VB3 treatment (n = 6).

(G and H) The mRNA expression (G, n = 6) and protein expression (H) of GPR109A in sorted tumor-associated myeloid cells were explored.

(I-K) Tumor volumes (I) and tumor weights (J) in WT and GPR109A—/— mice were observed after VB3 treatment (n = 6). The frequency of infiltrated immune cells in
TME was analyzed (K).

(L-N) Tumor volumes (L) and tumor weights (M) in WT mice were observed with VB3 and MPN treatment (n = 6). The frequency of different infiltrated immune cells
in TME was analyzed (N).

(O) Representative gating images of GPR109A expression on CD45™ cells, CD45"CD11b ™ cells, and CD45*CD11b™ cells. Data are presented as means + SEM.
Experiments were conducted independently in triplicates or more. Statistical analysis was performed by one-way ANOVA (B, C, J, K, M, and N), Student’s t test
(F and G), or two-way ANOVA (I and L). ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Figure 6. Biased B-Arrestin/GPR109A axis activation in myeloid cells is responsible for antitumor effect of VB3
(A) Myeloid cells from WT mice or RAW264.7 were treated with/without LPC-H12 CM and VB3 for 12 h. The GPR109A mRNA expression in cells was detected

(n=3).

(B) Myeloid cells from WT mice or RAW264.7 were treated with LPC-H12 CM and 50 uM VB3 for 0, 3, 6, 12, and 24 h. The protein expression of GPR109A, P-P65,

and P65 was detected.

(C and E) Myeloid cells from WT or GPR109A—/— mice were treated with/without Hepa1-6 CM and VB3 (50 uM) for 12 h. The mRNA expression of GPR109A,
Arg-1, IL-10, VEGF, CCL2, CSF-1, CXCL1, CXCL2, and CXCL5 was explored (C, n = 3). The protein expression of GPR109A, P-P65, and P65 was detected (E).
(D and F) Myeloid cells from WT mice were treated with MPN (50 M) previously for 4 h and treated with Hepa1-6 CM and VB3 (50 M) for another 12 h. The mRNA
expression of GPR109A, Arg-1, IL-10, VEGF, CCL2, CSF-1, CXCL1, CXCL2, and CXCL5 was detected (D, n = 3). The protein expression of GPR109A, P-P65, and

P65 was evaluated (F).

(G-l) Scheme of myeloid cells treatment and coincubation. Myeloid cells from WT mice were previously stimulated with CM for 12 h before treatment with VB3
(50 uM), ACTD (50 puM), and CHX (50 uM) for another 12 h (G). The mRNA expression (H, n = 3) and protein expression (l) of GPR109A were detected.

(J) Myeloid cells from WT mice were treated with LPC-H12 CM and VB3 for 12 h. The binding between GPR109A and B-Arrestinior B-Arrestin2 was determined.
(Kand L) B-Arrestin1/2-knockdown RAW264.7 cells were treated with LPC-H12 CM and VB3 (50 uM) for 12 h. The mRNA expression of GPR109A, Arg-1, IL-10,
VEGF, CCL2, CSF-1, CXCL1, CXCL2, and CXCL5 was detected (K). The protein expression of GPR109A, P-P65, and P65 was explored (L). Data are presented as
means + SEM. Experiments were conducted independently in triplicates or more. Statistical analysis was performed by one-way ANOVA. ns, p > 0.05; *, p < 0.05;

**,p <0.01; ™, p <0.001.
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degradation and downstream NF-«B P65 inhibition are impor-
tant for the antitumor immunity of VB3 against liver cancer.

