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Abstract: Combined approaches based on immunotherapy and drugs supporting immune effector
cell function might increase treatment options for pancreatic ductal adenocarcinoma (PDAC), vitamin
D being a suitable drug candidate. In this study, we evaluated whether treatment with the vitamin D
analogue, calcipotriol, counterbalances PDAC induced and SMAD4-associated intracellular calcium
[Ca2+]i alterations, cytokines release, immune effector function, and the intracellular signaling
of peripheral blood mononuclear cells (PBMCs). Calcipotriol counteracted the [Ca2+]i depletion
of PBMCs induced by SMAD4-expressing PDAC cells, which conditioned media augmented the
number of calcium flows while reducing whole [Ca2+]i. While calcipotriol inhibited spontaneous
and PDAC-induced tumor necrosis factor alpha (TNF-α) release by PBMC and reduced intracellular
transforming growth factor beta (TGF-β), it did not counteract the lymphocytes proliferation induced
in allogenic co-culture by PDAC-conditioned PBMCs. Calcipotriol mainly antagonized PDAC-induced
apoptosis and partially restored PDAC-inhibited NF-κB signaling pathway. In conclusion, alterations
induced by PDAC cells in the [Ca2+]i of immune cells can be partially reverted by calcipotriol treatment,
which promotes inflammation and antagonizes PBMCs apoptosis. These effects, together with the
dampening of intracellular TGF-β, might result in an overall anti-tumor effect, thus supporting the
administration of vitamin D in PDAC patients.

Keywords: PDAC; immune system; vitamin D; intracellular calcium; cytokines; intracellular
signaling pathways

1. Introduction

The known ability of the tumor microenvironment to influence tumor cell behavior appears to
be of particular relevance in the fourth worldwide cause of cancer-related death, pancreatic ductal
adenocarcinoma (PDAC), which is characterized by dense desmoplasia with dispersed immune cells,
cancer associated fibroblasts (CAFs), and pancreatic stellate cells (PSCs). CAFs are the main effector
cells in the desmoplastic reaction and PSCs, once activated by cytokines, growth factors, oxidative or
metabolic stress, transdifferentiate to myofibroblast-like cells, and synthesize abundant extra cellular
matrix (ECM) proteins [1,2]. Collagen fibers and stromal cells create a microenvironment that can
counteract, but often favors, tumor growth and the selection of metastatic clones. Infiltrating immune
cells comprise dendritic cells, CD4+ and CD8+ lymphocytes, regulatory T cells (Tregs), tumor-associated
macrophages (TAMs), and myeloid derived immunosuppressive cells (MDSCs). These cellular
subsets are imbalanced towards immunosuppression, MDSCs and Tregs prevailing over dendritic
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cells and effector CD4+ and CD8+ lymphocytes. Since PDAC-associated immunosuppression concurs
in reducing survival, the depletion of immunosuppressive cells and/or the restoration of immune
effector cells might be effective strategies for improving outcome and be useful in treatments targeting
molecules and pathways involved in immune cell regulation, such as those using checkpoint inhibitors
with antibodies anti-CTLA4 or anti PD1/PDL1 [3]. However, as yet, these treatment strategies have
proven disappointing in humans, and the factors underlying their failure are not well understood.
Although the dense hypovascular stroma might antagonize drug and cell delivery by creating a
physical barrier, within the two-way cross-talk between PDAC and stromal cells, the former by shaping
immune cells might favor immunosuppression, thus compromising the therapeutic interventions
designed to restore immune effector function. Novel combination approaches using drugs supporting
immune effector cell function might be planned in order to overcome these limitations. A suitable
candidate in this context appears to be vitamin D, which has been the object of intensive research in
cancer, including PDAC, studies focusing on the role of vitamin D in cancer prevention on the one
hand, and cancer treatment on the other [4].

Data from epidemiological studies report contradictory results, suggesting positive and negative
associations between vitamin D and PDAC risk. In their pooled analysis of case-control studies,
Waterhouse et al. found a 13% increase in PDAC risk for 100 IU/day vitamin D dietary intake,
in agreement with Zablotska et al. who reported an increased PDAC risk in men whose dietary
vitamin D intake was increased from 200 IU/day to 800 IU/day [5,6]. However, on analyzing two large
prospective cohort studies, Skinner et al. found that vitamin D consumption of more than 600 IU/day
lowers the risk of PDAC by 41% with respect to consumption of less than 150 IU/day [7]. In a large
pooled analysis of data from 14 prospective cohort studies, Genkinger et al. concluded that there was
not a positive nor a negative association between vitamin D intake and PDAC risk [8]. The search for
an association between PDAC risk and plasma 25(OH)vitamin D levels has also yielded contradictory
result: Wolpin et al. have reported an inverse, Stolzenberg-Solomon et al. in 2010 a positive,
and Stolzenberg-Solomon et al. in 2009 no such correlation [9–11]. Despite these inconclusive data in
the search for an association between vitamin D intake and/or vitamin D plasma levels and PDAC risk,
the overall survival of PDAC patients with sufficient pre-diagnostic vitamin D plasma levels is longer
than that of those with insufficient pre-diagnostic vitamin D plasma levels [12]. The beneficial effects of
vitamin D supplementation on the survival of PDAC patients have been attributed not only to its direct
anticancer effects [13], but also to its effects on the tumor microenvironment. In patients undergoing
pre-operative chemoradiotherapy, Mukai et al. demonstrated that distant metastases-free survival was
longer in those with higher than in those with lower levels of vitamin D, which, according to the authors,
acts by suppressing the activation of CAFs [14]. In agreement, Sherman et al. demonstrated that
vitamin D receptor engagement acts as a master transcriptional regulator of PSCs and, in association
with standard gemcitabine treatment, prolongs survival in genetically engineered mice [15]. As well
as CAFs and PSCs, myeloid cells might also be suitable targets of vitamin D. In a previous study,
we demonstrated that PDAC derived exosomes induce MDSCs’ expansion by enhancing intracellular
calcium trafficking, this effect being correlated with the loss of the tumor suppressor SMAD4 gene [16].

The aim of the present study was to verify “in vitro” whether vitamin D might counteract
PDAC induced SMAD4-associated intracellular calcium alterations, cytokines release, immune effector
function, and the intracellular signaling of peripheral blood mononuclear cells (PBMCs), thus enhancing
myeloid cell effector function.

