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Introduction



2 Introduction

1.1 History of vitamin D

1.1.1 Discovery of Vitamin D

The early 1900s was an interesting period in the history of biochemistry when seminal studies
revealed that unknown components in diet were vital for an organism’s life. Most of these
investigations focused on the study of diets that could potentially enhance development and
growth, as well as preventing or healing common diseases. On a simplistic level, this resulted
in the proposal that a balanced diet must contain 12% protein, 5% mineral, 10-30% fat to be
considered a healthy diet [69]. This general nutritional philosophy continued until the early
1930s when the first experiments were carried out that led to the discovery of a new group of
nutritional compounds referred to as "vitamins" [69]. In 1929 the Nobel Prize in Physiology
or Medicine was given in equal parts to Christiaan Eijkman and Sir Frederick Gowland
Hopkins “for the discovery of the growth-stimulating vitamins”. In 1912, Frederick Hopkins
published a study where he observed that rats fed with a diet purely consisting of proteins,
carbohydrates, fat and salts caused an impairment in growth that was restored by the admin-
istration of a small amount of milk, suggesting that some basic nutrients present in a natural
food (milk) were enough to fulfill the needs for an organism to grow normally [105]. Eijkman
focused on the study of the health disorder beriberi in South East Asia where he carried out
several animal experiments showing that the hull (or husks) of rice, which is usually removed
in conventional polished rice, had properties that could cure beriberi. At the time these
experiments, the concept of a vitamin did not exist but these initial studies were the starting
points for further work that would reveal the importance of vitamins for normal human health.

The discovery of vitamins completely changed the perspective on diet and how dietary
factors could be linked to diseases, leading to the study of how the deficiency of these
basic compounds for life were causing impairments in the development and maintenance of
organisms. It is worth mentioning that the two major contributions that led to the discovery
of vitamin D were the work of Professor Elmer McCollum and Sir Edward Mellanby [57]
(figure 1.1). McColumn was an American biochemist who focused his efforts on studying
the impact that different components of food had on human health. His efforts to study
the disorder xerophthalmia, concluded that a factor enriched in cod liver oil was crucial to
the prevention of this disease [154]. Later on, this factor was identified as vitamin A [156].
Following McCollum’s work, Sir Edward Mellanby was interested in the idea that rickets, a
disease that was very common in Scotland, could be cured by the fortification/inclusion of
specific components in food. To do so, Mellanby showed that he could cure rickets in dogs,
who developed this bone disease through lack of light exposure, by feeding them with cod
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(a) Professor Elmer McCollum (b) Sir Edward Mellanby

Fig. 1.1 Major contributors who led to the discovery of vitamin D

liver oil. He wrongly assumed that the factor that cured rickets was vitamin A [158], but in
1922 McCollum, following Mellanby’s observations, corrected this error. He observed that
oxidized cod liver oil could not cure xerophthalmia nor vitamin A deficiency but nevertheless
the capacity to cure rickets was retained. This led to their conclusion of the existence of a
new vitamin involved in calcium homeostasis and bone health, namely vitamin D [155].

1.1.2 Vitamin D deficiency

In the mid 20th century, the main interest in vitamin D and human health was focused
on its role in bone metabolism and mineral homeostasis, due to the link between vitamin
D-deficiency and the disease rickets. However, the first actual scientific documentation of
rickets dates back to the 17th century with the remarkable publications of Daniel Whistler and
Francis Glisson describing a disease that affects children, and which is characterized by the
incorrect mineralization of bone tissues resulting in the malformation of the skeletal structure
[86] [87]. During the industrial revolution era, rickets in Europe was known as the “English
disease” since an increased prevalence of young rickets populations was reported in several
northern cities in England that mostly affected working-class families in developing urban
areas. It was not until 300 years later that the discovery, isolation and study of vitamin D
helped to understand how the deficiency of this factor could lead to dysregulation of mineral
homeostasis and cause abnormal bone development. The most important discovery was that
natural synthesis of vitamin D was due to either UV exposure of the skin [226], or ingest of
specific foods such as milk and fatty fish that contained small amounts of vitamin D [159].
Because of these findings, in the mid 20th century the United Kingdom started to reinforce
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basic food, such as milk, with vitamin D to reduce vitamin D-deficiency and prevent rickets.
However, this initial food fortification was stopped because of an increase in hypercalcemia
cases in young people due to the inaccurate estimation of the dose needed to fortify food [229]
[141]. Since then, there has been an ongoing debate about the potential advantages of adding
vitamin D to foodstuff as a public health policy. In 2015 the UK Science Advisory Council
on Nutrition (SACN) reported that, on a national level, it was impossible for UK residents to
make adequate levels of vitamin D all year round, and they recommended that people take
supplements or vitamin D-rich foods to raise serum vitamin D levels above a baseline serum
level of 25 nmol/L [69]. In The Netherlands, addition of vitamins is regulated in specific
foods such as “fat and baked and fried products”; in which vitamin D must be present up
to 7.5-10 micrograms per 100 grams of the whole product (MVO - The Netherlands Oils
and Fats Industry, https://www.mvo.nl/en-toevoeging- van-vitaminen-en-mineralen). In other
parts of the world, notably North America, organisations such as the Endocrine Society and
Institute of Medicine have recommended more active vitamin D supplementation to target
higher, optimal levels of serum vitamin D of 75 [104] and 50 nmol/L respectively [55].

Although vitamin D-deficiency is a worldwide health problem, some populations appear to
be at greater risk of low vitamin D status. This includes people with darker skin pigmentation
living in Northern countries, and people who routinely cover up their skin - with epidermal
synthesis of vitamin D being the major source of vitamin D for most people. Another
population that is susceptible to vitamin D-deficiency is pregnant women since, among all
the nutrients provided from the mother to the fetus, minerals are mainly used to build the
fetal skeleton resulting in an increased demand of calcium and phosphates which is most
predominant in the third trimester of the pregnancy [125]. Nevertheless, despite the fact
that in pregnancy levels of the active form of vitamin D double the levels of a non-pregnant
women [ 148], this increased concentration of the hormone is not linked to calcium homeosta-
sis suggesting that vitamin D might play more roles in pregnancy. Bruce W Hollis et al [250]
suggests that this might be linked to the immune tolerance needed during the generation of
the fetus tissues. As I will discuss later, vitamin D plays an important role in the development
of the immune tolerance system. Furthermore, more reports are emerging that link vitamin D
deficiency with increased complications in pregnancy.

Vitamin D deficiency can be prevented and treated with healthy habits related to diet and
UV-exposure [193]. Vitamin D can be taken from basic natural resources such as fish, mush-
rooms, eggs and butter. In most cases, and more frequently in low UV-exposure countries,
vitamin D intake from natural food is insufficient and other strategies must be followed
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to promote vitamin D acquisitions. One strategy is to naturally fortify food with vitamin
D; for example harvesting mushrooms that have grown under specific artificial UV lights
or animal breed with food fortified with the vitamin. Furthermore, direct chemical food
fortification for humans is another measure that many countries have followed to ensure the
presence of certain levels of vitamin D in basic food such as milk, butter or cheese. Finally,
the administration of vitamin D in the form of tablets is an efficient and modern achievement.
It resulted from efforts in modern medicine to guarantee the intake of sufficient amounts of
vitamin D by the most vulnerable sub-populations [69].

1.2 Metabolism of vitamin D and tissue-specific actions

As outlined above, vitamin D can be obtained either from a small number of dietary sources or
by the action of sunlight on the skin. Irrespective of the initial source of vitamin D, the result-
ing vitamin D is not biologically active until after a series of key metabolic steps (figure 1.2).
Keratinocytes within the skin contain the cholesterol-like molecule, 7-dehydrocholesterol
(provitamin D3). It is this molecule that is photolytically converted to provitamin D3 when
ultraviolet B (UVB) light enters the skin, with the resulting provitamin D3 molecule isomer-
izing to vitamin D3 (cholecalciferol). Some dietary sources contain another form of vitamin
D, vitamin D2 (calciferol), that is not found in animals but it has similar biological properties
as vitamin D3. It is usually this vitamin D3 form that is referred to when describing vitamin
D and its metabolites. Because vitamin D is a lipid-soluble molecule it is transported in the
circulation primarily bound to proteins. This may include abundant proteins such as albumin
that binds vitamin D with low affinity but, in addition, there is a dedicated vitamin D globulin
known as vitamin D binding protein (DBP) which binds vitamin D with high affinity.
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Vitamin D has a short half-life and is rapidly transported to the liver for the first of several
metabolic conversion steps. The enzymes involved in this metabolism belong to the family
of cytochrome P450 enzymes (CYP) that are divided into two main groups depending on
their cellular location: microsomal and mitochondrial; both are codependent on electron
transport chain proteins [69]. The first enzymes that metabolize vitamin D are the microsomal
and mitochondrial D-25-hydroxylase enzymes CYP2R1 and CYP27A1 respectively which
are mainly expressed in liver cells and which convert vitamin D to 25-hydroxyvitamin D
(25(OH)D). This inactive form of vitamin D is the most abundant in blood and has the highest
binding affinity for DBP. Membrane receptors of renal proximal tubular cells recognise the
25(OH)D-DBP complex which is then taken up by these cells and metabolized by another
CYP, 25-hydroxyvitamin D-1a-hydroxylase (CYP27B1). The resulting product of the 1a-
hydroxylation of 25(OH)D is 1,25-dihydroxyvitamin D (1,25(OH),D3), the active form of
vitamin D that is commonly referred to as a steroid hormone [69]. There are two reasons
for 1,25(0OH),D3 is referred to as a hormone. Firstly, the major actions of 1,25(OH),;D3 are
endocrine, in that it is produced by the kidneys and then acts in very small concentrations
on distal tissues such as the gastrointestinal tract (to enhance mineral uptake from diet), and
parathyroid glands (to suppress synthesis of parathyroid hormone, PTH) [34]. In the kidneys,
PTH is the major stimulator of 1,25(OH),D3 production via CYP27B1 [75], so this also
represents endocrine feedback control. The second reason 1,25(OH),D3 is considered a
hormone is that its actions are mediated in a similar fashion to other steroid hormones such
as estrogens, androgens, and corticosteroids, namely by binding to a specific nuclear receptor
- the vitamin D receptor (VDR) [117]. The intracellular complex of 1,25(OH),D3 bound to
VDR acts as a transcription factor that binds with a heterodimer partner (retinoid X receptor,
RXR) to gene promoter vitamin D response elements (VDRE) DNA sequences to regulate
chromatin structure and up- or down-regulate transcription of target genes [95][36]. Because
VDR is expressed in many cell types throughout the body, it is possible that 1,25(OH),D3
can influence the function of many tissues. Further to the gene regulation capacity of the
1,25(0OH),D3-VDR axis, it is important to recognise that although the classical transcriptional
response to 1,25(OH),D3 is mediated via binding to VDR and heterodimerisation with the
retinoid X receptor (RXR), 1,25(OH),D3 may also achieve effects via other pathways. In
addition to that, it has been demonstrated that VDR functionalizes as homodimer [215].
Similarly, 1,25(OH),D3 also appears to achieve rapid effects via membrane-mediated effects
through phospholipase A, activating protein (PLAA) and Ca*/calmodulin-dependent kinase
IT (CaMKII) axis signalling pathway [62]. The precise receptor associated with membrane-
mediated, non-genomic, effects of 1,25(0OH);D3 has yet to be full-defined but it is known
that 1,25(OH),D3 is able to regulate the activity of a wide range in intracellular kinases
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enzymes, including phosphoinositide 3-kinase (PI3K), protein kinase C (PKC), extracellular-
signal-regulated kinase (ERK) and c-Jun N-terminal kinases (JNKs). A schematic pathway
diagram was created in WikiPathways which compiles all non-genomic actions of vitamin D
[102] (https://www.wikipathways.org/index.php/Pathway:WP4341). In this thesis, we will
focus on the ways in which 1,25(OH);D3 and VDR can function to regulate immune activity
in cells from both the innate and adaptive immune system.

The active form of vitamin D is well known as being a crucial hormone for mineral homeosta-
sis in the organism as 1,25(OH),D3 stimulates the absorption of minerals in intestine cells
and reabsorption of bone increasing the levels of calcium and phosphates in the bloodstream
[45]. Further studies of the role of vitamin D in extra-skeletal tissues revealed that deficiency
of this vitamin was linked to several pathologies affecting different tissues. For instance,
recent studies have shown that vitamin D deficiency is correlated to muscle weakness and
increased risk of falls [92]. There has also been increased interest in vitamin D metabolism
in adipose tissue since studies have correlated metabolic disorders, such as obesity, with
vitamin D homeostasis [181], demonstrating that adipose tissue responds to and is involved in
vitamin D metabolism [58]. In addition to that, recent studies showed that obese population
have lower levels of vitamin D suggesting these patients need vitamin D supplementation
[251]. Furthermore, studies in the last two decades have explored the anti-proliferative
properties of vitamin D in malignant neoplastic cells [54][130]. Notably, two studies (one of
them discussed in Chapter 4) carried out a similar pathway analysis that described in this
thesis and showed that 1,25(OH),D3 represses gene expression of cell cycle components
in prostate and myeloid cancer cell lines [132][81]. Finally, throughout this thesis we will
explain in more detail the role of vitamin D in the immune system, showing that its different
immunomodulatory roles, depending on immune cell type, have the potential to generate a
specific immune response. To do that, we will introduce in the following section the most
important aspects of the immune system and their interaction with vitamin D.