VB3 augments the immune/targeted therapy against
liver cancer

The unresponsiveness and resistance to immune/targeted
therapy present substantial challenges in the clinical treatment
of liver cancer.” Patients with targeted/immune-resistant liver
cancer often have an immunosuppressive TME, characterized
by a lack of the antitumor CD8" T cells, or an abundance of tu-
mor-promoting myeloid cells.? Our findings demonstrated that
VB3 can reshape the immunosuppressive TME mediated by tu-
mor-associated myeloid cells and promote antitumor immunity
of CD8* T cells. This raises the hypothesis that VB3 may enhance
the efficacy of immune checkpoint blockade or targeted therapy.
To investigate this, we conducted experiments combining
VB3 with anti-PD-L1 antibody or lenvatinib in Hepa1-6 and
LPC-H12 models. Compared to treatment with anti-PD-L1 or
lenvatinib treatment alone, the combined treatment induced
a marked regression of tumor growth and tumor weight
(Figures 7A, 7B, 7D, and 7E), indicating a synergistic antitumor
effect of VB3. In the immunotherapy models, flow cytometry
analysis of tumor-infiltrated immune cells revealed an increase
in CD8" T cells and M1-like TAMs and a decrease in G-MDSCs
and M2-like TAMs in mice tumor tissues treated with anti-PD-
L1 antibody alone (Figure 7C). Importantly, these effects were
dramatically amplified in the combination group (Figure 7C). In
the targeted therapy models, lenvatinib treatment alone had min-
imal effect on immune cell populations, except for an increase
in G-MDSCs in Hepal-6 tumors; however, the combination
treatment resulted in the increase of CD8"* T cells and M1-like
TAMs in the TME compared to VB3 or lenvatinib treatment alone
(Figure 7F). These results provide evidence of a potent synergy
between VB3 and PD-L1 blockade or lenvatinib in sensitizing tar-
geted/immune refractory liver cancer.

DISCUSSION

There is a growing interest in elucidating the relationship be-
tween diet and health, particularly how it may affect cancer.®
The concept that dietary changes can potentially hinder tumor
progression and improve response to cancer treatment is highly
appealing to cancer patients.”?” However, there is limited
compelling evidence supporting the use of dietary interventions
for cancer prevention and treatment, and the underlying mecha-
nisms are still being explored. Here, our study demonstrated that
VB3, a commonly used dietary supplementation, can rescue the
compromised antitumor immunity by eliminating the immuno-
suppressive TME induced by GPR109A* myeloid cells in liver
cancer. These led to an enhancement in the antitumor function
of CD8" T cells and improved immune/targeted therapeutic
against liver cancer. Mechanistically, TME upregulated
GPR109A expression and activated downstream NF-«B axis in
tumor-associated myeloid cells, promoting their immunosup-
pressive polarization. In contrast, VB3 activated biased
GPR109A/B-Arrestin axis in intratumor myeloid cells to degrade
GPR109A and inhibited downstream NF-kB pathway, thereby
eliminating the immunosuppression of the TME. These findings
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indicate that VB3 has the potential as an adjunctive therapy for
preventing liver cancer progression. Our results also contribute
to a better understanding of how vitamins are mechanistically
linked to cancer.

The local nutrient availability in TME greatly influences tumor
development and therapeutic response.?® Vitamins, as impor-
tant components of dietary interventions, play multiple roles
in cancer progression and therapy. On one hand, restriction
of certain vitamins, such as VB5 and VB6, can impede can-
cer-related metabolic pathways.®?° For example, VB5 sup-
ports myelocytomatosis viral oncogene homolog (MYC) onco-
genic metabolism in breast cancer progression,’® while
restricting VB6 can suppress NK cells cytotoxicity in pancreatic
ductal adenocarcinoma cells.® Limitation of VB5 or VB6 in spe-
cific cancers may effectively reduce tumor burden and
augment the therapeutic effect of clinical treatment. On the
other hand, deficiencies in certain vitamins, including VB9,
VB12, VB6, and vitamin C (VC), can cause DNA damage and
contribute to the development of cancer.*° These findings sug-
gest that vitamins can have contradictory functions in certain
types of cancer. In our study, we observed a deficiency of B
group vitamins, especially VB3, in digestive cancer patients.
Higher intake of VB3 effectively reduced the risk of liver cancer,
and dietary supplementation of VB3 was positively associated
with improved cancer prognosis, consistent with other cohort
studies.®" Furthermore, we confirmed the antitumor effect of
dietary VB3 supplementation against liver cancer in multiple
mouse models. Although nutrients originate from diverse
foods and diets, examining individual nutrients can help identify
the molecular mechanisms underlying nutritional influences
on human health and disease, as well as effectiveness of
therapies.