2. Materials and Methods

2.1. Cell Lines

The pancreatic cancer cell lines BxPC3 (American Type Culture Collection ATCC® CRL-1687™,
Rockville, MD, USA), known to carry a homozygous deletion of the SMAD4/DPC4 gene,
and BxPC3-SMAD4+, obtained from the BxPC3 cells stably transfected with the pBK-cytomegalovirus
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(CMV)-SMAD4/DPC4 expression vector were used. The characterization of the cellular model, including
the validation of transfection efficacy, has been described by us elsewhere [17]. The cell lines were
cultured in RPMI 1640 (Thermo Fisher Scientific, Waltham, MA USA) supplemented with 10% fetal calf
serum (FCS) (Thermo Fisher Scientific), 1% L-glutamine, and 0.1% gentamycin. One mg/mL Geneticin
(G418 Sulphate) selective antibiotic (Thermo Fisher Scientific) was used only for the BxPC3-SMAD4+

cell line. Three additional PDAC cell lines (Capan-1, PANC-1 and PSN-1) were used for flow cytometry
analyses (Supplementary Materials and Methods).

2.2. Isolation of Human Peripheral Blood Mononuclear Cells

Human PBMCs were isolated from blood donors’ buffy coats by differential density gradient
centrifugation (Histopaque®-1077, Sigma-Aldrich, Milano, Italy, F/H). After being washed twice with
saline solution to remove contaminating platelets and centrifuged at 1200 rpm for 10 min, PBMCs
were treated with a hemolysis solution (0.15 M NH4Cl, 10 mM KHCO3, 0.1 mM EDTA-Na4) for 10 min,
centrifuged at 1200 rpm for 10 min, and finally used for the experiments.

2.3. Experimental Design

PBMCs were cultured in complete standard media (RPMI 1640, 10% FCS), in BxPC3 and
BxPC3-SMAD4+ conditioned media (CM), in the presence or in the absence of calcipotriol (Calcipotriol
hydrate, Sigma-Aldrich). After 2 culture days, PBMCs were collected for immunoblot analysis,
and cytokines were measured in the supernatants after 2 and 4 days of culture. Intracellular calcium
fluxes were analysed in the same experimental conditions after 2, 3, and 4 days of culture by
epifluorescence (Fluo4-AM, Thermo Fisher Scientific) microscope analysis [16].

2.4. Immunoblot Analysis

Five million PBMCs were seeded in Petri dishes (ø 10cm) and cultured in complete
standard media for 24h which was replaced with fresh complete standard media or BxPC3 and
BxPC3-SMAD4+ CM in the presence or in the absence of 100 nM calcipotriol. Five million
BxPC3 and BxPC3-SMAD4+were seeded in Petri dishes (ø 10cm) and cultured for 24h in complete
standard media, which was replaced with fresh media added or not with 100 nM calcipotriol.
After 2 days PBMCs and PDAC cell lines were collected for immunoblot analysis, which was
performed as previously described by us [18], with the following primary antibodies diluted 1:3000in
blocking buffer: anti-phospho-Akt (Ser473, Thr308), anti-Akt, anti-β-actin, anti-phospho-p44/42 MAPK
(Erk1/2)(Thr202/Tyr204), anti-phospho-p38 (Thr180/Tyr182) anti-Cleaved Caspase-3 (Asp175), anti-Cleaved
Caspase-8 (Asp391), anti-phospho-STAT-3 (Tyr705), anti-TGF-β, anti-phospho-NF-κB p65 (Ser536),
anti-phospho-NF-κB p105 (Ser933)(Cell Signaling Technology, Danvers, MA, USA), anti-phosphoIκB-α
(Ser32), and anti-IκB-α (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA). Secondary antibodies
diluted 1:5000 in blocking buffer were: anti-rabbit (Cell Signaling Technology) or anti-goat (Sigma
Aldrich). Each experiment was performed at least in triplicate.

2.5. Intracellular Calcium Flow Analysis

A total of 2 × 106 PBMCs were seeded on coverslips that had been inserted in each well of six
well culture plates and cultured for 2, 3, and 4 days in 2 mL of complete standard culture media or
BxPC3 CM, BxPC3-SMAD4+ CM in the presence or in the absence of 10, 100, and 1000 nM calcipotriol.
Coverslips were then processed for the [Ca2+]i fluxes study, as described by us elsewhere [19], using the
intracellular calcium tracer Fluo-4 AMat 5 µM and an epifluorescence microscope. Four independent
experiments, each made in triplicate, were performed. Intracellular fluorescence data obtained from
any single cell, continuously monitored for 12 min (2.5 frames/sec), were analyzed considering the
following: whole area under the curve, peak area, and the number of peaks using GraphPad Prism
software, version 6.04 (San Diego, CA, USA).
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2.6. Cytokine Assay

TNF-α and TGF-β were measured in PBMCs supernatants after 2 and 4 days of culture in the
above-described conditions by chemiluminescent immunometric assays (Immulite, Siemens Healthcare
Diagnostic, UK) according to the manufacturer’s specifications. For all the experimental conditions, at
least six independent sets of experiments were performed.

2.7. T-Lymphocyte Proliferation Assay

Lymphocytes were isolated from blood donors’ buffy coats by negative selection with RosetteSep™
Human T Cell Enrichment Cocktail (StemCell Technologies, Vancouver, BC, Canada), designed to
isolate T cells from whole blood. Unwanted cells are targeted for removal with Tetrameric Antibody
Complexes recognizing non-T cells and glycophorin A on red blood cells (RBCs). After a twenty-minute
incubation of whole blood with the RosetteSep™, lymphocytes were isolated by gradient centrifugation
(Histopaque®-1077, Sigma-Aldrich). For proliferation assay, T-lymphocytes were co-cultured with
PBMCs (6 × 106 cells per well in a 6-well plate) previously cultured in standard culture media, BxPC3
CM or BxPC3-SMAD4+ CM in the presence or absence of 100 nM calcipotriol for 72 h. T-lymphocytes
(50,000 cells) and PBMCs (50,000 cells) were resuspended in fresh standard culture media and seeded
in a 96-well culture plate in the presence of 2.5 µg/mL phytohemagglutinin (PHA) (Sigma-Aldrich)
and 100 U/mL of interleukin 2 (IL-2) (Chemicon, Prodotti Gianni, Milan, Italy), as proliferation
stimulants for 72 h before [3H]-thymidine addition (1µMCi). After 10 hours ofco-culture, a scintillation
counter (Model Tricarb 1600; Packard Instruments Company, Meriden, CT, USA) was used to measure
[3H]-thymidine incorporation (counts per minute). A minimum of 12 replicate wells were counted for
each experimental condition.

