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Abstract: While vitamin D exhibits a multitude of cellular effects that can impact on cancer
development and progression, this review focuses on its immune modulatory effects. These
immune modulatory effects can be both direct and indirect. Compared to other cancer types,
head and neck squamous cell carcinomas (HNSCC) have received less attention, but are a
fascination immunologically because of the profound extent to which they inhibit immune
defenses. This review describes the mechanisms of some of these immune inhibitory processes
and how vitamin D can help overcome aspects of this immune suppression.

Keywords: head and neck cancer; HNSCC; immune modulation; immune suppression;
suppressor cells; vitamin D

1. Induction of Immune Inhibitory Cells by HNSCC

Historically, treatment of head and neck squamous cell carcinoma (HNSCC) has been centered
around varying combinations and sequences of chemotherapy, radiation therapy and surgery. FDA
approval of chemotherapeutics has been limited. Although platinum-based agents were the standard of
care for decades, docetaxel was the first chemotherapeutic approved by the FDA for use in the HNSCC
population. However, chemotherapies often lead to short and long term toxicity. Cetuximab was the
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first biologic agent approved by the FDA for use in HNSCC. Despite the use of various therapies,
including combinations of chemotherapy, surgery and radiation, survival rates have not changed
dramatically over decades, while toxicity from treatment may be increasing. The 5-year survival of
patients with HNSCC has remained at approximately 60%, although this percentage varies depending
on the stage at which cancer was diagnosed [1]. Thus, new approaches remain necessary to improve
treatment, reduce recurrence, prevent cancer and reduce side effects.

Immunotherapy in head and neck cancer can be used to modify and activate the immune system to
prevent tumor progression, control tumor growth, and modify the host-tumor microenvironment.
Immunotherapy is often aimed at reducing tumor recurrence, treatment of minimal disease and
reducing toxicity. Unfortunately, HNSCC patients have profound immune defects that are associated
with increased recurrence [2]. For example, lymph nodes of HNSCC patients are reduced in size and
have diminished T-cell content [3]. T-cells from about one-third of HNSCC patients have been shown
to be unresponsive to stimulation through the CD3/T-cell receptor [4]. HNSCC patients also have
defects in maturation of dendritic cells, which are critical for stimulating tumor-specific T-cell
reactivity, and approaches are being tested to stimulate dendritic cell differentiation and function [5-7].
The impact of immune depression in HNSCC patients on the clinical course of disease is indicated by
the association between reduced T-cell function and poorer disease-specific survival [8]. The outcome
for HNSCC patients with reduced levels of lymphocytes relative to levels of neutrophils is worse than
for patients with an increased proportion of lymphocytes [9].

The immune depression in HNSCC patients is caused not only by immune suppressive mediators
produced by the HNSCC cells, but also the immune suppressive cells that they induce. Recent attention
has focused on the contribution of M2 macrophages, Th2 skewed T-cells, Treg cells, myeloid-derived
suppressor cells (MDSC) and CD34" progenitor cells to HNSCC-induced immune dysfunction [10-16].
The CD34" cells are hematopoietic progenitor cells that intensely express the CD34 marker, as opposed
to the dimmer level of expression by endothelial cells. Their numbers are elevated in patients with HNSCC,
and they exhibit non-specific suppression of T-cell function [17,18]. In healthy individuals, CD34" cell
levels are less than 1% of the peripheral blood mononuclear leukocyte population in contrast to patients
with HNSCC, where they compose approximately 5% of the peripheral blood leukocyte population
(Figure 1). Shown in Figure 1 are flow cytometric histograms demonstrating the low percentages of cells
staining positive for CD34 in the peripheral blood of a representative healthy subject and the increased
percentages of CD34" cells in two separate HNSCC patients. The increased presence of these CD34"
cells is induced by tumor-derived granulocyte-macrophage colony-stimulating factor (GM-CSF) and
they are chemoattracted into the HNSCC mass by tumor-derived vascular endothelial cell growth factor
(VEGF) [19]. That these CD34" cells are inhibitory to T-cell reactivity is demonstrated by the increased
capacity of peripheral blood mononuclear cells to be activated to produce IFN-y upon immunomagnetic
depletion of CD34" cells (Figure 2). Specifically, peripheral blood mononuclear cells from HNSCC
patients were either unfractionated or were immunomagnetically depleted of CD34" cells. Their
activation to secrete IFN-y in response to stimulation with anti-CD3 and low dose IL-2 was then
measured by ELISA. Shown in Figure 2 for 6 different HNSCC patients are levels of IFN-y produced
by their mononuclear cells that were either unfractionated or from which CD34" cells were depleted.
In the presence of CD34" cells, levels of IFN-y that are released in response to stimulation through the
T-cell receptor are lower than when CD34" cells are depleted.
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Figure 1. Increased levels of CD34" cells in peripheral blood of HNSCC patients.
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Figure 2. Inhibition of IFN-y production in the presence of patients’ CD34" cells.
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The HNSCC patients were then evaluated for whether tumor stage was associated with the extent to
which CD34" cells were increased. When analyzed without regard to nodal involvement, patients with
stage T1-T4 HNSCC have an increase in the percentage of CD34" cells in the peripheral blood
mononuclear cell population as compared to control patients, with no difference seen among groups
with various stages of HNSCC [17]. What is most significant is the increase in the percentage of
CD34" cells in patients with node positive T1-T4 tumors as opposed to patients without nodal involvement
(Figure 3). This was demonstrated by immunostaining peripheral blood mononuclear cells from HNSCC
patients for CD34 and quantitating the proportion of CD34" cells by flow cytometry. Shown are levels
of CD34" cells in the peripheral blood of patients, staged T1 to T4, either with nodal disease or that
were node negative for HNSCC. Each bar represents results from an individual patient. Patients with
node positive HNSCC have greater levels of CD34" progenitor cells in their peripheral blood,
regardless of the cancer stage. These increases in levels of CD34" immune inhibitory cells could be
due to increased mobilization from the bone marrow due to tumor production of GM-CSF. In fact,
consistent with the increase in CD34" cells in node positive HNSCC patients, they also have
significantly higher levels of GM-CSF than those that are node negative [17]. The increase in CD34"
cells in HNSCC patients could also be contributed by defective maturation into more mature cell types.
Consistent with this possibility are reports of HNSCC patients having defects in maturation of
dendritic cells, which are critical for stimulating tumor-specific T-cell reactivity [5,20]. It is this latter
observation that became the basis for developing a vitamin D-based treatment approach.
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Figure 3. Levels of CD34" cells are increased in the blood of HNSCC patients with nodal
involvement compared to node-free patients.
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2. Overcoming Cancer-Induced Immune Inhibitory Mechanisms with Vitamin D