The crosstalk between tumor cells and immune cells within the
TME is a crucial factor in tumor progression and response to
treatment.®” Tumor-associated myeloid cells are the most abun-
dant immune cells in the TME and account for nearly 50% of the
total tumor mass in solid tumors.>*** The accumulation of
myeloid cells suppresses the antitumor role of CD8* T cells
and NK cells, facilitates the accumulation of Treg cells, and hin-
ders antigen presentation of DCs. These create an immunosup-
pressive TME that promotes immune escape and liver cancer
progression.®> Moreover, myeloid cells contribute to the resis-
tance of current antitumor strategies, including chemotherapy,
targeted therapy, and immunotherapy.®® This resistance is partly
due to the release of chemokines and anti-inflammatory factors,
which activate and recruitimmunosuppressive cells like MDSCs,
Treg, and TAMs, thereby evading immune surveillance.***’
Recently, therapeutic strategies targeting myeloid cells have
been proposed, involving modulation of their functional activ-
ities, recruitment, and survival through targeting specific cell sur-
face receptors, epigenetic machinery, or metabolic regulators.*®
However, the high heterogeneity of myeloid cell subsets and the
lack of uniform markers for these subsets pose challenges in im-
plementing these approaches.®**® Therefore, understanding the
functional heterogeneity of tumor-associated myeloid cells is
crucial for deciphering their role in the TME and developing
new immunotherapy strategies for cancer. In our research,
we identified a subpopulation of myeloid cells, known as
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Figure 7. VB3 augments the immune/targeted therapy against liver cancer
(A-C) Tumor volumes (A) and tumor weights (B) were observed (n = 6) with/without VB3
cells in TME was analyzed (C, n = 6).

and anti-PD-L1 antibody treatment. The frequency of infiltrated immune

(D-F) Tumor volumes (D) and tumor weights (E) were measured (n = 8-9) with/without VB3 and lenvatinib treatment. The frequency of different infiltrated immune

cells in the TME was explored (F, n =

7-8). Data are presented as means + SEM. Experiments were conducted independently in triplicates or more. Statistical

analysis was performed by two-way ANOVA (A and D) or one-way ANOVA (B, C, E, and F). ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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GPR109A" myeloid cells, which contributed to the formation of
immunosuppressive TME and were closely associated with
poor prognosis of liver cancer patients. Genetic deletion or phar-
macological blockade of GPR109A both effectively promoted
the antitumor effect of CD8" T cells and inhibited cancer pro-
gression by inhibiting immunosuppressive polarization and
recruitment of G-MDSCs and M2-TAMs. GPR109A controlled
the polarization status of these myeloid cells by regulating the
expression of Arg-1, IL-10, VEGF, CCL2, CSF-1, CXCLA1,
CXCL2, and CXCL5. Moreover, targeting GPR109A with VB3
enhanced the efficacy of immune/targeted therapy against liver
cancer. Therefore, GPR109A can be considered a biomarker
for immunosuppressive myeloid cells and potential therapeutic
target for activating specific T cell immunity in liver cancer
treatment.

VB3, which is used as a pharmacological agent for the treat-
ment of cardiovascular diseases in clinical practice,* has also
shown efficacy in preclinical studies of various diseases,
including obesity, hepatic steatosis, and colitis.’****" VB3
possesses anti-inflammatory properties by downregulating
the expression of IL-18, IL-6, IL-10, VEGF, and CCL2 in macro-
phages.'**° However, previous research has also demon-
strated that VB3 can stimulate proinflammatory properties to
suppress brain tumors via upregulation of IFN-14 in myeloid
cells.*? In the context of liver cancer, the TME educates infil-
trated myeloid cells to polarize into M2-like TAMs and
G-MDSCs, which contribute to the construction of an immuno-
suppressive microenvironment. However, our study showed
that VB3 supplementation can overcome the compromised im-
munity induced by tumor-educated myeloid cells and activated
the antitumor function of CD8" T cell against liver cancer. The
crucial role of myeloid cells in mediating the benefits of VB3
was confirmed by the loss of VB3 efficacy in mice depleted of
myeloid cells. Moreover, we identified GPR109A on myeloid
cells as responsible for the effect. We found that GPR109A
regulated the anti-inflammatory function of tumor-associated
myeloid cells, consistent with previous studies showing that
GPR109A signaling promotes anti-inflammatory properties in
macrophages and dendritic cells.’® VB3 reduced the expres-
sion of GPR109A on myeloid cells by activating biased
GPR109A/B-Arrestin1/2 interaction in the TME. Blocking
GPR109A by genetic deletion or small-molecule blocker abol-
ished the antitumor immunity induced by VB3.

In summary, our research uncovers the immune-modulatory
activity of VB3 in the TME. Dietary supplementation of VB3 en-
hances the antitumor responses of adaptive immunity by coun-
teracting immunosuppressive myeloid cells and improves the ef-
ficacy of immune/targeted therapy. These findings establish a
mechanistic link between dietary vitamins supplementation
and cancer progression, suggesting that VB3 could be readily
translated into clinical use as an adjunctive treatment for liver
cancer.