2.8. Flow Cytometry

Flow cytometry analyses for Annexin V expression was performed using BxPC3, BxPC3-SMAD4+,
and three additional PDAC cell lines, as detailed in Supplementary Materials and Methods.

2.9. Statistical Analysis

The statistical analysis of data was made using the Kruskal–Wallis rank test, Tukey’s multiple
comparison test, analysis of variance (ANOVA), and Bonferroni’s adjustment of p value for multiple
testing using Stata software, version 13.1 (StataCorp, Lakeway Drive, TX, USA).

3. Results

3.1. BxPC3, not BxPC3-SMAD4+ CM, Antagonizes Calcipotriol-Induced Intracellular Calcium Accumulation
in PBMCs

Intracellular calcium flows of untreated and of 100 nM calcipotriol-treated PBMCs were studied
after 2, 3, and 4 days of culture. For any time and any condition, single cell analysis of intracellular
fluorescence was performed for 12 min. The number of peaks, the whole area under the curve defined
by fluorescence data, and the peak area were calculated and statistically evaluated; the results are
reported in Table 1. An increase in whole fluorescence areas indicates an overall intracellular calcium
accumulation, while an increase in peak area indicates augmented intracellular calcium due to an
increase in calcium flows.

Whole and peak intracellular calcium areas were significantly reduced in untreated PBMCs after
3 days, with respect to 2 days of culture, while the number of intracellular calcium peaks significantly
decreased after 4 days in untreated, and after 3 days in treated, PBMCs. Three days of culture were
therefore chosen for the subsequent experiments, the aim being to ascertain the combined effects of
pancreatic cancer and calcipotriol on the intracellular calcium pattern of PBMCs. Pancreatic cancer cell
line-conditioned media caused different alterations in the intracellular calcium of PBMCs depending
on the presence or complete absence of SMAD4 gene: in the presence (not the absence) of SMAD4,
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the PDAC conditioned media induced an increase in the number of calcium peaks and a reduction in
the whole intracellular calcium (Table 2).

Table 1. Effects of time and calcipotriol on the intracellular calcium [Ca2+]i of PBMCs. Untreated and
100 nM calcipotriol-treated PBMCs were studied after 2, 3, and 4days of culture. Data are from four
independent experiments, and the total number of analyzed single cells is reported in brackets.

Untreated PBMCs Calcipotriol Treated PBMCs

Time 2 days (n = 32) 3 days (n = 58) 4 days (n = 32) 2 days (n = 52) 3 days (n = 68) 4 days (n = 30)

Number of
[Ca2+]i Peaks

Median 2 1 1 # 3 1 * 1 *

10th–90th percentiles 1–4 1–4 1–1 1–12 1–4 1–2
Kruskal–Wallis test p = 0.0001 p = 0.0001

Whole [Ca2+]i
Area

Median 31 16 § 34 14 16 13
10th–90th percentiles 17–59 6–30 21–52 5–57 7–83 8–23
Kruskal–Wallis test p = 0.0001 p = 0.0966

Peak [Ca2+]i
Area

Median 17 11 * 13 8 8 5
10th–90th percentiles 5–41 3–20 7–17 2–25 1–54 3–10
Kruskal–Wallis test p = 0.0099 p = 0.1284

Wilcoxon p values adjusted for multiple comparisons: # = p <0.05 with respect to 2 and 3 days; * = p <0.05 with
respect to 2 days; § = p <0.05 with respect to 2 and 4 days.

Table 2. The effects of pancreatic ductal adenocarcinoma (PDAC)conditioned media on the intracellular
calcium [Ca2+]i of PBMCs. PBMCs were cultured for 3 days in non-conditioned medium, BxPC3,
or BxPC3-SMAD4+conditioned media. The data reported are from four independent experiments,
and the total number of single cells analyzed is reported in brackets.

. Non Conditioned
PBMCs (n = 94)

BxPC3 Conditioned
PBMCs (n = 52)

BxPC3-SMAD4+Conditioned
PBMCs (n = 17)

Number of [Ca2+]i
Peaks

Median 1 1 5 *
10th-90th

percentiles
1–4 1–3 1–7

Kruskal–Wallis test p = 0.0001

Whole [Ca2+]i Area
Median 17 21 8 *
10th-90th

percentiles
5–45 10–80 5–20

Kruskal–Wallis test p = 0.0001

Peak [Ca2+]i Area
Median 8 11 7
10th-90th

percentiles
1–27 3–34 3–11

Kruskal–Wallis test p = 0.0348

Wilcoxon p values adjusted for multiple comparisons: * = p <0.05 with respect to non-conditioned and
BxPC3 conditioned.

The effects of increasing dosages of calcipotriol (10, 100, and 1000 nM) were then ascertained in
non-conditioned and PDAC conditioned PBMCs (Table 3). In non-conditioned PBMCs, calcipotriol,
mainly at the dosage of 100 nM, induced an increase in intracellular calcium, considering both the whole
and the peak areas; representative experiments are shown in Figure 1 (panels A and B). Calcipotriol
at 100 and 1000 nM had similar effects when PBMCs were cultured in BxPC3-SMAD4+ conditioned
media; representative experiments are shown in Figure 1 (panels E and F). Calcipotriol was not effective
when PBMCs were cultured in BxPC3 conditioned media; representative experiments are shown in
Figure 1 (panels C and D).
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Table 3. The effects of PDAC and calcipotriol on the intracellular calcium [Ca2+]i of PBMCs. PBMCs were cultured in non-conditioned medium, BxPC3 or
BxPC3-SMAD4+ conditioned media for 3 days in the absence (0 nM) or presence of increasing dosages of calcipotriol (10, 100, 1000 nM). Data are from four independent
experiments, the total number of single cells analyzed being reported in brackets.

