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Abstract

Myeloid derived suppressor cells (MDSC) suppress the ability of cytotoxic T cells to attack and
clear tumor cells from the body. The active form of vitamin D, 1,25 dihydroxyvitamin D
(1,25(0H),D), regulates myeloid cell biology and previous research showed that in mouse models
1,25(OH),D reduced the tumor level of CD34+ cells, an MDSC precursor, and reduced metastasis.
We tested whether MDSC are vitamin D target cells by examining granulocytic- (G-MDSC) and
monocytic (M-MDSC) MDSC from tumors, spleen, and bone marrow. Vitamin D receptor (VDR)
MRNA levels are low in MDSC from bone marrow and spleen but are 20-fold higher in tumor
MDSC. At all sites, M-MDSC have 4-fold higher VDR mRNA expression than G-MDSC. Bone
marrow MDSC were induced to differentiate /n vitro into tumor MDSC-like cells by treating with
IFN-7, IL-13, and GM-CSF for 48 h. This treatment significantly elevated Argl and Nos2 levels,
activated the T cell-suppressive function of MDSC, increased VDR expression 50-fold, and made
the MDSC responsive to 1,25(0OH),D treatment. Importantly, 1,25(0OH),D treatment reduced the T
cell suppressive capacity of cytokine-induced total MDSC and M-MDSC by =70 % and tumor-
derived M-MDSC by 30-50 %. Consistent with this finding, VDR deletion (KO) increased T cell
suppressive function of in vitro M-MDSC by 30 % and of tumor-derived M-MDSC by 50 % and
G-MDSC by 400 %. VDR KO did not alter Nos2 mRNA levels but significantly increased Argl
MRNA levels in tumor M-MDSC by 100 %. In contrast, 1,25(0OH),D treatment reduced nitric
oxide production in both /n vitro derived M- and G-MDSC. The major finding of this study is that
1,25(0OH),D signaling through the VDR decreases the immunosuppressive capability of MDSC.
Collectively, our data suggest that activation of vitamin D signaling could be used to suppress
MDSC function and release a constraint on T-cell mediated clearance of tumor cells.
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Introduction

Some tumors express antigens that can be recognized by the immune system and this leads
to the activation of cytotoxic T cells that kill and clear tumor cells from the body [1]. This
knowledge has led to the development of therapies that enhance anti-tumor immunity e.g.
immune checkpoint blockade [2]. Unfortunately, not all tumors respond to immunotherapy.
This resistance is due in part to the fact that the tumor can combat host immunity by
producing immunomodulatory proteins that establish an immunosuppressive environment in
the tumor [3]. One of the immunosuppressive cells in the tumor microenvironment is the
myeloid derived suppressor cell (MDSC). MDSC have several functions that permit tumor
survival including the ability to promote angiogenesis, stimulate the production of regulatory
T cells (Treg), and inhibit T cell antitumor activity [4]. There are two MDSC subtypes;
monocyte-like MDSC (M-MDSC) have a greater ability to suppress T cell proliferation and
function than granulocyte-like MDSC (G-MDSC) [5,6]. As a result of their pro-tumor
functions, the presence of MDSC in tumors is associated with cancer progression in mice
and humans [7-10] and researchers are actively exploring how to block MDSC function to
enhance T cell-driven immunotherapy in humans [11].

Vitamin D is produced in ultraviolet B exposed skin or obtained from the diet. Its
metabolite, 1,25 dihydroxyvitamin D (1,25 (OH),D), is a hormone that regulates gene
transcription through the vitamin D receptor (VDR) to control calcium and bone metabolism
[12,13]. However, in addition to this classical role, 1,25 (OH),D can also target immune
cells to alter their fate or function [14,15]. In adaptive immunity, vitamin D may create a
more tolerogenic T helper cell profile. Consistent with this concept, 1,25 (OH),D treatment
in vitro suppresses NFxB signaling necessary for Thq cell activation [16] and blocks
development of Thy7 and Thg cells implicated in the pathogenesis of different types of
autoimmunity and inflammatory diseases [17]. In the innate immune system 1,25(0OH),D
stimulates differentiation of monocytes to macrophages [18] and regulates genes crucial for
autophagy and anti-microbial actions [19-22]. In addition, 1,25(OH),D reprograms
dendritic cells (DC) to become tolerogenic in an inflammatory setting [23] by altering DC
differentiation as well as the function of tolerogenic DC [24]. However, in tumors DC serve
as essential antigen presenting cells that assist with effective T cell surveillance [25,26] and
there is some evidence that 1,25 (OH),D promotes DC development in this context [27].