Vitamin D supplementation is becoming increasingly popular for its role in calcium metabolism,
muscular function and prevention of autoimmune and cardiovascular diseases. Whether or not vitamin D
metabolites impact on cancer development has been controversial and has been recently reviewed [21].
Studies have shown that the active metabolite 10,25-dihydroxyvitamin D3 [1,25(OH),Ds] has clinical
effectiveness in a hamster buccal pouch tumor model [22]. In mouse models, 1,25(0OH),D; therapy can
reduce the extent of metastatic disease and, when combined with adoptive immunity, reduces
metastasis [23]. Contributing to the debate of the extent of anti-tumor effectiveness of vitamin D
metabolites is the variability in the levels of vitamin D that are used in studies to assess its anti-cancer
potential. Nevertheless, studies have shown vitamin D supplementation improves survival of breast
cancer patients and reduces the risk of developing breast or colorectal cancer [24-26]. Some studies
have attributed the anti-cancer effects of vitamin D to inhibition of proliferation [24-28]. For example,
mice fed a diet with only a low vitamin D content had increased prostatic epithelial cell proliferation,
leaving them more prone to prostate cancer development [28]. Exposure of human endometrial epithelial
cells to progesterone upregulated vitamin D receptor expression and, in turn, the expression of
apoptosis-related proteins to result in cell cycle arrest [29].

While the mechanism by which 1,25(OH),D; exerts its anti-tumor effects has not been fully
elucidated, it is clear is that vitamin D metabolites possess active immune regulatory properties, albeit
these properties can be paradoxical. For example, 1,25(0OH),D; suppresses the inflammatory effects of
the Thl responses in pulmonary tuberculosis, but simultaneously promotes macrophage bactericidal
activity [30-32]. Vitamin D metabolites are protective against experimentally induced autoimmunity,
and prevent dendritic, Tcl, and Thl cell differentiation [30,33]. Vitamin D metabolites can exert
anti-inflammatory effects to lessen radiation-induced lung inflammation, systemic lupus erythematosus
and multiple sclerosis [34-37].
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In contrast to the immune moderating effect of vitamin D metabolites in infectious and autoimmune
disease setting, 1,25(OH),D3 can activate the immune system in cancer patients and stimulate intratumoral
immune infiltration [15]. These improvements in anti-tumoral activity in association with 1,25(OH),D;
are intuitively in contrast to the Th2 promoting effects of 1,25(OH),Djs in other settings. Since HNSCC
patients have an accumulation of immune inhibitory CD34" progenitor cells and a defect in dendritic
cell differentiation [17,38], our studies aimed to determine if vitamin D metabolites could overcome
the dendritic cell differentiation defect. The rational for determining if vitamin D metabolites would
stimulated differentiation of immune inhibitory CD34" progenitor cells into dendritic cells is based on
prior demonstrations of vitamin D metabolites stimulating differentiation of other cell types [39,40]. In
our studies, CD34" cells were isolated from peripheral blood mononuclear cells of HNSCC patients
and cultured with GM-CSF and IL-4 in the presence or absence of 1,25(OH),Ds;. After 12 days of
culture, cells were detached and immunostained for CD1a and CD83 to identify dendritic cells as those
that stained positive for both markers. Results of these studies shown in Figure 4 indicate that adding the
active metabolite 1,25(OH),Ds; to GM-CSF and IL-4 doubles the number of dendritic cells that
differentiate from immune inhibitory CD34" progenitor cells from the peripheral blood of HNSCC
patients (Figure 4 data previously not published) [41,42]. A large proportion of the U.S. population is
vitamin D deficient [43,44], which raises the question of whether vitamin D deficiency contributes to
the defects in differentiation of immature CD34" cells into mature dendritic cells in HNSCC patients.