Non Conditioned PBMCs BxPC3 Conditioned PBMCs BxPC3-SMAD4+Conditioned PBMCs

Calcipotriol Dosage 0 nM
(n = 94)

10 nM
(n = 26)

100 nM
(n = 61)

1000 nM
(n = 28)

0 nM
(n = 52)

10 nM
(n = 55)

100 nM
(n = 60)

1000 nM
(n = 17)

0 nM
(n = 17)

10 nM
(n = 42)

100 nM
(n = 27)

1000 nM
(n = 31)

Number of
[Ca2+]i Peaks

Median 1 1 1 1 1 1 1 1 5 1 # 3 2
10th-90th percentiles 1–4 1–3 1–4 1–3 1–3 1–4 1–4 1–4 1–7 1–4 1–6 1–5
Kruskal-Wallis test p = 0.2814 p = 0.9430 p = 0.0001

Whole [Ca2+]i
Area

Median 17 26 50 ** 22 21 21 30 20 8 14 48 *** 27 ***
10th-90th percentiles 5–45 11–102 11–110 11–78 10–80 10–63 11–174 11–156 5–20 6–33 12–171 12–96
Kruskal-Wallis test p = 0.0001 p = 0.0567 p = 0.0001

Peak [Ca2+]i
Area

Median 8 9 22 * 14 11 9 16 16 7 7 29 *** 23 ***
10th-90thpercentiles 1–27 1–94 5–64 1–42 3–34 2–20 2–82 4–92 3–11 3–24 8–77 7–77
Kruskal-Wallis test p = 0.0001 p = 0.0099 p = 0.0001

# = p <0.05 with respect to calcipotriol 0nM and 100 nM. * = p <0.05 with respect to calcipotriol 0 nM. ** = p <0.05 with respect to calcipotriol 0 nMand 1000 nM.*** = p <0.05 with respect to
calcipotriol 0 nMand 10 nM.
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Figure 2 (panels A and B). In non-conditioned PBMCs, TNF-α significantly increased after 4 days in 
the absence, but not in the presence, of calcipotriol (Two-way analysis of variance: F = 5.197, p = 
0.0157). When PBMCs were cultured in BxPC3 or BxPC3-SMAD4+ conditioned media, TNF-α 
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Figure 1. Intracellular calcium fluxes ([Ca2+]i) of PBMCs cultured or not with BxPC3 or BxPC3-SMAD4+

conditioned media in the presence or in the absence of 100 nM calcipotriol.

3.2. Calcipotriol Reduces PBMC Release of TNF-α But Does Not Antagonize PDAC-Induced
Lymphocytes Proliferation

In order to evaluate whether the observed variations in calcium pattern were correlated with
the functional behavior of PBMCs, TNF-α and TGF-β were measured after 2 and 4 days in culture
media of PBMCs treated as described above. TNF-α and TGF-β mean values with standard errors
obtained from a minimum of three to a maximum of six independent experiments are shown in
Figure 2 (panels A and B). In non-conditioned PBMCs, TNF-α significantly increased after 4 days in
the absence, but not in the presence, of calcipotriol (Two-way analysis of variance: F = 5.197, p = 0.0157).
When PBMCs were cultured in BxPC3 or BxPC3-SMAD4+ conditioned media, TNF-α increased at
4 days in the absence of calcipotriol, although the variations were not statistically significant (F = 1.947,
p = 0.1759 and F = 1.898, p = 0.1838, respectively). TGF-β tended to increase in the culture media of
all PBMCs in the presence of calcipotriol, although the differences were not statistically significant
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(F = 0.4543, p = 0.7215 for non-conditioned PBMCs; F = 0.8877, p =0.4877 for BxPC3 conditioned
PBMCs; F = 1.048, p = 0.4229 for BxPC3-SMAD4+ conditioned PBMCs). TGF-β was further evaluated
by Western blot analysis using PBMCs cultured for 2 days in the above-described conditions. Reduced
TGF-β expression was observed when PBMCs, whether non-conditioned or PDAC conditioned,
were cultured in the presence of calcipotriol (Figure 2, panel C). The effects of calcipotriol treatment of
PBMCs on lymphocytes proliferation were then evaluated by co-culturing total lymphocytes in the
presence of allogenic stimulation induced by non-conditioned or PDAC conditioned PBMCs, whether
treated, or not, with calcipotriol. Lymphocytes proliferation was evaluated in the presence or absence
of PHA. Figure 3 shows mean values with SEM of the obtained results. Co-culture of lymphocytes with
PBMCs conditioned by PDAC media significantly enhanced PHA-stimulated lymphocyte proliferation,
calcipotriol being found ineffective (F = 4.364, p = 0.0201 for conditioned media; F = 10.10, p < 0.0001
for calcipotriol treatment; F = 3.252, p = 0.0117 for interaction).
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Figure 3. Lymphocytes’ proliferation. Columns show mean values, and bars, standard errors of
lymphocyte proliferation after allogenic stimulation with PBMCs that remained non conditioned or
were conditioned with BxPC3 or BxPC3-SMAD4+ culture media. Non conditioned and conditioned
PBMCs were not or were treated with 100 nMcalcipotriol. For all described conditions, lymphocytes’
proliferation was evaluated in the absence or in the presence of phytohemagglutinin (PHA) (2.5 µg/mL).
Proliferation is expressed as a percentage with respect to values obtained from lymphocytes stimulated
with allogenic nonconditioned and not calcipotriol treated PBMCs. Tukey’s multiple comparison
test: * = p < 0.05 in comparison with BxPC3 conditioned PHA (-), calcipotriol (-) or (+) and with non
conditioned PHA (+) calcipotriol (+); ** = p < 0.001 in comparison with BxPC3-SMAD4+ conditioned
PHA (-) calcipotriol (-) or (+) and with nonconditioned PHA (+) calcipotriol (-).