1.3 Immune system

1.3.1 Myeloid cells

The myeloid cell lineage (figure 1.3) includes red blood cells, such as erythrocytes that
deliver oxygen to different tissues, and white blood cells, specialized innate immune cells
responsible for the first host barrier defense. The second group fulfills the main innate

immune functions and is considered the first front line of defense against infections and is
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also responsible to deliver the activating signal to the lymphoid cells to promote the adaptive
immune response. Myeloid progenitor cells can develop into cells that can be subdivided
into granulocytes and antigen-presenting cells (APC).

HSC Potential to

differentiate
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Fig. 1.3 Schematic representation of hematopoietic stem cell (HSC) development. Scheme adapted from
Weiskopf K et al 2017 [256]. Hematopoietic stem cell (HSC) can develop to the common myeloid progenitor
(CMP) which can give rise to the megakaryocytes (Mg)/erythrocyte (Ery) progenitor (MEP) leading to the
formation of thrombocytes and red blood cells respectively. CMP can develop to the granulocyte (Gr)/
macrophage (M1-2) progenitor (GMP) but also can develop to immature dendritic cells (iDC). Some iDC can
rise from common lymphoid progenitor cells (CLP) and then differentiate to specific DC such as mature (mDC)
or tolerogenic (tolDC). CLP generally give rise to B, T and NK cells.

Granulocytes

Granulocytes are a group of myeloid cells that are characterised by a multilobed nucleus
and the presence of vesicles called granules in their cytoplasm containing anti-pathogen
proteins and cytokines that will be liberated to the extracellular medium in response to an
infection. Within the granulocyte group, cells can be sub-classified as eosinophils, basophils,
mast cells and neutrophils. The most characteristic subgroup is the neutrophils since they
are the most abundant white blood cells in circulation (up to 70%). Neutrophils, after
differentiating in the bone marrow, start circulating as a cell patrol to rapidly respond to
infections and phagocytose extracellular bacterial and fungi pathogens for subsequent killing
within specialised organelles known as phagosomes [29]. Neutrophils have developed several
mechanisms to undertake actions against pathogens. After the migration to the place of
infection they are capable of liberating cytokines that promote the recruitment of other
immune cells and directly phagocyte extracellular pathogens for their elimination [165].
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Antigen-presenting cells (APCs)

APCs are a group of myeloid cells that are able to recognise pathogens and to present
pathogen material to other immune cells. For these cells, first contact with a pathogen
activates signalling pathways that stimulate APC innate host-defense mechanisms whilst also
recruiting other cells to the place of infection. The ability of APC to phagocytose hostile
organisms and degrade the resulting internalized organism into antigens for presentation
to lymphoid cells forms the basis of adaptive immune responses, and the development of
immune memory. From myeloid progenitor a more specialized cell named monocyte is
generated that can develop in two major APC types: macrophages and dendritic cells (DC),
and these are discussed in further detail below.

Macrophages

Monocytes differentiated in the bone marrow from the common myeloid progenitor (CMP)
are released into the bloodstream to come part of the larger population of peripheral blood
mononuclear cells (PBMCs), with subsequent differentiation, under specific inflammation
conditions, to macrophages. Most of adult macrophages are generated during embryonic
development, and depending on the target tissue where they settle, they are specialized in
macrophage-like cells such as osteoclasts in bones, microglia cells in the nervous system
or alveolar macrophages in the lung [65]. Thanks to their plasticity at the functional level,
these cells are crucial for tissue homeostasis, precursors and modulators of inflammation and
bridge between innate to the adaptive immune system [169] [245]. Here we will exclusively
focus on their innate immune function.

The process of inflammation is a complex response that can be summarized in a few steps: iso-
lation of the infection site, blood vessel permeabilization, cell recruitment, pathogen/infected
cell removal, tissue repair and resolution of inflammation. These different processes are
orchestrated by the action of a diverse array of cells, and a similar diverse array of cytokines
and chemokines that regulate each step of the inflammatory immune response. Proinflam-
matory macrophages, commonly named as M 1-macrophage, are characterized by the high
expression of markers that promote anti-pathogen responses such as pattern-recognition
receptors (PRR) such as toll-like receptors (TLR) that recognise pathogen-associated molec-
ular patterns (PAMPs) [19]. The resulting PAMP-PRR interaction promotes phagocytosis of
the pathogen and its subsequent destruction in specialised macrophage phagosomes. The
resulting breakdown of the pathogen enables presentation of antigen by macrophages to
lymphoid cells via the major histocompatibility complex II (MHC-II) stabilized by CD80
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and CD86 receptors promoting the adaptive immune response. M1-macrophages are also
characterized by the liberation of chemokines and cytokines to stimulate and recruit cells
to the site of inflammation [13]. As outlined above, the process of inflammation it is also
characterised by tissue repair and the eventual resolution of inflammation. There are several
types of macrophages that have an anti-inflammatory profile and which are broadly grouped
as M2-macrophages [108], that are characterized by the production of anti-inflammatory
cytokines such as IL-4, IL-10 and TGF- [109][10].

Dendritic cells (DCs)

Dendritic cells are bone-marrow derived cells which can derived from CMP and common
lymphoid progenitor (CLP); of which each has a well-defined role in immunity. DC devel-
opment can lead to various subtypes depending on the stimulation received and the specific
tissue microenvironment [51]. In this way DC can stimulate a range of immune responses
from the activation of adaptive immune response to pathogen infection [237] or the presence
of tumour cells [82], to the promotion of more tolerogenic immune actions in situations such
as organ/cell transplantation [228]. The DC phenotype plasticity level enhances the ability
of these cells to modulate the immune response in different immune contexts. However, in
the current study we have focused on monocyte-derived DC, which their development is
achieved under inflammatory conditions [51], and have contrasted the role of DC in response
to a pathogen stimulus relative to a more tolerogenic role for DC in an anti-inflammatory
setting.

Immature DCs (iDCs) are present in the vast majority of tissues and, as APC, they have the
capacity to recognise and process pathogens and present the resulting antigens to naive T (Tn)
cells leading to the activation of adaptive immune responses. When exposed to maturation
effectors such as bacterial cell wall component lipopolysaccharide (LPS), or the inflammatory
cytokine interferon y(INF-v), iDCs develop a more mature DC (mDC) phenotype charac-
terized by an increased capacity to migrate to lymphoid organs, and expression of T cell
activation effectors. The development of mDC is characterised by expression of maturation
markers such as CD80, CD86 and MHC-II, membrane proteins that promote DC-T cell
interaction and antigen presentation respectively, leading to subsequent T cell activation
[142]. Antigens presented by DC through MHC-II are recognized by T cell receptors (TCR),
this interaction is stabilized by the DC proteins CD80/CD86 that interact with the membrane
T-cell receptor CD28, leading to a signaling cascade that promotes T cell activation.

In contrast to an antigen challenge, specific stimuli, such as the cytokines IL-27 or IL-10, or
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Table 1.1 Main immune cell models that will be studied in higher detail in this thesis. This table summarizes
the key immune cell features describe in in vitro models. Description of DC features are focused on monocyte-
derived DC. [170] [212][210][1][180][204][60]

| Cell type | Surface markers and nuclear receptors | Cytokines production | Factors induce their development | Main function
_ LPS
MHCI"eh IL-6 INF-y Pathogen defence,
M1 CD8gohigh 1L-12 GM-CSF Pro-inflammatory actions,
CD8ehigh IL-23 Intracellular pathogens Antigen presentation
Bacterial components
MHCIhigh 1L-4 1L-4 Tlss.u_e repairment
M2 CD163high IL10 Fungal cells Anti-inflammatory actions
TGF-$ Parasites Resolution of inflammation
CD14 IL-6
iDC CDllc 1L-12p70 &%CSF Plasticity development
CD209 IL-23
MHCIIhigh IL-27
CD8e"e" IL-12p70 INF-y Pro ignﬁalsqmalo actions
CD209 IL-23 y
ILT-3 & ILT-4 27
CDlle IL-10 Treg development
itolDC | MHCII®Y IL-10 " ) g develop )
CD80'Y Corticosteroids Anti-inflammatory actions
CD86loV Vitamin D
CD4
CXCR3 TNF INF-y Promotes APC function
Thl STAT4 INF IL-12 Promotes Tc activation
AP-1'ov Y IL-18 Intracellular pathogen defence
NEAT/Ow
CD4
CCR4
AP-[high IL-4 L4
Th2 NFAThigh 1L-5 L-23 Extracellular pathogen defence
GATA-3 IL-13
c-maf
STAT6
1-6
CTLA-4 1L-4 Enhances tolerance
Treg IL10 .. .
Foxp3 IL-10 Anti-inflammatory actions
1L-21
Fas ligand (FASL) Perforins IL-2
NK cells | IL-2R INF-y 1L-7 Induce apoptosis in anomalous cells
CD56 TNF IL15

treatment with corticosteroids or 1,25(0OH),D3 [152][167][153] can induce anti-inflammatory
DC populations characterised by their capacity to suppress T cell effector responses and pro-
mote the development of T regulatory (Treg) cells. This type of DCs is commonly referred to
as tolerogenic DC (tolDC) and their phenotype is characterised by the reduction of CD80 and
CD86, decreased production of pro-inflammatory cytokines [227] and enhanced production
of anti-inflammatory cytokines such as IL-10 [40][200].
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1.3.2 Lymphoid cells

Lymphoid cells are characterised by their ability to produce a more specific response to
pathogens based on their response to antigens presented by APC. There are three main groups
of lymphoid cells (figure 1.3): B cells, T cells and natural killer (NK) cells. Morphologically
these cells are hard to distinguish but they can be defined by specific cell surface cluster
designation (CD) markers. Broadly speaking, lymphocytes can act as effector cells in
primary responses when they recognize antigen for the first time, triggering adaptive immune
responses to counteract infection. Otherwise, lymphoid cells exist in a resting state until
subsequent exposure to a specific antigen facilitates faster adaptive immune responses. These
cells are known as memory T cells.

T cells

Lymphoid precursor cells that arise in the bone marrow travel as PBMCs through the
bloodstream to the primary lymphoid organ known as thymus. Here, immature T cells,
known as thymocytes, undergo complex cell differentiation into different T cell subtypes. In
particular, all T cells undergo two checkpoints that will determine their correct development:
1) T cells that can recognise self MHC are selected to survive (positive selection); 2) T cells
that interact with high affinity to self-antigens are selectively “killed” (negative selection).
With this selection mechanism the lineage of T cells generated through this process guarantees
effective recognition of, and response to, foreign antigens presented by the host APC. T cells
can then start an effector immune response whilst avoiding generation of T cells reactive to
host components. Broadly speaking, this maturation of T cells result in the generation of
three types of T cells: 1) T helper (Th) cells; 2) T cytotoxic (Tc) cells; 3) Treg cells.

T helper vs cytotoxic T cells

Th cells can be considered as assistance cells needed for optimal immune response to
infection. Within this group, Thl and Th17 cells constitute a subgroup of Th cells that
enhances and modulates inflammatory immune cell-mediated responses including APC and
Tc activation in response to extracellular pathogens (restricted to bacteria and fungi) [147].
Th2 and follicular T cells (Tfh) are involved in modulation of antibody (humoral) immune
defense that includes defense against more complex organisms such as parasitic worms
(helminths) [147]. In contrast, T cytotoxic cells are involved in the direct induction of cell
death and liberation of proinflammatory signals in response to infection [267].
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T regulatory cells

The major responsibility of the thymus is to provide an optimal environment for T cell
development and effector immune responses to specific pathogen challenges. The thymus
also functions to generate the machinery needed for maintenance of self-tolerance - in other
words, generation of a subpopulation of T cells that does not attack the host. Whereas Th
and Tc cells function as effector immune cells, promoting immune response, Treg cells are
involved in anti-inflammatory responses that suppress inflammation. Treg are a subpopulation
of CD4+ T cells characterized by high expression of Foxp3, CTLA-4, IL-2 receptor and
CD25 markers. As G.Plitas and A. Rudensky explains in their review [195], the homeostatic
properties of Treg are able to repress the actions of various types of effector cells. For
instance, a major characteristic of Treg is production of the tolerogenic cytokine IL-10,
whose functions include the suppression of Th17 cell activity in inflammation [40]. Treg are
also able to down-regulate expression of mature markers of DC such as CD80 and CD86
through signaling induced by the T cell surface protein CTLA-4 [260]. Furthermore, it has
been shown that high expression of IL-2 receptor by Treg is crucial in limiting the availability
of IL2, essential interleukin needed for activation of other T cell groups such as CD8+ cells
[42]. Ultimately, Treg are essential for the control and resolution of immune responses, and
failure in their development or functionality can lead to dysregulation of the immune system
resulting in autoimmune disorders.