Figure 4. 1,25(0H),D; increases differentiation of HNSCC patient blood-derived CD34"
cells into dendritic cells.
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Our in vitro studies showing enhancement of dendritic cell differentiation from CD34" cells of
HNSCC patients supported determining whether treatment of HNSCC patients with 1,25(OH),D;
would reduce levels of CD34" immune suppressive cells, increase the levels of mature dendritic cells
and increase levels of stimulated T-cells. For these studies, patients with newly diagnosed HNSCC
received treatment orally for 3 weeks with 4 pg 1,25(OH),Ds for each of 3 sequential days and then
receive no treatment for 4 days. This was repeated for 3 weeks, the average duration between diagnosis
and surgical treatment. HNSCC specimens that were excised as part of the patients’ surgical treatment
were collected for immunohistochemical analyses from patients after the 3-week period of 1,25(OH),D;
treatment (Figures 5-8, data not previously published). Surgically excised HNSCC specimens from
untreated patients were used as controls. This trial with HNSCC patients showed that 1,25(OH),D3
diminishes peripheral blood and intratumoral levels of immunosuppressive CD34" cells and increases
levels of mature dendritic cells, as identified by positive staining for CD-LAMP (Figure 5) [15,45].
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Shown in Figure 5 are representative immunostained tissues from two separate untreated patients and
two patients that received 1,25(OH),Ds prior to surgery.

Figure 5. Increased levels of mature dendritic cells in HNSCC after treated with 1,25(OH),D;.
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The HNSCC tissue from patients that were either untreated or received 1,25(OH),D; treatment
between diagnosis and surgical treatment were also immunostained for levels of immune infiltrating
cells. Coinciding with the decline in CD34" cells and the increased levels of mature dendritic cells was
an increase in CD4" and CD8" cells within the tumor tissue, and an increase in intratumoral levels of
T-cells expressing the activation marker, CD69 (Figures 6—8; summary in Figure 9). Figures 6—8 show
representative immunostained tissues from two separate untreated patients and two patients that
received 1,25(OH),Ds prior to surgery. Figure 9 shows the quantitative increase of these immune cells
within the HNSCC tissue following 1,25(OH),Ds treatment.

Clinical outcome of the 1,25(OH),D; treatment was also monitored by the time to cancer recurrence.
Totally unexpected and most surprising was that the time to cancer recurrence following surgical
treatment was increased by over 3-fold in the group receiving 1,25(OH),Ds as opposed to the group of
untreated patients [45].

Figure 6. Increased levels of CD4" cells in HNSCC of patients treated with 1,25(OH),Ds.
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Figure 7. Increased levels of CD8" cells in HNSCC of patients treated with 1,25(OH),Ds.

Figure 8. Increased levels of cells expressing the activation marker, CD69, within HNSCC
tissue of patients treated with 1,25(OH),Ds.
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Figure 9. Quantitation of increased immune infiltration within HNSCC tissue of patients
treated with 1,25(OH),Ds.
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3. Interplay of Vitamin D and COX-2 in Immune Modulation in Cancer

The studies described immediately above associate the anti-cancer effects of 1,25(OH),D; with its
capacity to overcome the defect in maturation of progenitor cells toward dendritic cells to, in turn,
stimulate increased intratumoral T-cell influx. However, there are other immunological means by
which vitamin D could enhance immune reactivity. Studies have shown vitamin D can diminish levels
of COX-2 [46-48]. For example, 1,25(0OH),D3; can normalize overexpressed levels of COX-2 in
estrogen-deficient rats [49]. Overexpression of COX-2 by both HNSCC as well as several immune
inhibitory cell types that they induce contributes to the immune dysfunction in HNSCC patients [50-53].
These include tumor-associated macrophages [54] and endothelial cells, which we recently identified to
be induced by HNSCC [51]. Studies have shown immune restoration and prolonged survival associated
with COX-2 inhibition [55,56]. In contrast to the inhibitory effect of vitamin D metabolites on COX-2,
a low calcemic 1,25(0OH),D; analog, EB1089, has been shown to upregulate COX-2 gene expression
in a human HNSCC cell line [57]. Consequently, because of the immune inhibitory role of COX-2
expression and the inter-relationship between COX-2 and vitamin D, the immune regulatory role of
vitamin D cannot be fully separated from its modulation of PGE-.