3.3. Effects of PDAC Conditioned Media and Calcipotriol on Proliferation, Inflammation, and Apoptosis
Signaling Pathways in PBMCs

The effects of PDAC conditioned media and of calcipotriol on PBMCs proliferation-, inflammation-,
and apoptosis-related signaling pathways were then evaluated using Western blot analyses and flow
cytometry. Figure 4 shows Western blot analyses of the proliferation-related targets p-AKT, p-ERK,
and of p-p38 obtained from non-conditioned and from PDAC conditioned PBMCs, treated or not
with calcipotriol for 2 days. Only p-p38 was influenced by PDAC conditioned media and by
calcipotriol, BxPC3 CM and calcipotriol reducing p-38 phosphorylation. Figure 5 shows Western
blot analyses of the inflammation-related targets NF-κB p-p65, NF-κB p-p105, and p-STAT-3 in the
above-described conditions; p-IκB-α was undetectable in any condition (data not shown). Overall,
PDAC conditioned media whether from cells expressing or not SMAD4, dampened NF-κB and STAT-3
pathways. Calcipotriol slightly activated NF-κB p-p65 in non-conditioned and in BxPC3-SMAD4+

conditioned PBMCs. Figure 6 shows Western blot analyses of cleaved caspase 3 and cleaved caspase 8,
involved in the apoptosis pathways, and Figure S1 shows the percentage of Annexin V. positive cells in
the above-described conditions. Both caspases were activated by PDAC conditioned media, and this
effect was counterbalanced by calcipotriol only when considering cleaved caspase 8. Almost half of
PBMCs expressed Annexin V. Treatment with PDAC conditioned media and/or calcipotriol did not
determine significant variations in the percentage of Annexin V expression. To ascertain the effects of
calcipotriol on PDAC cells themselves, proliferation, inflammation, and apoptosis-related pathways
were also evaluated by Western blot analyses and flow cytometry in BxPC3 and BxPC3-SMAD4+ cells
and in a further series of three PDAC cell lines, left untreated or treated with 100 nM calcipotriol
for 2 days. Figure 7 and Figure S2 show the obtained results. Calcipotriol treatment determined
a reduced phosphorylation of the proliferation related targets p-ERK and p-p38 in BxPC3 not in
BxPC3-SMAD4+ cells. Calcipotriol treatment determined a slight increase in the inflammation-related
targets NF-κB (p-p65), p-IκB-α, and p-STAT-3 mainly in BxPC3-SMAD4+ cells. Cleaved caspase 3
and 8 were undetectable in any studied condition. Annexin V was expressed by more than 50% of
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BxPC3 and PSN-1, in about 50% of Capan-1 and in less than 25% of BxPC3-SMAD4+ and PANC-1.
Calcipotriol treatment did not modify Annexin V expression by PDAC cell lines.
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4. Discussion

The microenvironment is known to play a relevant role in the proliferation of pancreatic cancer
and metastatic spread. Tumoral and stromal inflammatory cells interact and reciprocally modify
their phenotype [20]. Tumor cells might shape the microenvironment, favoring a shift towards
immunosuppression through the release of soluble or exosome-carried cytokines, chemokines and
other mediators; in turn, stromal inflammatory cells might favor adjacent tumor cell growth, and prepare
the niche for distant metastases. Elsewhere, we demonstrated that pancreatic cancer cells favor the
expansion of MDSCs by targeting intracellular calcium [16]. Based on this observation, we suggested
that vitamin D, a well-known intracellular calcium regulator, might support the maintenance of an
effective anti-tumoral immune microenvironment by regulating intracellular calcium.

We therefore verified whether calcipotriol, a vitamin D analogue, might balance the alterations
in the intracellular calcium pattern induced by PDAC conditioned media on PBMCs, which were
characterized by a reduced accumulation of intracellular calcium associated with an increase in the
number of calcium flows when conditioned by PDAC cells expressing SMAD4, not by PDAC cells
with the homozygous deletion (HD) for this tumor suppressor gene. Calcipotriol at both 100 and
1000 nM reverted this SMAD4 associated effect, causing a significant intracellular calcium accumulation,
similarly to that induced by calcipotriol in non-conditioned PBMCs. On the contrary, this vitamin
D analogue had little, if any, effect on PBMCs conditioned by BxPC3 cells. These results indicate
that SMAD4 expression by PDAC cells determines not only a different effect on the intracellular
calcium pattern of inflammatory cells, but also modulates the cellular response to calcipotriol treatment.
Calcipotriol might thus evoke intracellular calcium accumulation in naïve PBMCs, in PBMCs previously
shaped by PDAC cells expressing SMAD4, but not in PBMCs conditioned with PDAC cells HD for
SMAD4. The loss of SMAD4 by PDAC cells not only renders these cells more prone to proliferate and
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metastasize, but also confers on them the ability to render adjacent inflammatory cells less sensitive to
intracellular calcium accumulation induced by calcipotriol.

In order to ascertain whether these different responses in intracellular calcium might affect cellular
function, we verified cytokine release by studying TNF-α and TGF-β. Other cytokines, namely IL-1β,
IL-4, IL-6, and IL-10, were not evaluated since we had previously demonstrated that they are not
detectable in this experimental setting [16]. As expected, with respect to non-conditioned PBMCs,
the release of TNF-α was reduced by PDAC conditioned media. Interestingly, calcipotriol treatment
abolished TNF-α release by both non-conditioned and conditioned PBMCs. Therefore, unlike the
case of intracellular calcium, the inhibitory effect of calcipotriol on TNF-α release was not modified
by PDAC. Since TNF-α is the main cytokine produced by dendritic cells, these findings suggest that
calcipotriol might antagonize the differentiation of PBMCs into dendritic cells. This assumption was
supported by our findings on the frequency of calcium peaks, which were reduced by calcipotriol
treatment of PBMCs conditioned by SMAD4-expressing cells. Indeed, dendritic cells are characterized
by the absence of calcium flows [16]. Moreover, BxPC3-SMAD4+ conditioned and calcipotriol-treated
PBMCs reduced PHA allogenic stimulation of lymphocyte proliferation, an effect not observed with
BxPC3 conditioned media. PBMCs conditioned by these BxPC3 cells and treated with calcipotriol,
unlike BxPC3-SMAD4+, presented no variations in the frequency of calcium flows and intracellular
calcium accumulation, thus suggesting that this cell line has a negligible effect on dendritic cells.

Of the different myeloid subsets comprised by PBMCs, MDSCs are extremely relevant in the
biology of cancer as they exert their immunosuppressive effects by releasing immunosuppressive
cytokines, the most relevant of which is TGF-β [21]. In our experimental settings, TGF-β tended to
increase in culture media of non conditioned and conditioned PBMCs when treated with calcipotriol.
This slight increase in soluble TGF-β was accompanied by reduced TGF-β intracellular levels. Overall,
these findings indicate that activation of vitamin D pathway affects the TGF-β pathway, favoring TGF-β
release from PBMCs intracellular storesthus favouring tumor protection in the early stages [22–24].