NK cells

The vast majority of NK cells develop in very specific niches from the CLP in the bone marrow
[1] but recent studies suggest that NK cells also develop in secondary lymphoid organs such
as the spleen [71]. When they are fully differentiated they travel through the bloodstream
providing 5-15% of the total PBMC population in adult humans [71]. Interestingly, this class
of lymphoid cells seems to be crucial for the development of the decidual tissue that facilitates
the connection between the fetus and the mother early in pregnancy, where NK cells make
up 50-90% of the whole population of lymphoid cells located at the maternal-fetal interface
[120] [31]. The classical role of NK cells is to recognize cells that are malfunctioning due
to pathogen infection, or cells that have undergone development into cancer. The direct
mechanism in which NK cells kill defective cells is by the liberation of specific proteins
known as granzymes, proteases that activate apoptosis programming that induces DNA
fragmentation, and perforins, monomers that once liberated form a pore in the target cell
promoting cell apoptosis. Finally, NK cells can induce cell-death via the expression of
Fas ligand (FasL), that when it interacts with its receptor Fas, that is over-expressed in
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malfunctioning cells [187], induces a signaling apoptotic pathway. Interestingly, the NK cells
that are abundant in the decidua (also known as uterine NK cells) have less cytotoxic innate
immune actions than blood NK cells, and instead appear to facilitate the arterial remodelling
that is crucial for placental development [209].

B cells

Lymphoid cellular responses are mostly carried out by T and NK cells where they mediate
direct actions to promote the elimination of pathogens or damaged cells, and to modulate
other immune cells via the release of specific cytokines. Other immune responses do not
depend on direct actions of immune cells but, instead, involve the production and release of
antibodies as part of the humoral immune response. These cells are B cells.

The progenitor of B cells is the CLP that resides in the bone marrow, and B cell devel-
opment takes place in the bone marrow and secondary lymphoid organs such as the spleen,
resulting in the generation of memory B cells and plasma cells [103]. B cells express the
transmembrane protein known as B cell receptor (BCR) that, after specifically recognising
a specific antigen, will start a signaling cascade that will determine B cell activation. Fur-
thermore, mature B cells are capable of producing different immunoglobulins, also known
as antibodies: IgA, IgD, IgE, IgG and IgM. Once released, these immune molecules can
bind directly to the pathogen and neutralize it directly, avoiding any interaction with the host
and tagging it for its elimination. Alternatively, antibodies can promote the formation of the
complement system in order to kill the pathogen by its lysis or the induction of cell-mediated
elimination [103]. Finally, inactive B cells, once they interact with a specific antigen undergo
into an activation process that is characterised by enhance B cell proliferation and increase
secretion of specific antibodies. The initials antibodies generated in B cells will be located in
the cell membrane serving as a membrane receptor for the specific antigen [8].

1.4 Role of vitamin D in different immune cell types

The immune system of higher organisms has evolved to an interconnected complex of
specialized tissues, cells and molecules which work together to defend the host from different
kinds of extracellular and intracellular pathogens, as well as challenges by damage-associated
molecules from the host itself. The idea that vitamin D could play a role in regulating innate
and/or adaptive immunity stems from two observations that were made more than 30 years
ago: 1) that many cells from the immune system express VDR [20] [198] [128] [233]
[28][150]; 2) that, under specific conditions antigen-presenting cells such as macrophages
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have the ability to synthesize 1,25(OH),D3 from 250HD3 [264]. These initial observations
have since been expanded to include possible effects of vitamin D on many cells from the
immune system as outlined below (figure 1.4).
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Fig. 1.4 Autocrine and paracrine actions of vitamin D in innate immune cells and its effects on adaptive
immune cells. Macrophages and dendritic cells express CYP27B1, capable to synthesise 1,25(OH),D3 from
25(0OH)D. The active form of vitamin D regulates gene expression in cells that express vitamin D receptor
(VDR) stimulating or inhibiting immune actions depending on the cell type.

1.4.1 Myeloid cells and vitamin D

The initial link between vitamin D and myeloid cells was the observation that 1,25(OH),D3
can act on monocytes expressing the VDR to inhibit their proliferation [56]. However, more
recent studies have focused on the role of vitamin D in enhancing the antibacterial properties
of myeloid cells such as monocytes and macrophages [98]. The molecular mechanism by
which 1,25(OH),D3 promotes antibacterial responses involves the activation of CYP27B1
and VDR expression following immune challenge [145], and the subsequent binding of
1,25(0OH);D3-bound VDR to DNA VDRE in the gene promoters of antibacterial factors such
as cathelicidin and (3-defensin 4A (DEFB4A) [254]. These responses appear to be mediated
by pathogen pattern recognition by Toll-like receptors 1 and 2 (TLR-1 and TLR-2)[254],
which promotes enhanced expression of CYP27B1 in macrophages and DCs, suggesting
that some myeloid-derived cells are capable to synthesize locally 1,25(OH);D3 and, in this
way, promote and intracrine/paracrine antibacterial responses to the pathogen [145]. This
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antibacterial effect of 1,25(OH),D3 is particularly important for intracellular pathogens such
as Mycobacterium tuberculosis (M. tb), with 1,25(OH),D3 also promoting autophagy to
enhance the autophagosomal environment in which M. Tb can be killed [33].

In contrast to its positive impact on antibacterial responses, vitamin D also promotes anti-
inflammatory responses in macrophages and DC, consistent with its tolerogenic function
[91]. Tolerance is a part of the immune system that aims to recognise structures that are from
the host versus those that are from non-host components. Failure of this system may lead
to autoimmune diseases that are characterised by the activity of immune cells towards host
cells and tissues. The correct development of specific cells is needed for the maintenance
of self-tolerance. In particular, this requires coordinated actions of DC and T cells. TolDCs
are a subtype of DCs where maturation has been suppressed, resulting in lower expression
of CD80/CD86 and MHCII thereby modulating the ability of these cells to promote CD4+
effector T cell activation. Tolerogenic effects of vitamin D in DC are characterised by
the suppression of the expression of CD80/CD86 and MHCII and enhanced expression of
tolerogenic markers such as IL-10, IL-27 and CD11c [186]. Since IL-10 induces anergy in T
effector cells and promotes differentiation of Treg [89], vitamin D-induced tolDC may be

crucial in the maintenance of immune tolerance.

1.4.2 Lymphoid cells and vitamin D

As well as modulating T cell function through indirect effects on DC phenotype mentioned
above, 1,25(0OH);D3 can also act directly on T cells and B cells expressing VDR. Interest-
ingly, resting, non-activated T cells and B cells have low or undetectable levels of VDR,
which is only significantly expressed following immunogenic activation with the onset of
Iymphocyte proliferation [21] [198]. Studies have shown that overall 1,25(0OH);D3 has a
negative effect on proliferation in T cells [203] and inhibits the proinflammatory response
of Th1 and Th17 [35] [116] populations, whilst promoting the anti-inflammatory Th2 [26]
and Treg populations [110]. Finally, studies have shown that 1,25(OH),D3 has similar
anti-proliferation effects in B cell populations as observed in T cells, and also decreases the
capacity for plasma cell differentiation and reduces the Ig production [41].

For the final group of lymphoid cells, NK cells, the effects of vitamin D are much less
well understood. NK cells have the same lymphoid progenitor as T and B cells but no antigen
receptors and also are considered part of the innate immune system. As their name suggests,
NK cells are specialized in the “killing” of malfunctioning cells such as tumors or infected
cells [184]. This is based on sensing MHC-I levels in the target cells to establish a tight
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interaction, and the subsequent induction of apoptosis in the target by the release of FasL
and granules that contain perforin and granzyme proteases to enable cell lysis. However,
NK cells can also function as part of normal, healthy, physiology. In pregnancy, it has been
shown that NK cells from the maternal uterus (uNK) play a key role in maintaining the
healthy development of the maternal-fetal interface. This tissue-specific type of NK cells
has important non-cytotoxic roles in processes such as placental vascular formation and
cell factor production [224]. The importance of uNK in maintaining normal pregnancy is
illustrated by recent studies showing a role for uNK dysfunction in recurrent pregnancy loss
(RPL) [78]. Relatively little is known about the impact of vitamin D in NK cells in general,
but studies have shown regulatory effects of 1,25(0OH),;D3 on uNK [178] that may help to
explain the possible link between vitamin D-deficiency and RPL [177].

1.5 Functional genomics analysis

The role of vitamin D as a modulator of gene expression in immune cells has been studied in
detail thanks to genomic analysis [47]. Large scale gene expression datasets from different
immune cells treated with different forms of vitamin D have been generated in the last
decade, contributing to the understanding of the transcriptomic impact of vitamin D on the
immune system. However, the generation of this kind of data is considered only the first
step in a larger journey of understanding of how a biological system responds to a particular
stimulus. Further analysis is required to interpret the large datasets created by transcriptomic
or proteomic analyses, and this approach is broadly referred to as ‘Bioinformatics’. The
field of Bioinformatics is a biomedical science in which computational techniques are
created to simplify and shorten large-scale data processing and analysis. Here, we explain
how different bioinformatics tools can be used to statistically analyse and biologically
contextualize transcriptomic datasets in the setting of different aspects of molecular biology
in a user-friendly way via the following steps: 1) retrieving transcriptomic data for quality-
control analysis; 2) identification of biological pathways altered by a particular treatment or
disease based on the dataset; 3) network expansion of identified biological pathways with
molecule-molecule interactions using additional databases; 4) visualization and interpretation
of the results (figure 1.5).

1.5.1 Biological databases

Biomolecular data and knowledge is stored in biological databases serving as libraries that
compile experimental work from different molecular fields of biomedical science, creating
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Fig. 1.5 The application of bioinformatic tools for analysis of transcriptomic datasets. Schematic representation
of the bioinformatic pipeline used in this project to analyse raw gene expression data and identify key pathways
affected by 1,25(OH),;D3. 1) Quality of unprocessed raw gene expression data was analysed and normalized
using ArrayAnalysis web-tool. 2) Normalized and processed data was used to identify biological pathways
altered based on the statistical parameters using PathVisio. 3) Cytoscape was used to analyse a subset of genes
to identify enriched gene ontology terms and extend biological network with gene-molecule interactions such as
miRNA. 5) The interpretation of the results gave new light into the role of vitamin D in the immune biological
system.

several specialized repositories that contain information about the nature, reaction and in-
teraction of biomolecules. Open databases make possible the usage of this information to
exploit datasets at many biological levels, providing additional puzzle pieces to a whole
picture of a system. In this PhD project, experimental datasets were used as the first pillar of
a network, with this pillar being extended by pathway analysis using molecular information
from different databases to build an expanded biological network that allowed us to better
understand how the individual components of a biological system interact. In this particular
study, analysis of gene expression public datasets using pathway analysis strategies identified
pathways that were significantly altered by treatment with 1,25(OH),D3 in different immune
cell types. This analysis could then be visually represented by tools such as Cytoscape to
provide a further layer of information from the data stored in external public repositories.

Previous studies have reported that vitamin D also affects the expression of specific mi-
croRNAs (miRNA), thereby influencing post-transcriptional regulation of gene expression in
target cells. Therefore in our analysis, we also linked information from miRTarBase [44] and
miRbBase [127] to study the potential regulation between the subsets of genes identified in
the transcriptomic analyses, and the miRNAs that they interact with. In this way, functional
genomic experiments assessing the impact of vitamin D on miRNA and mRNA expression
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in immune cell models can be used to create a biological network that displays the relation
between gene and miRNA expression data.

1.5.2 Transcriptomic data processing

Many studies in biomedical science have arisen from experiments showing transcriptomic
changes under specific in vitro or in vivo conditions for a particular cell or organism. In
most cases, this results in the generation of a list of differentially expressed genes for defined
treatments/conditions. With the modernization of sequencing techniques it is possible to
generate detailed functional genomics data of an organism model in a fast and cheap manner.
The popularity of these techniques has led to the generation of enormous quantities of
genomics data in a short period of time, which has brought problems in terms of storage,
accessibility and analysis of these data. These issues have created an interesting debate in the
science community, leading to the concept of FAIR data [259] which states that data has to
be Findable, Accessible, Interoperable and Reusable. Because of FAIR, in publications it is
now good practice and, sometimes compulsory, to upload any functional data generated to
public repositories and generate a form where a detailed experimental description is provided
together with (un)processed data. The most common public repositories for omics data
are Gene Expression Omnibus (GEO) [63] and Array Express (AE) [12], on-line portals
where functional genomic data and sequencing techniques, such as microarray, RNA-seq and
ChIP-seq are findable with key words related to the study. The corresponding web-page of
the study provides experimental information such as the type of organism used, description of
the generation of each sample, the analytical platform used to assess gene expression and the
actual data. Finally, unprocessed (raw) data, obtained from gene expression assays, will be
provided in a specific format that will depend on the technique and platform used, therefore
this creates an additional issue to the reproducibility of the analysis tools. Functional analysis
of transcriptomic datasets requires three important steps: quality control of the data, data
normalization and statistical analysis . The first step consists on the analysis of the 1) quality
control of the experimental raw data that will indicate if there has been any technical issues
that could affect the result, which will lead to the question if the removal of any sample for
the analysis is needed; 2) a normalization strategy based on the idea that in a gene expression
analysis, overall gene expression is not altered and variations in overall expressions between
samples must be removed without affecting the dynamic profile. Thus, a normalization
method is applied to equalise the mean intensities of all samples; 3) a statistical approach is
carried out to reveal which genes are significantly altered under certain conditions and finally
4) gene annotation step assignates gene IDs to the individual gene expressions measured
from a specific gene database.
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1.5.3 Pathway analysis

Using available high-throughput genomics data often makes it possible to retrieve a full
overview of the changes in gene expression that occur in a particular biological system. Such
data are valuable for understanding the molecular changes within cells or tissues. Normally,
the initial hypothesis of a study forces the researcher to focus on one specific part of the
system, often resulting in the analysis of only a small part of the genes analysed to test the
initial hypothesis. However, greater biological insight can be achieved when the effect on all
measurable genes is considered and analysed. Thanks to the development of bioinformatics
tools and the generation of databases of different biological features, it is now possible to
exploit functional genomic data at many levels.

