Title: A consideration of possible effects of Vitamin D on established

cancer, with reference to malignant melanoma

Authors: Dr Peter E Hutchinson? and Dr J Howard Pringle’

1) Leicester Cancer Research Centre, University of Leicester, Clinical Sciences Building,
Leicester, LE2 7LX, UK.

2) Department of Dermatology, Leicester Royal Infirmary, Leicester, UK, LE1 5WW.

Correspondence to James H. Pringle, PhD, Leicester Cancer Research Centre, University of

Leicester, Leicester, LE2 7LX Leicestershire,

UK e-mail: jhp@leicester.ac.uk, tel: +44 (0)116 2523227 .

Running header:- Is Vitamin D treatment safe in established cancer?

Keywords: melanoma progression; anti-tumour immunity; vitamin D; vitamin D receptor;

vitamin D signalling

Summary: Vitamin D protects against the development of cancers and predicts
outcome. Similarly, in recently diagnosed cancer vitamin D levels predict tumour
outcome. On this basis it is recommended that vitamin D be given to patients with
low levels at diagnosis. However, there is very little evidence of efficacy or safety of
giving vitamin D to advanced cancer. A major defence against cancer is anti-tumour
immunity. Vitamin D is known to suppress certain immune reactions as evidenced
by a beneficial effect in auto-immune disease. We argue that vitamin D might be
detrimental in advanced cancer, with defective VDR signalling, suppressing anti-

tumour immunity.

Abstract: Epidemiological studies indicate that Vitamin D has a beneficial, inhibitory effect
on cancer development and subsequent progression, including melanoma (MM), and
favourable MM outcome has been reported as directly related to vitamin Ds status, assessed
by serum 25-hydroxyvitamin Ds (25(OH)D3s) levels taken at diagnosis. It has been

recommended that MM patients with deficient levels of 25(OH)Ds be given vitamin Ds.

We examine possible beneficial or detrimental effects of treating established cancer
with vitamin Ds. We consider the likely biological determinants of cancer outcome, the

reported effects of vitamin Ds on these in both cancerous and non-cancerous settings, and
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how the effect of vitamin Ds might change depending on the integrity of tumour vitamin D
receptor (VDR) signalling. We would argue that the effect of defective tumour VDR
signalling could result in loss of suppression of growth, reduction of anti-tumour immunity,
with potential antagonism of the elimination phase and enhancement of the escape phase of
tumour immunoediting, possibly increased angiogenesis but continued suppression of
inflammation.

In animal models, having defective VDR signalling, vitamin Ds administration
decreased survival and increased metastases. Comparable studies in man are lacking but
in advanced disease, a likely marker of defective VDR signalling, studies have shown
modest or no improvement in outcome with some evidence of worsening. Work is needed in
assessing the integrity of tumour VDR signalling and the safety of vitamin Ds

supplementation when defective.



Introduction

Vitamin Ds status in the body is dependent on the amount of vitamin Ds consumed in
the diet or synthesised in the skin following sun exposure. Vitamin Ds requires activation and
is hydroxylated twice, classically, firstly in the liver to produce 25(OH)Ds by 25 hydroxylation
and then primarily in the kidney or in immune cells such as macrophages and dendritic cells
where the enzyme 25-hydroxyvitamin D-1a-hydroxylase (CYP27B1) converts 25(OH)Dsto the
active form 1a,25-dihydroxyvitamin Ds (1,25(OH)2Ds). The amount of 1,25(OH)2Ds produced
in the kidney is tightly regulated by serum calcium, parathyroid hormone and 25(OH)Ds levels
and controls the homeostasis of extracellular fluid (ECF) levels of calcium and phosphate [1].

The pathway controlling the activation of vitamin D is shown in figure 1.

An alternative pathway for producing biologically active Ds-hydroxyderivatives is via
CYP11A1 which hydroxylates the side chain of vitamin Ds at carbons 17, 20, 22 and 23 to
produce at least 10 other metabolites, with 20(OH)Ds, 20,23(OH)2Ds, 20,22(OH)2Ds,
17,20(OH).Ds and 17,20,23(OH)sDs being the main products [2-6]. Intermediates are
detectable in serum. [2, 7] CYP11A1 is also expressed in the immune system and skin [5, 8]
and its metabolites have anti-melanoma activities [9, 10]. However, CYP11A1 does not act on
25(0OH)Ds [3]. Therefore, it is unlikely that these biologically active D3-hydroxyderivatives are
important when considering administration of oral vitamin Ds which is rapidly metabolised to
25(OH)Dsin the liver.

1,25(0OH)2Ds is a ligand for the vitamin D receptor (VDR) which acts in combination
with the retinoid X receptor (RXRA) to regulate transcription of many genes by binding to
vitamin D receptor response elements, (VDRESs) in the gene. There are also alternative
nuclear receptors for vitamin D hydroxyderivatives with their own response elements [11]
including retinoic acid receptor-related orphan receptors (RORa (NR1F1)and RORy(NR1F3))
[12], the aryl hydrocarbon receptor (AhR) [13] and the liver X receptor beta (LXRB (NR1H2)
[14]. There are reports of these receptors suppressing tumour progression, e.g in MM LXRf
[15, 16], AhR [17] and RORa and RORYy [18] (note vitamin Ds hydroxy products are reverse
agonists of RORa and RORYy [12, 19]) but they can also have a tumour promoting effect e.g.
LXRp [20], AhR [21]. As mentioned above the relevant hydroxy product here is 1,25(OH)2Ds
which is a ligand of these alternative receptors, but we were unable to find evidence of an
effect on tumour growth or anti-tumour immunity of these receptors with 1,25(OH)Ds as
ligand. A further point of uncertainty is whether these receptors persist after the VDR in
advanced cancer, loss of signalling being central to our argument about a possible deleterious
effect of vitamin Ds supplements in advanced cancer. We will therefore concentrate on VDR

signalling.