There is growing evidence that vitamin D signaling may be a regulator of MDSC biology.
The earliest of these studies examined the impact of vitamin D on CD34+ cells that are
precursors for MDSC [28]. 1,25(0OH),D treatment can block the development of
immunosuppressive function in cultured CD34+ bone marrow cells [29] and reduce CD34+
cell number while increasing the number of CD8 + T cells in mouse Lewis Lung Carcinoma
cell (LLC-LN7) tumors [30]. Consistent with these actions, 1,25(0OH),D treatment in mice
with 4-NQO-induced squamous cell carcinoma decreased invasive cancer, reduced tumor
MDSC number, blocked IL-6 induced recruitment of MDSC, and reduced the T cell
suppressive capacity of MDSC from the tumor. [31]. Several groups have also demonstrated
that 1,25(0OH),D may interfere with the production of tumor-derived signals that promote
MDSC differentiation, e.g. GM-CSF [29,30], IL-6 [31], and miR155-containing exosomes
[32]. However, formal proof that tumor MDSC or their precursors in the periphery are
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vitamin D target cells is lacking. Here we report evidence for the direct actions of
1,25(0OH),D on MDSC.

Materials and methods

Reagents

Routine laboratory chemicals and 1,25 dihyroxyvitamin D were purchased from Sigma
Chemical (St. Louis, MO). 0.25 % Trypsin-EDTA, Hepes, sodium pyruvate, L-Glutamine,
Penicillin/Streptomycin (10,000 units/mL), fetal bovine serum (FBS), RPMI 1640 (without
glutamine, HEPES, or sodium pyruvate) and high glucose DMEM (4.5 g/L, without
glutamine, HEPES, or sodium pyruvate) were purchased from Thermo Fisher Scientific
(Waltham, MA). The EdU Click-iT kit, M-MLV reverse transcriptase, 5X first strand buffer,
BSA, deoxynucleotide triphosphate, Rnasin, random hexamers, and oligo-dT primers were
purchased from Thermo Fisher Scientific (Waltham, MA). Tri-reagent and Direct-zol RNA
MiniPrep Plus kits were purchased from Zymo Research (Irvine, CA). Antibodies against
CD11b (clone M1/70), Gr-1 (clone RB 6-8 C5), Ly6C (clone HK1.4) Ly6G (clon 1A8),
CD8 (clone 53-6.7), TruStain FcX (clone 93), and Zombie Violet were purchased from
Biolegend (San Diego, CA) while anti-Rat 1gG compensation beads were purchased from
BD Biosciences (San Jose, CA). All recombinant murine cytokines were purchased through
PeproTech (Rocky Hill, NJ).

Animals: C57BL/6 J (WT) and VDR KO mice (JAX stock number: 006133) on the
C57BL/6 J genetic background were maintained in breeding colonies. Male WT mice for
routine experiments were fed a standard chow diet (Teklad 2018) and water ad /ibitum.
When males WT mice were compared to VDR KO mice, littermates were maintained on
AIN93 G or AIN93G-based rescue diet (20 % lactose, 2 % Ca, 1.25 % P, and 1000 1U/kg
VD, Research Diets Inc.), respectively. Prostate OVA-expressing mice-3 (POET-3) mice
were generated and maintained as previously described [33]. Rag™~ OT-I mice were
generated and maintained as previously described [34]. Mice were used for experiments
between 10 and 14 weeks of age. Mice were housed in specific pathogen-free conditions
with a 12 h light/dark cycle. The Purdue University Animal Care and Use Committees
approved all of the mouse use described in this paper.

2.2. Cell culture

2.2.1. RM-1 cells—a Ras+, Myc-induced mouse prostate cancer cell line from C57BL/6
mice (ATCC CRL-3310), were cultured in DMEM with 10 % fetal bovine serum, 1 mM
sodium pyruvate, 10 mM HEPES, and 1 % penicillin-streptomycin at 37 °C in 5 % CO,.
RM-1 cells were chosen as the experimental model because they are a model for a solid
tumor, because RM-1 tumors have been shown to recruit active MDSC [35], and because
they come from the same genetic background as VDR knockout mice.