WikiPathways

In the history of biochemistry and biomedical research, in order to describe molecular
reactions and interactions, schematic representations were used to explain the theoretical
molecular dynamics that were described in a cell or tissue. In this modern era, the com-
putational adaptation of these diagrams has allowed the science community to represent
biological diagrams that represent these dynamics in a standardized, open and reproducible
way. In consequence, within the last two decades there has been a great interest in the
annotation of biological pathways in databases for research usage; resulting in the creation of
online libraries that contain collections of diagrams that represent biological processes which
are available for their free use, such as the well known KEGG and Reactome repositories.

In the current project, we have focused on the usage of a specific pathway repository:
WikiPathways. WikiPathway is an open, free and user-friendly pathway repository which
includes diagrams representing biological pathways from over 25 different species. Since it
is an open database, everyone can join the community and create a new biological pathway in
the database to be curated and used by other users. The WikiPathways curation team consists
of a joint collaboration between different international Universities and institutions having
over 730 contributors [222] that weekly curates old and new pathways in order to keep a
complete and valid database that contains biological processes from different cell types that
are referenced with published studies. To date, in March 2020, there are more than 2800
pathways registered in WikiPathways that, with the community’s work, covers over 11500
unique human protein coding genes [222].

Each pathway is formed by nodes representing biomolecules (genes, proteins and metabo-
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lites) connected by edges that represent reactions, mobility or interactions. The striking
feature of this format is that each feature of the pathway contains detailed information of
the gene, protein or metabolite. The key to these annotations is the link between different
related biomolecule IDs provided by the BridgeDb software that allows the connection of
the pathway nodes to other databases or experimental datasets [242]. For instance, in most
cases, each gene node can be linked to gene identifiers from several databases such as Entrez,
Ensembl, Agilent, [lumina, etc; and metabolite nodes can be linked to well-known databases,
e.g ChEBI and HMDB [222]. This link between databases allows the user to analyse omics
experimental data at the pathway level with the objective to perform a statistical pathway
analysis or plot and visualize the data in the pathway diagrams.

PathVisio

PathVisio [136] is a user-friendly bioinformatics software tool that contains several features
that make it possible to have a better understanding of biological mechanisms. This program
is capable of performing a pathway analysis with three main functions: pathway editing, omic
data visualization, and pathway statistics analysis. Combining all this together, PathVisio has
the potential to study and compare experimental datasets at the pathway level, highlighting
potential biological processes that might be altered under certain conditions [136]. Pathway
creation and annotation are crucial to portray biological processes in diagrams that represent
the dynamics of biomolecules. PathVisio’s extensive editing features allows the user to create
a completely new pathway using graphical objects to represent the biological components.
The BridgeDb database annotation included in PathVisio, enables the cross annotation of
each node-component, like genes/proteins and metabolites of the pathway allowing the link
between the pathway components and external omics databases. With the WikiPathways
plugin for PathVisio a created pathway can be uploaded to the WikiPathway repository where
it will be curated by the community promoting the growth of the platform by professional
researchers from different fields. Furthermore, with the mentioned plug-in, the user can also
locally download every pathway stored in the repository for editing and data-visualization.

PathVisio also provides the option to visualize experimental data in the pathway, data
is linked from each biomolecule measured to every node in the pathway. Providing logical
rules based on data parameters from the dataset provided, it is possible to colour the nodes
showing how, for example, the expression of a gene changes based on the experimental
conditions. Furthermore, different types of omics data, such as transcriptomic, metabolomic
or proteomic, can be incorporated in the same analysis in PathVisio being able to provide a
more detailed analysis of a system. Finally, as the study that we have performed in Chapter
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4 shows, it is possible to compare different dataset of the same nature but from different
organism or cell models using this software [136]. The last major feature of PathVisio is the
performance of a statistical pathway analysis that will highlight the most significant pathways
altered considering the experimental dataset provided. This strategy aims to consider an
entire omics data and contextualize it at the pathway level based on a logical statistical
rule. PathVisio performs an over-representation analysis which is evaluated by Z score
calculated by a statistical test that follows a hypergeometric distribution. This statistical
approach takes into account the components that are annotated in the pathways, all the
biomolecule-identifiers from dataset that are present in at least one pathway and the ones
that satisfies the criteria established in the logical rule [136]. The output of this analysis is a
ranked list of pathways that are significantly altered based on an experimental dataset.

1.5.4 Integrative network analysis

Biomedical science is living an era where the capacity of generation and analysis of data
has become one of the priorities for research. The generation of large scale datasets and
the continuous databases growing faces us with the problem of having to connect different
aspects of molecular biology to understand how a whole system works. One solution is the
representation of such associations by the generation of biological networks that represent
molecular dynamics or interactions. Here we will describe the software tools and databases
that we have used to exploit public dataset that have studied the role of vitamin D in different

immune cell models previously analysed at the pathway level.

Cytoscape

Cytoscape is an open-source network analysis software tool that enables the analysis of large
scale datasets that can be used to study biomolecular interactions from functional experi-
mental data. The main feature of Cytoscape is to analyse and visualize data as a network
perspective easing the identification potential interactions within the biological components
included in the datasets (https://cytoscape.org/). Cytoscape can integrate data from real exper-
imental datasets generating nodes connected by edges representing the interactions between
biomolecules. The generation of a biological network is accompanied by the integration of
attributes to the nodes and edges using annotations from either parameters of the dataset
used or information of molecular aspects from external databases. These annotations in
combination with the use of dedicated Cytoscape apps allows the selection of the network
components for selective manipulation, gene expression changes visualization and generation
of subnetworks for further analysis. [219].
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In the first part of our analysis, we were able to identify a subset of genes that were commonly
regulated by vitamin D in different immune cell models. Different apps are available for
Cytoscape that exploits data at many molecular biology levels. For instance, it is possible to
represent the WikiPathways diagrams in Cytoscape either as a pathway or in network format
for data visualization and analysis [134]. Gene ontology analysis using the ClueGO app
can be performed to identify enriched biological terms in a defined cluster of genes, and the
app can show the overrepresented gene ontology terms and pathways [164]. Furthermore,
it is possible to extend these results by the use of different databases to identify and study
validated gene-molecule interactions such as with miRNAs using the CyTargetLinker app
[133] or protein-protein interactions using String app [61]. Finally, as we described before
for PathVisio, Cytoscape offers the possibility to incorporate experimental parameters in the
network and to customize the network layout to represent the experimental results based on
for instance color rules.

Reporter metabolite analysis: RAVEN tool

In addition to the development of pathway analysis tools to better interpret changes in mRNA
and protein expression on a genome/proteome-wide basis, the creation of large databases
of metabolites, enzymes and their reactions has provided new tools to better understand
the complexity of the cell metabolic status of the cell. In this PhD project, the initial
observation of 1,25(OH),D3-induced changes in DC metabolism based on pathway analysis
of genomic data, prompted us to use metabolomic bioinformatic tools to further investigate
the transcriptomic datasets and better understand the metabolic status of the different immune
cells based in the presence of vitamin D. Gene expression datasets can be contextualized in a
metabolism system using the RAVEN toolbox that uses a metabolomic map where enzymes,
metabolites and reactions are documented in a database. The RAVEN toolbox is a Matlab
based software that, among its utilities, is capable of taking into account gene expression
data into a metabolic map, implemented in a database. This feature can be used to highlight
metabolic aspects of vitamin D in the immune system. Thanks to the implementation of the
RAVEN bioinformatic software, it is possible to report potential metabolites, considered
hot points of regulation, using gene expression datasets [253]. The results of the reporter
metabolite analysis, revealed interesting aspects of the role of 1,25(OH),D3 in DC cell
metabolism and provided the foundation for the second part of the project and helped with
the wet-lab experiment design and decision making. Finally, the interpretation of all the
bioinformatic results from available data was the preparatory step to the wet-lab approaches



1.6 Objectives. A return journey: from dry to wet lab 25

and, in the same way, bioinformatic tools were used to help to interpret the results of the
wet-lab experiments; keeping in contact with the two fields of science.

1.6 Objectives. A return journey: from dry to wet lab

The overarching aim of this PhD project was to connect wet and dry laboratories. We
used bioinformatic tools to explore the effects of vitamin D on global gene expression and
biological processes in immune cells, and wet laboratory experiments to validate these effects
and to explore them in more depth (figure 1.6). Most conventional biomedical research
studies consist of the following sequential events: formulation of a hypothesis, experiment
design, laboratory approach, analysis and discussion of results. Here we decided to start
our project with an additional first step: analysis and exploitation of available transcrip-
tomics data that is related to the central hypothesis.

Bioinformatic analysis of publicly-available gene expression datasets enables identifica-
tion of previously unrecognised biological responses to vitamin D of immune cells.

To test this hypothesis the PhD project commenced at Maastricht University to define
the types of bioinformatic workflows that could be used to explore vitamin D function
in specific target cells (see Chapter 2). The second step, also carried out at Maastricht
University, was to select available gene expression datasets that could be applied to the
bioinformatic workflows designed for in-depth analysis of vitamin D function. Here we
chose to analyse myeloid immune cells because of the relative abundance of gene expres-
sion datasets available for related myeloid cell types (monocytes, macrophages and DC).
Selection of datasets was restricted to studies that assessed the myeloid cell impact of the
active form of vitamin D, 1,25(OH),D3 (see Chapter 4). The third phase of the PhD was to
apply information and strategies developed in Chapter 2 to ongoing studies of vitamin D
within teams at the University of Birmingham. Here the objective was to use new bioinfor-
matic strategies to improve interpretation of experimentally-generated datasets from
non-classical (decidua) vitamin D target tissues (see Chapter 3). The final stage of the
PhD at the University of Birmingham was to carry out experimental laboratory work based on
information derived from studies in Chapters 2-4. In this case, studies of primary cultures
of human DC were carried out to explore in greater detail the bioinformatic identification of
1,25(0OH);D3-induced changes in cell metabolism as a major feature of immune responses to
vitamin D (see Chapter 5).
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The overall conclusion from studies is that comprehensive, statistically defined, analysis of
transcriptomic datasets in a ‘dry lab’ environment enables identification of key regulatory
pathways for vitamin D for more refined and targeted analysis in ‘wet lab’ experiments. This
approach streamlined experimental design and greatly accelerated novel findings from exper-
imental studies. In addition, the bioinformatic approaches identified in this PhD provided an
improved system for assessing the impact of vitamin D on different tissues and cells. Our
experimental lab research focused on the effects of 1,25(OH),D3 on immunometabolism
in several types of DC, highlighting the ability of this hormone to promote tolerogenic DC
development. This, together with initial findings from the analysis of public gene expression
datasets in the first stage of this PhD, led to our novel finding that 1,25(OH),D3 is a key
regulator of fatty acid synthesis in DC.

DRY-WET
Pl LAB CYCLE

Fig. 1.6 A role for bioinformatics in the interpretation and design of experimental research. The two fields
of wet and dry lab are in constant contact in biomedical research leading to a cycle work routine in which
experiment can be designed based on previous dry-lab analysis and the results of these experiments can be
analysed with the same tools.
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2.1 Abstract

The first part of this PhD project was aimed at identifying workflows that connect experimen-
tal laboratory studies and bioinformatic research to better understand genomic datasets on
multiple levels. Open access data sources and the availability of numerous bioinformatics
tools has enabled the creation of various pipelines capable of analysing complex biological
models, but the lack of connectivity between bioinformatic workflows complicates their
effectiveness. Here, we present a detailed description of a workflow composed of differ-
ent bioinformatics tools that exploits data from large-scale gene expression experiments,
contextualizing them at many biological levels. To illustrate the relevance of our workflow
for the vitamin D community we applied it to data from myeloid cell models treated with
the hormonally active form of vitamin D. From raw files of functional genomic studies
it is possible to utilize complete transcriptomic information to obtain a better biological
insight into the model being studied. Different software and algorithms are included to
analyse at pathway, metabolic, ontology and molecular biology level the effects of altered
gene expression. Furthermore, the use of different databases to analyse gene expression
data allows us to perform a complete interpretation of functional genomic studies, and the
implementation of analysis and visualization software tools enabled better interpretation of
the results. This review is an example of how to select and bring together several software
modules to create one pipeline that processes and analyses genomic data at several biological
levels making it open, reproducible and user friendly. The primary outcome of the integrated
multifaceted bioinformatic pipeline was the identification of a novel metabolic function for
vitamin D in antigen-presenting dendritic cells. However, as part of the wider PhD project,
this strategy was also applied to other biological systems to enable an unbiased and novel
analysis of the effects of vitamin D in different cells models.