The classic roles of vitamin Ds are the regulation of calcium uptake, calcium
homeostasis, bone metabolism, cell growth, division and differentiation. The last two are
potentially beneficial in controlling tumour cell growth. However, the expression of VDR has
been identified in many tissues in different cell types and the action of 1,25(OH)2Ds has
important implications for regulating the immune system, where most cells express VDR,

potentially influencing tumour immune surveillance.

Prediagnostic vitamin Ds status has a well-documented protective effect on the
development and subsequent progression of cancer, reviewed by Grant (2018) [22]. Post
diagnosis serum 25(0OH)Ds levels have shown an inverse relation with progression in a number
of cancers [23]. An interpretation of this is that vitamin Ds has a beneficial effect on established
cancer [24] [25] The National Institute for Health and Care Excellence (NICE)
recommendations on vitamin Dz and MM are to measure 25(OH)Ds levels at diagnosis in
secondary care in all patients with MM and to give those, whose levels are thought to be
suboptimal, advice on vitamin Ds supplementation and monitoring in line with local policies
and NICE guidelines on vitamin Ds [26]. (Nice Guideline NG14 July 2015 Melanoma:
Assessment and Management)

We consider possible beneficial or deleterious effects of vitamin Ds administration in
established cancer and the possible circumstances dictating a positive or negative effect on
outcome. Firstly, we discuss basic determinants of cancer outcome i.e, intrinsic tumour
aggressiveness, in terms of cancer cell growth, differentiation and migration; associated
inflammation; anti-tumour immune response and angiogenesis, and the likely impact of
vitamin Ds status and the integrity of VDR signalling in the tumour. We then consider the

experimental in vivo, epidemiological and clinical evidence of the effect of vitamin Ds in cancer.

Possible mechanisms of an effect of vitamin D; on cancer
Inhibition of tumour cell growth

Vitamin Ds has a well-known inhibitory effect on cell growth, through anti-proliferative, pro-
apoptotic and anti-cell migratory activity as reviewed by Samuel and Sitrin (2008), Fleet et al
(2012) [27, 28]. The effects of vitamin D3 on growth are mediated by the action of
1,25(OH)2Ds on the intracellular VDR, whichis a transcription factor. /n vitro studies show
that vitamin Ds inhibits growth in some malignant cell lines, [28] including MM [29] and
promotes differentiation [27]. Also, inhibition of experimental carcinogenesis by dietary
vitamin Ds supplementation and 1,25(OH)2Ds administration has been demonstrated in vivo
in animal models [30, 31].

These beneficial effects are largely the result of nuclear VDR signalling [32]. Using

low nuclear VDR concentration as a marker of defective VDR signalling, 1,25(OH)2Ds fails to
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disrupt growth and produce cell death in culture [33]. Also, in tumours with known outcome,
histological evidence of low nuclear VDR is associated with progression and metastasis [33-
35].

Suppression of inflammation

Inflammation has been long recognized as oncogenic but, more importantly here, a promotor
of tumour progression [36], including metastasis [37]. There is evidence, experimental and
observational, that vitamin Ds suppresses inflammation. Vitamin Ds downregulates
macrophages in terms of recruitment [38] and inflammatory cytokine production [39] such as
C-reactive Protein (CRP), Interleukin (IL) IL1A, IL1B, IL6, IL8, tumour necrosis factor (TNF),
while upregulating anti-inflammatory cytokines such as IL10 [39]. The growth hormone
midkine (MDK), is involved in leukocyte recruitment to the sites of inflammation and
expression of proinflammatory cytokines and the expansion of regulatory T-cells as reviewed
by Weckbach, (2011)[40]). A suggested proinflammatory mechanism is the known
upregulation of Nuclear Factor Kappa B kinase (NF-KB)[41]. Other relevant effects of MDK
in cancer are promotion of angiogenesis [42], upregulation of integrin mediated cell migration
(osteoblast-like cells) and, through Notch2 binding, induction of epithelial mesenchymal
transition (EMT) (immortalized HaCaT keratinocytes). There are no reports of an effect of
vitamin Ds on MDK in cancer, but this seems feasible as higher levels of MDK are reported
in vitamin D deficiency [43]. NF-KB is a key transcription factor involved in inflammatory cell
differentiation and inflammatory cytokine expression [44]. The VDR physically interacts with
Inhibitor of NF-KB subunit Beta (IKBKB) to block NF-KB activation [45]. In addition,
observational studies in healthy individuals have shown an inverse relation between serum
25(0OH)Ds and inflammatory markers [46]. Thus, there is good evidence that vitamin Ds is
anti-inflammatory which would be expected to be beneficial in all stages of cancer and

irrespective of tumour VDR signalling.

Suppression of anti-tumour immunity

Anti-tumour immunity is a very important determinant of cancer outcome as evidenced by
the success of recent immune based therapies [47]. Vitamin Ds has been reported to
enhance anti-tumour immunity by increasing the number of tumour associated immunocytes,
via tumour VDR suppression of Wnt-beta catenin signalling [48]. There is significant
evidence showing that Wnt-beta catenin signalling blocks immune recognition of the tumour
at all stages, including tumour antigen release, antigen presentation, T cell priming,
activation and infiltration as well as tumour cell elimination (see Figure 2) [49]. However, this
is an indirect effect of vitamin Ds and would appear dependent on intact intra tumour VDR

signalling. Defective VDR signalling would therefore be associated with reduced numbers of



immunocytes, which however, unlike the tumour, would retain sensitivity to vitamin Ds.
Considering direct effects of vitamin D3 on immunocytes, mostimmunocytes, including
dendritic cells (DCs), CD4+ T cells (T4), CD8+ T cells (T8), yoT cells and macrophages,
express the VDR [50-54]. Vitamin Ds has many direct suppressive effects on immune cells,
as evidenced by its protective effect against auto-immune disease [55-57]. When
considering the tumour/immunity relationship the term immunoediting [58] is used. This
describes a triphased immunological response to tumours comprising phases of elimination,
equilibrium and escape, reviewed by Mittal, Gubin et al. (2014) [59]. In the elimination phase
there is host immunological attack on the tumour, in the equilibrium phase there is balance
between tumour proliferation and immune suppression, while in the escape phase there is

suppression of anti-tumour immunity allowing the tumour to progress.

