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Tumor interstitial fluid (TIF) surrounds and perfuses tumors and collects ions,
metabolites, proteins, and extracellular vesicles secreted by tumor and stromal cells.
Specific metabolites, accumulated within the TIF, could induce metabolic alterations of
immune cells and shape the tumor microenvironment. We deployed a metabolomic
approach to analyze the composition of melanoma TIF and compared it to the plasma
of C57BL6 mice, engrafted or not with B16-melanoma cells. Among the classes of
metabolites analyzed, monophosphate and diphosphate nucleotides resulted enriched
in TIF compared to plasma samples. The analysis of the effects exerted by guanosine
diphosphate (GDP) and uridine diphosphate (UDP) on immune response revealed that
GDP and UDP increased the percentage of CD4+TCD25%FoxP3™ and, on isolated CD4+
T-cells, induced the phosphorylation of ERK, STAT1, and STATS; increased the activity
of NF-kB subunits p65, p50, RelB, and p52; increased the expression of Th1/Th17
markers including IFNy, IL17, T-bet, and RORyt; and reduced the expression of IL13, a
Th2 marker. Finally, we observed that local administrations of UDP in B16-engrafted
C57BL6 mice reduced tumor growth and necrotic areas. In addition, UDP-treated
tumors showed a higher presence of MHCII tumor-associated macrophage (TAM) and
of CD3*TCD8™ and CD3TCD4™ tumor-infiltrating T-lymphocytes (TILs), both markers
of anti-tumor immune response. Consistent with this, intra-tumoral gene expression
analysis revealed in UDP-treated tumors an increase in the expression of genes
functionally linked to anti-tumor immune response. Our analysis revealed an important
metabolite acting as mediator of immune response, which could potentially represent
an additional tool to be used as an adjuvant in cancer immunotherapy.
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INTRODUCTION

Melanoma tumor is constituted by cancer cells and non-
cancerous cells including immune cells, mesenchymal stem
cells, niche cells, cancer-associated fibroblasts, and adipocytes
as well as the blood and lymphatic vascular systems, the
extracellular matrix (ECM), and signaling molecules, which
define the tumor microenvironment (Wang et al., 2017). Cancer
cells are able to modulate such a complex ecosystem through
the secretion of cytokines, chemokines, and other signaling
molecules, which in turn sustain and promote the tumor growth
(Prager et al., 2019). Several types of immune cells are involved
in tumor immuno-surveillance, and among those, a critical role
is played by the tumor-infiltrating T-lymphocytes (TILs). The
immune system, through the action of different cells including
T-lymphocytes, natural killer (NK) cells, and macrophages,
provides an essential protection, which is instrumental for the
detection and eradication of pre-malignant and cancerous cells.
However, the altered metabolism of cancer cells influences the
nutrient composition of the tumor microenvironment (e.g.,
glucose, lactate, Krebs cycle metabolites, amino acids) and
as a consequence can modulate the anti-tumoral activity of
immune cells (Lyssiotis and Kimmelman, 2017; Avagliano et al,,
2020a,b). Therefore, by altering the metabolic status of immune
cells, tumors are able to elicit immune dysfunctions, including
the aberrant production of cytokines, altered cytotoxicity, and
macrophages polarization toward pro-tumoral phenotypes (Ho
et al., 2015; Gonzalez et al., 2018).

Tumor interstitial fluid (TIF) surrounds and perfuses tumors
and collects ions, metabolites, extracellular proteins, and vesicles
either secreted by tumor and stromal cells or derived from
tumor necrotic areas. In this context, the accumulation of
specific metabolites within the interstitial fluid could induce
metabolic alterations of immune cells that could undertake
specific differentiation pathways and produce a “cytokine storm,”
ultimately supporting a pro-tumor microenvironment (Wagner
and Wiig, 2015; Gromov and Gromova, 2016; Sullivan et al,,
2019). Hence, the analysis of TIF composition can certainly
represent a powerful tool for the identification of novel cancer
biomarkers and could potentially provide novel therapeutic
strategies in cancer treatments.

Here, by using an omics approach, we have investigated and
compared the metabolomic profiles of melanoma TIF to plasma
derived from C57BL6 mice, engrafted or not with the well-
established B16 melanoma cell line (Bohm et al., 1998; Tuccillo
et al., 2014). Next, we evaluated the effects on activation markers
of the immune response of selected metabolites, including the
guanosine diphosphate (GDP) and uridine diphosphate (UDP)
nucleotides, whose presence resulted in change as a function
of the engraftment. Strikingly, we observed that in C57BL6
mice engrafted with B16 melanoma cells, local injection of
UDP reduced tumor growth and necrosis by recruiting immune
infiltrates, which express anti-tumor immunity markers. Our
analysis revealed UDP as an important metabolite acting as
a key mediator of immune response, which could potentially
represent a valuable tool to be used as an adjuvant in
cancer immunotherapy.

METHODS

Cell Cultures and Treatments

B16F10 tumor cell lines were purchased from the American Type
Culture Collection, Manassas, VA, United States. BI6GF10 were
cultured in Dulbecco’s modified Eagle’s medium supplemented
(DMEM, Life Technologies, Paisley, United Kingdom) with
10% heat-inactivated fetal calf serum (Life Technologies,
Paisley, United Kingdom) and 2 mM L-glutamine (Lonza
Cologne AG, Germany).

Human peripheral blood mononuclear cells (PBMCs) were
derived from buffy coats of healthy donors and isolated by Ficoll
Paque gradient (GE Healthcare Europe, Munich, Germany), as
previously described (Fiume et al., 2013; Pontoriero et al.,, 2019).
Briefly, blood samples were diluted 1:1 in phosphate-buffered
saline (PBS) and stratified on Ficoll solution with a 3:1 (v/v)
ratio. After 30 min centrifugation at 400 x g, PBMCs were
recovered and re-suspended in RPMI-1640 (Life Technologies,
Paisley, United Kingdom) medium supplemented with 10% fetal
calf serum. CD4™ or CD8™ T-cells were isolated from PBMCs by
using CD4" T Cell Isolation Kit or CD8" T Cell Isolation Kit,
respectively (Miltenyi Biotec, Germany).

PBMCs were treated with adenosine monophosphate (AMP),
GDP and UDP (Sigma-Aldrich, St Louis, MO, United States)
at a concentration of 30 wM for the indicated time, washed
twice with PBS (Gibco, Life Technologies), and lysed in
radioimmunoprecipitation assay (RIPA) buffer or in Trizol
reagent (Life Technologies, Grand Island, NY, United States), to
obtain protein extracts or total RNA extracts, respectively.

Mice

Wild type C57BL6/] mice were obtained from The Jackson
Laboratory (Bar Harbor, Maine; United States).For the B16F10
engraftment experiments in mice, B16F10 melanoma cells were
grown in DMEM, detached, and resuspended in PBS (Gibco).
Next, 2.0 x 10° tumor cells were injected subcutaneously in the
lateral flanks of 2-month-old female C57BL6/] mice. Twenty-one
days post-engraftment, mice were sacrificed, and tumors were
collected. It is worthy to note that B16 engrafted mice were
monitored daily for signs of morbidity and tumor development,
and moribund mice were sacrificed.

Experiments of UDP treatments of B16-melanoma-bearing
mice were performed by injecting 100 pl of UDP (0.5 mM),
in the same localization of B16-tumor engraftment, at days 3,
10, and 17 post-engraftments. The volume of the tumors was
calculated by the following formula: Length x Width x Height

and expressed in mm?>.

Isolation of Tumor Interstitial Fluid

Melanoma interstitial fluids were collected by using the
procedure of Haslene-Hox (Haslene-Hox et al., 2011). Briefly,
tumors were washed twice with 2 ml of PBS and then placed
on a fine mesh and subjected to low-speed centrifugation at
10° x g for 10 min. Fluid without erythrocytes were collected
and stored at —80°C until further processing. Next, TIF samples
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were used for metabolomic analysis or for the dosage of specific
cytokines and chemokines.

Metabolomic Analysis of Tumor
Interstitial Fluid and Plasma Samples by
Liquid Chromatography-Mass
Spectrometry

Blood and TIF samples were diluted with an equal volume of a
1:1 prechilled MetOH:H,O solution. The samples were vortex-
mixed, kept on ice for 20 min, and centrifuged again at 10,000 x g,
at 4°C for 10 min. The collected supernatant was dried up
in SpeedVac concentrator system (Thermo Scientific), operated
at room temperature. Dried supernatants were reconstituted
with 125 pl of methanol/acetonitrile/water (50:25:25). Extracted
metabolites were analyzed using an ACQUITY UPLC (ultra-
performance liquid chromatography) system online coupled to
a Synapt G2-Si QTOF-MS (Waters Corporation, Milford, MA,
United States) in positive and negative modes in the following
settings: reverse-phase ACQUITY UPLC CSH C18 (1.7 pm,
100 x 2.1 mm?) column (Waters), 0.3 ml/min flow rate, mobile
phases composed of acetonitrile/H,O (60:40) containing 0.1%
formic acid and 10 mM ammonium formate (Phase A), and
isopropanol/acetonitrile (90:10) containing 0.1% formic acid
and 10 mM ammonium formate (Phase B). Peak detection,
metabolite identification, and quantitation were performed as
previously described (10.3390/nu11010163), fitting experimental
data with internal standard and calibration curves. Data
analysis and heatmap were generated with the on-line software
MetaboAnalyst,' as previously reported (Riccio et al., 2018;
Badolati et al., 2020).