Vitamin D =
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2.2 Introduction

The wealth of data produced in the last decades as a result of functional genomic studies has
greatly contributed to our understanding of how nutritional factors affect biological processes.
In the field of vitamin D research, many genomic studies have investigated effects of the
active hormonal form of vitamin D (1,25 dihydroxyvitamin D3 (1,25(0OH),;D3)) at gene
and/or protein level in various cell types [231, 27, 70]. However, an in depth analysis of the
functional consequences of large-scale molecular changes is often lacking. In the current
paper we showcase a straightforward and available bioinformatic workflow to perform an
advanced, flexible and integrative analysis of high-throughput transcriptomic data.

2.2.1 Transcriptomic data

To store, share and re-use the generated high-throughput data, online available storage
databases, i.e. gene expression omnibus (GEO [50]) and ArrayExpress [182], were developed.
Initially, these databases captured transcriptomic data from microarray studies, but nowadays
they contain a variety of molecular data including sequencing data. Also vitamin D related
large-scale expression studies are available online and contain data from different cell types
and tissues in various species. Together with the continuous growth of transcriptomic
data, comes the difficulty of processing and interpreting it at functional level. Most of the
expression studies are lacking dry lab applications that make it possible to exploit the entirety
of the experimental data. Simultaneously with data generation an increasing number of
informatics tools have been created to allow data analysis, resulting in the bioscience field
known as bioinformatics. The main aim of this development is to process, interpret and
integrate data in a more efficient and reproducible way. One of the biggest obstacles to make
this possible and to create a better link between experiment data generation and analysis is
the lack of a documentation that explains to researchers from different science backgrounds
how to use various tools for a main purpose to decipher data for biological interpretation.

2.2.2 Bioinformatics tools

The application of bioinformatics tools in bioscience research helps to interpret data and
will generate research questions that mark the starting point of experimental validation
studies. An additional advantage of the implementation of open bioinformatics tools is
the possibility to analyze public genomic datasets from repositories enabling the screening
of previous studies with a straightforward protocol. In the current paper the application
of a straightforward bioinformatics workflow to (re-)analyze transcriptomic data will be
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explained in relation to vitamin D studies. In our previous paper [81] we implemented and
used a bioinformatics pipeline resulting in new insights into the role of 1,25(OH);D3 in
immunometabolism processes in the innate immune system. Here, the applied tools and
methods will be demonstrated and extended to provide a complete overview of analysis steps

needed for functional data analysis.

2.2.3 Data analysis workflow

The guide of our data analysis pipeline includes several bioinformatics tools grouped in a
workflow that exploits transcriptomic data and positions them into a functional biological
context. Once the datasets of interest have been selected, the first step consists of the
application of open and free analysis modules in ArrayAnalysis [64] to check the quality,
normalize, and process raw transcriptomic data obtaining the parameters that show the gene
expression changes. Second, the processed dataset is used in PathVisio [136], an open and
freely available biological pathway editor and analysis tool, to perform a statistical analysis
that highlights the biological processes that are significantly altered. Moreover, in the pathway
diagrams, using the pathway repository of WikiPathways [221], which includes all types
of biological processes, the changes in gene expression are visualized in a comprehensive
manner. In addition, newly created vitamin D-related pathways, using the program PathVisio,
were added to the human pathway collection of WikiPathways. Third, to study metabolic
processes affected based on gene expression data, the RAVEN toolbox is used to identify
crucial regulation points of a metabolic model [7]. Fourth, to retrieve more information about
an affected pathway, existing knowledge on factors that are related to the pathway genes are
added to the pathway using the network analysis tool, Cytoscape [223] and Cytoscape apps,
i.e., WikiPathways app [134] and CyTargetLinker app [133]. Finally, the overrepresented
gene ontology classes in a selected subset of genes are visualized in a network using the
Cytoscape app, ClueGO [22].
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2.3 Materials and methods

2.3.1 Retrieving gene expression data from public repositories

Open sources promote the generation of platforms where data is curated and shared by the
scientific community to encourage access, usage and promote experimental reproducibility.
In the recent years, an increasing number of publications related to gene expression studies are
accompanied by a datasheet archived in a data repository that contains detailed information
about the experiment and the raw and/or processed gene expression datasets. The two most
known repositories are ArrayExpress (https://www.ebi.ac.uk/arrayexpress/, [121]) and Gene
Expression Omnibus (GEO, http://ncbi.nlm.nih.gov/geo/, [63]). It is possible to explore these
repositories to find genomic data by specifying keywords that are related to the biological
question of interest such as organism, cell type, gene, molecule, type experiment, etc.
Detailed information is available on each dataset from ArrayExpress and GEO containing
value information of the experiment and, if it is available, the publication related to it. The
experimental page gives an overview of the laboratory protocol design which includes a
detailed explanation of each samples characteristics, making it possible to keep track of the
data for each sample in further analyses.

2.3.2 Sharing large-scale expression studies

In every case, the result of microarray analysis is uploaded to make it publically available
to the scientific community. This kind of format depends on the platform used in the
experimental design and different approaches are needed depending on the format of this
data. In the vast majority of the cases, the raw data is available which promotes the analysis
of its quality and the possibility to detect anomalies in arrays and remove them in further
steps. Alternatively, authors also submit normalized gene expression data provided with
information detailed of which methodology was used to process it.

2.3.3 Selection vitamin D-related transcriptomic studies in immune

cells

The comparison of different datasets requires selection criteria that will allow that any
conclusion obtained of this analysis will have a logical interpretation. The criteria followed
to select datasets of myeloid cells treated with vitamin D was based on the experiment design
that was set to study the effects of vitamin D at gene expression level. First, the cell model
has to be related to the myeloid family, more specifically, cells derived from monocytes.
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Secondly, in all cases cells were treated with 10-100 nM of the active form of vitamin
D (1,25(0OH),D3) and all datasets that used analogs or other forms of the hormone were
excluded. Moreover, the duration of the treatment was restricted to a minimum of 24 h and a
maximum of 5 days of treatment. Finally, only studies in human cells that used microarray

technology were selected.

2.3.4 Processing raw gene expression data: ArrayAnalysis

In transcriptomic data analysis, it is assumed that most of the genes measured will not be
changed in the different conditions. Differences in gene expression can be caused by the
experimental conditions, but also the methodology followed can provoke unwanted variations
that must be removed. The department of bioinformatics of the Maastricht University
(Bioinformatics-BiGCaT) has developed a workflow that can process raw gene expression
data applying a quality control (QC) module, statistical analysis and pathway analysis to
gene expression data: http://arrayanalysis.org/ [64].

2.3.5 ArrayAnalysis modules

The first module of array QC consists in uploading raw gene expression data with simple
annotation that specifies the group of each array. This first approach analyses the un-
processed data and will create a report that includes quality control plots that are grouped
in categories including: sample quality, hybridization quality, signal comparability and
biases and array correlation. All this together will be included in a QC report that will
show the quality of the array intensities contributing to the detection of faulty arrays that
can be removed from further steps in the analysis. Secondly, the pre-processing module
of ArrayAnalysis performs a background correction and intensity normalization. Several
normalization methods are available, including RMA, gcRMA, MASS and Plier. In this
second module, the re-annotation of the data is also included, making it possible to assign
probes with alternative gene identification databases (i.e Ensembl, ENTREZ, UniGene, etc).
Finally, an evaluation of the whole process is performed showing the distribution of the
intensities in different plots after the pre-processing of the dataset that are included in a report
of the whole process of module one. The resulting pre-processed data consist in corrected
and normalized raw data that can be the object of statistical analyses that aim to compare
gene expression data of different sample groups. The statistical approach will produce a table
with each gene ID with several gene expression parameters that indicate if its expression is
significantly altered or not based on certain conditions. The second module of ArrayAnalysis
can perform this statistical approach. First, a group specification on each array is needed to
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make a comparison of gene expression changes between different conditions. Taking into
account the experimental details from the main page of the dataset it is possible to know the
nature of each sample allowing the correct grouping in this second module of ArrayAnalysis.
Each array has a source name that has to be followed by “factor value” that corresponds to
the group sample to which it belongs. Groups that are going to be compared are set, and
then the statistical approach can be performed. The resulting output consists of statistical
parameters of each gene ID measured and compared. This kind of format data can be used
by different bioinformatic tools to extract biological interpretation out of it.

2.3.6 Analysis of selected vitamin D-related transcriptomics datasets

A total of 6 datasets were selected by Muifioz Garcia et al. [81] to perform a analysis of gene
expression datasets of myeloid cells treated with the active form of vitamin D but to make
comparison of the three different cell types, three datasets were highlighted for THP-1 cells
(GSE52819, [248]), dendritic cells (GSE13762 [231]) and monocytes (GSE56490 [72]). The
quality control of arrayanalysis.org, performed by an R script containing several functions
from Bioconductor, revealed that there was no need to exclude any samples. Different
methods were suggested by ArrayAnalysis to normalize the datasets: Robust Multiarray
Average (RMA) for THP-1 and dendritic cells datasets and GeneChip-RMA for monocytes
datasets. Then, a statistical analysis was performed using functions from the R package of
limma [206] to obtain the statistical parameters that indicate the significance of the gene

expression changes.

2.3.7 Creation of vitamin D related processes

PathVisio allows the user to create and edit diagrams that shows biological pathways made
of nodes and lines that represent biomolecules and their interactions, respectively. The
components of the pathways can be annotated with an identifier that is present in the various
BridgeDb mapping databases. Currently, these databases are available for i) genes and gene
products, ii) metabolites, iii) gene variants and iv) biochemical reactions and interactions. The
correct annotation of each pathway element, the upload to the repository of WikiPathways
and the curation process allows the users to combine the pathway content with “omics”
data. Researchers often use pathway diagrams in their articles to explain in a schematic
way how biomolecules interact in organism of study. It is possible to use these schematics
diagrams to create new pathways in PathVisio and tag them with key words that are related
to the study of origin. Including this annotated diagrams related to vitamin D in this open
encyclopedia of pathways makes possible its curation by the scientific community promoting
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and validating its usage. WikiPathways, to this date, has over 400 pathways related to vitamin
D in all species. In this list, different types of pathways are included: cascade signaling, gene
expression modulation, metabolic process, etc. Thanks to the work of the WikiPathways
community, it is possible to put gene expression context in these pathways making a tool
that is reproducible, userfriendly and efficient to identify altered vitamin D processes using
experimental transcriptomic data.

2.3.8 Pathway analysis: visualization and statistics

Context matters to understand gene expression variations. Largescale transcriptomic analysis
can generate many gigabytes of data that are challenging to process in terms of both time and
effort. Here we propose PathVisio and WikiPathways as tools to perform a pathway analysis
on the gene expression datasets selected to highlight biological processes that are altered.
PathVisio is an open software use for pathway visualization and analysis, and WikiPathways
is an open platform that stores over 2300 biological pathways of 25 different species for data
visualization and analysis [221].

Visualization of omics data on pathways

In the PathVisio program it is possible to visualize biological diagrams from the WikiPath-
ways repository and display gene expression data parameters, generated by the statistical
analysis module of ArrayAnalysis, on the diagrams showing how the gene expression is
affected. The elements in the pathway diagram that represent biomolecules, (i.e. genes,
gene products and metabolites,) contain general information about the biomolecule. The
BridgeDb identifier mapping databases in PathVisio [242] can be used to link transcriptomic,
proteomic and metabolomic data thereby recognizing the identifiers from data uploaded
allowing inclusion of expression parameters to pathway element. The visualization in PathVi-
sio has two options, either one of the predefined color gradients or setting a rule linked to one
color. These options enable the coloring of pathway elements based on the experimental data
creating a general view of how the biomolecules are modulated in an experiment designed
based on the obtained data. The current study used the most common application in which
transcriptomic data is displayed on a selected pathway shows how genes are down-regulated
or up-regulated based on the logarithm of the fold change value (log2FC) and the significance
of that change based on the p value.
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Over-representation analysis

PathVisio integrates a workflow that makes it possible to upload processed expression data to
perform statistical analyses at the pathway level and to contextualize the expression changes
at the functional level, highlighting those biological processes that are significantly affected.
First of all, a pathway repository is needed to perform the pathway analysis. Currently
two major pathway databases provide a collection of pathways compatible to PathVisio,
i.e., WikiPathways and Reactome [68]. In our example, processed gene expression data
of myeloid cells treated with the active form of vitamin D, 1,25-dihydroxyvitamin D3
(1,25(0H),D3) was investigated with pathway analysis to find which biological processes
are mainly affected by 1,25(OH),D3 in the different myeloid cells types. Once both gene
and pathways databases and the gene expression dataset are loaded in PathVisio, all the
needed elements are present to perform the overrepresentation analysis. First, a criterion has
to be defined to select which genes are going to be considered as differentially expressed. In
most cases, statistically analysed gene expression data generates for each gene a series of
parameters that indicate how significantly its expression is altered under certain conditions.
Based on these parameters PathVisio perform an overrepresentation analysis highlighting
those biological processes that are significantly altered within a pathway repository. For
each pathway a Z-score is calculated by a standard statistical test under the hypergeometric
distribution, as previously described [136]. The resulting output gives a list of pathways
that are ranked based on Z-score. Pathways with a Z-score above the cutoff value of 1.96
will be considered as affected biological processes since it indicates if the pathway shows a
difference in the ratio of differentially expressed genes as compared to the complete gene list.