Elimination phase

The elimination phase [59] involves innate and adaptive immunity. Critical elements are
IFNG secretion and cytolytic capacity of immune cells. An important early source of IFNG is
voT cells [60], other sources being natural killer cells (NK) and T cells, antigen-specific
effector T-helper type 1 (Th-1), T8 cytotoxic T-cells (CTLs), and natural killer T cells (NKT)
cells. IFNG increases tumour cell immunogenicity, by upregulating components of the Major
Histocompatibility Complex (MHC) class | protein and promotes maturation of dendritic cells
(DCs), generation of Th1 cells and CTLs and activates cytocidal activity in macrophages.
Tumour cells are killed by CTLs, NK, NKT, v3T cells and macrophages, mechanisms
including apoptosis inducing molecules ((Fas cell surface death receptor ligand(FASLG),
TNF superfamily member 10 (TNFSF10)) and cytolytic molecules (granzyme, reactive
oxygen species (ROS)). The immune reaction is triggered by expression of “stress” induced
tumour haptens, loss of inhibitory molecules on the tumour and expression of tumour
antigens, in context of MHC class | and Il molecules (Th-1 and CTLs respectively) or CD1D
(NKT cells). An effect of vitamin Ds on IFNG in this situation is not reported but 1,25(OH)z D3
is known to inhibit IFNG produced by Vy9Vs2 T cells [53], differentiating NK cells [61], Th1
cells [62], CTLs [63] and peripheral blood mononuclear cells (PBMCs) [64].

In innate immunity, NK cells are activated by tumour expression of stress-inducible
ligands structurally related to MHC class |, MHC Class | Polypeptide-Related Sequence
(MIC) MICA and MICB [65], recognized by NK cell activation receptors such as Killer Cell
Lectin Like Receptor K1 (KLRK1). Also, killer-cell immunoglobulin-like inhibitory receptors
respond to MHC class 1 on the tumour cell, the absence of which, through malignant
transformation or CTL activity, results in NK cell activation. NK cells lyse tumour cells via
granzyme and TNFSF10 and FASLG, secrete cytokines, primarily Th-1 type cytokines such
as IFNG, TNF, and granulocyte/ monocyte colony-stimulating factor (CSF2) which facilitate
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the activation of T cells and other innate immune mediators [66]. The effect of vitamin Ds on
NK cells in cancer is not reported but 1,25(OH)2Ds reduced perforin-mediated cytotoxicity of
activated NK cells (from patients with recurrent pregnancy loss), by decreasing activating NK
receptors and increasing inhibitory NK cell receptors [67]. However, vitamin Ds increases
NK activity in lean mice [68].

voT cells, reviewed by Zhao et al, (2018) [69] are activated by metabolites of the
mevalonate pathway (phosphoantigens), accumulated by transformed cells [70], and also by
stress induced tumour haptens. Vy9V52 T cells are a common form of yd T cells and have
direct cytolytic activity involving perforin/granzyme, TNFSF10 and FASLG and produce
IFNG. y3T cells may also have an indirect effect on tumour elimination by activation of Th-1
lymphocytes, antigen specific T8 cytotoxic cells and T4 cytotoxic cells [71]. Vitamin Dz may
have an inhibitory effect as it significantly inhibits, in a dose-dependent fashion,
phospholigand-induced y5 T cells expansion and IFNG production [53].

Natural Killer T cells (NKT) (reviewed by Nair and Dhodapkar (2017) [72] have, in
general, an af T-cell receptor (TCR) of limited diversity responding to extrinsic and intrinsic
lipid antigen presented in relation to CD1D, a non-polymorphic MHC 1-like molecule. CD1D
can be expressed by antigen presenting cells (APCs) and tumour cells, but not usually solid
tumours including MM. Type | NKT (invariate NKT) cells are mainly reported to invoke an
anti-tumour immune response [72]. Increased frequency of type | NKT cells in blood and in
the tumour infiltrate are favorable prognostic indices [72]. Anti-tumour Type 1 cell activity
can involve direct tumour lysis, recruitment and activation of other innate and adaptive
immune cells by initiating Th1 cytokine cascade, and regulation of recruited
immunosuppressive cells in the tumour microenvironment (TME). In experimental
autoimmune encephalomyelitis (EAE), 1,25(OH)2Ds is protective through an effect on NKT
Type 1 cells, possibly involving IL4 [73] and this would suggest 1,25(OH)2Ds induces
immunosuppressive activity in these cells [74].

Macrophages polarized to M1 macrophages by inflammatory cytokines, INFG and
TNF, secrete inflammatory cytokines, IL6, IL12 and TNF, activating T cells and lyse cancer
cells. Macrophages polarized to M2 phenotype have regulatory and wound-healing
properties. Regulatory M2 macrophages have anti-inflammatory properties and are
important in resolving inflammation, producing the immunosuppressive cytokine IL10 while
wound-healing M2 macrophages respond to immune complexes, prostaglandins, apoptotic
cells and IL10 to produce to IL4 and arginase activity to stimulate collagen synthesis.
1,25(0OH)2D3s may polarize macrophages to M2 phenotype as described below [75].