Analysis of Cytokines and Chemokines
Expression Within Tumor Interstitial Fluid

and Plasma Samples

Plasma samples were obtained from the blood of 2-month-
old female mice, engrafted or not with B16-melanoma cells, by
centrifuging at 800 x g for 10 min, while TIF samples were
obtained as detailed above. Plasma or TIF aliquots (30 pl) were
immediately assayed for cytokines and chemokines expression
by using Mouse Multi-Analyte ELISArray Kits (Qiagen, Hilden,
Germany), according to the manufacturer’s conditions.

Histological Analysis by Hematoxylin and

Eosin Staining

Histological analysis was performed as previously described
(Granato et al., 2017). Briefly, B16-deriving melanoma tumors
were wholly removed at necropsy, fixed in buffered formalin
(10%), dehydrated, and paraffin embedded. The preparation
of paraffin-embedded tumor sections was performed by using
Shandon Cytoblock Cell Block Preparation System (Thermo
Scientific, Rockford, IL, United States) according to the
manufacturer’s protocol. Thick sections (5 pm) of each paraffin
block were stained by hematoxylin and eosin (H&E) and

Uhttps://www.metaboanalyst.ca

then were converted into high-resolution digital data through
NanoZoomer-2.0RS digital scanner (Hamamatsu, Tokyo, Japan,
Asia). Images were taken in bright field with a digital camera
(Leica DC200; Leica Microsystems) connected to the microscope.
For the evaluation of necrotic areas, necrosis is defined as
acellular regions (appearing pale violet) within tumors as
identified by H&E stain, while cellular regions are characterized
by well-defined boundaries. Regions of interest were manually
traced and measured using the freehand tool in Image].?

Cells Extracts, Western Blotting, and
NF-kB DNA Binding Assays

Total cell extracts were prepared as previously described
(Schiavone et al., 2012). Briefly, cells were washed twice with
PBS 1X and lysed in RIPA buffer [1% NP-40, 10 mM Tris-HCI,
150 mM NaCl, and 1 mM ethylenediamine tetraacetic acid
(EDTA)], supplemented with a protease inhibitor cocktail
(cOmplete-mini EDTA-free tablets—Roche) on ice for 20 min.
Lysates were centrifuged for 10 min at 14,000 x g, 4°C. Protein
extract aliquots were resolved on 12% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), transferred
to polyvinylidene difluoride membrane (PVDE Millipore,
Bedford, MA, United States), and incubated with primary
antibodies (1:1,000) followed by incubation with secondary
horseradish peroxidase (HRP)-conjugated antibodies (1:2,000)
(GE Healthcare Amersham, Little Chalfont, United Kingdom)
in PBS containing 5% non-fat dry milk (Bio-Rad Laboratories).
Primary antibodies were purchased from Cell Signaling
Technology (Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204)
#4370, p44/42 MAPK (Erk1/2) Antibody #9102, Phospho-Stat3
(Tyr705) #9145, Stat3 Mouse mAb #9139, Phospho-Stat5
(Tyr694) Rabbit mAb #9359, Santacruz Biotechnology (p-Statl
(pY701.4A sc-136229), and Thermo Fisher (STAT1 Monoclonal
Antibody # AHO0832).

For the NF-kB binding activity assays, nuclear extracts were
obtained as previously described (Janda et al., 2011; Pontoriero
et al., 2019). Briefly, PBMCs were washed twice in PBS and
resuspended in lysis buffer containing 10 mM 4-2-hydroxyethyl-
1-piperazineethanesulfonic acid (HEPES) pH 7.9, 1.5 mM MgCl,,
10 mM KCl, 0.5 mM dithiothreitol (DTT), and 0.1% NP-40.
Cells were lysed on ice for 2 min and checked for complete
lysis by phase contrast microscopy. Nuclei were centrifuged at
800 x g for 5 min, and the supernatant was collected as cytosolic
extracts. The nuclear pellet was washed with a buffer containing
10 mM HEPES pH 7.9, 1.5 mM MgCl,, 10 mM KCl, and 0.5 mM
DTT and lysed in a buffer containing 20 mM HEPES pH 7.9,
25% glycerol, 0.45 M NaCl, 1.5 mM MgClI2, 0.2 mM EDTA,
0.5 mM DTT, 1 mM Phenylmethylsulfonyl fluoride (PMSF),
and 1 x Complete Protease Inhibitor. Nuclear lysates were
centrifuged at 14,000 x g for 15 min, and the supernatants
were collected as nuclear extracts. The binding of the NF-kB
subunits to the double-stranded NF-kB oligonucleotide probes
was measured in nuclear extracts, using the NF-«kB Transcription
Factor Assay kit (Cayman Chemical Company, Ann Arbor,

Zhttps://imagej.nih.gov
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MI, United States), as previously described (Fiume et al., 2013;
Pontoriero et al., 2019).

Flow Cytometry
Flow cytometry experiments were performed using the
antibodies anti-human CD4-FITC (VIT4), anti-human CD25-
PE, anti-human/mouse FoxP3-APC, anti-mouse F4/80-PerCP
(REA126), and anti-mouse MHCII-FITC (REA813) from
Miltenyi Biotec, Bergisch Gladbach, Germany; the antibodies
anti-mouse CD3-PerCP, anti-mouse CD4-PE, anti-mouse
CD8-FITC, anti-mouse CD11b-APC, IgG2a-APC rat isotype,
IgG2a-FITC, and IgG2a-PE rat isotype (R35-95) purchased
from BD Biosciences; and the antibody anti-human CD8-APC
from ImmunoTools GmbH, Germany. Briefly, PBMCs (1 x 10°
cells) were incubated with fluorochrome-conjugated antibodies
(0.5 pg) for 30 min on ice. For the detection of T-regs, PBMCs
(1 x 10° cells) were incubated with anti-CD4-FITC (0.5 ng) and
anti-CD25-PE (0.5 pg), followed by intracellular staining with
anti-FoxP3-APC antibody (0.5 pg) using FoxP3 staining buffer
(eBioscience™ Intracellular Fixation and Permeabilization
Buffer Set; Thermo Fisher Scientific, Monza, Italy). For the
analysis of tumor immune infiltrates, melanoma tumors from
B16-bearing mice treated with or without UDP were digested
with 0.5 U/ml collagenase (Sigma-Aldrich, Milan, Italy), and cell
suspensions were passed through 70-pm cell strainers and then
stained with fluorochrome-conjugated antibodies (0.5 pg) for
30 min on ice. After two PBS washes, cells were analyzed by flow
cytometry using BD FACSAria flow cytometer and BD FACSDiva
software (BD Biosciences), as previously described (Janda et al.,
2011; Fiume et al., 2015).

For the experiments of CD8" T-cells proliferation, PBMCs
3 x 10% were treated with CellTrace CESE (carboxyfluorescein
succinimidyl ester) (cell proliferation kit, Thermo Fisher
Scientific) at a final concentration of 5 um for 20 min at 37°C,
according to the manufacturer’s protocol. Three days after CESE
labeling, CD8' T-cells proliferation was measured, on gated
CD8™ T-cells, by evaluating the cell percentage of fluorescence
peaks related to daughter cell generations.

Real-Time PCR

PBMCs were treated with AMP, GDP, or UDP or left untreated
for 12 h and then washed by addition of cold PBS. Next,
CD4™ or CD8* T-cells were isolated by using CD41 or CD8*
isolation kit (Miltenyi Biotec), and total RNA was extracted from
cells using the TRIzol reagent (Invitrogen). Equal amounts of
total RNA (200 ng) were reverse transcribed using the Random
Hexamers (Roche) and SuperScript III Reverse Transcriptase
according to the manufacturer’s protocol (Invitrogen). Real-
time quantitative PCR (RT-qPCR) was performed with the iQ
Green Supermix (Bio-Rad Laboratories) and carried out with the
iCycler iQ Real-Time Detection System (Bio-Rad Laboratories)
under the following conditions: 95°C, 1 min; (94°C, 10 s; 60°C,
30 s) x 40. RT-qPCR of immune markers was performed using
the RT2 profiler PCR Array-Human NF-kB signaling pathway
(QIAGEN Sciences, MD, United States) and by using a set
of specific primers, listed in Supplementary Materials. For the
analysis of transcripts encoding for immune markers within

tumors deriving from B16-melanoma-bearing mice, total RNA
was extracted from tumor cell suspensions (5 x 10°) and
reverse transcribed as previously described (Vitagliano et al.,
2011; Albano et al.,, 2018). RT-qPCR of immune markers was
performed using the RT2 profiler PCR Array-Mouse B&T cell
activation markers (QIAGEN). Reactions were carried out in
triplicate, and gene expression levels were calculated relative
to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA
levels as endogenous control. Relative expression was calculated
as 2 (Ct gene under investigation - Ct GAPDH).

Statistical Analysis

Statistical analysis was performed by the two-tailed unpaired
Student’s t-test. Data were reported as mean values £ SE.
Differences between the means were accepted as statistically
significant at the 99% level (p < 0.01).

RESULTS

Isolation and Characterization of

Melanoma Tumor Interstitial Fluid

In our work, we asked whether metabolites released in the tumor
microenvironment by tumor or stromal cells could modulate
the immune response. To this aim, we deployed a metabolomic
approach to analyze the composition of melanoma TIF and
compare it to plasma of C57BL6 mice, engrafted or not engrafted
with B16 melanoma cells.

Firstly, we inoculated subcutaneously 2.0 x 10° BI16F10
melanoma cells into 2-month-old female C57BL6 mice and,
21 days later, collected melanoma tumors as well as blood
samples from the heart, through cardiac puncture upon
euthanasia. The microscopic evaluation of H&E-stained sections
of tumors showed the presence of large areas of necrotic tissue
intermingled with viable tumor cells and numerous congested
blood vessels (Figure 1A).