Limitations of the study

Several limitations should be acknowledged. While our findings
demonstrate a reduction in liver cancer risk with high VB3 intake
in two separate cohorts, the prevention and treatment effect of
VB3 against liver cancer based on our preclinical findings is still
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lacked with supporting evidence from clinical trial. Besides, the
more detailed mechanism of how the TME increases GPR109A
expression and downstream NF-«B axis is unknown and needs
further explorations. Moreover, the murine liver cancer models in
our study are based on carcinogen-induced liver neoplasia and
transplantable syngeneic liver tumors; both of them cannot
provide insights to recapitulate spontaneous development of
liver cancer. Thus, a genetically engineered mouse model (he-
patic PTEN knockout mice [HepPten—/—]) of liver cancer is still
needed to evaluate the prevention function of VB3 in the future
study.
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Cyagen Biosciences
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Arrb2-siRNA: This paper N/A
CCUACAGGGUCAAGGUGAATT

Negative control-siRNA: This paper N/A
UUCUCCGAACGUGUCACGUTT

Primers used for RT-qPCR This paper Table S3

Software and algorithms

TCGAbiolinks TCGAbiolinks https://www.bioconductor.org/
packages/release/bioc/html/
TCGAbiolinks.html

GraphPad Prism Version 9.0 GraphPad Software https://www.graphpad.com/
FlowJo_V10 FlowJo Software https://www.flowjo.com/

R version 4.3.3 The R Foundation https://www.r-project.org/
ImageJ ImagedJ Software https://imagej.net/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human data

The first epidemiology study in this study were obtained from National Health and Nutrition Examination Survey (NHANES) conducted
by the National Center for Health Statistics (NCHS). Information on the intake and supplement of B group vitamins was collected from
the dietary recall questionnaire. The NHANES protocols were approved by the Ethics Review Board of the National Center for Health
Statistics, and participants provided informed consent. Participants who self-reported being diagnosed with one or more types of
cancer were classified as cancer survivors, while those reporting no cancer diagnosis were considered non-cancer individuals. Par-
ticipants with digestive system cancers, including colorectal, esophageal, gallbladder, liver, pancreatic, and gastric cancers, were
specialized categorized as having digestive system cancer. Mortality data, obtained from NCHS and linked to the National Death
Index, were available until December 31, 2019. The International Statistical Classification of Diseases and Related Health Problems
and Tenth Revision (ICD-10) was used to record the underlying cause of death, particularly for cancer-related mortality (ICD-10 codes
C00-C97). For participants without cancer, the follow-up duration was defined as the time between the follow-up date and either the
date of death or December 31, 2019, measured in years. All analyses considered the complex sampling of NHANES and were
weighted to ensure national representativeness. Group differences were estimated using t-tests and chi-square tests, while associ-
ation analysis was performed using multivariable logistic regression and generalized additive models. The covariates adjusted for in
the analysis included age, gender, and race. The Kaplan-Meier curves were constructed for survival analysis to assess the prognosis
of cancer survivors. All analyses were conducted using R version 4.3.3, with two-sided tests and significance set at p < 0.05. Inclusion
and exclusion criteria are showed in Figure S1A. The Baseline characteristics were provided in Table S1.

The second epidemiology study in this study were obtained from the UK Biobank (Application ID: 194423). In our analysis, partic-
ipants were excluded if they met the following criteria: 1) identified with cancer at baseline (defined as completing the last round of
24-h dietary recall), including those who had been diagnosed with cancer corresponding to ICD codes C00-C97, based on health
outcome data linked to hospital admission records, primary care, or death records in the UK Biobank (n = 24,394), or self-reported
a history of cancer during the baseline oral interview (n = 20,215); 2) no or only one round of 24-h dietary recall data that reported
typical diet (n = 362,880); 3) Missing covariate data (n = 10,279). Finally, a total of 84,476 participants were included for analysis.
The included participants were divided into two groups based on median intake of VB3. The t-tests and rank sum tests were
used to estimate differences between two group. The association between VB3 intake and the incidence of liver cancer was analyzed
using a multivariate Cox regression model, with Model 1 adjusting for covariates of age, gender, ethnicity, and alcohol intake, and
Model 2 further adjusting for BMI, Townsend deprivation index, smoking frequency, and educational level. All analyses were con-
ducted using R version 4.3.3, with statistical tests being two-sided and significance set at p < 0.05. Inclusion and exclusion criteria
are showed in Figure S1B. The Baseline characteristics were provided in Table S2.