4. Additional Immune Modulatory Mechanisms of Vitamin D That Can Impact on Cancer
Development and Progression

In addition to modulating COX-2 activity, vitamin D can also regulate other inflammatory processes.
There has been extensive discussion about the pro- and anti-cancer effects of inflammation. Levels of
the pro-inflammatory Th17 population of cells are increased in patients with HNSCC as well as in
animal models, especially those with premalignant oral lesions [58,59]. Studies with several tumor
models have associated Th17 cells with having an anti-tumor effect, although they can also be
pro-angiogenic [59,60]. There have also been indications that IL-17-producing inflammatory Th17
cells can contribute to tumor-induced immune inhibition and enhanced tumor development. For
example, Th17 cells can differentiate into immune inhibitory Treg cells in cancer patients [61].
Furthermore, Th17 cells can facilitate cancer development [62]. While studies on the inter-relationship
between Th17 cells, vitamin D and progression of HNSCC have not been done, there have been
studies related to other disease states such as in animal models for multiple sclerosis demonstrating
vitamin D treatment reduces levels of IL-17 and, in turn, reduced the contribution of Th17 cells to
disease progression [35]. This coincides with studies showing that multiple sclerosis patients in relapse
have lower levels of vitamin D as compared to patients in remission. Furthermore, 1,25(OH),D;3 can
reduce levels of the pro-inflammatory cytokines, IL-6 and IL-17 [34]. In separate studies, the addition
of 1,25(OH),D; to a mixture of peripheral blood mononuclear cells and tumor cells reduced levels of
the inflammatory cytokines TNF-a and IL-6 and, to a lesser extent, the immune inhibitory cytokines,
IL-10 [63]. Thus, if inflammation is pro-tumorigenic, the anti-inflammatory effects of vitamin D could

be contributing to its anti-tumor effects.
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5. Conclusions

To advance the field of how vitamin D might impact on cancer development and progression, gene
expression analyses are now examining molecular pathways that might contribute to the understanding
of how vitamin D may be linked to reduced cancer. Such studies have shown that a large proportion of
gene sets correlating with plasma vitamin D levels are associated with immune function [64].
However, these studies have also shown the diversity of pathways, including those that modulate
tumor cell growth and apoptosis are also regulated by vitamin D [57,65]. Thus, the components of the
spider web of means by which vitamin D may exert inhibitory effects on cancers cannot be separated
when deciphering mechanisms underlying its in vivo anti-cancer activity. Key is the interplay among
the multitude of pathways that are modulated by vitamin D. Among these are the immune regulatory
activities of vitamin D that can impact on HNSCC cancer development and progression.

Acknowledgments

This work was supported by the Biomedical Laboratory and Clinical Sciences Programs of the
Department of Veterans Affairs and by grants from the National Institute of Health awarded to
M. Rita I. Young (I01-CX000100, R0O1-CA128837 and RO1-DE018268).

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

1. National Cancer Institute. Surveillance epidemiology and end results. Available online:
http://seer.cancer.gov/statfacts/html/oralcav.html/ (accessed on 21 May 2013).

2. Heimdal, J.H.; Aarstad, H.J.; Olofsson, J. Peripheral blood T-lymphocyte and monocyte function
and survival in patients with head and neck carcinoma. Laryngoscope 2000, 110, 402—407.

3. Meneses, A.; Verastegui, E.; Barrera, J.L.; de la Garza, J.; Hadden, J.W. Lymph node histology in
head and neck cancer: Impact of immunotherapy with IRX-2. Int. Immunol. 2003, 3, 1083-1091.

4. Shibuya, T.Y.; Wei, W.Z.; Zormeier, M.; Ensley, J.; Sakr, W.; Mathog, R.H.; Meleca, R.J.;
Yoo, G.H.; June, C.H.; Levine, B.L.; ef al. Anti-CD3/anti-CD28 bead stimulation overcomes CD3
unresponsiveness in patients with head and neck squamous cell carcinoma. Arch. Otolaryngol.
2000, 126, 473-479.

5. Almand, B.; Resser, J.R.; Lindman, B.; Nadaf, S.; Clark, J.I.; Kwon, E.D.; Carbone, D.P.;
Gabrilovich, D.I. Clinical significance of defective dendritic cell differentiation in cancer.
Clin. Cancer Res. 2000, 6, 1755-1766.

6. Egan, J.E.; Quadrini, K.J.; Santiago-Schwarz, F.; Hadden, J.W.; Brandwein, H.J.; Signorelli, K.L.
IRX-2, a novel in vivo immunotherapeutic, induces maturation and activation of human dendritic
cells in vitro. J. Immunother. 2007, 30, 624—633.