In order to collect melanoma TIE, tumors were also placed
on a fine mesh and subjected to low-speed centrifugation,
according to the procedure of Haslene-Hox (Haslene-Hox
et al, 2011). Metabolites within TIF as well as in plasma of
tumor and non-tumor-bearing C57BL6 mice were profiled
and quantified by liquid chromatography-mass spectrometry
(LC-MS) (Figures 1B-D). Melanoma TIF and plasma samples
have been profiled using the described metabolomics techniques
and grouped by either hierarchical clustering (Figure 1B)
or principal component analysis (PCA, Figure 1C) of
metabolite concentrations (Sullivan et al, 2019). Notably,
regardless of the methodology applied, the melanoma TIF
samples clustered separately from the plasma samples,
suggesting that the metabolic composition of melanoma
interstitial fluid differs from that of plasma. In addition,
no differences were observed in plasma samples from wild
type and melanoma tumor-bearing mice (Figures 1B,C).
By means of metabolite profiling, we found a statistically
significant enrichment (or reduction) of several metabolites
in TIF compared to plasma samples of wild type and
tumor-bearing mice (Figure 1B). Among the classes of
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FIGURE 1 | Characterization of melanoma tumor interstitial fluid. (A) Histological analysis of tumor, deriving from C57BL6 mice engrafted with 2.0 x 10° B16F10
melanoma cells, stained by hematoxylin and eosin. Original magnification x 10. Hierarchical clustering (B) and principal component analysis (C) of TIF and plasma
samples of tumor and non-tumor-bearing C57BL6 mice, based on LC-MS measurements. (D) Quantification by LC-MS of concentration of indicated metabolites in
TIF and plasma samples of tumor and non-tumor-bearing C57BL6 mice. Values (mean + SE, n = 6 for each group of samples) are shown. (E) Aliquots of TIF and
plasma samples (30 pl) of tumor and non-tumor-bearing C57BL6 mice were analyzed for the indicated cytokines and chemokines protein expression. Values
(mean + SE, n = 6 for each group of samples) are shown. The asterisk indicates a statistically significant difference according to Student’s t-test (p < 0.01).

metabolites analyzed, monophosphate and diphosphate
nucleotides resulted enriched in TIF compared to plasma
samples (Figure 1D).

We also evaluated the protein amount of a set of 12 cytokines
and chemokines, including IL-2, IL-4, IL-5, IL-6, IL-10, IL-
12, IL-17A, TNF-a, IFN-y, MCP-1, MIP-1a, and eotaxin in
TIF and plasma samples of C57BL6 mice, engrafted or not
engrafted with B16 melanoma cells. Notably, IL-2, IL-4, IL-5,
IL-12, IL-17A, and MIP-1a were not detected in any sample.
IL-6, IL-10, TNF-a, and IFN-y were detected only in TIF
although the latter two to a much lesser extent, about 10-
fold less (Figure 1E). Interestingly, MCP-1 was detected only
in tumor samples and to a much greater extent in TIE about
10-fold more (Figure 1E). Finally, eotaxin was detected in

plasma samples of healthy mice and to a lesser extent in plasma
and in TIF of tumor-bearing mice, twofold and fourfold less,
respectively (Figure 1E).

Guanosine Diphosphate and Uridine
Diphosphate Modulate Immune
Response of CD4* and CD8* T-Cells

Since GDP and UDP were the most enriched metabolites
and AMP was the one displaying the highest concentration
in TIE even though it was also present in plasma samples
(Figure 1D), we asked whether these metabolites could play a role
in modulating the immune response of human PBMCs. Firstly,
we tested whether the direct stimulation of PBMCs with AMP,
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GDP, or UDP could change the composition of some immune
subsets, including T-regs.

To this end, we treated PBMCs isolated from buffy coats
of healthy donors with 30 wM of indicated metabolites
for 24 h and analyzed the percentage of activated
CD4" T-cells (CD4TCD25%) (Figures 2A,B) and T-regs
(CD4*TCD25"FoxP3™) (Figures 2C,D).

We observed an increase in the CD4*tCD25™ sub-population
in PBMCs upon treatment with either GDP or UDP, whereas
the AMP treatment was ineffective in this regard. In particular,
the CD4TCD25" sub-population increased from about 1%
to above 10% upon GDP treatment and increased up to
25% upon UDP treatment (Figures 2A,B). Interestingly, none
of the nucleotide treatments showed an effect on T-reg
sub-population (CD41TCD25%"FoxP3%) (Figures 2C,D), whose
percentage was about 0.1%.

Since we found an increase in CD25 expression on different
immune subsets that compose the IL-2 receptor, whose
transcription relies on the activity of the NF-kB pathway (Fu
etal., 2013; Grinberg-Bleyer et al., 2018), we asked whether AMP,
GDP, and UDP could modulate signaling pathways involved in
the immune response of CD4™ cells.

In order to check this possibility, we treated for 2 h CD4*
T-cells isolated from PBMCs with AMP, GDP, or UDP at a
concentration of 30 wM. Compared to control cells, we found
that UDP induced ERK phosphorylation at threonine 202 and
tyrosine 204, STAT1 at tyrosine 701, and STAT3 at tyrosine
705, while the GDP treatment caused only the increase in ERK
and STAT3 phosphorylation. Interestingly, the phosphorylation
of STAT5 remained unchanged (Figure 2E). Moreover, by
measuring the NF-kB binding activity of nuclear extracts derived
from PBMCs subjected to the same experimental conditions, we
found that GDP and UDP increased the binding activity of NF-«kB
subunits p65, p50, RelB, and p52 (Figure 2F).

Following the observations about the activation of critical
modulators of immune response including NF-kB family
transcriptional factors, STAT1, and STAT3, we asked whether
selected nucleotides could regulate the expression of genes
encoding for immune response markers. In particular, we
analyzed by RT-qPCR the expression of several markers of T-cells
immune response, including IFNy, IL17A, IL17F, 1L4, IL13, IL10,
T-bet, RORyt, and FoxP3 in CD4" cells isolated from PBMCs,
treated for 12 h with the indicated nucleotides at concentration
of 30 wM, compared to untreated cells.

We found a significant increase in the expression of mRNAs
encoding for IFNT, IL17A, IL17F, T-bet, and RORyt and a
decrease in expression of IL13, upon both GDP and UDP
treatments. On the other hand, the expression of IL4, IL10, and
FoxP3 mRNAs remained unaffected (Figure 2G).

Further, we tested whether the stimulation of PBMCs with
AMP, GDP, or UDP could affect the proliferation of CD8*
T-cells. To this end, CD8" T-cells proliferation was assessed
by flow cytometry by measuring the levels of the proliferative
marker CFSE (5,6-carboxyfluorescein diacetate, succinimidyl
ester, Thermo Scientific) to monitor different generations of
proliferating cells due to tracer dilution. PBMCs isolated from a
healthy donor (3 x 10°) were stimulated with 30 wM of indicated

metabolites and covalently linked to the tracer and stimulated.
After 3 days, cells were harvested and stained with an anti-CD8-
APC conjugated and analyzed by flow cytometry. Following GDP
and UDP stimulation, we found an increase in CD8 lymphocyte
proliferation that reached 27%, as opposed to the 15% of AMP-
treated and unstimulated cells (Supplementary Figures 1A,B).
Moreover, we asked whether selected nucleotides could modulate
the expression of genes encoding for CDS8 effector markers,
including perforin, granzyme B, KLRG1, CD127, CD62L, and
Eomes. To this end, we first stimulated PBMCs with 30 M
of selected nucleotides and then isolated CD8" T-cells. We
found a statistically significant increase in the expression of
mRNAs encoding for perforin, granzyme B, CD127, and Eomes
in response to both GDP and UDP treatments, whereas KLRG1
and CD62L expression remained unaffected (Supplementary
Figure 1C). Altogether, these results prompted us to hypothesize
that GDP and UDP could be able to modulate immune response
mediated by CD4" and CD8™ T-cells.

Local Administration of Uridine
Diphosphate Stimulates Anti-tumor
Response Limiting the Tumor Growth

and Necrosis in B16-Engrafted C57BL6
Mice

In view of the observation that UDP treatments of PBMCs were
able to induce the highest expression of IFNy (Figure 2G), a
typical marker of Thl anti-tumor response (Kanhere et al., 2012;
Tibbitt et al., 2019), and to concomitantly reduce the expression
of IL13 (Figure 2G), marker of Th2 immune response (Kanhere
et al., 2012; Tibbitt et al., 2019), we asked whether UDP could
limit the tumor growth through the stimulation of anti-tumor
immune response.

To test this hypothesis, we subcutaneously inoculated
2.0 x 10° cells of BI6F10 melanoma line into 2-month-old
C57BL6 female mice. After 3, 10, and 17 days, we injected 100 11
of UDP (0.5 mM) or RPMI medium as vehicle, in the same
position of tumor engraftments. Twenty-one days post B16-
engraftment, mice were sacrificed. Consistent with our previous
observations, we found that in mice treated with UDP the
tumor growth curve, as well as the final tumor volume, were
remarkably reduced, compared to control mice (Figures 3A,B).
In addition, the analysis by H&E staining of tumor sections at
lower magnification (x 1.25) of control (i.e., vehicle-treated)
mice showed how tumors were characterized by large necrotic
areas (Figure 3C, top panels, non-treated), whereas UDP-treated
mice showed very few and focal necrotic areas (Figure 3C,
bottom panels, UDP). In particular, by quantification we reported
how the percentage of necrotic areas was above 70% in untreated
tumors, whereas it was drastically reduced at less than 5% in
UDP-treated tumors (Figure 3D).