2.2.2. MDSC generation and isolation—RM-1 cells were harvested during log phase
growth and then 106 cells were suspended in 100 L sterile PBS for injection into the
peritoneal space of mice. 7 day later, MDSC were harvested via peritoneal lavage or isolated
from the bone marrow or spleen. Cells were treated with ACK buffer (150 mM ammonium
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chloride, 10 mM potassium carbonate, 0.1 mM EDTA) to remove contaminating red cells
then passed through a 70 u M filter. Cells were treated with TruStain FcX to block Fc
receptors (1:50) and stained with Zombie Violet (1:100) in the dark at RT for 10 min. Single
cell suspensions were labeled with fluorescence—labeled antibodies against CD11b, Ly6G,
and Ly6C for MDSC subtypes or with fluorescence—labeled antibodies against CD11b and
Gr-1 for total MDSC. Cells were sorted using fluorescence-activated cell sorting (FACS) at
the Purdue Flow Core Facility (BD FACS Aria Il1). Data were analyzed using FlowJo
software (Tree Star Inc., Ashland, OR).

In vitro MDSC

Bone marrow cells from 3 to 5 naive, male WT mice were isolated and cultured in
RPMI-1640 (10 % FBS, 5 % sodium pyruvate, 5 % Pen/Step, and 10 mM HEPES) with
IFN-y (25 ng/ml), 1L-13 (33 ng/ml), and GM-CSF (10 ng/ml) for 48—72 h. During the last
24 h of the cytokine treatment, cells were treated with 0.1 % ethanol (control) or 10 nM
1,25(0H),D. For all experiments, 10° cells were seeded into each well of a 96 well plate;
within each replicate experiment, three wells were used for each treatment and wells were
pooled at harvest for analysis. Following the treatment period, media and non-adherent cells
were collected. Adherent cells were harvested with 0.25 % Trypsin-EDTA for 10-15 min or
until cell layer had dispersed. Adherent and non-adherent cells were pooled and prepared for
flow cytometry analysis or gPCR analysis.

2.4. RNA isolation and analysis

Cells were harvested into Tri-reagent, flash frozen in liquid nitrogen, and stored at —80 °C
until all biological replicates were collected. RNA was isolated using the Direct-zol RNA
MiniPrep Plus kit (Zymo Research, Irvine CA) following the manufacturer’s protocol.
cDNA was created as we have previously reported (23) using an 1.5 h incubation at 37 °C.
gPCR analysis was conducted as previously described (23) using premade PrimeTime®
Primer/probe sets (IDT, Skokie, IL): Nos2 (IDT Assay: Mm.PT.56a.43705194), Argl
(Mm.PT.58.8651372), VDR (Mm.PT.58.7050931),Cyp24al (Mm.PT.58.30780707). r18 s
mMRNA level (Hs.PT.39a.22214856.9) was used as a house keeping gene. Relative expression
levels were determined using the ~AACt method [36].