7. Kacani, L.; Wurm, M.; Schwentner, 1.; Andrle, J.; Schennach, H.; Sprinzl, G.M. Maturation of
dendritic cells in the presence of living, apoptotic and necrotic tumour cells derived from squamous
cell carcinoma of head and neck. Oral Oncol. 2005, 41, 17-24.



Cancers 2013, 5 1081

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Heimdal, J.H.; Aarstad, H.J.; Klementsen, B.; Olofsson, J. Peripheral blood mononuclear cell
(PBMC) responsiveness in patients with head and neck cancer in relation to tumour stage and
prognosis. Acta OtoLaryngol. 1999, 119, 281-284.

Millrud, C.R.; Mansson Kvarnhammar, A.; Uddman, R.; Bjornsson, S.; Riesbeck, K.; Cardell, L.O.
The activation pattern of blood leukocytes in head and neck squamous cell carcinoma is correlated
to survival. PLoS One 2012, 7, e51120.

Russell, S.M.; Lechner, M.G.; Gong, L.; Megiel, C.; Liebertz, D.J.; Masood, R.; Correa, A.J;
Han, J.; Puri, R.K.; Sinha, U.K.; et al. USC-HN2, a new model cell line for recurrent oral cavity
squamous cell carcinoma with immunosuppressive characteristics. Oral Oncol. 2011, 47, 810-817.
Wild, C.A.; Brandau, S.; Lindemann, M.; Lotfi, R.; Hoffmann, T.K.; Lang, S.; Bergmann, C.
Toll-like receptors in regulatory T cells of patients with head and neck cancer. Arch. Otolaryngol.
2010, 736, 1253-1259.

Bergmann, C.; Strauss, L.; Wang, Y.; Szczepanski, M.J.; Lang, S.; Johnson, J.T.; Whiteside, T.L.
T regulatory type 1 cells in squamous cell carcinoma of the head and neck: Mechanisms of
suppression and expansion in advanced disease. Clin. Cancer Res. 2008, 14, 3706-3715.

Strauss, L.; Bergmann, C.; Gooding, W.; Johnson, J.T.; Whiteside, T.L. The frequency and
suppressor function of CD4'CD25"eF oxp3" T cells in the circulation of patients with squamous
cell carcinoma of the head and neck. Clin. Cancer Res. 2007, 13, 6301-6311.

Tsujikawa, T.; Yaguchi, T.; Ohmura, G.; Ohta, S.; Kobayashi, A.; Kawamura, N.; Fujita, T.;
Nakano, H.; Shimada, T.; Takahashi, T.; et al. Autocrine and paracrine loops between cancer cells
and macrophages promote lymph node metastasis via CCR4/CCL22 in head and neck squamous
cell carcinoma. Int. J. Cancer 2013, 132, 2755-2766.

Kulbersh, J.S.; Day, T.A.; Gillespie, M.B.; Young, M.R. 1a,25-Dihydroxyvitamin D3 to skew
intratumoral levels of immune inhibitory CD34" progenitor cells into dendritic cells. Otolaryngol.
Head Neck Surg. 2009, 140, 235-240.

Gasparoto, T.H.; de Souza, M.; Benevides, L.; de Melo, E.J.; Costa, M.R.; Damante, J.H.;
Ikoma, M.R.; Garlet, G.P.; Cavassani, K.A.; da Silva, J.S.; et al. Patients with oral squamous cell
carcinoma are characterized by increased frequency of suppressive regulatory T cells in the blood
and tumor microenvironment. Cancer Immunol. Immunother. 2010, 59, 819—828.

Lathers, D.M.R.; Achille, N.; Kolesiak, K.; Hulett, K.; Sparano, A.; Young, M.R.I. Increased
levels of immune inhibitory CD34" progenitor cells in the peripheral blood of patients with node
positive head and neck cancer and the ability of the CD34" cells to differentiate into antigen
presenting dendritic cells. Clin. Cancer Res. 2001, 125, 205-212.

Pandit, R.; Lathers, D.M.; Beal, N.M.; Garrity, T.; Young, M.R.I. CD34" immune suppressive
cells in the peripheral blood of patients with head and neck cancer. Ann. Otol. Rhinol. Laryngol.
2000, 709, 749-754.

Young, M.R.1.; Petruzzelli, G.; Kolesiak, K.; Achille, N.; Lathers, D.M.; Gabrilovich, D. Human
squamous cell carcinomas of the head and neck chemoattract immune suppressive CD34" progenitor
cells. Human Immunol. 2001, 62, 332-341.



Cancers 2013, 5 1082

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Schuler, P.J.; Borger, V.; Bolke, E.; Habermehl, D.; Matuschek, C.; Wild, C.A.; Greve, J.; Bas, M.;
Schilling, B.; Bergmann, C.; et al. Dendritic cell generation and CD4" CD25"&" FOXP3* regulatory
T cells in human head and neck carcinoma during radio-chemotherapy. Eur. J. Med. Res. 2011,
16, 57-62.