The composition analysis of immune infiltrates within tumors,
treated with UDP or vehicle, revealed that the percentage of
macrophages F4/80"7 CD11b* was unchanged (Figure 3E).
However, the ratio of F4/80tMHCII™ population compared
to F4/80TMHCII®Y was increased in UDP-treated tumors
(Figure 3F), thus suggesting a reduced presence of TAM, with

Frontiers in Cell and Developmental Biology | www.frontiersin.org

September 2021 | Volume 9 | Article 730726


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Vecchio et al. UDP Limits Tumor Growth

A AMP GDP UDP B 25, CD4+ CD25+ *
N 1,8%) '3553,5% 13,1% h’%am% 24,7% ® 20
s %3 a9 8
q '&5 "§§ ? 15 *
E ng kE D 40!
: o] : a] ‘ (_3 10
5 4 2 e S 5
v N [ S S I I B 5 4 @2 u) ot B WP W wt P ] 0 “ Q Q Q
CD25 SN 88
¢ . . . . D 0.15| cp4+ CD25+ FoxP3+
é ‘%as,m 14,6% :290,1% 9,9% :Zga,m 1,6% ;293‘4% 1,6% E 0.12
8 4 i it 2 0.09
¥ ] g g =
g q a - 2 - §o0.06
o 8 K 3 *0.03
5 Tt~ 5 e S % T 0% T ’
PPUI S . B £ R T S B e B 1 2 3 ot WS B W2 o 2 B ot B P 0
FoxP3 & Q Q Q
AR CUNIRY
F 144
m p65 *
E NT AMP GDP UDP 12 mpsO “

«— PERK1/2 (PT202/PY204)

«— ERK1/2

NF-xB DNA binding activity
(Absorbance 450 nm)

— pSTAT1 (PY701)

«— STAT1

NT AMP GDP UDP
__pS.I-AT3 e ’ ] "
124 <
) ) = [ B AMP
e * u GDP
cg 107
Q.
1 11 13 s £ 8] | . *
3 S 6 .
_ e % g *
¥ o [
EG 4 P
1 11 12 o Y1
o
w 2 -

IFNy IL17A IL17F T-bet RORyt IL13  IL10 IL4 Foxp3

FIGURE 2 | GDP and UDP modulate immune response of CD4+ T-cells. (A) PBMGs (1 x 10°) were treated with 30 M of indicated metabolites for 24 h and were
stained with CD4-FITC and CD25-PE. Each plot represents 20,000 events of a representative experiment. (B) Percentage of CD4+CD25* population in the different
conditions. Values (mean + SE, n = 6) are shown. The asterisk indicates a statistically significant difference compared to untreated control, according to Student’s
t-test (p < 0.01). (C) PBMCs stained with CD4-FITC and CD25-PE were permeabilized and next stained with FoxP3-APC. Each plot represents 20,000 events of a
representative experiment. (D) Percentage of CD4+CD25%FoxP3* population in the different conditions. Values (mean + SE, n = 6) are shown. The asterisk
indicates a statistically significant difference compared to untreated control, according to Student’s t-test (o < 0.01). (E) CD4* T-cells, isolated from PBMCs of
healthy donors (5 x 10%), were treated with 30 M of indicated metabolites for 2 h and then were lysed. Total protein extracts (30 pg) were separated by 4-12%
gradient NUPAGE and analyzed by Western blotting with anti-pERK1/2 (phospho-tyrosine 202/204), anti-ERK1/2, anti-pSTAT1 (phospho-tyrosine 701), anti-STATH,
anti-pSTAT3 (phospho-tyrosine 705), anti-STAT3, and anti-pSTAT5 (phospho-tyrosine 694). (F) CD4+ T-cells, isolated from PBMCs of healthy donors (5 x 108), were
treated with 30 wM of indicated metabolites for 2 h, and then nuclear extracts were collected. Nuclear extracts (10 jg) were analyzed for the p65, p50, c-Rel, and
RelB binding to the NF-kB double-stranded oligonucleotide using the NF-kB Transcription Factor ELISA Assay kit (Cayman). Values are the mean + SD of three
independent experiments. The asterisk indicates a statistically significant difference compared to untreated control, according to Student’s t-test (p < 0.01).

(G) PBMCs of healthy donors (5 x 108) were treated with 30 LM of indicated metabolites for 12 h, and then CD4* T-cells were isolated by using CD41 T-cells
isolation kit (Miltenyi Biotec). Total RNA was extracted and analyzed by RT-gPCR to evaluate the mRNA expression of the indicated genes. Values are the mean + SD
of three independent experiments. The asterisk indicates a statistically significant difference compared to untreated control, according to Student’s t-test (p < 0.01).

Frontiers in Cell and Developmental Biology | www.frontiersin.org 7 September 2021 | Volume 9 | Article 730726


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Vecchio et al. UDP Limits Tumor Growth

35007 —NT
“€ 30001 ——UDP

(
N
a
o
o

UDP treatments
3 i 10days

m
N
o
o
o

1500
1000 .
500 * ’
0 *

Tumor volume (mi
*

0 3 6 9 12 15 18 21
Days

B 4000+ 21 days post B16 inocule
%
£
Q
£
3
>
9]
£
b §
2
NT UDP
D _ E Fs G H
s 38 T 14 505 5 s *
© e} 1= S * o
12 [
260 55 g? 04 e £ o
o 50 &= 1.0 £EQ T+ 06 &+, 06
5 = % Y03 5805 €005
° £0 08 il €0 Y £ i
5 40 =IO & S0 04 =904
8 Sy 06 £ Se O o+ 0.
2 30 oh O 55 02 0% 03 8803
It gL 04 o) 28 80
g 20 . =3 Y £Z04 £0 02 £902
2 10 g 02 22 g 01 8 01
> o} 0 o o)
=0T upp & O Nt UDP § NT UDP e Oy wp > 0 NT UDP
I Downregulated Upregulated J
o-Flt3 Cd40lg-o j 80
mNT
4 Nos2 " £ 70+
Map3k7 o 2 u UDP
- Tess P lpra = 607
=3 Caknia b S -
5 J ® ]
ot R4 Gaap o7 £
9 ° Y & 40
e 2 e
8 g 30
5 .
o ! £ 207 . .
. £ 10+ . L
0 ~ © ol z 2 . b T
2 0 2 IL6 IL10 IL17A TNFa IFNy MCP1 MIP1o Eotaxin

Fold Change (Log,) UDP vs NT

FIGURE 3 | In B16-melanoma-bearing mice, local UDP treatments stimulate anti-tumor response limiting the tumor growth. Two-month-old C57BL6 female mice
have been inoculated with 2.0 x 10° B16F10 melanoma cell line and treated, in the same localization of engraftment 3, 10, and 17 days later, with 100 ! of UDP
(0.5 mM) or RPMI medium as vehicle. (A) Tumor growth curves and (B) final volume of tumors explanted 21 days post-engraftment. Values (mean + SE, n = 6 for
each group of samples) are shown. The asterisk indicates a statistically significant difference among two groups, according to Student’s t-test (o < 0.01).

(C) Histological analysis of tumors treated with vehicle (upper panels) or UDP (lower panels) by hematoxylin and eosin staining at lower (left panels) or higher
magnification (right panels). (D) Necrosis-to-tumor area ratios comparison among mice implanted with B16 tumors treated with vehicle or UDP. Values (mean + SE,
n = 6 for each group of samples) are shown. The asterisk indicates a statistically significant difference among two groups, according to Student’s t-test (o < 0.01).
(E) Percentage of intra-tumoral population of F4/80" CD11b + detected by fluorescence-activated cell sorting (FACS) using antibodies F4/80-Percp and
CD11b-APC. (F) Ratio of F4/80+/MHCIIN/F4/80" /MHCII®Y intra-tumoral populations detected by flow cytometry using F4/80-Percp and MHCII-FITC antibodies.
(G) Percentage of intra-tumoral population of TILs CD3TCD8™ detected by FACS using antibodies CD3-Percp and CD8-FITC. (H) Percentage of intra-tumoral
population of TILs CD3*CD4* detected by FACS using antibodies CD3-Percp and CD4-PE. Values (mean + SE, n = 6 for each group of samples) are shown. The
asterisk indicates a statistically significant difference among two groups, according to Student’s t-test (p < 0.01). (I) Total MRNA (1 ng) extracted from UDP- or
vehicle-treated tumors of 8-week-old mice was analyzed for expression of 90 genes involved in B- and T-cell activation (RT? Profiler PCR Array B- and T-cell
activation mouse, Qiagen). In the volcano plot, genes with a log twofold change > 1 and p < 0.01 (n = 6 for each group of samples) are considered as differentially
expressed. (J) Aliquots of TIF (30 ) isolated from UDP- or vehicle-treated tumors of 8-week-old mice were analyzed for the indicated cytokines and chemokines
protein expression. Values (mean + SE, n = 6 for each group of samples) are shown. The asterisk indicates a statistically significant difference according to Student’s
t-test (p < 0.01).
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immunosuppressive functions (F4/80" MHCII'V) and a higher
presence of macrophages with enhanced antitumor immunity
(F4/80" MHCIIM) (Wang et al., 2011).

In addition, the number of intra-tumoral CD3TCD8" and
CD37TCD4™ was increased in UDP-treated tumors compared to
control tumors, from 0.2 to 0.6% for CD3TCD8™" (Figure 3G),
and from 0.15 to 0.65% for CD3TCD4™" (Figure 3H).