2.5. T cell proliferation suppression assays

An in vitro test was conducted to determine whether MDSC suppress the proliferation of
activated T cells. MDSC were isolated from tumor or /n vitro MDSC were prepared as
described above. Splenocytes were isolated from Ragl~~ OT-I mice and resuspended to 1 x
108/ml in RPMI-1640 medium with 10 % fetal bovine serum, 5 % sodium pyruvate, 5 %
penicillin-streptomycin, and 5 % 1 M HEPES. Live cells were purified on Fico/Lite
gradients (Atlanta Biologicals). For short-term assays, tumor MDSC or in vivo generated
MDSC were co-cultured with activated OT-I cells for 16 h. Prior to co-culture splenocytes
were activated with 1 ug/mL SIINFEKL (ovalbumin peptide 357-264, American Peptide)
for 48 h. In one experiment, co-cultured tumor MDSC and activated OT-1 splenocytes were
treated +/- 10 nM 1,25(0OH),D during the 18 h suppression assay. In this experiment, an
additional set of wells with just activated OT-I splenocytes was examined to evaluate the
direct impact of 1,25(OH),D on T cell proliferation; these wells were also used as the
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reference to calculate suppression in the MDSC + OT1 + 1,25(OH),D group. For long-term
assays, tumor MDSC or /n vitro generated MDSC were co-cultured with naive splenocytes
for 24 h followed by an additional 24 h in the presence of 1 pg/mL SIINFEKL. A common
method was used to assess T cell proliferation in both the short and long-term T cell
suppression assays. At 1.5 h prior to cell harvest, 10 uM EdU was added and 1.5 h later cells
were fixed and analyzed for EdU levels using the EdU Click-iT staining kit, following
manufacturer instructions (Life Science Technologies, Waltham MA). In brief, following
fixation cells were resuspended in permeabilization buffer for 10 min then samples were
incubated with Click-iT reaction master mix for 30 min at RT. Samples were washed and
resuspended in 150 ul permeabilization buffer then analyzed for CD8, CD11b, and EdU on a
BD Fortessa cell analyzer. Data were analyzed using Flow Jo v.10 (Tree Star; Ashland, OR),
1.e. selection of non-debris events, gating for single cells, biplots for cytotoxic T cells
(CD11b- CD8* cells) and for proliferating cells (SSC-A x EdU*). OT-I splenocytes
incubated without EdU were used to create the negative EdU gate.

2.6. Griess Assay for nitrite production

Tumor M- and G-MDSC were isolated from the ip space of RM-1 tumor-bearing mice. Cells
were cultured in RPMI + 20 % EL-4 tumor extract supernatant for 24 h in the presence or
absence of 10 nM 1,25(0H),D. Afterwards cell supernatants were harvested and analyzed
for nitrite levels (a stable, non-volitile breakdown product of nitric oxide) using a Griess
Assay (Promega, Madison, WI).

2.7. Statistics:

Statistical analyses were conducted using SAS Enterprise Guide v 5.1 (SAS Institute Inc.
Cary, NC). Evaluation of histograms and the Shapiro-Wilk test of normality (p < 0.05) were
used to assess whether the data were normally distributed. When data from flow cytometry
were not normally distributed, data were transformed using cube-root, natural log, or

(2Arcsin4/1xm) (26) transformation. Significance was determined for T-cell suppression tests

and for mRNA levels using one-way ANOVA or #test. Some analyzes were analyzed with a
split-plot design to account for the interdependence of responses within each replicate (i.e.
due to day-to-day variability in the assay). Results are expressed as Mean +/— SEM of non-
transformed data. A p-value < 0.05 was considered statistically significant.

3. Results

We examined the RNA from M- and G-MDSC isolated from bone marrow and spleen of
C57BL/6 mice bearing RM-1 tumors as well as from the RM-1 tumors of these mice. In all
three tissue compartments, VDR mRNA level was higher in M-MDSC compared to G-
MDSC (23-, 8.9-, and 2.9 fold in bone marrow, spleen, and tumor, respectively). In addition,
while the VDR mRNA levels of bone marrow and spleen MDSC were comparable, tumor
MDSC VDR mRNA levels were significantly higher than in MDSC from the peripheral
tissues for both G- (78-115 fold) and M- subtypes (15-26 fold) (Fig. 1). In contrast, mMRNA
levels for two vitamin D metabolizing enzymes, Cyp27b1 and Cyp24al, were very low in
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both MDSC subtypes from all tissues and their levels were not increased in the tumor
MDSC population.

To determine whether elevated VDR expression was a feature of MDSC differentiation, we
took naive bone marrow MDSC and induced their differentiation with a cocktail of IFN-y,
IL-13, and GM-CSF. As expected, the cytokine treatment induced the expression of two
classic markers of mature, tumor MDSC: Nos2 and Argl. In addition, VDR mRNA levels
increased by 108.9 fold after culture compared to pre-culture levels. When 1,25(0OH),D was
added for the last 24 h of the 48 h /n vitro differentiation protocol, both VDR mRNA and
Cyp24 mRNA levels significantly increased (Fig. 2), indicating the treatment made the /n
vitro MDSC vitamin D target cells.