The GPR109A expression profiles and clinical metadata of liver cancer patients were acquired using TCGAbiolinks, while the per-
centage results of macrophages and MDSCs in liver cancer TME were obtained from the TIMER2.0 database. Subsequently, the
samples were stratified into low and high expression groups based on their GPR109A expression levels utilizing the Kaplan-Meier
plotter website. Specifically, samples with MDSCs/Macrophages abundance exceeding 70% were categorized into the high-expres-
sion group, whereas those with percentages below 30% were assigned to the low-expression group. The RNA-seq datasets of
different stages HCC were obtained from TCGA and OncoDB. Processed single-cell RNA-seq data from 133 HCC samples, along
with all processed bulk TCGA expression data, were acquired from the GepLiver database.
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Cell lines

The Hepa1-6 mouse liver cancer cell line was procured from the American Type Culture Collection (ATCC, USA), while the LPC-H12
and H22 mouse liver cancer cell lines and the RAW264.7 mouse monocyte cell line were sourced from the Cell Bank of Shanghai
Institutes for Biological Sciences (Chinese Academy of Science). Routine mycoplasma testing by PCR and authentication via STR
fingerprinting were conducted for all cell lines by the analytic facility of the Cell Bank of Shanghai Institutes for Biological Sciences.
Hepa1l-6 and LPC-H12 cell lines were cultured in DMEM medium, while H22 and RAW264.7 cell lines were cultured in RMPI 1640
medium, both supplemented with 10% FBS and 1% penicillin-streptomycin. All cell lines were maintained at 37°C in a humidified
atmosphere with 5% CO2.

In vivo animal models

C57BL/6 mice and BALB/C mice (male, 2-4 weeks old) were obtained from Shanghai Slac Laboratory Animal Co. and fed in a path-
ogen-free vivarium under standard conditions. GPR109A~'~ mice on C57BL/6 background were obtained from Cyagen Biosciences.
The use principles and experimental protocols of animals were approved by the Animal Care and Use Committee of Laboratory An-
imal Center, Shanghai Jiao Tong University School of Medicine (No. A-2020-001).

To establish chemical-induced orthotopic HCC model, the 2 weeks old male C57BL/6 mice were injected intraperitoneally with
Diethylnitrosamine (DEN, 25 mg/kg) and randomly divided into vehicle or VB3 treatment groups. At the age of 3 weeks, the mice
were intraperitoneally injected with Carbon tetrachloride (CCl,4, 1 mL/kg, dissolved in olive oil) once a week for up to the experiment
ended. For VB3 treatment, the mice were treated with 50 mg/kg VB3 in drinking water at the age of 6 weeks until the experiment
ended.

To establish the subcutaneous HCC model, Hepa1-6, LPC-H12 or H22 cells (2% 10° in 100uL FBS-free DMEM medium containing
40% matrigel) were injected into the left flanks of recipient mice. We recorded tumor occurrence by physical examination and
measured the tumor size every 3 days starting from day 3 after tumor cells implantation. Tumors were measured by using vernier
caliper and the volumes were calculated according to the formula 1/2axb? where a was the long diameter and b was the short diam-
eter. For prevention model of VB3, the recipient mice were previously administrated with different dosages of VB3 (50, 100, 300, and
600 mg/kg/day) intraperitoneally (i.p) or intragastrically (i.g) for 7 days before tumor implantation until the experiment ended. For treat-
ment model of VB3, the recipient mice were treated with VB3 (50 mg/kg, i.g) started at the day of planting with subcutaneous Hepa1-6
or LPC-H12 tumor until the experiment ended.

To deplete myeloid cells, recipient mice were intraperitoneally injected with 200ng of anti-Ly6G antibody and 150uL of clodronate
liposomes on the day of Hepa1-6 or LPC-H12 tumor implantation, followed by subsequent injections every 3 days. CD8" T cells were
depleted by intraperitoneal injection of 200ug of neutralizing anti-CD8 antibody on the day of Hepa1-6 or LPC-H12 tumor implanta-
tion, followed by repeated injections every 4 days. The vehicle groups received an equivalent volume of saline or isotype IgG
antibody.