To further characterize the anti-tumoral immune response
elicited by UDP, we analyze the intra-tumoral mRNA expression
profile of a set of 90 genes involved in immune response
(Figure 3I) in UDP-treated tumors compared to control, as well
as the release of specific cytokines in TIFs (Figure 3J). Strikingly,
in UDP-treated tumors comparison, we found an increase in the
expression of genes known to be positively involved in T-cell-
mediated anti-tumor response, including FIt3, Cd40lg, Ifng, Nos2,
I12ra, 111b, Dpp4, Cd40, and II7. Conversely, we found a decrease
in the expression of genes such as Trp53, Map3k7, Prkcq, and
Cdknla (Figure 31).

Moreover, the analysis of specific cytokines released into the
interstitial fluids of tumors revealed an increase in cytokines such
as IL6, IL17A, IFNy, and MIP1a and a reduction of IL10 in the
interstitial fluids of UDP-treated tumors compared to control
(Figure 3J). Taken together, these data indicate that local UDP
administration of mice bearing B16 melanoma tumor is able to
elicit an immune response exerting an anti-tumoral effect.

DISCUSSION

TIF represents a major component of tumor microenvironment,
containing metabolites and proteins released by tumor and
stromal cells or deriving from tumor necrotic areas (Haslene-
Hox et al,, 2011; Baronzio et al., 2012; Gromov and Gromova,
2016; Lyssiotis and Kimmelman, 2017; Sullivan et al., 2019).
In our work, we firstly addressed the questions whether
any difference in the concentration of metabolites could
be found in the plasma of tumor-bearing as opposed to
non-tumor-bearing mice and which were the most enriched
or depleted metabolites within melanoma interstitial fluids
compared to plasma samples. Both hierarchical clustering and
PCA (Figures 1B,C) did not reveal any overt difference in the
amount of analyzed metabolites in the plasma of tumor-bearing
and non-tumor-bearing mice. Although we were expecting
plasma metabolites being differentially expressed among the
plasma of non-tumor-bearing versus tumor-bearing mice, we
could not find any statistically significant difference between
these two datasets. In a recent report, Weber et al. (2021)
by using targeted metabolomics have been able to identify
seven metabolites differentially expressed in plasma samples of
heterogeneous melanoma xenografts, including tiglylcarnitine,
beta-alanine, PC ae (C42:4, sarcosine, Hex2Cer (d18:1/16:0),
Hex2Cer (d18:1/20:0), and p-Cresol sulfate. It is conceivable
to speculate that, as a consequence of the different biological
settings, our metabolomic profiling did not reveal most of
these metabolites, nor, if identified, was it able to determine
significant differences in their levels. Nevertheless, melanoma TIF
samples clustered separately from the plasma samples, suggesting

that the metabolic composition of melanoma interstitial fluid
differs from that of plasma (Figures 1B,C). Among the most
enriched metabolites in TIFs, we found monophosphate and
diphosphate nucleotides and, to lesser extents, some amino acids
including histidine, lysine, valine, and tryptophan; Krebs cycle
metabolites, such as citric acid, malate, and cis-aconitate; and
acyl-carnitines, including butyryl-carnitine and valeryl-carnitine,
suggesting a tumor-driven, sustained activity of the Krebs cycle
and B-oxidation of fatty acids in mitochondria (Lyssiotis and
Kimmelman, 2017; Balaban et al.,, 2018; Nabi and Le, 2021;
Park et al, 2021). Among the most depleted metabolites in
TIFs, we found glucose, glutamine, glutamate, and arginine.
This is in agreement with several reports indicating that these
nutrients represent the main fuel of tumor cells and that their
depletion could both induce tumor necrosis and inflammation,
limiting TIL activity and causing immunosuppression (Caiazza
et al., 2019; Domblides et al., 2019; Gun et al., 2019). In
support of this hypothesis, we found large necrotic areas within
the tumor (Figure 1A) and high amount of the inflammatory
cytokines MCP-1 and IL6 and of immunosuppressive cytokine
IL10 (Figure 1E).

In this context, the identification of such a prominent
variation in the levels of UDP and GDP was certainly
worthy of note. Hence, we asked whether the most enriched
metabolites within TIF could modulate immune response,
inducing immunosuppression or immune stimulation. To this
aim, we firstly treated PBMCs with AMP, GDP, and UDP
at a concentration compatible with the one used in previous
studies (Li et al., 2014; Neher et al., 2014), which resulted to be
entirely safe and non-toxic. Interestingly, GDP and UDP induced
dramatic increase in the interleukin-2 (IL-2) receptor (CD25)
expression on CD4 cells but not the expression of T-reg marker
FoxP3, suggesting a stimulation of T helper response (Hirahara
and Nakayama, 2016; Narsale et al., 2019). In support of such
an observation, both GDP and UDP were able to increase the
expression of mRNA encoding for the cytokines IFNy, IL17A,
IL17F, T-bet, and RORyt gene expression, typical markers of Th1l
and Th17 and a reduction of IL13 mRNA expression, marker of
Th2 response (Stubbington et al., 2015).

Furthermore, our observation that UDP induced an increase
in the phosphorylation status of STAT1 and STAT3 is in
agreement with a differentiation toward a Thl response and
Th17 of CD4™ cells as the activation of STAT1 is a key factor
required for Th1 differentiation (Takeda et al., 2003; Mikhak et al.,
2006; Ma et al., 2010), whereas the phosphorylation of STAT3
is essentially required for the induction of Th17 differentiation
and for the suppression of T-regs (Yang et al., 2007; Fujino and
Li, 2013; Raphael and McGeachy, 2018). Interestingly, we found
both GDP and UDP treatment capable of inducing an increase
in DNA binding activity of NF-kB subunits p65, p50, RelB, and
p52 but not cRel. Despite the fact of NF-kB being essential for
both T-cell activation and effector T-cell differentiation, it is also
involved in the generation of T-reg cells, mainly through the
action of cRel (Ruan et al., 2009).

Consistent with our previous observation, we also found that
GDP and UDP induced a slight increase in the proliferation of
CD8™" T-cells and an increase in expression of mRNA encoding
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for CD8 effector markers perforin, granzyme B, CD127 and
Eomes (Kaech et al., 2002; Pearce et al., 2003; Martin and
Badovinac, 2018; Supplementary Figures 1A-C).

As UDP was the strongest inducer of CD4TCD25%
differentiation, STAT1 and STAT3 phosphorylation, NF-«kB
activation, and Thl and Th17 markers expression (IFNy, IL17A,
IL17F, T-bet, and RORyt), as well as the strongest inducer of
CD8™ T-cell proliferation and of CD8* T-cell effector markers
perforin, granzyme B, CD127, and Eomes, it was conceivable
to speculate that UDP could trigger an immuno-mediated,
anti-tumor response.

To this aim, we treated B16 melanoma cells-engrafted
C57BL6 mice with UDP (0.5 mM) by locally administering
the tumor engraftment at three different times (3, 10,
and 17 days post-engraftment). In agreement with our
previous observation, we found that UDP-treated tumors
have both volume and necrotic areas considerably reduced
compared to control tumors (Figures 3A-D). The number
of (F4/80% CD11b*") TAMs was similar in both UDP-treated
and vehicle-treated tumors (Figure 3E). Nonetheless, the
F4/80" MHCII"/F4/80* MHCII™ ratio was considerably higher
in UDP-treated tumors (Figure 3F). It is worth to note that major
histocompatibility complex (MHC) class 11" TAM population
appears during the early phase of tumor development and is
associated with tumor suppression (Wang et al., 2011; Axelrod
et al, 2019), whereas the MHC class II™ TAM population
is strongly associated with tumor progression, angiogenesis,
and metastases formation, since the transition of tumor-
associated macrophages from MHC class 11" to MHC class
I1°Y mediates tumor progression in mice (Wang et al, 2011;
Xiang et al, 2021). Consistent with the hypothesis of UDP
acting as an activator of anti-tumor immune response, we
also found that in UDP-treated tumors the percentage of TILs
CD37TCD8™' and CD31tCD4% were increased (Figures 3G,H).
Furthermore, intra-tumoral gene expression analysis of T-cell
activation markers showed an increase in the expression of
genes functionally linked to anti-tumor immune response,
including Flt3 (Bhardwaj et al., 2020; Cueto and Sancho, 2021),
Cd40lg (Curran et al, 2015), IFNy (Gerber et al., 2013), and
117 (Pellegrini et al., 2009; Figure 3I). Consistent with these
observations, we also reported an increase in anti-tumor IFNy
cytokine and a decrease in immunosuppressive IL10 cytokine
released within TIF of UDP-treated tumors compared to
control (Figure 3J).

From the mechanistic standpoint, we hypothesize that UDP
could likely stimulate the anti-tumor response mediated by
immune cells by regulating the activity of G-coupled purinergic
receptors, which are categorized into three different classes,
including P2Y, P2X, and P1 receptors, and are widely expressed
in mammalian cells (Elliott et al., 2009; Qin et al., 2016; Li
et al, 2018). Among these classes of receptors, P2Y receptors
are characterized by ligand selectivity and specificity toward
G-protein coupling (Burnstock, 2007). In particular, the P2Y6
receptor has been initially identified as an immune mediator
of microglial phagocytosis (Koizumi et al., 2007). In addition,
it has been reported how the P2Y6 receptor can be selectively
activated by UDP and GDP (Vieira et al., 2011). Interestingly,

and in agreement with our observations, in a lung inflammation
mice model the P2Y6 receptor signaling was able to stimulate
IFNy production while suppressing the Th2 response (Nagai
et al., 2019). Further, UDP treatment could also directly act on
tumor cells, reducing their proliferation and, as a consequence,
the tumor growth. Indeed, Wan et al. recently showed that the
triggering of P2Y6 receptor by UDP treatment in gastric cancer
cells caused an increase in Ca®* levels, through store-operated
calcium entry (SOCE), and consequently inhibited B-catenin in
calcium-dependent manner and cell proliferation, leading to the
reduction of tumor growth (Wan et al., 2017).