In vitro generated total MDSC and M-MDSC both develop the ability to suppress the
proliferation of activated T cells and this can be detected in a short-term assay (1:1
MDSC:OT-I splenocytes in Fig. 3A and B). In addition, 1,25(0OH),D treatment for the last
24 h of the /n vitro differentiation protocol significantly limited the suppressive function of
these in vitro activated MDSC. Similarly, when we compared the ability of bone marrow M-
MDSC from WT and VDR KO mice to develop T cell suppressive function in a long-term
suppression assay, the VDR KO M-MDSC developed greater T cell suppressive function
(Fig. 3C). Together, these data suggest that activation of vitamin D signaling through the
VDR is an antagonist of the T cell suppressive function of total MDSC and M-MDSC.

To test whether vitamin D signaling modifies the T cell suppressive function of MDSC in
the tumor microenvironment, we isolated cells from WT and VDR KO mice and examined
their T cell suppressive function in a short-term assay. Total, M-, and G-MDSC from tumors
were all highly suppressive (Fig. 4), with M-MDSC being more suppressive than G-MDSC
(e.g. at 1:2 MDSC:OT-I ratio, M-MDSC were twice as suppressive as G-MDSC) (Fig. 4B,
C). In addition, the T cell suppressive function of total, M-, and G-MDSC from tumors of
VDR KO mice was significantly higher than for WT mice, e.g. at the 1:4 MDSC:OT-I ratio,
VDR KO cells were 2—4 fold more suppressive than WT cells) (Fig. 4).

Elevated Nos2 and Argl mRNA levels are thought to be essential for the T cell suppressive
function of MDSC [37]. We tested whether VDR deletion would increase the expression of
these essential genes. Nos2 and Argl mRNA levels were significantly higher in tumor
MDSC compared to bone marrow MDSC, regardless of the subtype (Fig. 5). Although Nos2
MRNA levels were lower in bone marrow MDSC from VDR KO mice, they were not altered
in tumor MDSC from VDR KO mice. In contrast, Argl mRNA levels were not altered by
VDR KO in bone marrow MDSC or tumor G-MDSC but they were 46 % higher in VDR KO
tumor M-MDSC than WT tumor M-MDSC.

In a final test of vitamin D action on tumor MDSC, we treated cocultures of M-MDSC and
activated OT-I splenocytes with 10 nM 1,25(0OH),D or vehicle duringan 18 h T cell
proliferation suppression test. 1,25(0OH),D treatment did not alter T cell proliferation in the
control cultures (i.e. OT-1 splenocytes without MDSC co-culture; EtOH = 65.0+1.6 %;
125(0H),D = 64.9£2.4 %). However, 1,25(0OH),D treatment significantly reduced the
suppression of T-cell proliferation caused by co-culture with tumor M-MDSC (Fig. 6a; by
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-37.5 % at 1:2 MDSC:OT-I ratio) (Fig. 6). When MDSC were cultured for 24 h and treated
with 1,25(0H),D, nitrite production was reduced in both M-MDSC (-22.3 %, p = 0.052)
and G-MDSC (-48.7 %, p = 0.058); the reduction in G-MDSC was significantly greater than
that seen in M-MDSC (p < 0.05).

4. Discussion

In the context of cancer, vitamin D signaling has traditionally been studied for its impact on
tumor cells. These studies reveal that 1,25(OH),D treatment has anti-proliferative, pro-
apoptotic, and pro-differentiating effects on cancer cells [38]. However, the tumor is a
complex microenvironment that includes immune cells in addition to cancer cells. The tumor
immune cell population represents a complex dynamic among T cells seeking to kill tumor
cells and immunosuppressive cells that battle T cells to permit tumor growth [1]. MDSC are
central to the immunosuppressive environment of tumors; they expand and are recruited in
response to tumor-derived signals [39]. While others have shown that 1,25(0OH),D is
immunomodulatory [14,15], our data are the first to show that vitamin D signaling is directly
acting on MDSC by modifying their biology. Here we show that both subtypes of MDSC
express the VDR and that increased VDR expression is a feature of MDSC differentiation.

In addition, we used a variety of approaches to demonstrate that MDSC respond to
1,25(0OH), D by reducing their T cell suppressive function.