To block GPR109A, the recipient mice were treated with 5 mg/kg/day mepenzolate bromide (MPN, i.p) for 7 days before LPC-H12
or Hepa1-6 tumor implantation until the experiment ended. For MK-0354, VB3 and MPN treatment model, the recipient mice were
treated with 50 mg/kg/day MK-0354 (i.p), VB3 (i.g), and MPN (i.p) for 7 days before Hepa1-6 tumor implantation until the experiment
ended. For PD-L1 blocking antibody treatment, 50 mg/kg/day VB3-treated (i.g, started at 7 days before tumor inoculation) mice were
firstly administrated with 100ug PD-L1 blocking antibody (i.p) on the 3th day after LPC-H12 or Hepa1-6 tumor implantation followed
by two times of 100ug antibody at 6th and 9th day. For lenvatinib treatment, 50 mg/kg/day VB3-treated (i.g, started at 7 days before
tumor inoculation) mice were administrated with 10 mg/kg/day lenvatinib (i.p) on the 3th day after LPC-H12 or Hepa1-6 tumor im-
plantation until the experiment ended.

METHOD DETAILS

Histology, immunohistochemistry, and immunofluorescence

The tumor tissues were fixed in 4% paraformaldehyde fix solution for 24h, followed by embedding into paraffin blocks using standard
technical procedures. H&E-stained sections were deparaffinized with xylene and gradient alcohol before staining. Immunohisto-
chemistry involved overlaying the slides with citrate antigen retrieval solution and incubating them in saturated steam for 20 min. After
cooling, slides were washed with PBS, followed by a 30min incubation with 5% BSA to reduce background staining. The staining
process included overnight incubation at 4°C with primary antibodies, such as AFP, Ki67, CD8, Arg-1, INOS, Ly6G, Cleaved
caspase-3. Subsequently, slides were exposed to an HRP-conjugated secondary antibody at 37°C for 1h. These steps were
repeated for each primary antibody. Immunofluorescence staining for GPR109A and CD11b involved the use of primary antibodies.
After antigen retrieval, the tissues were exposed to primary antibodies overnight at 4°C, and later stained with fluorescence-labeled
secondary antibodies at 37°C for 1h. Subsequent visualization of the target proteins was achieved using a confocal laser scanning
microscope after staining with DAPI.

Flow cytometry

Fresh tumor tissues from mice were collected, minced, and processed into single-cell suspensions using mouse tumor dissociation
kits from Miltenyi Biotech. For surface staining, the single-cell suspensions were centrifugated and resuspended in stain buffer after
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the removal of red blood cells. Then, cells were incubated with Fixable viability stain 510 or Fixable Viability Stain 780 (1:1000) to
eliminate dead cells. Next, cells were treated with anti-mouse CD16/32 antibody (1:50) for 15 min to prevent non-specific binding.
Following this, cells were stained with relevant antibodies for 1 h at 4°C in the absence of light. After staining, cells were washed
by PBS and resuspended in 200 pL stain buffer. Finally, the single-cell suspensions were subjected to analysis using BD FACS
Aria lll or Beckman Coulter CytoFlex LX. Based on isotype and fluorescence-minus-one (FMO) controls, gating strategies were pro-
vided as follows: CD8" T cells (Live*CD45*CD8"), CD4" T cells (Live*CD45" CD4"), M1 TAMs (Live*CD45"Ly6G CD11b*F4/
80"CD2067), M2-TAMs (Live*CD45*Ly6G~CD11b*F4/80*CD206"), M-MDSCs (Live*CD45"CD11b*Ly6C"), G-MDSCs (Live*CD45"
CD11b*Ly6G™), NK cells (Live*CD45*CD3e NK1.1*) and DC cells (Live*CD45*CD11C*MHCII*). Intracellular staining for FOXP3 and
Ki67 was performed by using BD Pharmingen Transcription Factor Buffer Set (BD Biosciences) according to the instruction. For cy-
tokines production detection, the single-cell suspensions were stimulated by BD Pharmingen Leukocyte Activation Cocktail (BD Bio-
sciences) for 6h. Then cells were stained with surface antibodies and BD Cytofix/Cytoperm Fixation/Permeabilization Kit (BD Biosci-
ences) as previously described. Data analysis was performed using FlowJo software.