Buttigliero, C.; Monagheddu, C.; Petroni, P.; Saini, A.; Dogliotti, L.; Ciccone, G.; Berruti, A.
Prognostic role of vitamin d status and efficacy of vitamin D supplementation in cancer patients:
A systematic review. Oncologist 2011, 16, 1215-1227.

Meier, J.D.; Enepekides, D.J.; Poirier, B.; Bradley, C.A.; Albala, J.S.; Farwell, D.G. Treatment
with 1-0,25-dihydroxyvitamin D3 (vitamin Ds) to inhibit carcinogenesis in the hamster buccal
pouch model. Arch. Otolaryngol. 2007, 133, 1149-1152.

Wiers, K.M.; Lathers, D.M.; Wright, M.A.; Young, M.R.I. Vitamin D3 treatment to diminish the
levels of immune suppressive CD34" cells increases the effectiveness of adoptive immunotherapy.
J. Immunother.2000, 23, 115-124.

Bolland, M.J.; Grey, A.; Gamble, G.D.; Reid, [.LR. Calcium and vitamin D supplements and health
outcomes: A reanalysis of the Women’s Health Initiative (WHI) limited-access data set. Am. J.
Clin. Nutr. 2011, 94, 1144-1149.

Ma, Y.; Zhang, P.; Wang, F.; Yang, J.; Liu, Z.; Qin, H. Association between vitamin D and risk of
colorectal cancer: A systematic review of prospective studies. J. Clin. Oncol. 2011, 29,3775-3782.
Vrieling, A.; Hein, R.; Abbas, S.; Schneeweiss, A.; Flesch-Janys, D.; Chang-Claude, J. Serum
25-hydroxyvitamin D and postmenopausal breast cancer survival: A prospective patient cohort
study. Breast Cancer Res. 2011, 13, R74.

Chiang, K.C.; Yeh, C.N.; Chen, H.Y.; Lee, J.M.; Juang, H.H.; Chen, M.F.; Takano, M.; Kittaka, A.;
Chen, T.C. 19-Nor-2a-(3-hydroxypropyl)-1a,25-dihydroxyvitamin D; (MART-10) is a potent
cell growth regulator with enhanced chemotherapeutic potency in liver cancer cells. Steroids 2011,
76, 1513-1519.

Kovalenko, P.L.; Zhang, Z.; Yu, J.G.; Li, Y.; Clinton, S.K.; Fleet, J.C. Dietary vitamin D and
vitamin D receptor level modulate epithelial cell proliferation and apoptosis in the prostate.
Cancer Prev. Res. 2011, 4, 1617-1725.

Lee, L.R.; Teng, P.N.; Nguyen, H.; Hood, B.L.; Kavandi, L.; Wang, G.; Turbov, J.M.; Thaete, L.G.;
Hamilton, C.A.; Maxwell, G.L.; et al. Progesterone enhances calcitriol antitumor activity by
upregulating vitamin D receptor expression and promoting apoptosis in endometrial cancer cells.
Cancer Prev. Res. 2013, 6, 731-743.

Cantorna, M.T.; Yu, S.; Bruce, D. The paradoxical effects of vitamin D on type 1 mediated
immunity. Mol. Aspects Med. 2008, 29, 369-375.

Chun, R.F.; Adams, J.S.; Hewison, M. Back to the future: A new look at “old” vitamin D.
J. Endocrinol. 2008, 198, 261-269.

Anand, S.P.; Selvaraj, P.; Narayanan, P.R. Effect of 1,25 dihydroxyvitamin D; on intracellular
IFN-y and TNF-a positive T cell subsets in pulmonary tuberculosis. Cytokine 2009, 45, 105-110.
Imazeki, I.; Matsuzaki, J.; Tsuji, K.; Nishimura, T. Immunomodulating effect of vitamin Dj
derivatives on type 1 cellular immunity. Biomed. Res. 2006, 27, 1-9.

Correale, J.; Ysrraelit, M.C.; Gaitan, M.I. Vitamin D-mediated immune regulation in multiple
sclerosis. J. Neurol. Sci. 2011, 311, 23-31.



Cancers 2013, 5 1083

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Joshi, S.; Pantalena, L.C.; Liu, X.K.; Gaffen, S.L.; Liu, H.; Rohowsky-Kochan, C.; Ichiyama, K.;
Yoshimura, A.; Steinman, L.; Christakos, S.; et al. 1,25-dihydroxyvitamin D; ameliorates Thl7
autoimmunity via transcriptional modulation of interleukin-17A. Mol. Cell. Biol. 2011, 31, 3653—-36609.
Ritterhouse, L.L.; Crowe, S.R.; Niewold, T.B.; Kamen, D.L.; Macwana, S.R.; Roberts, V.C.;
Dedeke, A.B.; Harley, J.B.; Scofield, R.H.; Guthridge, J.M.; et al. Vitamin D deficiency is
associated with an increased autoimmune response in healthy individuals and in patients with
systemic lupus erythematosus. Ann. Rheum. Dis. 2011, 70, 1569—1574.