Previous research suggests that activating vitamin D signaling influences the tumor
microenvironment at multiple levels. First, vitamin D can suppress production of tumor cell-
derived signals that promote MDSC function. Initially, Young et al. [40,41] found that
1,25(0OH),D suppressed production of GM-CSF, a driver of MDSC differentiation [42], by
cultured LLC-LN7 cells and by LLC-LN7 tumor fragments. Later, Chen et al. [31] found
that 1,25(0OH),D treatment reduced tumor cell production of IL-6, a cytokine that stimulates
MDSC generation from their precursors [43] by reducing p38 signaling and phospho-STAT3
levels. More recently, Bruns et al. [32] reported that tumor-derived, miR155-containing
exosomes can promote production of M-MDSC from monocytes and that 1,25(0OH),D
suppresses NFkB-mediated production of miR155-containing exosomes by chronic
lymphocytic leukemia cells. A second way that 1,25(OH),D could influence tumors is
through a direct effect on tumor immune cells. For example, Weirs et al. [44] showed that
1,25(0OH),D increased cell proliferation and IFN-y production in T cells isolated from LLC-
LN7 tumor-bearing mice and activated /n vitro with anti-CD3 antibody and IL-2. In
addition, 1,25(0OH),D treatment may shift the differentiation of CD34+ myeloid precursor
cells. CD34+ from the bone marrow of tumor-bearing mice do not differentiate into
dendritic cells when cultured with GM-CSF, SCF, and TNFa. (22 % vs 48 % conversion in
bone marrow CD34+ cells from naive mice) [27]. However, treatment with 1,25(OH),D
restored dendritic cell development (to 46 % conversion) and increased antigen presentation
to normal levels. Our data extend the role that 1,25(0OH), D plays in the modulation of the
tumor immune microenvironment by demonstrating that the hormone directly regulates
MDSC.

Our data are consistent with earlier data that suggested, but did not provide direct supportive
evidence, that vitamin D signaling inhibits MDSC function. Several groups have previously
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demonstrated that high dose 1,25(0OH),D treatment in mice can reduce the growth of
established lished LLC-LN7 lung tumors [40] or 4-NQO-induced squamous cell esophageal
tumors [31], and inhibit lung metastases and tumor recurrence after resection of a primary
tumor [41]. 1,25(OH),D treatment is also associated with reduced CD34+ cell numbers in
mouse LLC-LN7 tumors [30] and human head and neck squamous cell carcinoma (HNSCC)
patients [45] as well as lower natural suppressor cell activity in bone marrow from LLC-LN7
tumor-bearing mice [46]. Finally, these changes were also associated with increased
intratumor CD8+ cells in mice [30,47] and humans [48]. However, while these data suggest
that activation of vitamin D signaling suppresses tumor growth and expansion by reducing
MDSC-mediated immunosuppression and enhancing T cell-mediated immune surveillance,
there is one study that contradicts this narrative. Cao et al. [49] reported that in mice with
4T1 tumors, vitamin D treatment increased tumor volume, reduced numbers of both CD4+
and CD8+ cells, and increased MDSC numbers.

Our data demonstrate that vitamin D signaling directly targets MDSC to inhibit their
development or function but the mechanism for its suppressive function is not clear. Several
studies show that increased activity of arginase 1 (ARG1) and inducible nitric oxide
synthase 2 (NOS2) in tumor MDSC can deplete L-arginine from the tumor
microenvironment as well as produce nitric oxide (NO), reactive oxygen species (ROS) and
reactive nitrogen species (RNS), all of which can suppress T-cell function [50]. Our data
suggest that at least part of the reason that vitamin D modulates MDSC function is due to its
effects on this system (7.e. Argl mRNA levels are elevated in VDR KO M-MDSC with
greater T cell suppressive function; 1,25(0OH),D treatment reduces the production of NO in
both G- and M-MDSC). However, while it is not clear that these outcomes are direct effects,
potential mechanisms of vitamin D signaling on MDSC can be inferred from the reported
effects of vitamin D in other cell types. MDSC expansion and activation is regulated by a
number of different transcriptional pathways including C/EBPa; STATL, 3, and 6; NF-kB;
and HIF1a [51]. Interestingly, there is evidence that vitamin D signaling can interfere with
several of these regulatory pathways. Vitamin D signaling inhibits STAT1 and STAT3
phosphorylation and activation in a variety of cell types including T cells [52] and cancer
cells [31] and blocks HIF1a signaling in various human cancer cell lines [53]. In addition,
vitamin D signaling interferes with NFkB signaling in two ways. First, VDR interacts with
the p50 subunit of NFKB to block LPS-induced macrophage proliferation [54] as well as
TNFa-mediated NFKB activation and 1kB degradation in human PBMC [55]. In addition,
1,25(0OH),D treatment increases IkB gene expression to inhibit TNFa-induced NFkB
activity in MCF-7 breast cancer cells [56]. These potential mechanisms should be explored
in future studies. In addition, many vitamin D regulated genes have been identified in human
THP-1 monocytes [57] and these genes may also provide clues to the mechanism of vitamin
D action in developing and mature MDSC.