Tumor interstitial fluid collection

Tumor interstitial fluid was collected form Hepa1-6 tumors. Tumors were washed twice by cold PBS. Equal weight tumors were
dissected and then placed on 0.22uM filters on the top of 50mL centrifuge tubes followed by centrifugation at 100 x g for 15 min
at 4°C. The centrifuged liquids form Hepa1-6 tumors were collected and measured for the content of VB3, 3-hydroxybutyric acid
and butyric acid.

LC-MS

The LC-MS analysis was completed by Shanghai Applied Protein Technology Co., Ltd. In brief, samples were firstly thawed on ice-
bath. Then, 20uL serum samples or tumor interstitial fluid samples, and serial dilutions of stock standards were added to a 96-well
plate. 100uL of cold methanol with internal standards was added to each sample and vortexed vigorously for 5min. The plate was
further centrifuged at 4000g for 30 min. 30uL supernatants was transferred to a new 96-well plate, and 20uL freshly prepared
3-NPH and EDC was added to each well. The plate was sealed and the derivatization was carried out at 30°C for 60min. After deriv-
atization, 80uL cold 50% methanol was added to dilute the samples. Then the plate was stored at —20°C for 20 min and followed by
40009 centrifugation at 4°C for 30 min 120uL supernatants of each well were further transferred to a new 96-well plate. Finally, the
plate was sealed for LC-MS analysis. A Shimadzu ultra-performance liquid chromatography coupled to QTrap 6500+ (AB Sciex
Corp.) was used to quantitate targeted metabolites. ABEH C18 column (2.1 x 100 mm, 1.7um) was used with the following gradient:
0-1min, 5%B; 1-4min, 5-25%B; 4-8min, 25-50%B; 8-10min, 50-100B%; 10-12min, 100%B; 12-12.1min, 100-5%B; 12.1-15min,
5%B. Mobile phase A was 0.1% formic acid in water, B was acetonitrile. The flow rate was 0.35 mL/min. The column temperature
was kept at 40°C and the injection volume was 3uL. Peak area integration and quantification of targeted metabolites were performed
using SCIEX OS software 1.0 (AB Sciex Corp.).

Tumor cell proliferation assay

Approximately 5x10% Hepa1-6 or LPC-H12 tumors cells were seeded into a 96-well plate. Place the 96-well plate in incubator for
4-6h to allow cells adherence. Then, 50 or 100uM VB3 were added into indicated wells. After incubated for 72h, adding 10uL
CCK-8 solution into each well. Gently shaking the culture plate and measuring the absorbance value at 450nm by microplate reader.

Tumor cell colony assay
Hepa1-6 and LPC-H12 tumor cells (1,000/well) were placed in six-well plates and treated with 50 or 100uM VB3. After 14 days, cells
were fixed with 4% paraformaldehyde, tinted with 0.1% crystal violet, and left to dry. Cell colonies numbers were counted by ImageJ.

Tumor conditioned medium collection
After grew to 90% in DMEM media with 10% FBS, the culture supernatants of Hepa1-6 or LPC-H12 were collected and filtered using
0.22um cell strainers as conditioned medium (CM) to mimic liver cancer TME.

Myeloid cells isolation and treatments

Dissecting the femurs from 8-week-old WT or GPR109A—/— C57BL/6 mice to isolate bone marrow-derived myeloid cells (BMDM
and G-MDSC). After red blood cells removal, BMDM was cultivated in IMDM media with 10% FBS and 20 ng/mL M-CSF for
7 days, with media changes every 3 days. G-MDSC was cultured in 1640 media containing 10% FBS, 40 ng/mL GM-CSF, and
20 ng/mL G-CSF for 6 days, with media changes every 2 days. To mimic TME, G-MDSC or BMDM underwent treatment with
Hepa1-6 or LPC-H12 CM and VB3 (50 or 100uM) for 0, 3, 6, 12, or 24h. To block VB3-mediated GPR109A activation, BMDM and
G-MDSC were incubated with 50uM MPN for 4h prior to Hepa1-6 or LPC-H12 CM and 50uM VB3 treatment for another 12h. To
directly activate or block GPR109A, BMDM and G-MDSC were incubated with LPC-H12 CM and 50uM VB3, MK-0354, or MPN
for 12h. To block transcription and translation of GPR109A, G-MDSC and BMDM were previously stimulated with LPC-H12 CM
for 12h and then treated with VB3 (50uM), ACTD (50uM), and CHX (50uM) for another 12h. To block NF-kB axis, BMDM and
G-MDSC were incubated with LPC-H12 CM and 10uM JSH-23 for 12h.
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CD8* T cell isolation and proliferation assays