Calcipotriol effects on intracellular signaling pathways involved in proliferation, inflammation,
and apoptosis were also investigated at 100 nM concentration, which affects intracellular calcium and is
comprised within the serum reference interval [25]. The constitutive activation of the pro-proliferative
ERK signaling pathway, observed in both BxPC3 and BxPC3-SMAD4+cells, was antagonized in
part by calcipotriol, mainly in BxPC3 cells. In PBMCs, this pathway and the Akt pathway were
not constitutively activated nor were they activated by PDAC conditioned media or by calcipotriol.
These results reflect the absence of PBMCs proliferation [16] and suggest that it is not inducible by
PDAC.BxPC3 and BxPC3-SMAD4+ cells also showed the constitutive activation of the NF-κB pathway.
Calcipotriol slightly induced IκB-α phosphorylation in BxPC3-SMAD4+ cells and this finding suggests
a cautious evaluation in Vitamin D administration since NF-κB is known to play a pivotal role in
pancreatic cancer proliferation, metastases, and chemoresistance [26]. This cautious approach should
be followed also because calcipotriol was unable to counteract the PDAC-caused inhibition of the
inflammatory pathways NF-κB and STAT-3 in PBMCs. Further in vivo studies to confirm the effect of
Vitamin D and calcium administration on PDAC cells are therefore advised.

Cell proliferation is in homeostasis with apoptosis in normal tissues, but they are imbalanced
in cancer. We evaluated the intrinsic and extrinsic apoptosis-related pathways by the Western blot
analyses of cleaved caspase 3 and cleaved caspase 8 [27].Very faint signals were found in PDAC cells,
which conditioned media were otherwise able to induce caspase 3 and caspase 8 cleavage in PBMCs [28].
These data suggest that PDAC cells are resistant to apoptosis, but they can activate apoptosis signals in
adjacent stromal cells. Within this scenario, calcipotriol appeared ineffective in inducing PDAC cells
apoptosis, as verified also by Annexin V expression. Calcipotriol only limited caspase 8 cleavage in
PDAC conditioned PBMCs, but it did not modify Annexin V expression. It should be noticed that
although caspases were not activated, a high percentage of PDAC cells expressed Annexin V. This
discrepancy is in line with previous observations made with ovarian carcinoma cells in peritoneal
and pleural effusions [29], and is supported also by previous data indicating that externalization of



Biomolecules 2020, 10, 1055 13 of 15

Annexin V might occur independently from apoptosis, a sustained elevation of cytosolic calcium
being one of the mechanisms involved [30].Another correlated cell process that should be evaluated in
further studies is autophagy, a mechanism that allows pancreatic cancer cells to survive within adverse
environmental conditions [31].

Calcipotriol therefore acts more on inflammatory cells than on PDAC cells. In PBMCs, calcipotriol
dampens TNF-α, induces TGF-β in low amounts, and counterbalances PDAC-induced apoptosis.
Overall, these data support calcipotriol as a drug of potential benefit in PDAC treatment, through its
actions on cytokines and immune cells.

5. Conclusions

In conclusion, alterations induced by PDAC cells in the intracellular calcium of immune cells
can be partially reverted by the administration of calcipotriol, which tends to restore PDAC-inhibited
NF-κB signaling and antagonizes apoptosis. These effects, together with the induced TGF-β release in
very low amounts, might result in an overall anti-tumoral response, thus supporting the clinical use of
vitamin D in PDAC patients, even if pancreatic cancer cells appear insensitive to vitamin D treatment.

Supplementary Materials: Flow cytometry analysis. The following are available online at http://www.mdpi.com/
2218-273X/10/7/1055/s1, Figure S1: Flow cytometry analysis of PDAC cells, Figure S2: Flow cytometry analysis
of PBMCs.

Author Contributions: Conceived and designed the experiments, S.M. and D.B.; performed experiment, S.M.,
N.C., M.F., and V.T.; analyzed the data, S.M. and D.B.; wrote the paper, S.M. and D.B.; M.P. revised the manuscript.
All authors were involved in drafting the article or revising it critically for important intellectual content, and all
authors approved the final version to be published. All authors have read and agreed to the published version of
the manuscript.

Funding: The study was supported by Associazione Wirsung Onlus (Padova, Italy).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Masamune, A.; Watanabe, T.; Kikuta, K.; Shimosegawa, T. Roles of pancreatic stellate cells in pancreatic
inflammation and fibrosis. Clin. Gastroenterol. Hepatol. 2009, 7, S48–S54. [CrossRef]

2. Apte, M.V.; Pirola, R.C.; Wilson, J.S. Pancreatic stellate cells: A starring role in normal and diseased pancreas.
Front. Physiol. 2012, 3, 344. [CrossRef]

3. Sarantis, P.; Koustas, E.; Papadimitropoulou, A.; Papavassiliou, A.G.; Karamouzis, M.V. Pancreatic ductal
adenocarcinoma: Treatment hurdles, tumor microenvironment and immunotherapy. World J. Gastrointest.
Oncol. 2020, 12, 173–181. [CrossRef]

4. Wu, X.; Hu, W.; Lu, L.; Zhao, Y.; Zhou, Y.; Xiao, Z.; Zhang, L.; Zhang, H.; Li, X.; Li, W.; et al. Repurposing
vitamin D for treatment of human malignancies via targeting tumor microenvironment. Acta Pharm. Sin. B.
2019, 9, 203–219. [CrossRef] [PubMed]

5. Waterhouse, M.; Risch, H.A.; Bosetti, C.; Anderson, K.E.; Petersen, G.M.; Bamlet, W.R.; Cotterchio, M.;
Cleary, S.P.; Ibiebele, T.I.; La Vecchia, C.; et al. Pancreatic Cancer Case-Control Consortium(PanC4). Vitamin
D and pancreatic cancer: A pooled analysis from the Pancreatic Cancer Case-Control Consortium. Ann. Oncol.
2016, 27, 208. [CrossRef]

6. Zablotska, L.B.; Gong, Z.; Wang, F.; Holly, E.A.; Bracci, P.M. Vitamin D, calcium, andretinol intake,
and pancreatic cancer in a population-based case-control study inthe San Francisco Bay area. Cancer Causes
Control 2011, 22, 91–100. [CrossRef] [PubMed]