Hence, it is conceivable to speculate that the dissection
of signal transduction pathways downstream of the
purinergic receptors in immune and cancer cells will provide
additional targets for the development of novel therapeutic
strategies. Further work will be needed to address such an
interesting possibility.

Arguably, a limitation of our study could be represented
by the use of a single melanoma cell line. In order to further
corroborate our working model, in a future project we will
certainly extend our analysis to other model systems, including
additional melanoma cell lines as well as patients-derived human
melanoma cells and patients-derived xenograft mice models.
However, it is worthy to mention that the availability of samples
derived from human melanoma patients is extremely limited.
Nevertheless, we will aim at further understanding those indeed
interesting and still open questions in a follow-up study.

In conclusion, our analysis revealed UDP as an important
metabolite acting as a functional mediator of immune response,
which could represent a valuable tool to be used as a co-adjuvant
in cancer immunotherapy.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Italian Regional “Calabria” Ethics Committee
(Protocol No. 75, 23/03/17). The patients/participants provided
their written informed consent to participate in this study. All
the experiments involving animals were carried out in accordance
with the permission n° 253/2020-PR (prot. 39F3A.61) by the
Italian Ministry of Health.

AUTHOR CONTRIBUTIONS

GF conceived the project, designed the experimental plan,
analyzed and interpreted the data, and wrote the manuscript.
EVe, AAL TB, NN, DM, and MD’A performed gene expression
analysis by quantitative real-time PCR and cytokines

Frontiers in Cell and Developmental Biology | www.frontiersin.org

September 2021 | Volume 9 | Article 730726


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Vecchio et al.

UDP Limits Tumor Growth

quantification. CC, SM, and EI performed B16 engraftment in
mice. EVi, AL, GD, and CM performed histological analysis.
SR and MT performed FACS experiments. FA, GM, and RS
performed western blotting analysis. MS performed metabolite
profiling and nucleotide quantifications, participated in the
interpretation of data, and contributed to the editing of the
manuscript. MR edited the manuscript. AAv, AAr, MM, and IQ
participated in the analysis of data. All authors contributed to the
article and approved the submitted version.

FUNDING

This works was supported by the grants from Ministero
dell’'Istruzione, dell'Universita e della Ricerca to GF (FFARB),
to AAr (PRIN-20177TTP3S) and from University of Naples
(FRA2017) to MM.

REFERENCES

Albano, F., Chiurazzi, F., Mimmi, S., Vecchio, E., Pastore, A., Cimmino, C.,
et al. (2018). The expression of inhibitor of bruton’s tyrosine kinase gene
is progressively up regulated in the clinical course of chronic lymphocytic
leukaemia conferring resistance to apoptosis. Cell Death Dis. 9:13.

Avagliano, A., Fiume, G., Pelagalli, A., Sanita, G., Ruocco, M. R., Montagnani, S.,
et al. (2020a). Metabolic plasticity of melanoma cells and their crosstalk with
tumor microenvironment. Front Oncol 10:722. doi: 10.3389/fonc.2020.00722

Avagliano, A., Fiume, G., Ruocco, M. R., Martucci, N., Vecchio, E., Insabato, L.,
et al. (2020b). Influence of fibroblasts on mammary gland development, breast
cancer microenvironment remodeling, and cancer cell dissemination. Cancers
(Basel) 12:1697. doi: 10.3390/cancers12061697

Axelrod, M. L., Cook, R. S., Johnson, D. B., and Balko, J. M. (2019). Biological
consequences of MHC-II expression by tumor cells in cancer. Clin. Cancer Res.
25,2392-2402. doi: 10.1158/1078-0432.ccr-18-3200

Badolati, N., Masselli, R., Sommella, E., Sagliocchi, S., Di Minno, A., Salviati, E.,
etal. (2020). The hepatoprotective effect of taurisolo, a nutraceutical enriched in
resveratrol and polyphenols, involves activation of mitochondrial metabolism
in mice liver. Antioxidants (Basel) 9:410. doi: 10.3390/antiox9050410

Balaban, S., Lee, L. S., Varney, B., Aishah, A., Gao, Q., Shearer, R. F,, et al.
(2018). Heterogeneity of fatty acid metabolism in breast cancer cells underlies
differential sensitivity to palmitate-induced apoptosis. Mol. Oncol. 12, 1623
1638. doi: 10.1002/1878-0261.12368

Baronzio, G., Schwartz, L., Kiselevsky, M., Guais, A., Sanders, E., Milanesi, G.,
et al. (2012). Tumor interstitial fluid as modulator of cancer inflammation,
thrombosis, immunity and angiogenesis. Anticancer Res. 32, 405-414.

Bhardwaj, N., Friedlander, P. A., Pavlick, A. C., Ernstoff, M. S., Gastman, B. R,,
Hanks, B. A., et al. (2020). Flt3 ligand augments immune responses to anti-
DEC-205-NY-ESO-1 vaccine through expansion of dendritic cell subsets. Nat.
Cancer 1, 1204-1217. doi: 10.1038/s43018-020-00143-y

Bohm, W., Thoma, S., Leithauser, F., Moller, P., Schirmbeck, R., and Reimann,
J. (1998). T cell-mediated, IFN-gamma-facilitated rejection of murine B16
melanomas. J. Immunol. 161, 897-908.

Burnstock, G. (2007). Purine and pyrimidine receptors. Cell. Mol. Life Sci. 64,
1471-1483. doi: 10.1007/s00018-007-6497-0

Caiazza, C., D’agostino, M., Passaro, F., Faicchia, D., Mallardo, M., Paladino, S.,
et al. (2019). Effects of long-term citrate treatment in the PC3 prostate cancer
cell line. Int. J. Mol. Sci. 20:2613. doi: 10.3390/ijms20112613

Cueto, F.J., and Sancho, D. (2021). The FIt3L/FIt3 axis in dendritic cell biology and
cancer immunotherapy. Cancers 13:1525. doi: 10.3390/cancers13071525

Curran, K. J., Seinstra, B. A., Nikhamin, Y., Yeh, R., Usachenko, Y., Van Leeuwen,
D. G,, et al. (2015). Enhancing antitumor efficacy of chimeric antigen receptor
T cells through constitutive CD40L expression. Mol. Ther. 23, 769-778. doi:
10.1038/mt.2015.4

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.
730726/full#supplementary-material

Supplementary Figure 1| (A) PBMCs (3 x 10°) were treated with 30 M of
indicated metabolites and then labeled with CellTrace CFSE at a final
concentration of 5 um for 20 min at 37°C. CellTrace CFSE-based proliferation
assay was performed on gated CD8* T-cells, by using anti-CD8-APC antibody,

in vitro cultured for 3 days. (B) Percentage of proliferating CD8* T-cells. Values
(mean + SE, n = 3) are shown. The asterisk indicates a statistically significant
difference compared to untreated control, according to Student’s t-test (p < 0.01).
(C) PBMCs from healthy donors (1 x 107) were treated with 30 wM of indicated
metabolites for 12 h, and then CD8* T-cells were isolated by using CD8" T-cells
isolation kit (Miltenyi Biotec). Total RNA was extracted and analyzed by RT-gPCR
to evaluate the mMRNA expression of the indicated genes. Values are the

mean =+ SD of three independent experiments. The asterisk indicates a statistically
significant difference compared to untreated control, according to Student’s t-test
(o < 0.01).

Domblides, C., Lartigue, L., and Faustin, B. (2019). Control of the antitumor
immune response by cancer metabolism. Cells 8:104. doi: 10.3390/cells8020104

Elliott, M. R., Chekeni, F. B., Trampont, P. C., Lazarowski, E. R., Kadl, A., Walk,
S. F., et al. (2009). Nucleotides released by apoptotic cells act as a find-me
signal to promote phagocytic clearance. Nature 461, 282-286. doi: 10.1038/
nature08296

Fiume, G., Rossi, A., De Laurentiis, A., Falcone, C., Pisano, A., Vecchio, E.,
et al. (2013). Eukaryotic initiation factor 4H is under transcriptional control
of p65/NF-kappaB. PLoS One 8:¢66087. doi: 10.1371/journal.pone.0066087

Fiume, G., Scialdone, A., Albano, F., Rossi, A., Tuccillo, F. M., Rea, D, et al. (2015).
Impairment of T cell development and acute inflammatory response in HIV-1
Tat transgenic mice. Sci. Rep. 5:13864.

Fu, K., Sun, X,, Zheng, W., Wier, E. M., Hodgson, A., Tran, D. Q,, et al.
(2013). Sam68 modulates the promoter specificity of NF-kappaB and mediates
expression of CD25 in activated T cells. Nat. Commun. 4:1909.