In acquired anti-tumour immunity there is activation of tumour antigen-specific Th-1

cells, by tumour antigen presented by either APCs or directly by MHC class Il expressing
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tumour cells. IL12, produced by tumour antigen activated APCs, and IL2 are major drivers
of the Th-1 response, IFNG is a major effector and CTLs and macrophages the effector
cells. 1,25(OH)2Ds is reported to polarize T4 cells away from Th-1 towards Th-2 phenotype
[76]. Also, there is evidence 1,25(OH):Ds downregulates Th-1 IFNG production in the
presence of IL2 [62]. In addition, 1,25(OH)Ds may down-regulate the Th-1 response by
down regulation of DCs. In vitro, addition of 1,25(OH)2Ds to DCs caused, through inhibition
of NF-KB , inhibition of differentiation and maturation, downregulated expression of MHC-
class ll, co-stimulatory molecules and IL12 [77].

CTLs are activated by TCR binding with tumour antigen bound to MHC Class 1 on
tumour cells or on professional APCs (cross presentation) [59]. Further activation requires
co-stimulatory signals and IL2 induced cell proliferation. CTLs, though expressing VDR, are
relatively insensitive to anti-proliferative responses of VDR than CD4+ cells [78]. However,
vitamin Ds inhibits the secretion of IFNG and TNF by the activated CD8+ cells [79].

Th-17 cells are reported to have both anti-tumour and tumour promoting actions [80,
81]. Mechanisms of anti-tumour activity include induction of tumour derived cytokines
(CXCL9 and 10) which attract Th-1 cells [82] and subsequently CD8+ lymphocytes and NK
cells [83]. Th-17 also activates NK cells and macrophages to produce IL12 [84]. VDR blocks
binding of the transcription factor NFAT1 to the promoter of the human IL17 gene leading to
a decrease in IL17 production in Th-17 autoimmunity [85].

Thus, in the absence of tumour VDR signalling, many of the reported immunological
effects of vitamin Ds might oppose the immunological attack on the tumour in the elimination
phase including down regulation of IFNG production and down regulated activity of NK cells,
voT cells, Th-1 cells, CTLs and Th-17 cells. It is of note that these are described effects of

vitamin D3 but not confirmed in cancer.

Equilibrium Phase

In this phase there is a balance between tumour proliferation and apoptosis induced
by anti-tumour immunity. The suppressive action of vitamin Ds on anti- tumour immunity is
described above.

Escape Phase

In the escape phase [58, 59], the tumour becomes more robust against
immunological attack, becomes directly immunosuppressive, recruiting suppressor cells
conferring further immunosuppression. Tumour resistance is increased through Signal
Transducer and Activator of Transcription 3 (STAT3), apoptosis inhibiting proteins from the
BCL2 family and by loss of expression of tumour antigen. Increased tumorigenesis may

result from an increased inflammatory TME, epithelial mesothelial transition (EMT) and down



regulation of Cadherin 1 (CDH1) [59]. There is down regulation of immunological attack,
with suppression of NK cells [86], Th-1 cells and CTLs. The recruited immunosuppressive
immunocytes from the bone marrow or periphery include tolerogenic DCs, regulatory T cells
(Tregs), M2 macrophages and myeloid-derived suppressor cells (MDSC). Effectors, many
secreted/expressed by the tumour and also the above immunocytes, include
immunosuppressive molecules, e.g. indoleamine-2,3-dioxygenase (IDO), tryptophan-2,3-
dioxygenase (TDO), arginase, the programmed death receptor ligand 1 (PDL1), cytotoxic T-
lymphocyte-associated protein 4 (CTLA4), galectin-1/3/9, and adenosine;
immunosuppressive cytokines e.g. IL10, IL23; growth factors and colony stimulating agents
(e.g. TGFB ,VEGF, CSF1and CSF2); and chemokines (e.g. CCL2, CXCL1, and CXCL5
[871.

Immunosuppressive cells

Tolerogenic DCs have impaired antigen presentation capacity including to CTLs, with
suppression of T cell proliferation and adaptive immune responses,[88] and induce Tregs
[89]. As mentioned above. 1,25(0OH)zDs impairs DC maturation and survival, producing
tolerogenic DC, an important facet of vitamin Ds immunoregulation [90].

CD4+ Tregs are a highly immuno-suppressive subset of CD4+ T cells, characterized
by expression of the master regulatory transcription factor FoxP3, [91] and promote tumour
progression by suppressing effective antitumor immunity, [92] Mechanisms include
secretion of CTLA4, IL10, TGFB, and granzyme/perforin, consumption of IL2 and adenosine
production reviewed in [92]. High infiltration of Tregs in tumours is associated with a poor
prognosis in various types of cancers including MM [93, 94]. 1,25(OH):Ds promotes the
development of Tregs expressing CTLA4 and FOXP3 [63], the FOXP3 promoter containing
a VDRE response element [95]. Also vitamin Ds may indirectly promote preferential
expansion of Tregs via IL2 and activation-induced lymphocyte death [96] and diverts Th-17
differentiation towards Treg [97], reviewed by Park and Pan (2015) [98].

Suppressor ydT cells, reviewed by Zhao et al, (2018) [69] comprise suppressive V51
voT cells and Vy9Vo2 T cells, polarized by immunosuppressive cytokines, including IL23,
IL1B, IL15, IL17, IL4, IL10, IL36G, and TGFB, in the TME, to FOXP3+ yd Treg cells and y5
T17 cells. y3T regs have similar function to afTreg cells, inducing DC and T cell
senescence and suppressing naive and effector T cells. ydT17 cells are a major source of
IL17 in the TME resulting in increased angiogenesis with MDSC and neutrophil polymorph
(PM) recruitment. V31 ydT cells are particularly potent suppressors, promoting EMT via
TGFB, impairing DC maturation and function, and are more powerful inhibitors of T4 cells
than a3 Treg cells [99]. Thus 3T cells may have an anti-cancer effect as described above

or a pro-cancer. A greater V61:V62-ratio has a pro-cancer effect and is increased by IL4



[69]. Evidence of a direct effect of vitamin Ds on suppressive yoT cells is lacking but vitamin
Ds is known to up regulate FOXP3 as described above and a suppressive effect might be
inferred from known effects on the immunosuppressive cytokines regulating Vy9Vo2
polarization and the V51:Vé2-ratio. 1,25(OH)2Ds is known to upregulate the major
suppressor cytokines IL4 [100], IL10 [64, 100] and TGFB [101], but also down regulate IL17
[85] and the IL23 pathway [102, 103].