2.3.9 Reporter metabolite analysis

The effect of external factors on cells in cultures can be studied by analysing the metabolic
changes that occur within the cell. A major advantage of functional studies such as microarray
assays and RNA-seq is that they reveal how certain factors can modulate gene expression and,
as described above, these data can be put in a biological context and used to determine how
these factors influence biological processes; including in most cases metabolic processes.
Thanks to pathway analysis and visualization options of PathVisio, it is possible to see the key
genes mainly affected from the ranked list of metabolic pathways. Studying the metabolic
responses to cells to certain factors, has to be included in the strategy since identification of
concentration changes of metabolites gives value information to study how the cell responds
to specific conditions. It is possible to go further with the analysis of gene expression
analysis and contextualize this kind of data at the metabolite level. Kiran Raosaheb Patil
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and Jens Nielsen have developed an algorithm capable of identifying so-called reporter
metabolites within a genomescale metabolic model, where a map of reactions is represented
by enzymes and metabolites [183]. The algorithm is implemented in a bioinformatics matlab
tool called RAVEN (Reconstruction, Analysis and Visualization of Metabolic Networks)
[https://github.com/SysBioChalmers/RAVEN] which identifies key points in a genomescale
metabolic model using gene expression data. First, the bioinformatics tool will take into
account gene expression data to score the enzymes based on how significantly changed their
gene expression is under the experimental conditions. Then metabolites of these processes
will be scored based on the scoring of the neighboring enzymes. This analysis will identify
potential metabolites that can be considered as hot points of metabolic regulation under the
conditions studied in the datasets selected.

2.3.10 Extension of biological pathway diagrams from WikiPathways
in cytoscape

Pathways from WikiPathways harbor information on genes, proteins, metabolites and in-
teraction types. To retrieve additional information regarding the genes and proteins, the
pathway was extended with various types and levels of biological knowledge. The extension
of the pathway was performed in the open source and freely available network analysis
tool, Cytoscape [223]. First, the selected pathway from WikiPathways was uploaded into
Cytoscape as a network using the WikiPathways app [134]. Second, linksets containing
information about interactions between gene-pathway from WikiPathways, drug-targets
from DrugBank [261] and experimentally validated microRNA-targets from miRTarBase
[44] were downloaded (https://projects.bigcat.unimaas.nl/cytargetlinker/linksets/). Third, the
network was extended with drug-target, microRNA-target and pathway-gene interactions
with the CyTargetLinker app [133]. Fourth, by applying filtering options in Cytoscape the fol-
lowing parts were selected; i) Approved Drugs from DrugBank, ii) Experimentally validated
microRNAs with functional microRNA-target interactions (MTIs) and iii) Curated human
pathways in which the nuclear receptors RXRA and the nuclear vitamin D receptor (VDR)
are present. As a result a newly created network contains the genes, proteins, metabolites,
pathways and interactions from the selected process and the added interactions of the selected
and filtered LinkSets.


https://github.com/SysBioChalmers/RAVEN
https://projects.bigcat.unimaas.nl/cytargetlinker/linksets/
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2.4 Results and discussion

2.4.1 Workflow

The pipeline proposed brings together several open bioinformatics tools to process tran-
scriptomic data to highlight biological processes (figure 2.1). The first step consists of data
retrieval from public databases such as GEO and ArrayExpress. Secondly, selected raw
data is processed by an R based module implemented in ArrayAnalysis to normalize and
produce the statistical parameters. Thereafter, the processed data is used by several bioin-
formatics tools. First, PathVisio processes the data to highlight which biological pathways
are significantly altered. Second, in PathVisio the analysed data is visualized in the actual
pathways. Third The RAVEN toolbox has as input also the statistically analysed data and
helps to identify which metabolites are more likely to be subject to regulation. Finally, it
is possible to extend pathways using Cytoscape to create networks that link pathway, gene,
protein, metabolite, microRNA and drug information.

2.4.2 Pathway analysis using public datasets: vitamin D and gene ex-

pression modulation in myeloid cells

The process and analysis of publicly available transcriptomic datasets allowed Muifloz Garcia
et al. [81] to decipher the biological processes altered by 1,25(OH),D3 in different types
of human myeloid cells. To do that, a total of six datasets were included in this article
containing raw microarray data from gene expression modulation by 1,25(OH),D3 in THP-1
cells, dendritic cells (DC) and monocytes. In all three kinds of myeloid cells, 1,25(0OH),D3
treatment promoted the upregulation of genes involved in metabolic pathways: glycolysis,
electron transport chain, TCA cycle and oxidative phosphorylation. In addition, the analysis
revealed that only in THP-1 cells, 1,25(OH),D3 silenced the expression of genes involved in
cell cycle (table 2.1).

2.4.3 Pathway editing and data visualization: from references to dy-
namic pathways

The impact of vitamin D in many area of human health, including cancer research, metabolic
diseases, bone disease and autoimmune diseases is now recognized. In all areas, the un-
derstanding of the molecular action of the different forms of vitamin D has been always
been a priority in most of these studies. All finding related to describe vitamin D molecu-
lar signaling are accompanied with a schematic diagrams that explains how biomolecules
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interact in certain pathways. The compilation of these diagrams and their adaptation to
WikiPathways is making it possible to compare multiple transcriptomic studies related to
vitamin D and put them in specific biological context. One of the latest studies done in
vitamin D and its implication in metabolic reprogramming in tolerogenic dendritic cells
[72], described that PI3K/Akt/mTor signaling pathway was crucial for the development
of the tolerogenic phenotype in DC. The adaptation of this pathway in PathVisio and us-
ing similar transcriptomic datasets from myeloid cells treated with vitamin D showed that
this process is also being up-regulated under vitamin D treatment in similar cell lines
(figure 2.2). Another study by Hii and Ferrante [102] summarizes the nongenomic actions
of vitamin D in a comprehensive diagram. It shows the effect of 1,25(OH),D3 beyond
the activation of VDR. The created model of the non-genomic actions is now available
at WikiPathways (https://www.wikipathways.org/index.php/Pathway:WP4341). Finally,
VDR is identified as a nuclear receptor and upon binding of 1,25(OH),D3 it becomes
activated and regulates transcription of VDR target genes. Binding of VDR to the ge-
nomic location occurs as a heterodimer with the retinoic X receptor (RXR). The interplay
between VDR and RXR is also captured in a newly created pathway at WikiPathways
(https://www.wikipathways.org/index.php/Pathway:WP4342). These three pathways are now
added to the human WikiPathways collection and are part of the curated pathway collection
available for download.


https://www.wikipathways.org/index.php/Pathway:WP434
https://www.wikipathways.org/index.php/Pathway:WP4342
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2.4.4 Integrating multiple datasets in PathVisio

One of the greatest challenges of functional analysis projects is to compare different exper-
iments concerning the same issue. Sometimes, in one specific experiment all conditions
are not considered, but it is possible to find in the repositories mentioned, other similar
studies regarding the same scientific question. A spreadsheet table containing the IDs with
the gene expression parameters from the different dataset considered that represent different
experiments can be uploaded in PathVisio to visualize this kind of comparison. Once PathVi-
sio recognizes the IDs with the correspondent parameters for each condition, it is possible
to set the visualization options to compare the gene expression data in the gene nodes of
the pathway diagram. Again a set of rules are needed to assign colours to gene expression
parameters from each dataset. The resulting diagram will show nodes divided in different
sections according to the number of dataset considered. In the example shown in this diagram
three datasets from different immune cell types are compared in one pathway showing the
changes in gene expression and its significance (figure 2.2). With this strategy it is possible
to show similarities and differences between related experiments, patterns in gene expression
and identify genes of interest for further study.

2.4.5 Reporter metabolite analysis

The usage of The Raven Toolbox allows to analyse transcriptomic data from myeloid
cells treated with vitamin D in a metabolic model such as the Human Metabolic Atlas
to highlight those metabolites that are crucial in the metabolism regulation based on the
gene expression datasets considered. The output of this tool is a list of metabolites that
are scored with a Z score. A high score of a specific metabolite is an indication that the
expression of enzymes implicated in its metabolism is being significantly altered by vitamin
D (table 2.2). Reporter metabolite analysis of myeloid treated with vitamin D datasets
highlighted metabolites implicated in TCA cycle, ETC and OXPHOS pathways: NAD+,
NADH, ubiquinol, ubiquinone, fumarate, succinate. Interestingly, metabolites implicated in
vitamin D metabolism are also being reported as hotspots of metabolism regulation in these
datasets.
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2.4.6 Extension of the PI3K/Akt/mTOR-vitamin D3 signaling pathway
with approved drugs, validated microRNAs and curated path-
ways

The WikiPathways PI3K/Akt/mTOR-vitamin D3 signaling pathway (https://www.wikipathways.
org/index.php/Pathway:WP4141), created based on Mathieu’s model proposed for the action
mechanism of 1,25(OH);D3 in human monocyte-derived dendritic cells [72], was extended
with existing biological knowledge on gene-pathway, drug-gene and mature microRNA-gene
interactions. The interactions between genes in the pathway with both approved drugs and
experimentally validated microRNAs are shown in (figure 2.3). Moreover, the human curated
pathways containing one or both nuclear receptors VDR and RXRA are overlaid on the
network. The complete extended network is available online at the NDEx-The Networks Data
Exchange [192]. The combination of various interaction data sources enables the integrated
analysis of which drug targets are present, whether they are affected by microRNAs and in
which processes they occur. The VDR which is activated upon binding of 1,25(OH),D3 is
central in the effect of vitamin D3. The networks show several compounds that have VDR as
a target. One of these is ergocalciferol which belongs to the category of bone density con-
servation agents. Interestingly, VDR is also a target for three validated mature microRNAs,
hsa-miR-27b-3p, hsa-miR-124-3p and hsa-miR-125b-5p. Finally, VDR is present in seven
pathways of which four contain RXRA as well, like the vitamin D metabolism and nuclear
receptor pathways.


https://www.wikipathways.org/index.php/Pathway:WP4141)
https://www.wikipathways.org/index.php/Pathway:WP4141)
http://www.ndexbio.org/#/network/486d1563-b738-11e8-9520-0ac135e8bacf?accesskey=bea5867700e1f3407c3043c83e7ff65fd5f4adfc8fc43730f0b61ea9338621ec
http://www.ndexbio.org/#/network/486d1563-b738-11e8-9520-0ac135e8bacf?accesskey=bea5867700e1f3407c3043c83e7ff65fd5f4adfc8fc43730f0b61ea9338621ec
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2.5 Conclusion

Open bioinformatics tools can be brought together in one pipeline that allows the user to
analyse transcriptomic data in a friendly and accessible workflow. This review explains
various ways of functional interpretation that can be extracted from gene expression datasets
applying this bioinformatic workflow. Integration of these pathways at many different levels
highlights altered pathways, identifies critical regulatory points in metabolism and links
these bio-molecules to the genes overrepresented in “omic” datasets. Finally, the results are
presented in explanatory diagrams and networks that interconnect biological components
that contextualizes statistical data that shows modulation of gene expression.
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3.1 Abstract

Vitamin D deficiency is prevalent in pregnant women and is associated with adverse preg-
nancy outcomes, in particular disorders of malplacentation. The active form of vitamin
D, 1,25-dihydroxyvitamin D3 (1,25(OH),D3), is a potent regulator of innate and adaptive
immunity, but its immune effects during pregnancy remain poorly understood. During early
gestation, the predominant immune cells in maternal decidua are uterine natural killer cells
(uNK), but the responsivity of these cells to 1,25(OH),D3 is unknown despite high levels of
1,25(OH);D3 in decidua. Transcriptomic responses to 1,25(0OH),D3 were characterised in
paired donor uNK and peripheral natural killer cells (pNK) following cytokine (CK) stimula-
tion. RNA-seq analyses indicated 911 genes were differentially expressed in CK-stimulated
ulNK versus CK-stimulated pNK in the absence of 1,25(OH),D3, with predominant differen-
tially expressed pathways being associated with glycolysis and transforming growth factor
B(TGF [3). RNA-seq also showed that the vitamin D receptor (VDR) and its heterodimer part-
ner retinoid X receptor were differentially expressed in CK-stimulated uNK vs CK-stimulated
pNK. Further analyses confirmed increased expression of VDR mRNA and protein, as well
as VDR-RXR target in CK-stimulated uNK. RNA-seq analysis showed that in CK-stimulated
pNK, 1,25(0OH),D3 induced 38 and suppressed 33 transcripts, whilst in CK-stimulated uNK
1,25(0OH),D3 induced 46 and suppressed 19 genes. However, multiple comparison analysis
of transcriptomic data indicated that 1,25(OH),D3 had no significant overall effect on gene
expression in either CK-stimulated pNK or uNK. These data indicate that CK-stimulated
ulNK are transcriptionally distinct from pNK and, despite expressing abundant VDR, neither
pNK nor uNK are sensitive targets for vitamin D.