Fujino, M., and Li, X. K. (2013). Role of STAT3 in regulatory T lymphocyte
plasticity during acute graft-vs.-host-disease. JAKSTAT 2:e24529. doi: 10.4161/
jkst.24529

Gerber, S. A, Sedlacek, A. L., Cron, K. R., Murphy, S. P., Frelinger, J. G., and Lord,
E. M. (2013). IFN-gamma mediates the antitumor effects of radiation therapy
in a murine colon tumor. Am J. Pathol. 182, 2345-2354. doi: 10.1016/j.ajpath.
2013.02.041

Gonzalez, H., Hagerling, C., and Werb, Z. (2018). Roles of the immune system
in cancer: from tumor initiation to metastatic progression. Genes Dev. 32,
1267-1284. doi: 10.1101/gad.314617.118

Granato, G., Ruocco, M. R,, Taccarino, A., Masone, S., Cali, G., Avagliano, A.,
et al. (2017). Generation and analysis of spheroids from human primary skin
myofibroblasts: an experimental system to study myofibroblasts deactivation.
Cell Death Discov. 3:17038.

Grinberg-Bleyer, Y., Caron, R., Seeley, J. J., De Silva, N. S., Schindler, C. W.,
Hayden, M. S., et al. (2018). The alternative NF-kappaB pathway in
regulatory T cell homeostasis and suppressive function. J. Immunol. 200,
2362-2371.

Gromoyv, P., and Gromova, I. (2016). Characterization of the tumor secretome
from tumor interstitial fluid (TIF). Methods Mol. Biol. 1459, 231-247. doi:
10.1007/978-1-4939-3804-9_16

Gun, S. Y., Lee, S. W. L, Sieow, J. L., and Wong, S. C. (2019). Targeting immune
cells for cancer therapy. Redox Biol. 25:101174.

Haslene-Hox, H., Oveland, E., Berg, K. C., Kolmannskog, O., Woie, K., Salvesen,
H. B, etal. (2011). A new method for isolation of interstitial fluid from human
solid tumors applied to proteomic analysis of ovarian carcinoma tissue. PLoS
One 6:€19217. doi: 10.1371/journal.pone.0019217

Hirahara, K., and Nakayama, T. (2016). CD4+ T-cell subsets in inflammatory
diseases: beyond the Th1/Th2 paradigm. Int. Immunol. 28, 163-171. doi: 10.
1093/intimm/dxw006

Frontiers in Cell and Developmental Biology | www.frontiersin.org

September 2021 | Volume 9 | Article 730726


https://www.frontiersin.org/articles/10.3389/fcell.2021.730726/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.730726/full#supplementary-material
https://doi.org/10.3389/fonc.2020.00722
https://doi.org/10.3390/cancers12061697
https://doi.org/10.1158/1078-0432.ccr-18-3200
https://doi.org/10.3390/antiox9050410
https://doi.org/10.1002/1878-0261.12368
https://doi.org/10.1038/s43018-020-00143-y
https://doi.org/10.1007/s00018-007-6497-0
https://doi.org/10.3390/ijms20112613
https://doi.org/10.3390/cancers13071525
https://doi.org/10.1038/mt.2015.4
https://doi.org/10.1038/mt.2015.4
https://doi.org/10.3390/cells8020104
https://doi.org/10.1038/nature08296
https://doi.org/10.1038/nature08296
https://doi.org/10.1371/journal.pone.0066087
https://doi.org/10.4161/jkst.24529
https://doi.org/10.4161/jkst.24529
https://doi.org/10.1016/j.ajpath.2013.02.041
https://doi.org/10.1016/j.ajpath.2013.02.041
https://doi.org/10.1101/gad.314617.118
https://doi.org/10.1007/978-1-4939-3804-9_16
https://doi.org/10.1007/978-1-4939-3804-9_16
https://doi.org/10.1371/journal.pone.0019217
https://doi.org/10.1093/intimm/dxw006
https://doi.org/10.1093/intimm/dxw006
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Vecchio et al.

UDP Limits Tumor Growth

Ho, P. C,, Bihuniak, J. D., Macintyre, A. N., Staron, M., Liu, X., Amezquita, R,,
et al. (2015). Phosphoenolpyruvate is a metabolic checkpoint of anti-tumor T
cell responses. Cell 162, 1217-1228. doi: 10.1016/j.cell.2015.08.012

Janda, E., Palmieri, C., Pisano, A., Pontoriero, M., laccino, E., Falcone, C., et al.
(2011). Btk regulation in human and mouse B cells via protein kinase C
phosphorylation of IBtkgamma. Blood 117, 6520-6531. doi: 10.1182/blood-
2010-09-308080

Kaech, S. M., Hemby, S., Kersh, E., and Ahmed, R. (2002). Molecular and functional
profiling of memory CD8 T cell differentiation. Cell 111, 837-851. doi: 10.1016/
50092-8674(02)01139-x

Kanhere, A., Hertweck, A., Bhatia, U., Gokmen, M. R., Perucha, E., Jackson, I,
etal. (2012). T-bet and GATA3 orchestrate Th1 and Th2 differentiation through
lineage-specific targeting of distal regulatory elements. Nat. Commun. 3:1268.

Koizumi, S., Shigemoto-Mogami, Y., Nasu-Tada, K., Shinozaki, Y., Ohsawa, K.,
Tsuda, M., etal. (2007). UDP acting at P2Y6 receptors is a mediator of microglial
phagocytosis. Nature 446, 1091-1095. doi: 10.1038/nature05704

Li, R, Tan, B, Yan, Y., Ma, X, Zhang, N., Zhang, Z., et al. (2014).
Extracellular UDP and P2Y6 function as a danger signal to protect mice
from vesicular stomatitis virus infection through an increase in IFN-
beta production. J. Immunol. 193, 4515-4526. doi: 10.4049/jimmunol.130
1930

Li, S., Li, J., Wang, N., Hao, G., and Sun, J. (2018). Characterization of UDP-
activated purinergic receptor P2Y(6) involved in Japanese flounder paralichthys
olivaceus innate immunity. Int. J. Mol. Sci. 19:2095. doi: 10.3390/ijms19072095

Lyssiotis, C. A., and Kimmelman, A. C. (2017). Metabolic Interactions in the
Tumor Microenvironment. Trends Cell Biol. 27, 863-875. doi: 10.1016/j.tcb.
2017.06.003

Ma, D., Huang, H., and Huang, Z. (2010). STAT]1 signaling is required for optimal
Th1 cell differentiation in mice. Chin. Sci. Bull. 55, 1032-1040. doi: 10.1007/
511434-010-0030-9

Martin, M. D., and Badovinac, V. P. (2018). Defining memory CD8 T cell. Front.
Immunol. 9:2692. doi: 10.3389/fimmu.2018.02692

Mikhak, Z., Fleming, C. M., Medoff, B. D., Thomas, S. Y., Tager, A. M., Campanella,
G. S, etal. (2006). STAT1 in peripheral tissue differentially regulates homing of
antigen-specific Th1 and Th2 cells. J. Immunol. 176, 4959-4967. doi: 10.4049/
jimmunol.176.8.4959

Nabi, K., and Le, A. (2021). The intratumoral heterogeneity of cancer metabolism.
Adv. Exp. Med. Biol. 1311, 149-160. doi: 10.1007/978-3-030-65768-0_11

Nagai, J., Balestrieri, B., Fanning, L. B., Kyin, T., Cirka, H., Lin, J., et al. (2019).
P2Y6 signaling in alveolar macrophages prevents leukotriene-dependent type 2
allergic lung inflammation. J. Clin. Invest. 129, 5169-5186. doi: 10.1172/
JCI129761

Narsale, A., Moya, R., Ma, J., Anderson, L. J., Wu, D., Garcia, ]. M., et al. (2019).
Cancer-driven changes link T cell frequency to muscle strength in people with
cancer: a pilot study. J. Cachexia Sarcopenia Muscle 10, 827-843. doi: 10.1002/
jesm.12424

Neher, J. J., Neniskyte, U., Hornik, T., and Brown, G. C. (2014). Inhibition of
UDP/P2Y6 purinergic signaling prevents phagocytosis of viable neurons by
activated microglia in vitro and in vivo. Glia 62, 1463-1475. doi: 10.1002/glia.
22693

Park, J. K., Coffey, N. J., Limoges, A., and Le, A. (2021). The heterogeneity of lipid
metabolism in cancer. Adv. Exp. Med. Biol. 1311, 39-56. doi: 10.1007/978-3-
030-65768-0_3

Pearce, E. L., Mullen, A. C,, Martins, G. A., Krawczyk, C. M., Hutchins, A. S,,
Zediak, V. P., et al. (2003). Control of effector CD8+ T cell function by the
transcription factor Eomesodermin. Science 302, 1041-1043. doi: 10.1126/
science.1090148

Pellegrini, M., Calzascia, T., Elford, A. R., Shahinian, A., Lin, A. E., Dissanayake,
D., et al. (2009). Adjuvant IL-7 antagonizes multiple cellular and molecular
inhibitory networks to enhance immunotherapies. Nat. Med. 15, 528-536. doi:
10.1038/nm.1953

Pontoriero, M., Fiume, G., Vecchio, E., De Laurentiis, A., Albano, F., Taccino, E.,
et al. (2019). Activation of NF-kappaB in B cell receptor signaling through
Bruton’s tyrosine kinase-dependent phosphorylation of IkappaB-alpha. J. Mol.
Med. (Berl) 97, 675-690.

Prager, B. C., Xie, Q., Bao, S., and Rich, J. N. (2019). Cancer stem cells: the architects
of the tumor ecosystem. Cell Stem Cell 24, 41-53. doi: 10.1016/j.stem.2018.12.
009

Qin, J., Zhang, G., Zhang, X, Tan, B., Lv, Z., Liu, M., et al. (2016). TLR-activated gap
junction channels protect mice against bacterial infection through extracellular
UDP release. J. Immunol. 196, 1790-1798. doi: 10.4049/jimmunol.1501629

Raphael, 1., and McGeachy, M. J. (2018). STAT3 regulation of effector Th17
cells and its implications for treatment of autoimmunity. J. Immunol. 200,
121.5-121.5.