Although additional research is needed on the impact of vitamin D on MDSC biology, our
data, coupled with previous reports in the literature, suggest that this work has translational
potential. Several groups have previously reported that improved vitamin D nutritional status
suppresses expansion of MDSC or MDSC precursors. In one case-study of an infant with
severe rickets, vitamin D therapy reduced CD34+ cell number in blood and spleen by 75
percent [58]. Similarly, two small human pilot studies suggest that 250HD treatment (40, 60
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ug/d; 6-8 wks) may reduce CD34+ cells in blood of HNSCC patients [59,60]. In addition,
Bruns et al. [32] found blood M-MDSC levels were lower in people with serum 250HD
levels above 50 nM compared to those lower than 50 nM. Consistent with a loss of T cell
inhibitory MDSC with high vitamin D status, Alves et al. [61] reported that serum 250HD
levels were positively correlated to total CD8+ cell number and negatively correlated to
senescent, effector memory T cells re-expressing CD45RA. Finally, two animal studies
suggest that 1,25(0OH),D treatment may even improve the efficacy of immunotherapy. When
Wiers et al. [30,46] compared how adoptive transfer of tumor-reactive lymph node cells plus
IL-2 could influence metastasis of LLC-LN7 tumors to the lung of mice, they found that the
adoptive transfer therapy was not effective unless combined with 1,25(OH),D treatment (5
ug/kg/every other day for 22 d). Future studies should explore both how low vitamin D
status might limit the effectiveness of immunotherapies and how activation of vitamin D
signaling with 1,25(0OH),D or vitamin D analogs might enhance the efficacy of
immunotherapies.

5. Conclusions

Our data show clearly that MDSC are direct vitamin D target cells. Both G- and M-MDSC
express the VDR, which we show is also a marker of MDSC differentiation. In addition, by
using both VDR deletion and 1,25(OH),D treatment, we show that vitamin D signaling is an
important inhibitor of MDSC function. This work expands our understanding of how
vitamin D can modify the tumor immune microenvironment. In addition, this work sets the
foundation for additional research to test whether vitamin D status and activating the VDR
with 1,25(0H),D or vitamin D analog treatment can be used to augment immunotherapies
designed to enhance T cell function.
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Fig. 1.
VDR Expression is Elevated in Tumor MDSC Subtypes. RM-1 cells were injected ip into

12-14 wk old male C57BL/6 mice. After 7 d, MDSC subtypes were isolated from the
tumor-containing ip space (Tumor), the spleen (SP), and bone marrow (BM) via flow
cytometry-based cell sorting. VDR mRNA levels were analyzed by qPCR. n=3 (SP) to 8
(BM, Tumor) biological replicates comprised of pools from 4 to 5 mice each. Bars with
different letter superscripts are significantly different (p < 0.05).
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| ' |
VDR CYP24a1

In vitro Induction of MDSC Differentiation Stimulates VDR Expression and Makes MDSC
Responsive to 1,25(0H),D Treatment. Bone marrow MDSC (CD11b*Gr1*) were isolated
from naive male mice by FACS and then treated with a cocktail of 25 ng/ml IFN~y, 33 ng/ml
IL-13, and 10 ug/ml GM-CSF for 48 h. (A) RNA was isolated from pre-culture (Pre) and
post-culture (Post) cells then analyzed by gPCR for Argl, Nos2 and VDR mRNA levels. * p
< 0.05 vspre-culture. (B) Bone Marrow MDSC were cultured with the three cytokines for
24 h and then treated for the last 24 h with cytokines combined with 10 nM 1,25(0OH),D
(1,25D) or ethanol vehicle (EtOH) prior to analysis of RNA by gPCR for two classical
vitamin D target genes, VDR and Cyp24al. * p < 0.05 vs preculture; #p < 0.05 vs EtOH

vehicle.
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Fig. 3.