Type Il NKT cells are typically associated with immunosuppression in animal cancer
models [72]. The mechanisms are down-regulation of immunosurveillance and upregulation
of immunosuppressive elements. Type Il NKT cells suppress type | cells, CTLs, through
IL13 production via IL4R and STATG6 axis, and conventional T cells inhibiting pro
inflammatory function [72]. The type Il cell suppression predominates over type | cells when
both are stimulated [104]. Type Il cells tolerize myeloid DCs and induce-MDSCs producing
TGFB (mouse model fibrosarcoma). There are no reports of an effect of vitamin Ds on NKT
type Il cells in cancer, but it may induce immunosuppressive activity on Type 1 cells as
described above

M1 macrophage activity inhibits cell proliferation and causes tissue damage, whereas
M2 macrophages promote cell proliferation and tissue repair [105] and are more frequent in
tumours [36]. M2 macrophages promote angiogenesis, cell migration and intravasation
[106] and suppress adaptive immunity by PDL1 expression [107]. M2 polarizing factors are
hypoxia and acidity of the tumour microenvironment [108], IL4, TGFB and IL10 and CSF2
[109]. Tumour-associated macrophages (TAM) mainly have M2 polarisation and produce
immunosuppressive cytokines like IL10, TGFB and PGE2 and low levels of inflammatory
cytokines (IL12, IL1B, TNF, IL6). Ability of TAMs to present tumour-associated antigens is
decreased as well as stimulation of the anti-tumour functions of CTLs and NK cells. Vitamin
Ds is reported to down regulate M1 and upregulate M2 macrophages in diabetic renal
disease [76, 110] and a similar effect might be anticipated in cancer through its known
upregulation of immunosuppressive cytokines.

MDSCs, recruited by tumour secreted CSF1and CSF2, suppress T cells including
CD8+, NK cells, DCs and macrophages. However, vitamin D3 opposes these effects by
promoting differentiation of immature MDSCs into macrophages and DCs, reported in head
and neck squamous cell carcinoma [111]. In this respecta direct effect of vitamin D3
opposes suppression of anti-cancer immunity. However, in an animal model with probable

defective VDR signalling described below MDSCs were increased [112].

Effector mechanisms of the escape phase.
IDO and TDO cause accumulation of immunosuppressive tryptophan catabolites, particularly

kynurenine, resulting in suppression of NK cells (down regulation of activating receptors and



granzyme content [86]), and antigen-specific T-cell responses, T cell apoptosis and
increased proliferation of Tregs [113]. 1,25(OH)2Ds has been shown to upregulate IDO
resulting in increase of CD4+CD25+ Tregs in multiple sclerosis [114] and 1,25(OH)2Ds
induced IDO is a suggested mechanism for downregulation of Th-1 priming and tolerogenic
DC upregulation of Tregs [115]. Consequently IDO has been suggested as a general target
of 1,25(OH)2Ds in the immune system [74].

The programmed death receptor ligand 1 (PDL1), activates its receptor PD1
(member of CD28 family) on CD8+T cells and represses TCR-mediated activation and
inhibits cell survival, proliferation, and cytokine production [116]. CTLA4, secreted by Tregs,
blocks the co-stimulatory signal from B7 on the APC and CD28 on the T4 lymphocyte, CTLA
having a greater affinity for B7 molecules than CD28, thus inhibiting T4 effector function
[117]. 1,25(OH)2Ds upregulates PDL1 and PDL2 and CTLA4 by direct transcriptional
induction through the VDR and VDRE [118] It has been suggested that elevated vitamin Ds
signalling in humans could suppress anti-tumour immunity via increased PDL1 expression.
[118] Extracellular adenosine is a physiological negative regulator of inflammation and
immunity [119] and is largely produced from adenine nucleotides, e.g. ATP, by ecto-5'-
nucleotidases, CD39and CD73 [120] Adenosine receptors, A2AR and A2BR are
expressed in a wide variety of immune cells [121]. Effects include down-regulation of T cells
(including CD8+)[122]; inhibition of T cell activation [122] proliferation and effector functions
[123], such as cytotoxicity and cytokine production [124]; inhibition of classical
proinfammatory activation of APCs and induction of alternative activation (A2BR) [121],
resulting in APCs producing immunosuppressive molecules such as TGFB, IL10, arginase,
IDO, and COX2 [125]. Also, adenosine upregulates the number and activity of Tregs [121,
126], and induces MDSCs [127]. 1,25(OH)2Ds upregulates adenosine production, via
increased expression of CD39 and CD73 on CD4+ cells[128]

IL10 is a powerful tolerogenic agent, downregulating Th-1 and Th-2 responses, which
may be secondary to a direct effect on monocyte-macrophages [129]. IL10 down regulates
MHC class Il antigens, and co-stimulatory molecules B71/B72 expression on macrophages.
It activates STAT3 and induces enhanced expression of PD1 and PDL1 on DCs rendering
them ineffective [88], and is involved in polarizing ydT cells to tolerogenic cells [69]. Vitamin
Ds is known to induce tolerogenic DCs and Tregs [92, 125] and to upregulate the
transcription factor GATA3 and TH2 cells. [100], which are sources of IL-10. TGFB induces
DC to stimulate Treg formation [130], polarizes FOXP3+ ydTreg cells from W9/V62 T cells
[131] and recruits TAM M2 macrophages [132]. . There are reports of an inverse
relationship between vitamin Ds and TGFB [133, 134]). However, 1,25(0OH)Ds may co-

operate with TGFB, in the upregulation of immunosuppressive CD73 and FOXP3 expression



and is reported to augment CD4+ expression of various TGFB associated molecules, and to
increase bioactive TGFB [128].