Riccio, G., Sommella, E., Badolati, N., Salviati, E., Bottone, S., Campiglia,
P., et al. (2018). Annurca apple polyphenols protect murine hair follicles
from taxane induced dystrophy and hijacks polyunsaturated fatty acid
metabolism toward beta-oxidation. Nutrients 10:1808. doi: 10.3390/nul011
1808

Ruan, Q., Kameswaran, V., Tone, Y., Li, L, Liou, H. C, Greene, M. I,
et al. (2009). Development of Foxp3(+) regulatory t cells is driven by the
c-Rel enhanceosome. Immunity 31, 932-940. doi: 10.1016/j.immuni.2009.1
0.006

Schiavone, M., Fiume, G., Caivano, A., De Laurentiis, A., Falcone, C., Masci, F. F.,
et al. (2012). Design and characterization of a peptide mimotope of the HIV-
1 gp120 bridging sheet. Int. J. Mol. Sci. 13, 5674-5699. doi: 10.3390/ijms1305
5674

Stubbington, M. J., Mahata, B., Svensson, V., Deonarine, A., Nissen, J. K., Betz,
A. G, etal. (2015). An atlas of mouse CD4(+) T cell transcriptomes. Biol. Direct
10:14.

Sullivan, M. R, Danai, L. V., Lewis, C. A, Chan, S. H., Gui, D. Y., Kunchok, T., et al.
(2019). Quantification of microenvironmental metabolites in murine cancers
reveals determinants of tumor nutrient availability. Elife 8:e44235.

Takeda, A., Hamano, S., Yamanaka, A., Hanada, T., Ishibashi, T., Mak, T. W., et al.
(2003). Cutting edge: role of IL-27/WSX-1 signaling for induction of T-Bet
through activation of STAT1 during initial Th1 commitment. J. Immmunol. 170,
4886-4890. doi: 10.4049/jimmunol.170.10.4886

Tibbitt, C. A., Stark, J. M., Martens, L., Ma, J., Mold, J. E., Deswarte, K., et al. (2019).
Single-Cell RNA sequencing of the T helper cell response to house dust mites
defines a distinct gene expression signature in airway Th2 cells. Immunity 51,
169-184.e165.

Tuccillo, F. M., Palmieri, C., Fiume, G., De Laurentiis, A., Schiavone, M.,
Falcone, C., et al. (2014). Cancer-associated CD43 glycoforms as target of
immunotherapy. Mol. Cancer Ther. 13, 752-762. doi: 10.1158/1535-7163.mct-
13-0651

Vieira, R. P., Muller, T., Grimm, M., Von Gernler, V., Vetter, B., Durk, T., et al.
(2011). Purinergic receptor type 6 contributes to airway inflammation and
remodeling in experimental allergic airway inflammation. Am. J. Respir. Crit.
Care Med. 184, 215-223. doi: 10.1164/rccm.201011-17620C

Vitagliano, L., Fiume, G., Scognamiglio, P. L., Doti, N., Cannavo, R., Puca,
A, et al. (2011). Structural and functional insights into IkappaB-alpha/HIV-
1 Tat interaction. Biochimie 93, 1592-1600. doi: 10.1016/j.biochi.2011.05.

025
Wagner, M., and Wiig, H. (2015). Tumor interstitial fluid formation,
characterization, and clinical implications. Front. Oncol.  5:115.

doi: 10.3389/fonc.2015.00115

Wan, H,, Xie, R, Xu, J., He, J.,, Tang, B., Liu, Q,, et al. (2017). Anti-proliferative
effects of nucleotides on gastric cancer via a Novel P2Y6/SOCE/Ca(2+)/beta-
catenin pathway. Sci. Rep. 7:2459.

Wang, B., Li, Q., Qin, L., Zhao, S., Wang, J., and Chen, X. (2011). Transition of
tumor-associated macrophages from MHC class II(hi) to MHC class II(low)
mediates tumor progression in mice. BMC Immunol. 12:43. doi: 10.1186/1471-
2172-12-43

Wang, M., Zhao, J., Zhang, L., Wei, F., Lian, Y., Wu, Y., et al. (2017). Role of tumor
microenvironment in tumorigenesis. J. Cancer 8, 761-773.

Weber, D. D., Thapa, M., Aminzadeh-Gohari, S., Redtenbacher, A. S., Catalano,
L., Feichtinger, R. G., et al. (2021). Targeted metabolomics identifies plasma
biomarkers in mice with metabolically heterogeneous melanoma xenografts.
Cancers 13:434. doi: 10.3390/cancers13030434

Xiang, X., Wang, J., Lu, D,, and Xu, X. (2021). Targeting tumor-associated
macrophages to synergize tumor immunotherapy. Signal Transduct. Target.
Ther. 6:75.

Yang, X. X. O., Panopoulos, A. D., Nurieva, R,, Chang, S. H.,, Wang, D. M,,
Watowich, S. S., et al. (2007). STAT3 regulates cytokine-mediated generation
of inflammatory helper T cells. J. Biol. Chem. 282, 9358-9363. doi: 10.1074/jbc.
¢600321200

Frontiers in Cell and Developmental Biology | www.frontiersin.org

September 2021 | Volume 9 | Article 730726


https://doi.org/10.1016/j.cell.2015.08.012
https://doi.org/10.1182/blood-2010-09-308080
https://doi.org/10.1182/blood-2010-09-308080
https://doi.org/10.1016/s0092-8674(02)01139-x
https://doi.org/10.1016/s0092-8674(02)01139-x
https://doi.org/10.1038/nature05704
https://doi.org/10.4049/jimmunol.1301930
https://doi.org/10.4049/jimmunol.1301930
https://doi.org/10.3390/ijms19072095
https://doi.org/10.1016/j.tcb.2017.06.003
https://doi.org/10.1016/j.tcb.2017.06.003
https://doi.org/10.1007/s11434-010-0030-9
https://doi.org/10.1007/s11434-010-0030-9
https://doi.org/10.3389/fimmu.2018.02692
https://doi.org/10.4049/jimmunol.176.8.4959
https://doi.org/10.4049/jimmunol.176.8.4959
https://doi.org/10.1007/978-3-030-65768-0_11
https://doi.org/10.1172/JCI129761
https://doi.org/10.1172/JCI129761
https://doi.org/10.1002/jcsm.12424
https://doi.org/10.1002/jcsm.12424
https://doi.org/10.1002/glia.22693
https://doi.org/10.1002/glia.22693
https://doi.org/10.1007/978-3-030-65768-0_3
https://doi.org/10.1007/978-3-030-65768-0_3
https://doi.org/10.1126/science.1090148
https://doi.org/10.1126/science.1090148
https://doi.org/10.1038/nm.1953
https://doi.org/10.1038/nm.1953
https://doi.org/10.1016/j.stem.2018.12.009
https://doi.org/10.1016/j.stem.2018.12.009
https://doi.org/10.4049/jimmunol.1501629
https://doi.org/10.3390/nu10111808
https://doi.org/10.3390/nu10111808
https://doi.org/10.1016/j.immuni.2009.10.006
https://doi.org/10.1016/j.immuni.2009.10.006
https://doi.org/10.3390/ijms13055674
https://doi.org/10.3390/ijms13055674
https://doi.org/10.4049/jimmunol.170.10.4886
https://doi.org/10.1158/1535-7163.mct-13-0651
https://doi.org/10.1158/1535-7163.mct-13-0651
https://doi.org/10.1164/rccm.201011-1762OC
https://doi.org/10.1016/j.biochi.2011.05.025
https://doi.org/10.1016/j.biochi.2011.05.025
https://doi.org/10.3389/fonc.2015.00115
https://doi.org/10.1186/1471-2172-12-43
https://doi.org/10.1186/1471-2172-12-43
https://doi.org/10.3390/cancers13030434
https://doi.org/10.1074/jbc.c600321200
https://doi.org/10.1074/jbc.c600321200
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Vecchio et al.

UDP Limits Tumor Growth

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Vecchio, Caiazza, Mimmi, Avagliano, Iaccino, Brusco, Nistico,
Maisano, Aloisio, Quinto, Renna, Divisato, Romano, Tufano, D’Agostino, Vigliar,
Iaccarino, Mignogna, Andreozzi, Mannino, Spiga, Stornaiuolo, Arcucci, Mallardo
and Fiume. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 13

September 2021 | Volume 9 | Article 730726


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Metabolites Profiling of Melanoma Interstitial Fluids Reveals Uridine Diphosphate as Potent Immune Modulator Capable of Limiting Tumor Growth
	Introduction
	Methods
	Cell Cultures and Treatments
	Mice
	Isolation of Tumor Interstitial Fluid
	Metabolomic Analysis of Tumor Interstitial Fluid and Plasma Samples by Liquid Chromatography-Mass Spectrometry
	Analysis of Cytokines and Chemokines Expression Within Tumor Interstitial Fluid and Plasma Samples
	Histological Analysis by Hematoxylin and Eosin Staining
	Cells Extracts, Western Blotting, and NF-κB DNA Binding Assays

	Flow Cytometry
	Real-Time PCR
	Statistical Analysis

	RESULTS
	Isolation and Characterization of Melanoma Tumor Interstitial Fluid
	Guanosine Diphosphate and Uridine Diphosphate Modulate Immune Response of CD4+ and CD8+ T-Cells
	Local Administration of Uridine Diphosphate Stimulates Anti-tumor Response Limiting the Tumor Growth and Necrosis in B16-Engrafted C57BL6 Mice

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