7. Skinner, H.G.; Michaud, D.S.; Giovannucci, E.; Willett, W.C.; Colditz, G.A.; Fuchs, C.S. Vitamin D intake and
the risk for pancreatic cancer in two cohort studies. Cancer Epidemiol. Biomarkers Prev. 2006, 15, 1688–1695.
[CrossRef] [PubMed]

8. Genkinger, J.M.; Wang, M.; Li, R.; Albanes, D.; Anderson, K.E.; Bernstein, L.; van den Brandt, P.A.;
English, D.R.; Freudenheim, J.L.; Fuchs, C.S.; et al. Dairy products and pancreatic cancer risk: A pooled
analysis of 14 cohort studies. Ann. Oncol. 2014, 25, 1106–1115. [CrossRef]

http://www.mdpi.com/2218-273X/10/7/1055/s1
http://www.mdpi.com/2218-273X/10/7/1055/s1
http://dx.doi.org/10.1016/j.cgh.2009.07.038
http://dx.doi.org/10.3389/fphys.2012.00344
http://dx.doi.org/10.4251/wjgo.v12.i2.173
http://dx.doi.org/10.1016/j.apsb.2018.09.002
http://www.ncbi.nlm.nih.gov/pubmed/30972274
http://dx.doi.org/10.1093/annonc/mdv480
http://dx.doi.org/10.1007/s10552-010-9678-3
http://www.ncbi.nlm.nih.gov/pubmed/21072578
http://dx.doi.org/10.1158/1055-9965.EPI-06-0206
http://www.ncbi.nlm.nih.gov/pubmed/16985031
http://dx.doi.org/10.1093/annonc/mdu019


Biomolecules 2020, 10, 1055 14 of 15

9. Wolpin, B.M.; Ng, K.; Bao, Y.; Kraft, P.; Stampfer, M.J.; Michaud, D.S.; Ma, J.; Buring, J.E.; Sesso, H.D.;
Lee, I.M.; et al. Plasma 25-hydroxyvitamin D and risk of pancreatic cancer. Cancer Epidemiol. Biomarkers Prev.
2012, 21, 82–91. [CrossRef]

10. Stolzenberg-Solomon, R.Z.; Jacobs, E.J.; Arslan, A.A.; Qi, D.; Patel, A.V.; Helzlsouer, K.J.; Weinstein, S.J.;
McCullough, M.L.; Purdue, M.P.; Shu, X.O.; et al. Circulating25-hydroxyvitamin D and risk of pancreatic
cancer: Cohort Consortium Vitamin D Pooling Project of Rarer Cancers. Am. J. Epidemiol. 2010, 172, 81–93.
[CrossRef]

11. Stolzenberg-Solomon, R.Z.; Hayes, R.B.; Horst, R.L.; Anderson, K.E.; Hollis, B.W.; Silverman, D.T. Serum
vitamin D and risk of pancreatic cancer in the prostate, lung, colorectal, and ovarian screening trial. Cancer Res.
2009, 69, 1439–1447. [CrossRef] [PubMed]

12. Yuan, C.; Qian, Z.R.; Babic, A.; Morales-Oyarvide, V.; Rubinson, D.A.; Kraft, P.; Ng, K.; Bao, Y.;
Giovannucci, E.L.; Ogino, S.; et al. Prediagnostic Plasma 25-Hydroxyvitamin D and Pancreatic Cancer
Survival. J. Clin. Oncol. 2016, 34, 2899–2905. [CrossRef] [PubMed]

13. Barreto, S.G.; Neale, R.E. Vitamin D and pancreatic cancer. Cancer Lett. 2015, 368, 1–6. [CrossRef] [PubMed]
14. Mukai, Y.; Yamada, D.; Eguchi, H.; Iwagami, Y.; Asaoka, T.; Noda, T.; Kawamoto, K.; Gotoh, K.; Kobayashi, S.;

Takeda, Y.; et al. Vitamin D Supplementation is a Promising Therapy for Pancreatic Ductal Adenocarcinoma
in Conjunction with Current Chemoradiation Therapy. Ann. Surg. Oncol. 2018, 25, 1868–1879. [CrossRef]

15. Sherman, M.H.; Yu, R.T.; Engle, D.D.; Ding, N.; Atkins, A.R.; Tiriac, H.; Collisson, E.A.; Connor, F.; Van
Dyke, T.; Kozlov, S.; et al. Vitamin D receptor-mediated stromal reprogramming suppresses pancreatitis and
enhances pancreatic cancer therapy. Cell 2014, 159, 80–93. [CrossRef] [PubMed]

16. Basso, D.; Gnatta, E.; Padoan, A.; Fogar, P.; Furlanello, S.; Aita, A.; Bozzato, D.; Zambon, C.F.; Arrigoni, G.;
Frasson, C.; et al. PDAC-derived exosomes enrich the microenvironment in MDSCs in a SMAD4-dependent
manner through a new calcium related axis. Oncotarget 2017, 8, 84928–84944. [CrossRef]

17. Greco, E.; Basso, D.; Fadi, E.; Padoan, A.; Fogar, P.; Zambon, C.F.; Navaglia, F.; Bozzato, D.; Moz, S.;
Pedrazzoli, S.; et al. Analogs of vitamin E epitomized by alpha-tocopheryl succinate for pancreatic cancer
treatment: In vitro results induce caution for in vivo applications. Pancreas 2010, 39, 662–668. [CrossRef]

18. Moz, S.; Basso, D.; Bozzato, D.; Galozzi, P.; Navaglia, F.; Negm, O.H.; Arrigoni, G.; Zambon, C.F.; Padoan, A.;
Tighe, P.; et al. SMAD4 loss enables EGF, TGFβ1 and S100A8/A9 induced activation of critical pathways to
invasion in human pancreatic adenocarcinoma cells. Oncotarget 2016, 7, 69927–69944. [CrossRef]

19. Moz, S.; Lorenzin, M.; Ramonda, R.; Aneloni, V.; La Raja, M.; Plebani, M.; Basso, D. Emerging role of
monocytes and their intracellular calcium pattern inspondyloarthritis. Clin. Chim. Acta. 2020, 500, 180–188.
[CrossRef]