Thus, in the absence of tumour VDR signalling, many of the reported
immunosuppressive effects of vitamin Ds, reported in a non-tumour context, may be relevant
to tumour immunity as they would apparently oppose immune suppressive effects on the
tumour in the elimination phase, tip the balance in the equilibrium phase towards tumour
expansion by down regulating anti-tumour immunity and potentially amplify
immunosuppression in the escape phase, having overlapping immunosuppressive activities
with some of those of the escape phase. These include development of immunosuppressive
immunocytes, tolerogenic DCs, Tregs and M2 macrophages but possibly not MDSCs and
mechanistic similarities, involving IDO, PDL1, CTLA, adenosine, IL10, and TGFB. Figure 3.
shows a summary of the direct influence of vitamin D influence on innate and adaptive
immunity which may affect the immune response to cancer in the elimination (Figure 3a) and
escape phases (Figure 3b) of immunoediting in cancer.

Angiogenesis

Angiogenesis is necessary for local tumour invasion and metastasis. The VDR is expressed
in endothelial cells and vascular smooth muscle cells and vitamin Ds promotes angiogenesis
and VEGF secretion [135, 136]. However in the context of tumours, there is evidence of an
anti-angiogenic effect of vitamin Ds [137]. In vivo tumour-cellinduced angiogenesis is
reportedly inhibited by 1,25(OH)2Ds and retinoids synergistically [138]. Also, in a colon
cancer model, 1,25(OH)zDs inhibited angiogenesis which was associated with reduced
VEGF expression in tumours [139].

These opposing effects of vitamin Ds might be reconciled by the postulate of tumour
VDR inhibiting a pro-angiogenic factor secreted by the tumour. Loss of tumour VDR would
leave a direct vascular effect of vitamin Ds unopposed. This would be analogous to the
effects of vitamin Ds on immunity as described above. Furthermore, Wnt beta-catenin

signalling is known to promote angiogenesis [140].

The reported effect of vitamin D; in cancer

Animal studies- the effect of vitamin Ds/1,25(OH)2D3 or vitamin Ds analogues on
cancer xenographs

Several experimental studies with explanted human or mouse cancer tissue have shown that
Vitamin Ds is associated with inhibition of tumour growth [141-145] and metastasis.
However, there is also experimental evidence of vitamin Ds promoting tumour progression
with metastasis and decreased survival [112, 146]. It is notable that in the studies showing a

beneficial effect, the malignant cells were ‘sensitive’ (in terms of inhibition of proliferation) to



the direct action of vitamin Ds and/or immune deficient models were used [147, 148]. In
animals showing a deleterious effect, the tumour was not sensitive in vivo nor in vitro [148].
In these animals, transcription was most prominently upregulated in genes of Tregs and Th-
2 cells. In a further study, vitamin D administration was associated with a decrease in Th-1
cells, an increase in MDSCs and decreased transcription of INFG with increased
transcription of TGFB [112]. Thus, sensitivity to growth inhibitory effects of vitamin Ds,
which would imply effective tumour VDR signalling, was associated with a beneficial effect

but a deleterious effect, with immunosuppression, if not.

Observational studies

Cancer development

Prediagnostic vitamin Ds status has an undeniably important protective effect on the
development and subsequent progression of a variety of cancers, comprehensively reviewed
by Grant (2018) [22]. The evidence is largely epidemiological based upon an inverse
relation of incidence and/or outcome of a variety of carcinomas with indices of solar UVB
exposure [149-154] including latitude [155] and also modifying issues of dark skin [156] and
outdoor occupation [157, 158].

Vitamin D levels and established cancer

A majority of observational studies of post diagnosis 25(OH)Ds serum levels have shown an
inverse relation with progression in a variety of cancers [23] including MM [24, 25]. This
might be expected early post diagnosis, these levels being a reflection of pre-diagnosis
levels which would have a formative effect on cancer development and hence an effect on
cancer progression as found in the prospective studies cited above. Supportive of this, a
study which measured serum 25(OH)Ds soon after diagnosis and also assessed previous
sun exposure, through patient diaries, concluded that the “measured serum 25(OH)Ds levels
not only reflected the recent sun exposure, but could also be considered to be representative
for a period of at least several years” [24]. The post diagnosis findings have been
interpreted [24, 25] as vitamin Ds administration having a beneficial effect on established
cancer. This is likely to be valid for early developing cancers but, in more advanced cancer,
we believe this concept should be tempered by VDR status as discussed above. There are
few reports of 25(OH)Ds levels later during follow up. One study found that, compared to
initial 25(OH)Ds levels, both decreased and increased later levels were associated with
worsened prognosis, which prompted the authors to caution against widespread use of
vitamin Ds supplementation in melanoma patients [159]. A further study found that blood
levels taken after resection of regional nodes, sometimes years after initial diagnosis in

stage Il MM patients, had no relationship with prognostic indices or survival [160]



Interventional Studies

Vitamin D supplements and development and subsequent progression of cancer
Randomized controlled trials on vitamin D supplementation, reviewed by Keum, N et al.,
(2019) [161], have shown a variable effect on cancer incidence but a protective effect with

larger dose and a more consistent protective effect on subsequent mortality.