Yazici, G.; Yildiz, F.; Iskit, A.; Erdemli, E.; Surucu, S.; Firat, P.; Hayran, M.; Ozyigit, G.; Cengiz, M.
The effect of vitamin D prophylaxis on radiation induced pulmonary damage. J. Radiat. Res.
2011, 52, 616-621.

Almand, B.; Clark, J.I.; Nikitina, E.; van Beynen, J.; English, N.R.; Knight, S.C.; Carbone, D.P.;
Gabrilovich, D.I. Increased production of immature myeloid cells in cancer patients: A mechanism
of immunosuppression in cancer. J. Immunol. 2001, 166, 678—689.

Cheng, X.; Zhao, X.; Khurana, S.; Bruggeman, L.A.; Kao, H.Y. Microarray analyses of
glucocorticoid and vitamin Ds target genes in differentiating cultured human podocytes. PLoS One
2013, 8, e60213.

Li, J.; Jin, D.; Fu, S.; Mei, G.; Zhou, J.; Lei, L.; Yu, B.; Wang, G. Insulin-like growth factor
binding protein-3 modulates osteoblast differentiation via interaction with Vitamin D receptor.
Biochem. Biophys. Res. Commun. 2013, 436, 632—-637.

Garrity, T.; Pandit, R.; Wright, M.A.; Benefield, J.; Young, M.R.I. Increased presence of CD34"
cells in the peripheral blood of head and neck cancer patients and their differentiation into
dendritic cells. Int. J. Cancer 1997, 73, 663—669.

Lathers, D.M.; Lubbers, E.; Wright, M.A.; Young, M.R.I. Dendritic cell differentiation pathways
of CD34" cells from the peripheral blood of head and neck cancer patients. J. Leukoc. Biol. 1999,
65, 623-628.

Ginde, A.A.; Liu, M.C.; Camargo, C.A., Jr. Demographic differences and trends of vitamin D
insufficiency in the US population, 1988-2004. Arch. Int. Med. 2009, 169, 626—632.

Godar, D.E.; Pope, S.J.; Grant, W.B.; Holick, M.F. Solar UV doses of adult Americans and
vitamin D3 production. Dermatoendocrinol. 2011, 3, 243-250.

Walsh, J.E.; Clark, A.M.; Day, T.A.; Gillespie, M.B.; Young, M.R. Use of 1a,25-dihydroxyvitamin
D; treatment to stimulate immune infiltration into head and neck squamous cell carcinoma.
Human Immunol. 2010, 71, 659—-665.

Moreno, J.; Krishnan, A.V.; Peehl, D.M.; Feldman, D. Mechanisms of vitamin D-mediated
growth inhibition in prostate cancer cells: Inhibition of the prostaglandin pathway. Anticancer
Res. 2006, 26, 2525-2530.

Thill, M.; Fischer, D.; Hoellen, F.; Kelling, K.; Dittmer, C.; Landt, S.; Salehin, D.; Diedrich, K.;
Friedrich, M.; Becker, S. Prostaglandin metabolising enzymes and PGE, are inversely correlated
with vitamin D receptor and 25(OH),Djs in breast cancer. Anticancer Res. 2010, 30, 1673—1679.



Cancers 2013, 5 1084

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Thill, M.; Fischer, D.; Kelling, K.; Hoellen, F.; Dittmer, C.; Hornemann, A.; Salehin, D.;
Diedrich, K.; Friedrich, M.; Becker, S. Expression of vitamin D receptor (VDR), cyclooxygenase-2
(COX-2) and 15-hydroxyprostaglandin dehydrogenase (15-PGDH) in benign and malignant
ovarian tissue and 25-hydroxycholecalciferol (25(0OH;)D;) and prostaglandin E, (PGE,) serum
level in ovarian cancer patients. J. Steroid Biochem. Mol. Biol. 2010, 121, 387-390.

Dong, J.; Wong, S.L.; Lau, C.W.; Liu, J.; Wang, Y.X.; He, Z.D.; Ng, C.F.; Chen, Z.Y.; Yao, X.;
Xu, A.; et al. Calcitriol restores renovascular function in estrogen-deficient rats through downregulation
of cyclooxygenase-2 and the thromboxane-prostanoid receptor. Kidney Int. 2013, 84, 54-63.
Renkonen, J.; Wolff, H.; Paavonen, T. Expression of cyclo-oxygenase-2 in human tongue
carcinoma and its precursor lesions. Virchows Arch. 2002, 440, 594-597.