Fresh mouse spleen tissue obtained from 8-week-old C57BL/6 mice was processed through a 70um Strainer to generate single-cell
suspensions. Following the removal of red blood cells, CD8" T cells were isolated using the EasySepTM Mouse CD8* T cell Isolation
Kit. For the T cell proliferation assay, the 96-well culture plates were precoated with 5 ng/mL anti-CD3e antibody and 5 pg/mL anti-
CD28 antibody for 24 h at 4°C. Then CFSE labled-CD8" T cells were co-cultured with VB3-educated WT or GPR109A—/— G-MDSC
and BMDM with CM treatment (CD8* T cells: myeloid cells = 2:1, CD8* T cells number: 2x10°) in 1640 medium supplemented with
10% FBS and 10 ng/mL IL-2. After incubation for 48h, the proliferation rate of CD8" T cells was assessed by using flow cytometry and
quantified by FlowJo software.

Quantitative reverse-transcription PCR

The TRIzol reagent and Direct-zol RNA MiniPrep were applied to extract total RNA from the indicated cells. The PrimeScriptTM RT
reagent Kit was employed to reverse transcribed total RNA into cDNA. Quantitative reverse-transcription PCR assay used SYBR
green as the detection fluorophore and was performed on Bio-Rad CFX384 Real-Time Systems. The target gene expressions
were normalized to B-actin. The AACt method was applied to determine relative mRNA expression. The detailed primer sequences
were provided in Table S3.

Western blotting

Cell lysates were prepared by using RIPA lysis buffer. The Bradford protein assay kit was employed to determine the total protein
concentrations. Equal amounts of protein extracts were subjected to separation on 10% SDS-PAGE gels, followed by transfer to
methanol preactivated-polyvinylidene difluoride membranes. Subsequently, the membranes were incubated in 5% BSA solution
for 1h at room temperature and then exposed to primary antibodies overnight at 4°C. After washed by PBST, the membranes
were further incubated with HRP-linked secondary antibodies for 1h at room temperature. Protein visualization on membranes
was carried out using an enhanced chemiluminescence reagent. The uncropped membranes were provided in Figure S7.

siRNA knockdown assay

The siRNA targeting mouse Arrb1(5-CCUACAAAGUCAAGGUGAATT-3'), Arrb2(5'-CCUACAGGGUCAAGGUGAATT-3'), and the
negative control (5-UUCUCCGAACGUGUCACGUTT-3). Briefly, 1 x 10° RAW264.7 cells were plated into six-well plate in 2mL
RMPI 1640 media without FBS and antibiotics for 24h before transfection. Then, cells were transfected with 3uL of 10uM siRNA
per well by using 9uL Lipofectamine RNAIMAX reagent and Opti-MEM medium. After transfection for 6h, culture medium was
changed into fresh RMPI 1640 with 10% FBS. After another 48h, cells were treated with LPC-H12 CM and 50uM VB3 for 12h and
then harvested for indicated experiments.

cAMP parameter assay

First, RAW264.7 cells were treated with/without LPC-H12 CM and 50uM VB3 for 12h. Then, treated cells was washed three times by
cold PBS. A concentration of 1 x 107 cells was lysed and centrifuged at 600 x g for 10 min at 4°C to remove cellular debris. The
supernatants were collected and quantified by the cAMP content according to the manufacturer’s protocol of cAMP ELISA assay
kit (R&D).

Immunoprecipitation assay

The VB3-treated G-MDSC or BMDM cell lysates were incubated with anti-B-Arrestin1 or anti-p-Arrestin2 at 4°C for 6 h followed by
Protein A/G agarose beads for overnight. Beads were washed 3 times and eluted with SDS loading buffer. The immunoprecipitated
proteins were performed by SDS-PAGE as described before.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed by using GraphPad Prism Version 9.0. The statistical significances of differences between
groups were examined with one-way ANOVA, two-way ANOVA, or Student’s t test. Kaplan-Meier survival curves were plotted
and were compared by Log rank (Mantel-Cox) test. Flow cytometry data were analyzed by FlowJo_V10. p values < 0.05
were considered statistically significant. All experiments were replicated independently with three times or more. Throughout all fig-
ures: " p > 0.05, *p < 0.05, **p < 0.01, and ***p < 0.001.
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