1,25(0H):2Dsor vitamin Ds analogue supplements in established cancer

A trial of large dose vitamin Ds in advanced MM was documented in 2014 [162] but results
are still awaited. A placebo-controlled trial on vitamin Ds supplementation (100,000 IU every
50 days for 3 years) for resected Stage I MM patients (MelaViD trial) was posted in 2010 but
was terminated in 2017 because of inadequate recruitment (150 patients) and no results
were reported [163]. A phase 2 study high vs low dose vitamin D3 plus standard
chemotherapy in 139 metastatic colon cancer (CRC) patients showed a significant (P=0.04)
advantage in progression free survival (PFS) of high dose vitamin Ds [164]; result of a
confirmatory phase 3 trial is awaited. However, a study of 2000 IU/d cholecalciferol vs
placebo in patients with alimentary cancer, including CRC, showed no significant effect on 5-
year relapse-free survival. [165] and a similar study lasting two years following diagnosis, in
metastatic CRC, showed no benefit to overall survival [166]. A retrospective, single
institution, study of vitamin Ds supplementation (“low dose”) in non-metastatic HER2+ breast
cancer reported a prolongation of disease-free survival [167]. However, the same study
showed a deleterious effect in larger tumours. Larger or deeper tumours are likely to be
more advanced and thus VDR signalling less likely to be intact [33]. A pilot study of 16
patients with head and neck SCC being treated with 1,25(OH)2Ds during the 3-week interval
between cancer diagnosis and surgical treatment (3 cycles of 4 pg of 1,25(OH)2Ds for each
of 3 sequential days, followed by 4 days) showed a prolongation of time to recurrence in the
treated group (P=0.04) [111]. No further results appear to have been published. A study in
low grade prostate cancer given high dose vitamin Ds for a year showed improvement
compared to historical controls [168]. In advanced malignancy a number of uncontrolled
studies have shown modest or no measurable improvement in advanced prostate,
pancreatic and hepatic cancer [169-173] and similarly 1,25(OH)2Ds combined with
carboplatin in prostate cancer [174, 175]. High dose 1,25(OH)zDs plus docetaxel showed
promising results in prostate cancer [176] and was followed by a controlled trial of docetaxel
with or without high dose 1,25(OH)2Ds, which just failed to show a significant effect of the
1,25(OH)2D3 arm [177]. This was followed by a large phase 3 (ASCENT) study which
included dexamethasone in both arms and prednisolone in the placebo arm. This trial was
halted because of excess deaths in the 1,25(0OH)2Ds arm [178]. Thus, there is evidence of



some beneficial effect of vitamin Ds. particularly in early disease but also of a deleterious

effect, particularly in advanced disease.

Comment

There is evidence for a beneficial effect of vitamin Ds in the processes involved in cancer,
with suppression of growth and inflammation, enhancement of anti-tumour immunity and
suppression of angiogenesis. However, there are differences between the reported effects
of vitamin Ds in cancerous and non-cancerous contexts on immunity and angiogenesis.
VDR signalling is of obvious importance in tumour cells but also in inflammatory cells,
immunocytes and angiocytes. With loss of tumour cell VDR signalling, vitamin D3 signalling
in other cells in the TME continues and may gain significance. The reported beneficial effect
of vitamin D3 on tumour immunity [48] would appear dependent on tumour cell VDR
signalling. In the absence of tumour VDR signalling, some beneficial effects of vitamin Ds,
i.e., suppression of inflammation and possibly suppression of MDSCs, would be expected to
continue but deleterious effects would seem likely to emerge, with loss of tumour growth
suppression, suppression of anti-tumour immunity and possibly upregulation of tumour
angiogenesis. Anti-tumour immunity may be particularly important. In cancers, such as MM,
where tumour VDR enhances anti-tumour immunity, loss of tumour VDR signalling might be
expected to result in opposition of the elimination phase, tipping the equilibrium phase in
favour of tumour progression and enhancement of the escape phase by the direct action of

vitamin Ds on immunocytes.

Observational studies of early post diagnosis 25(OH)Ds levels have shown a
protective effect on progression in a number of cancers. [23-25] However, these levels are a
likely reflection of pre-diagnosis levels which are known to have a formative effect on cancer
development and progression. Levels taken later in established cancer are infrequently
reported and have shown varying associations including a deleterious effect. In animal
models, where tumour VDR signalling was apparently defective, vitamin Ds administration
decreased survival and increased metastases, associated with down regulation of Th-1 cells
and INFG gamma and upregulation of MDSCs and TGFB [112, 146] and upregulation of
transcription of Tregs and Th-2 cells [148]. In advanced human disease (a likely marker of
impaired cancer cell VDR signalling , nuclear VDR levels being inversely related to tumour
progression [33, 34, 179-183]), a number of uncontrolled studies of high dose vitamin Ds
have shown modest or no measurable improvement in advanced prostate, pancreatic and
hepatic cancer [169-173]. There is therefore no obvious evidence that vitamin Dsis
beneficial in these cancers. Also, a deleterious effect could be masked if in some of the
tumours VDR signalling remained intact producing a marked beneficial effect. In addition, in



a large-controlled study of docetaxel and dexamethasone with or without high dose
1,25(0OH)2Ds, there were excessive deaths in the treated arm [178]. Unfortunately, the

results of some studies started several years ago have not been reported.

Thus 25(0OH)Ds levels taken at diagnosis appear a questionable method of assessing
likely vitamin Ds response in later disease and there are theoretical and demonstrated risks,
from animal and clinical studies, of vitamin D3 administration in advanced cancer. Critical
factors are the integrity of tumour cell VDR signalling and perhaps dosage. The NICE
recommendation [26] is vitamin Ds administration to MM patients with deficient serum levels.
This is given without reference to tumour VDR signalling status and there is no warning
about using high dose vitamin Ds. Unfortunately, there is no accepted routine method of
assessing VDR signalling. Indicators of effective VDR signalling are higher levels of VDR
MRNA [48], predominantly nuclear VDR [179-183] and at a clinical level early as opposed to

advanced disease.