3.2 Introduction

Human implantation and placental development present a unique challenge for the maternal
immune system [232]. From embryonic implantation, semi-allogeneic fetal extravillous
trophoblast cells invade the maternal decidua and inner myometrium (including remodelling
the spiral arteries) facilitating normal haemochorial placentation. Throughout these actions,
the materno-fetal immune function remains active, with diverse mechanisms mounted to
support fetal development and placentation [2][66]. From early pregnancy, a high propor-
tion of resident leukocytes, displaying unique phenotypes and functions reside within the
uteroplacental interface [31]. CD56bright uterine natural killer cells (uNK) (60-70%) are
predominant, appearing phenotypically distinct from CD56dim NK cells in peripheral blood
(pNK) (<10% total circulating immune cell population). In addition to the classical pro-



3.3 Methods 49

cytotoxic, anti-tumorigenic and anti-viral effects associated with pNK [123], uNK have also
been shown to play a pivotal role in embryonic implantation and haemochorial placental
development [139].

Regulation of uNK function involves a complex network of factors [230], and we have
postulated that vitamin D plays a role in this process. Early in pregnancy, maternal concentra-
tions of the active form of vitamin D, 1,25(0OH),D3, increase dramatically [235]. Moreover,
the enzyme that catalyses synthesis of 1,25(OH),;D3 from precursor 25-hydroxyvitamin
D3 (25(0OH)D3), CYP27B1 [88][257][265] as well as the VDR for 1,25(OH),D3 [265],
are abundantly expressed by both maternal decidua (stromal and immune cells) and fetal
trophoblast [67]. The precise targets for decidual 1,25(OH),D3 are yet to be defined, but
may include the effects upon VDR-expressing decidual immune cells [265]. The aim of the
current study was to characterise ex vivo the effects of 1,25(OH),D3 on gene expression in
activated uNK from first-trimester decidual tissue and to contrast these changes with effects
of 1,25(OH),D3 on paired pNK.

3.3 Methods

3.3.1 Ethical approval

Paired decidual and peripheral blood samples were obtained from healthy pregnant women
undergoing first trimester elective surgical termination of pregnancy (TOP) (<12 weeks (w)
gestational age (GA); range 7—11+2 w) following written informed consent (2014-2017;
NHS REC approval 06/ Q2707/12 and 13/WM/0178). GA was determined by ultrasound
measurement of crown rump length and relevant anonymised patient demographics obtained
as summarised (Supplementary Table 1, see section on supplementary data given at the end
of the article).

3.3.2 Isolation of NK cells from peripheral blood and decidua

CD56+ cell-enriched isolates were prepared by modification of a previously published
method [140]. Briefly, whole decidual tissue was minced and DNase/collagenase treated.
Lymphocyte purification was then carried out by density gradient centrifugation (Ficoll Plus,
GE Healthcare Life Sciences). For initial cell-surface marker analysis, anti-CD56-reactive
magnetic bead separation (MidiMACS, Miltenyi Biotec) was performed to obtain CD56+
cells.
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3.3.3 Cell culture

Paired uNK and pNK were cultured in complete cell culture medium (Penstrep 100 pg/ml,
L-glutamine 2 mM, RPMI 1640, fetal calf serum (10%) (Sigma-Aldrich) at 37°C and 5%
CO; for 24 h, as either unstimulated controls or with cytokine (CK) stimulation using
recognised NK cell co-activators: IL-2 (50 TU/mL), IL-12 (10 ng/mL), and IL-15 (10
ng/mL). Unstimulated and CK uNK and pNK were cultured in the presence and absence of
1,25(0OH),D3 (10 nM) (Enzo Lifesciences, Exeter, UK) co-treatment.

3.3.4 Flow cytometric analysis of CD69 and VDR

Expression of VDR (D6 anti-VDR; Santa Cruz Biotechnology) and CD69 (anti-CD69;
BD Biosciences), a recognised surface marker of NK cell activation [49] was assessed in
paired pNK and uNK following 24 h culture in the presence and absence of CK stimulation
with or without 1,25(OH),D3. Briefly, cultured cells were harvested, washed in PBS and
incubated with live/dead fixable discrimination dye (Thermo Fisher) on ice for 30 min. Cells
were washed with PBS, incubated for 30 min with surface primary mAb at 4°C and then
re-washed. For intracellular VDR analysis, a protocol optimised from Bendix et al. was
used [17]. Briefly, following surface staining, cells were fixed for 20 min in 100 pL 4%
PFA, washed twice in 2 mL 2% FCS-PBS and incubated for 30 min on ice in 75 uL 5%
FCS 0.5% Triton X solution (Sigma-Aldrich). Cells were then incubated with anti-VDR
mAb for 30 min, washed with 2% FCS-PBS and re-incubated with anti-mouse IgG2a APC
secondary mAb under the same conditions. Cells were then re-washed twice in 2% FCS-PBS
followed by PBS and stored at 4°C prior to analysis. Flow cytometry data were collected
using a multi-channel Dako Cyan flow cytometer (Beckman Coulter). Data were analysed
using Flow Jo V10 (Tree star, Inc., Ashland, USA), gating live CD45+ CD56+ NKp46+ cells
(Supplementary Fig. 2). The specificity of the D6 anti-VDR mAb in VDR positive control
cells (activated T cells) was demonstrated using flow cytometry, immunoprecipitation and

chromatin immunoprecipitation (Supplementary Fig. 3).

3.3.5 Confocal imaging of VDR in CD56+ pNKs

CD56+ pNKs were isolated and stimulated overnight with CK in the presence of 1,25(0OH),D3
as described above. Cells were surface-labelled for CD56 using FITC-anti-CD56 (clone
REA196, Miltenyi Biotec), then fixed and permeabilised for VDR labelling with mouse
anti-human VDR (D6 clone, Santa Cruz Biotechnology) or mouse IgG2a isotype control
according to the protocol described above for flow cytometry but with goat anti-mouse
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IgG2a-594 and goat-anti-FITC-488 (molecular probes, Fisher Scientific) secondary labelling
for 30 min in the presence of Hoechst 33342 (10 pg/mL; Fisher Scientific). After a final
wash, cells were re-suspended in ProlongR Gold antifade reagent (Molecular Probes, Cell
Signalling Technologies) and placed under coverslip on charged microscope slides. Edges
were sealed with nail varnish and 22-slice Z stack images of cells at 63x magnification,
resolution 1024 x 1024 pixels per image were captured using the Zeiss LSM 880, Axio
Observer confocal microscope and studied with Zen(2012) software (Supplementary Fig. 4).

3.3.6 Quantitative real-time PCR (qRT-PCR) analysis

Total RNA was extracted as described previously [113]. ¢cDNA was prepared by reverse
transcription TagMan Reverse Transcription Reagents Kit (Applied Biosystems, Roche) as
per manufacturer’s instructions. qRT-PCR was performed on an ABI 7500 qPCR machine
using TagMan assays from Applied Biosystems for VDR (Hs00172113_m1) and multiplexed
with VIC labelled 18S rRNA (4319413E) (Applied Biosystems, Roche). Paired uNK and
pNK gene expression following 24 h culture in the presence and absence of CK stimulation
with and without 1,25(OH);D3 co-treatment was measured. Relative expression compared to
paired unstimulated pNK was assessed using fold-change calculated by the 2-AACt method.
All statistical analyses were carried out using Sigmaplot 9.0 software (Systat Inc., San Jose,
CA, USA). Experimental means were compared statistically using one-way ANOVA, with
the Holm—Sidak method used as a post hoc multiple comparison procedure. Statistical
analyses for RT-qPCR analyses were carried out using raw ACt values.

3.3.7 RNA sequence analysis (RNA-seq)

Total RNA was extracted using the RNeasy Micro Kit and RNeasy MinElute spin columns
(Qiagen), as per manufacturer’s instructions, eluted in 15 pL. RNAse-free water, and im-
mediately stored at - 80°C prior to library preparation and sequencing (Source Bioscience
Facilities, Nottingham, UK). Following initial QC check using the Agilent BioAnalyzer 2100
(Agilent) cDNA library preparation was performed using Switching Mechanism at the 5’
end of RNA Template (SMART)er Stranded Total RNA-seq Kit - Pico (Clontech, Mountain
View) (RNA range = pg). Random primers and locked nucleic acid (LNA) technology
were utilised to optimise total coverage. [llumina Adapters and Indexes (barcode markers)
(Ilumina, Inc.) were added at PCR1 with rRNA cleaved by ZapR in the presence of R-Probes
(mammalian specific). The non-cleaved fragments underwent further enrichment in PCR2
cycle. All libraries were QC validated using the Agilent BioAnalyzer 2100 (Santa Clara)
to confirm index samples amplified concentration and size distribution. The libraries were
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pooled and re-validated to assess molarity and size distribution prior to loading (1.8 pM
concentration) onto a High Output NextSeq 500 Flow Cell pv2. (Illumina) across four lanes
for RNA-seq using 75-base-pair (bp) paired-end reading, generating 800 million total reads
with an average of 25 million per sample. Raw data were returned in the FastQ Phred+33
(Illumina 1.9) format.

3.3.8 Bioinformatics and pathway analysis

Bioinformatics analysis of RNA-seq analyses was performed at the University of Birm-
ingham, UK using Partek Flow Software (Partek, St Louis, Missouri, USA). Data were
trimmed for adapter sequences and pre-alignment QA/QC was performed before being
mapped (aligned) using STAR-2.4.1d [59]. Post-alignment QA/QC was performed with a
coverage report generated. Reads were quantified to transcriptome hg38_RefSeq (Genome
Reference Consortium GRCh38) and normalised using quantile normalisation. Median total
aligned reads were 71567649 (IQR; 64250828-74820738), representing 85.7% (84.5-87.5%)
coverage. Differential gene expression was defined by a cut-off fold-change of < - 1.5 and >
1.5, P value < 0.05 and false discovery rate (FDR)-step up < 0.05. P values were calculated
using F-statistics, which calculates variance within samples. Three analyses were assessed:
(1) CK uNK versus (vs) CK pNK; (ii) CK uNK vs CK uNK + 1,25(0OH),D3; (iii) CK pNK
vs CK pNK + 1,25(0OH),D3.

Characterisation of common biological processes in the CK-activated uNK and pNK groups
was carried out using PathVisio (Version 3.2.4), an open-source pathway analysis and visual-
isation software tool for biological data analysis, using previously described protocols [81].
Briefly, the analysis was performed using the 11164 raw gene counts obtained, with corre-
sponding NCBI ID and symbol from the HUGO Gene Nomenclature Committee (HGNC)
identifiers. A P value <0.05 was applied to determine differentially expressed genes. The Z
score, which signifies whether the total number of genes in the pathway are over-represented
(Z score >1.96) compared to the complete data set, was then calculated. The curated human
pathway collection from the online-pathway repository WikiPathways [135] including the
Reactome [25] collection (downloaded May 2017) was used.
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3.4 Results

3.4.1 Comparison of gene expression in cytokine (CK)-stimulated pNK
and uNK cells

Principal component analysis (PCA) of unbiased genome-wide RNA-seq analyses revealed
wide variance in the transcriptional profiles of CK-stimulated uNK and pNK (Figure 3.1
A). In both cell types, co-treatment with 1,25(0OH),D3 did not result in PCA separation of
transcriptional profiles from their respective CK controls. Volcano plots of differentially
expressed genes in CK-stimulated uNK relative to CK-stimulated pNK using a cut-off of p <
0.05 and fold-change < -1.5 or >1.5 showed 1098 upregulated genes in CK-stimulated uNKs
(red) and 1188 downregulated genes (green), with those not significantly different in grey (n
= 11163) (Figure 3.1 B). Adjustment for FDR identified 911 transcripts to be differentially
expressed between CK-stimulated uNK and pNK, with 422 down-, and 489 upregulated in
CK-stimulated uNK relative to CK-stimulated pNK (P value <0.05; log2 fold-change < -1.5
or >1.5, FDR step-up <0.05) (Figure 3.1 C). Significantly regulated genes in CK-stimulated
ulNK relative to CK-stimulated pNK included upregulation of NCAM1 (CD56) (fold-change
5.29) and downregulation of FCG3RA (CD16A) (fold-change -14.57), both of which are
well-recognised differentially expressed markers for CD56bright NK versus CD56dim pNK
subsets [123] [196]. Interestingly, granzyme (GZMK) (fold-change (7.83)) and CD96 (2.53),
which permits adhesive interactions and modulates responses between activated T and NK
cells [85], were both upregulated in CK-stimulated uNK. CD276 (7.71), a regulator of T cell
cytotoxicity [189], was also upregulated in CK uNK.
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To better delineate the differences in transcript expression between CK-stimulated uNK
and pNK, complementary pathway analysis was performed on FDR-adjusted differentially
expressed data using WikiPathways (WP) workflows. A broad spectrum of enriched canoni-
cal pathways was identified, with significantly enriched pathways ranked from high to low
Z score. Pathways significantly enriched based on a Z score >1.96 are shown in table 3.1.
Overall, 29 WP pathways were significantly enriched in CK-stimulated uNK relative to
CK-stimulated pNK, including pathways related to hypoxia-inducible factor (HIF)1o and per-
oxisomal proliferator-activated receptor (PPAR)y regulation of glycolysis, and transforming
growth factor (TGF)u signalling (Supplementary Figures. 5SA-5S).