20. Guo, S.; Deng, C.X. Effect of Stromal Cells in Tumor Microenvironment on Metastasis Initiation. Int. J.
Biol. Sci. 2018, 14, 2083–2093. [CrossRef]

21. Mao, Y.; Poschke, I.; Kiessling, R. Tumour-induced immune suppression: Role of inflammatory mediators
released by myelomonocytic cells. J. Intern. Med. 2014, 276, 154–170. [CrossRef] [PubMed]

22. Ricca, C.; Aillon, A.; Viano, M.; Bergandi, L.; Aldieri, E.; Silvagno, F. Vitamin D inhibits the
epithelial-mesenchymal transition by a negative feedback regulation of TGF-β activity. J. Steroid Biochem.
Mol. Biol. 2019, 187, 97–105. [CrossRef] [PubMed]

23. Neme, A.; Seuter, S.; Malinen, M.; Nurmi, T.; Tuomainen, T.P.; Virtanen, J.K.; Carlberg, C. In vivo transcriptome
changes of human white blood cells in response to vitamin D. J. Steroid Biochem. Mol. Biol. 2019, 188, 71–76.
[CrossRef] [PubMed]

24. Miyazono, K.; Katsuno, Y.; Koinuma, D.; Ehata, S.; Morikawa, M. Intracellular and extracellular TGF-b
signaling in cancer: Some recent topics. Front. Med. 2018, 12, 387–411. [CrossRef] [PubMed]

25. Rosen, C.J. Clinical practice. Vitamin D insufficiency. N. Engl. J. Med. 2011, 364, 248–254. [CrossRef]
26. Li, Q.; Yang, G.; Feng, M.; Zheng, S.; Cao, Z.; Qiu, J.; You, L.; Zheng, L.; Hu, Y.; Zhang, T.; et al. NF-κB in

pancreatic cancer: Its key role in chemoresistance. Cancer Lett. 2018, 421, 127–134. [CrossRef]
27. Igney, F.H.; Krammer, P.H. Death and anti-death: Tumour resistance to apoptosis. Nat. Rev. Cancer 2002,

4, 277–288. [CrossRef]
28. Carlberg, C. Vitamin D Signaling in the Context of Innate Immunity: Focus on Human Monocytes.

Front. Immunol. 2019, 10, 2211. [CrossRef]

http://dx.doi.org/10.1158/1055-9965.EPI-11-0836
http://dx.doi.org/10.1093/aje/kwq120
http://dx.doi.org/10.1158/0008-5472.CAN-08-2694
http://www.ncbi.nlm.nih.gov/pubmed/19208842
http://dx.doi.org/10.1200/JCO.2015.66.3005
http://www.ncbi.nlm.nih.gov/pubmed/27325858
http://dx.doi.org/10.1016/j.canlet.2015.06.030
http://www.ncbi.nlm.nih.gov/pubmed/26276715
http://dx.doi.org/10.1245/s10434-018-6431-8
http://dx.doi.org/10.1016/j.cell.2014.08.007
http://www.ncbi.nlm.nih.gov/pubmed/25259922
http://dx.doi.org/10.18632/oncotarget.20863
http://dx.doi.org/10.1097/MPA.0b013e3181c8b48c
http://dx.doi.org/10.18632/oncotarget.12068
http://dx.doi.org/10.1016/j.cca.2019.10.013
http://dx.doi.org/10.7150/ijbs.25720
http://dx.doi.org/10.1111/joim.12229
http://www.ncbi.nlm.nih.gov/pubmed/24597954
http://dx.doi.org/10.1016/j.jsbmb.2018.11.006
http://www.ncbi.nlm.nih.gov/pubmed/30465855
http://dx.doi.org/10.1016/j.jsbmb.2018.11.019
http://www.ncbi.nlm.nih.gov/pubmed/30537545
http://dx.doi.org/10.1007/s11684-018-0646-8
http://www.ncbi.nlm.nih.gov/pubmed/30043220
http://dx.doi.org/10.1056/NEJMcp1009570
http://dx.doi.org/10.1016/j.canlet.2018.02.011
http://dx.doi.org/10.1038/nrc776
http://dx.doi.org/10.3389/fimmu.2019.02211


Biomolecules 2020, 10, 1055 15 of 15

29. Dong, H.P.; Holth, A.; Kleinberg, L.; Ruud, M.G.; Elstrand, M.B.; Tropé, C.G.; Davidson, B.; Risberg, B.
Evaluation of cell surface expression of phosphatidylserine in ovarian carcinoma effusions using the
annexin-V/7-AAD assay: Clinical relevance and comparison with other apoptosis parameters. Am. J.
Clin. Pathol. 2009, 132, 756–762. [CrossRef]

30. Balasubramanian, K.; Mirnikjoo, B.; Schroit, A.J. Regulated externalization of phosphatidylserine at the cell
surface: Implications for apoptosis. J. Biol. Chem. 2007, 282, 18357–18364. [CrossRef]

31. Ropolo, A.; Bagnes, C.I.; Molejon, M.I.; Lo Re, A.; Boggio, V.; Gonzalez, C.D.; Vaccaro, M.I. Chemotherapy and
autophagy-mediated cell death in pancreatic cancer cells. Pancreatology 2012, 12, 1–7. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1309/AJCPAVFA8J3KHPRS
http://dx.doi.org/10.1074/jbc.M700202200
http://dx.doi.org/10.1016/j.pan.2011.11.003
http://www.ncbi.nlm.nih.gov/pubmed/22487466
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Lines 
	Isolation of Human Peripheral Blood Mononuclear Cells 
	Experimental Design 
	Immunoblot Analysis 
	Intracellular Calcium Flow Analysis 
	Cytokine Assay 
	T-Lymphocyte Proliferation Assay 
	Flow Cytometry 
	Statistical Analysis 

	Results 
	BxPC3, not BxPC3-SMAD4+ CM, Antagonizes Calcipotriol-Induced Intracellular Calcium Accumulation in PBMCs 
	Calcipotriol Reduces PBMC Release of TNF- But Does Not Antagonize PDAC-Induced Lymphocytes Proliferation 
	Effects of PDAC Conditioned Media and Calcipotriol on Proliferation, Inflammation, and Apoptosis Signaling Pathways in PBMCs 

	Discussion 
	Conclusions 
	References