More work is needed on assessing the integrity of tumour VDR signalling in cancer
and trials are necessary to assess the safety of vitamin Ds supplementation, including small
dose, in tumours with defective VDR signalling. A further treatment possibility is to rectify
defective VDR signalling as recently suggested [48] and one possibility is through MAPK
inhibition [33].
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Figure legends

Figure 1. Vitamin D metabolism pathway. In the skin, 7-dehydrocholesterol is converted into
pre-vitamin D3 by UV light and then modified into vitamin D3. The dietary or therapeutic
sources of vitamin D are transported in the blood by means of vitamin D binding proteins and
are hydroxylated in the liver into 25-hydroxyvitamin Ds. 25(OH)Ds is further hydroxylated in
the renal tubules into 1,25 dihydroxyvitamin Ds, the active form of the hormone. 1,25(OH)2Ds
can also be synthesised in extra renal tissues and cells where it usually acts on local cells as
a paracrine or intracrine factor. The amount of 1,25(OH)2Ds produced in the kidney is tightly
regulated by serum calcium, parathyroid hormone and 25(OH)Dslevels which control the

homeostasis of extracellular fluid (ECF) levels of calcium and phosphate.

Figure 2. The indirect actions of vitamin D regulating the immune response to
melanoma by inhibiting Wnt-beta Catenin signalling. VDR signalling inhibits Wnt-beta
Catenin signalling which regulates the tumour-Immune response. There is significant
evidence showing that in melanoma Wnt-beta Catenin signalling blocks immune recognition
of the tumour at all stages, including tumour antigen release, antigen presentation, T cell

priming, activation and infiltration as well as tumour cell elimination.

Figure 3. Vitamin D hydroxy derivatives have a direct effect on the immune response
to melanoma.

a) Innate and acquired immunity in the elimination phase
The elimination phase involves both innate and acquired immunity. The tumour cells
express the immune cell activating factors; KLRK1 ligands, phosphoantigens and
MICA, MICB which activate y3T and NK cells respectively; tumour glycolipids
presented by CD1D activate NKT cells and tumour antigens in relation to MHC class
1 are recognized by CD8+ effector cells (CTLs). DCs increase the response by
presenting tumour antigen to Th-1 cells, NKT cells and CTLs. The activated immune
cells secrete INFG, increasing tumour immunogenicity and upregulating DCs, Th-1
cells, CTLs and macrophages, The activated immune cells kill tumour cells via
apoptosis by inducing death signalling pathways of FAS and TNFSF10 and secretion
of perforin and granzyme. IFNG can also mediate anti-tumour effects by inhibiting
tumour cell proliferation and angiogenesis. The activated immune cells and tumour
cells can also recruit granulocytes and other immune cells by proinflammatory
cytokines. The M1 macrophages and granulocytes secrete inflammatory cytokines,
CRP, TNF, IL-1, IL-6, IL-8 and ROS. The described effect of vitamin Dsin the



b)

elimination phase is to oppose the anti-tumour immune response by down regulation
of IFNG production and down regulated activity of DCs, NK cells, y3T cells, Th-1 cells
and CTLs. Vitamin Ds also down regulates M1 macrophages, decreasing Th-17 cells

inflammatory cytokine secretion.

Innate and acquired immunity in the escape phase

In the escape phase the tumour evolves to be more resistant to immunological
response, by losing immune cell activating factors and by recruiting suppressor cells
conferring further immunosuppression. Tumour resistance is increased through
STAT3, apoptosis inhibiting proteins from the BCL2 family, loss of death receptors
FAS and TNFSF10A and by loss of surface antigens, MICA and MICB, KLRK1 ligands,
tumour antigens and MHC class 1. The tumour expresses immunosuppressive
molecules, PD-L1, IDO, TDO, and adenosine producing enzymes (CD39 and CD73)
and secretes growth factors, e,g, GCSF, GMCFS and VEGF. The recruited
immunosuppressive immunocytes include, tolerogenic DCs, Tregs, MDSCs,
suppressor yo6Tregs, Type Il NKT cells and M2 macrophages. These may similarly
express IDO (tolerogenic DCs, MDSCs, Tregs, M2 macrophages), CD39 and CD73
(Tregs, which also secrete CTLA4) and arginase (tolerogenic DCs, MDSCs, M2
macrophages)and secrete immunosuppressive cytokines, IL-10, TBFB. The resulting
effect on the anti-tumour immunity is down regulation of NK cells (IDO), DC antigen
presentation (CTLA4), switchTh1 to Th2 cells (IDO, adenosine, IL-10) and CTLs (IDO.
PD-1, adenosine)

1,25(0OH)2Ds can upregulate IDO, PDL-1 expression, CTLA4, adenosine production,
via increased expression of CD39 and CD73 on CD4+ cells, and secretion of
immunosuppressive cytokines, IL-10, TGFB, IL-4. Mature macrophages and DCs can
also express the enzyme 1a-hydroxylase (CYP27B1) allowing intracrine and paracrine
synthesis of 1,25(OH)Ds suppressing maturation of DCs, switching M1 to M2
macrophages and enhancing a tolerogenic immune response. Therefore, the effect of
1,25(0OH)2D3 on suppressiveimmunocytes is to generate tolerogenic DCs (via impaired
DC maturation), CD4+ Tregs (CTLA4, IL10, TGFB, adenosine and FOXP3), and
suppressor Y3 T cells (suppressor cytokines). 1,25(0OH)2Ds also differentiates MDSCs
to DCs and macrophages. The anticipated effect on anti-tumour immunity is
accentuation of the tumour induced suppression of DCs, NK cells, Th-1 and CTL

responses.
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