Vitamin D Signaling Inhibits the Suppression of T cell Proliferation by /n vitro Induced
MDSC. Bone marrow from naive mice was used to isolate total MDSC (CD11b*Gr1*) or
M-MDSC (CD11b*Ly6CNiLy6G!°) and these cells were then treated with a cocktail of 25
ng/ml IFN-y, 33 ng/ml IL-13, and 10 ug/ml GM-CSF for 48 h. After 24 h of cytokine
treatment, the cells were treated with 10 nM 1,25(OH),D or ethanol vehicle (EtOH) in the
presence of cytokines for an additional 24 h. Afterwards, total MDSC (A) or M-MDSC (B)
were isolated then co-cultured with activated OT-I splenocytes for 18 h. EAU was added for
the last 1.5 h to assess T cell proliferation. Two different MDSC:OT-I ratios were used to
assess the ability of MDSC to suppress T cell proliferation. (C) M-MDSC were isolated
from bone marrow of naive WT and VDR knockout (KO) Mice. Cells were co-cultured with
OT-I splenocytes for 48 h. 24 h before harvest, ovalbumin peptide was added to activate
splenocytes (SIINFKL to 1 ug/ml) and EdU was added for the last 1.5 h to assess T-cell
proliferation. Differences between groups were determined on ArcSIN-transformed data by
ttest (p < 0.05), n =4 biological replicates of cells pooled from n = 3-5 mice. * p < 0.05 vs
EtOH control at the same MDSC:OT-1 ratio.
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Fig. 4.

VDR Deletion (VDR KO) Enhances the Ability of Freshly Isolated tumor MDSC to
Suppress T Cell Proliferation. RM-1 tumor cells were injected ip into wild-type (WT) and
VDR KO mice and after 7 d, tumor MDSC were isolated from the ip space for use inan 18 h
T cell proliferation suppression test using pre-activated OT-1 splenocytes. EdU was added
for the last 1.5 h to assess T cell proliferation. (A) total tumor MDSC, (B) tumor M-MDSC,
and (C) tumor G-MDSC were studied at three MDSC:OT-I cell ratios to capture the maximal
suppressive effect on T cell proliferation (n = 3 independent biological replicates from pools
of 3-5 mice) * p < 0.05 vsWT at a specific ratio.
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Fig. 5.

Ef%ects of VDR Deletion (KO) on Argl and Nos2 mRNA levels from Freshly Isolated
Tumor MDSC. RM-1 tumor cells were injected ip into wild type (WT) and VDR KO mice.
After 7 d, tumor MDSC subtypes were isolated from the ip space for RNA isolation and
PCR analysis. (A) Argl mRNA and (B) Nos2 mRNA levels were assessed by gPCR (n = 4-
6 biological replicates from pools of 3-5 mice). * p<0.05 G vsM; # p < 0.05 WT vsVDR
KO for a subtype within a tissue.
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Fig. 6.

1,25(0OH),D Treatment Reduces the Ability of Freshly Isolated Tumor M-MDSC to
Suppress T Cell Proliferation. M-MDSC were isolated from the ip space of mice with RM-1
ip tumors by FACS. Cells were incubated with activated OT-I splenocytes for 18 h in a short-
term T cell suppression test. EQU was added for the last 1.5 h to assess T cell proliferation.
Different MDSC:OT-I ratios were used to capture the maximal suppressive effect on T cell
proliferation. During this time, cells were co-treated with 10 nM 1,25(OH),D or ethanol
(EtOH) vehicle. (A) Percent suppression of T cell proliferation (n = 4 biological replicates of
pooled samples from 3 to 5 mice per replicate). * p < 0.05 vs EtOH group; (B) A separate
set of tumor G- or M-MDSC were cultured in the presence of absence of 1,25(0OH),D for 24
h at which point nitrite production was assessed with the Griess assay. (n = 3 biological
replicates from pools of 3-5 mice). Paired #tests were conducted on log10 transformed data.
P values provided for comparisons.
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