Mulligan, J.K.; Day, T.A.; Gillespie, M.B.; Rosenzweig, S.A.; Young, M.R. Secretion of vascular
endothelial growth factor by oral squamous cell carcinoma cells skews endothelial cells to
suppress T-cell functions. Human Immunol. 2009, 70, 375-382.

Wanebo, H.J.; Riley, T.; Karz, D.; Pace, R.C.; Johns, M.E.; Cantrell, R.-W. Indomethacin sensitive
suppressor-cell activity in head and neck cancer patients. The role of the adherent mononuclear
cell. Cancer 1988, 61, 462—474.

Dovedi, S.J.; Kirby, J.A.; Davies, B.R.; Leung, H.; Kelly, J.D. Celecoxib has potent antitumour
effects as a single agent and in combination with BCG immunotherapy in a model of urothelial
cell carcinoma. Eur. Urol. 2008, 54, 621-630.

Young, M.R.; Newby, M. Differential induction of macrophage prostaglandin E, secretion and
suppressor activity by Lewis lung carcinoma variants. In Prostaglandins and Cancer; Garaci, E.,
Santoro, M.G., Eds.; Springer-Verlag: Berlin Heidelberg, Germany, 1987; pp. 273-276.

Gillespie, M.B.; Moody, M.W.; Lee, F.S.; Poole, L.J.; Hornig, J.D.; Lathers, D.; Young, M.R.;
Day, T.A. Head and neck cancer recurrence and mortality in nonselective cyclooxygenase
inhibitor users. Arch. Otolaryngol. 2007, 133, 28-31.

Lang, S.; Lauffer, L.; Clausen, C.; Lohr, 1.; Schmitt, B.; Holzel, D.; Wollenberg, B.; Gires, O.;
Kastenbauer, E.; Zeidler, R. Impaired monocyte function in cancer patients: Restoration with a
cyclooxygenase-2 inhibitor. FASEB J. 2003, 17, 286—288.

Lin, R.; Nagai, Y.; Sladek, R.; Bastien, Y.; Ho, J.; Petrecca, K.; Sotiropoulou, G.; Diamandis, E.P.;
Hudson, T.J.; White, J.H. Expression profiling in squamous carcinoma cells reveals pleiotropic
effects of vitamin D3 analog EB1089 signaling on cell proliferation, differentiation, and immune
system regulation. Mol. Endocrinol. 2002, 16, 1243—1256.

De Costa, A.M.; Schuyler, C.A.; Walker, D.D.; Young, M.R. Characterization of the evolution of
immune phenotype during the development and progression of squamous cell carcinoma of the
head and neck. Cancer Immunol. Immunother. 2011, 61, 927-939.

Kesselring, R.; Thiel, A.; Pries, R.; Trenkle, T.; Wollenberg, B. Human Th17 cells can be induced
through head and neck cancer and have a functional impact on HNSCC development. Br. J. Cancer
2010, /03, 1245-1254.

Gnerlich, J.L.; Mitchem, J.B.; Weir, J.S.; Sankpal, N.V.; Kashiwagi, H.; Belt, B.A.; Porembka, M.R ;
Herndon, J.M.; Eberlein, T.J.; Goedegebuure, P.; et al. Induction of Th17 cells in the tumor
microenvironment improves survival in a murine model of pancreatic cancer. J. Immunol. 2010,
185, 4063—-4071.



Cancers 2013, 5 1085

61.

62.

63.

64.

65.

Maruyama, T.; Kono, K.; Mizukami, Y.; Kawaguchi, Y.; Mimura, K.; Watanabe, M.; Izawa, S.;
Fujii, H. Distribution of Th17 cells and FoxP3" regulatory T cells in tumor-infiltrating lymphocytes,
tumor-draining lymph nodes and peripheral blood lymphocytes in patients with gastric cancer.
Cancer Sci. 2010, 101, 1947-1954.

Berger, H.; Vegran, F.; Chikh, M.; Gilardi, F.; Ladoire, S.; Bugaut, H.; Mignot, G.; Chalmin, F.;
Bruchard, M.; Derangere, V.; et al. SOCS3 transactivation by PPARy prevents IL-17-driven cancer
growth. Cancer Res. 2013, 73, 3578.

Bessler, H.; Djaldetti, M. 1a,25-Dihydroxyvitamin D; modulates the interaction between immune
and colon cancer cells. Biomed. Pharmacother. 2012, 66, 428-432.

Olsen, K.S.; Rylander, C.; Brustad, M.; Aksnes, L.; Lund, E. Plasma 25 hydroxyvitamin D level
and blood gene expression profiles: A cross-sectional study of the Norwegian Women and Cancer
Post-genome Cohort. Eur. J. Clin. Nutr. 2013, 67, 773-778.

Fleet, J.C.; DeSmet, M.; Johnson, R.; Li, Y. Vitamin D and cancer: A review of molecular
mechanisms. Biochem. J. 2012, 441, 61-76.

© 2013 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 license

(http://creativecommons.org/licenses/by/3.0/).