. ; transcription
T30 P S— ) S—

VDR target genes

———

log FC P value
(uNK vs pNK)

log FC

1.0 00 1.0

[ P value <0.05 (uNK vs pNK)
|| Pvalue >0.05 (UNK vs pNK )
L]

No data found

Fig. 3.2 Pathway analysis of vitamin D receptor (VDR) signallingrelated genes in CK-stimulated uNK versus
CK-stimulated pNK. Visualisation of genes with enhanced (red) or suppressed (blue) expression in CK-
stimulated uNK versus CK-stimulated pNK. Individual genes are shown in boxes and box colour split into
two parts, (1) the log2 fold-change in the left part of the box (blue downregulated, white not changed, red
upregulated) and (2) P value for statistical significance is shown in the right part of the box (green when
significant). Pathway elements not assessed in the dataset are shown in grey.
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3.4.2 VDR expression in uNK is upregulated following cytokine stimu-

lation

RNA-seq analysis revealed that VDR mRNA expression is significantly upregulated in CK-
stimulated uNK (fold-change 8.56) relative to CK-stimulated pNK. Analysis of differentially
expressed pathways in CK-stimulated uNK versus CK-stimulated pNK in Supplementary
dataset 1 also showed enhanced expression of pathways associated with VDR and its het-
erodimer partner retinoid X receptor (RXR) (Z score 1.83, p =0.07) (Figure 3.2), as well as
non-genomic actions of 1,25(OH),D3 (Z score 1.88, P = 0.062) (Figure 3.5). This suggests
that capacity for 1,25(OH),D3-VDR responses is elevated in CK-stimulated uNK relative to
CK-stimulated pNK.

Studies were therefore carried out to further characterise VDR expression in uNK and
pNK. Flow cytometry showed that pNK and uNK expressed similar levels of the NK marker
NKp46. Analysis of CD56 expression showed that uNK cells were characterised by more
distinct populations of CD56bright and CD56dim cells than pNK (Figure 3.3 A). Both
CD56 and NKp46 showed no change in response to either CK stimulation or 1,25(OH),D3
treatment in either uNK or pNK cells for median fluorescence intensity (MFI) (Figure 3.3
A) or frequency of expression (data not shown). As shown in (Figure 3.3 B and C), CK
stimulation significantly upregulated expression of the activation marker CD69 in both uNK
(median 47.9% IQR 31.5-56.6 to 68.1%; 48.9-76.4) and pNK (17.7%; 11.5-20.3 to 70.5%;
57.4-72.8), but treatment with 1,25(OH); D3 had no significant effect on CD69 expression in
either the unstimulated or CK-stimulated uNK or pNK populations (Figure 3.3 C).

Without stimulation the frequency of NK cells that expressed VDR was low for both uNK
(36.2%; 33.1-36.5) and pNK (15.8%; 5.81-61.6). CK stimulation significantly increased
VDR frequency in uNK (74.2%; 65.6-81.3), although the absolute level of VDR expression
by each expressing cell (MFI) was not significantly increased (Figure 3.3 D). 1,25(0OH),D3
had no significant effect on VDR protein expression in either uNK or pNK in the presence or
absence of CK stimulation (Figure 3.3 C). Expression of VDR mRNA was also significantly
induced by CK stimulation in uNK (P = 0.0001) and pNK (P = 0.017). Interestingly, this
effect was suppressed in both cell types by co-treatment with 1,25(OH),D3 (Figure 3.3
E). Confocal imaging of CK-stimulated pNK cells (Supplementary Fig. 4) showed co-
localisation of VDR protein with both DNA (Hoescht staining) and the plasma membrane
(CD56), consistent with both membrane and nuclear localisation of VDR.
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Fig. 3.3 Expression of VDR in paired peripheral blood and uterine natural killer cells. (A) Representative flow
cytometry plots for expression of NKp46 and CD56 in isolated unstimulated (US) and cytokine (CK)-stimulated
peripheral blood natural killer cells (pNK) and uterine natural killer cells (uNK) relative to isotype control
(Iso). (B) Representative flow cytometry plots for expression of VDR and CD69 in US and CK-stimulated
CD3-CD56+ uNK and pNK cells relative to Iso control. (C) Summary of VDR and CD69 surface protein
expression in US- and CK uNK and -pNK cells in the presence or absence of 1,25(0OH),D3 (1,25(0OH),D3).
(D) Median fluorescence intensity (MFI) for VDR expression in pNK and uNK cells. (E) mRNA expression
for VDR in isolated US and CK uNK and pNK cells in the presence and absence of 1,25(OH),D3. Relative
expression compared to US uNK cells; median value with bars denoting inter-quartile range. Effect of CK
stimulation and 1,25(OH),D3 was assessed by two-way ANOVA. Stars indicate level of significant difference
between groups for which multiple comparisons analysis indicated significance *<0.05, **<0.01.
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Fig. 3.4 Pathway analysis of transcriptomic responses to 1,25(OH),D3-treated in THP-1 cells, dendritic cells,
monocytes and B cells compared to effects in pNK and uNK. Heat map representing Z-scores for pathways
significantly altered by 1,25(OH),D3 comparing pathway analysis on datasets from THP-1 cells, dendritic cells
(DC), monocytes and B cells with effects of 1,25(OH),D3 on CK-stimulated pNK and uNK. Z-scores >1.96
indicate that more genes are significantly altered in this pathway compared to the complete dataset. Genes
differentially expressed between CK-stimulated uNK and pNK in the absence of 1,25(OH),D3 (pNK vs uNK)
showed minimal overlap with the effect of 1,25(OH),D3 on immune cells. The effects of 1,25(OH),D3 on
CK-stimulated pNK or uNK showed no commonality with the other immune cells.
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3.4.3 Effects of 1,25(OH);D3 on gene expression in CK-stimulated pNK
and uNK cells

When compared to CK-stimulated pNK, CK-stimulated pNK treated with 1,25(OH),D3,
showed only 71 genes differentially expressed genes (fold-change £1.5; P < 0.05). Of
these, 33 (46.5%) were downregulated and 38 (53.5%) upregulated by 1,25(OH),D3. In CK-
stimulated uNK treated with 1,25(OH),D3 66 genes were differentially expressed relative to
CK stimulation of uNK alone. Of these, 46 (69.7%) were down- and 19 (30.3%) upregulated
by 1,25(OH),D3. In contrast to pNK, 1,25(OH),D3 primarily targeted uNK genes impli-
cated in cell processing, specifically cell adhesion, apoptosis, migration and angiogenesis
(n = 27; 41.5%) (table 3.2). Due to the relatively small number of genes differentially
expressed in response to 1,25(OH),D3 in either CK-stimulated pNK or uNK, adjustment
of data to incorporate fold-change +1.5, P value <0.05, FDR step up <0.05 resulted in no
significant effect of 1,25(OH),D3 for either CK-stimulated uNK or CK-stimulated pNK.
Furthermore, pathway analysis using non-adjusted differentially expressed gene data for
either CK-stimulated uNK or CK-stimulated pNK cell treated with 1,25(OH),D3 showed no
significant enrichment of any specific pathways by 1,25(OH),D3 (data not shown), and no
commonality with any of the pathways that are known to be regulated by 1,25(OH),D3 in

other immune cells (Figure 3.4).
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Title: HIFIA and PPARG regulation of
Last modified: 10/16/2013 -
Organism: Homo sapiens D/-

Fructose-1,6-biphosphate

Glyceraldehyde-a-phosphmek I >I| Dihydroxyacetonephosphate |

y
Glycerol-3-phosphate |

y
Lysophosphatidate I

A 4

Lactate @@

Log FC  pvalue

Triam‘l:lycerol

1.0 00
g P value <0.05 (uNK vs pNK )

o

P value >0.05 (uNK vs pNK)

No data found

\ 4
Myocardial-Steziosis

Fig. 3.6 Pathway analysis of HIF1A and PPARG regulation of glycolysis-related genes in CK-stimulated uNK
versus CK-stimulated pNK. Pathway analysis of genes associated with non-genomic responses to 1,25(0OH),D3
in CK-stimulated uNK versus CK-stimulated pNK. Visualisation of genes with enhanced (red) or suppressed
(blue) expression in cytokine-stimulated uNK versus cytokine-stimulated pNK. Individual genes are shown in
boxes and box colour split into two parts, (1) the log2 fold-change (Log FC) in the left part of the box (blue
down-regulated, white not changed, red up-regulated) and (2) the p-value for statistical significance is shown
in the right part of the box (green when significant). Pathway elements including genes not assessed in the
selected dataset are shown in grey.
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Fig. 3.7 Pathway analysis of the Cori cycle in CK-stimulated uNK versus CK-stimulated pNK. Pathway analysis
of genes associated with non-genomic responses to 1,25(0OH),D3 in CK-stimulated uNK versus CK-stimulated
pNK. Visualisation of genes with enhanced (red) or suppressed (blue) expression in cytokine-stimulated uNK
versus cytokine-stimulated pNK. Individual genes are shown in boxes and box colour split into two parts,
(1) the log2 fold-change (Log FC) in the left part of the box (blue down-regulated, white not changed, red
up-regulated) and (2) the p-value for statistical significance is shown in the right part of the box (green when
significant). Pathway elements including genes not assessed in the selected dataset are shown in grey.
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3.5 Discussion

Previous studies using DNA microarrays have described transcriptomic variations in CD56
bright pNK and CD56dim pNK cells, as well as CD56 bright uNK [123]. In the current study,
pNK or uNK were not sub-categorised according to CD56 brightness, because CD56dim
pNK predominate in peripheral blood (approximately 95% of total pNK cell population),
whilst CD56bright uNK are the prevalent NK type in decidua (>95% of total uNK popula-
tion). These differences imply that uNKs are constitutively active. In agreement with this, we
observed that uNK were larger with abundant perforin and granzyme. Importantly, no change
in CD56 or NKp46 activation receptor expression was measured in uNK or pNK in response
to CK stimulation or treatment with the active form of vitamin D, 1,25(OH),D3. CD56bright
NKs are considered efficient immunomodulatory cytokine producers, and only become
cytotoxic following appropriate activation. However, in contrast to NK from most other
sites, uNKs do not express the activating receptor CD16 which mediates antibody-dependent
cellular cytotoxicity [196]. It appears that whilst uNKs maintain an intrinsic capacity to
exert cytotoxic functions when specifically challenged, this function is regulated in normal
early pregnancy [166]. Further undefined local mechanisms, such as cytokine or hormone
secretion, or cross-talk with other immune cell types within the decidual microenvironment
are also thought to suppress the potential lytic effects of uNKs [93].

In the current study, pro-inflammatory IL-2, IL-12 and IL-15 were utilised for CK challenge,
as these are recognised NK cell activators, with both IL-12 and IL-15 constitutively expressed
within the decidua from initial implantation [126] [268]. Although IL-2 concentrations ap-
pear low within normal decidua [115], significantly elevated IL-2 has been reported in the
setting of malplacentation [84], where vitamin D deficiency is also more common [208]. The
first aim of the current study was to compare the transcriptomic profiles of uNK versus pNK
following immune activation by CK stimulation. The second objective of the study was to
determine if CK-stimulated uNK and pNK were responsive to 1,25(OH),D3 in a similar
manner to that reported for other components of the immune system such as macrophages and
T cells [3]. Since the effects of 1,25(OH),D3 on NK cell function in decidua and maternal
blood are still unclear, NK cell subsets were not further sub-classified.

In the current study, approximately 900 genes were differentially expressed in CK-stimulated
ulNK versus CK-stimulated pNK, similar to previous DNA array analyses for unstimulated
CD56dim pNK versus unstimulated CD56bright uNK [123]. In CK-stimulated uNK a com-
parable number of up-(429) and downregulated (422) genes were measured when adjusted
for FDR. By contrast, in the absence of CK stimulation, it was reported that uNK almost
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exclusively exhibited enhanced transcription relative to pNK [123]. uNK responses to CK
stimulation appear highly distinct from paired pNK. In the circulation, pNK function as an
early cytolytic response to tumours or viral infection [249] [43]). By contrast, consistent with
previous reports, we observed that uNK are poorly cytolytic and express low levels of pNK
cytokines such as interferon-y (INF-v) and tumour necrosis factor-o (TNF-ct) [124][239] and
appear less reactive with low CD107 (degranulation marker) expression relative to pNKs in
response to CK challenge (data not published). The unique phenotype of uNK may reflect
their adaptation within this unique maternal tissue microenvironment to aid decidualisation,
embryonic implantation and subsequent fetal development [197].

Detailed pathway analysis verified that CK-stimulated uNK are phenotypically distinct
from CK-stimulated pNK, with cell metabolism, signalling and processing, and cancer path-
ways consistently over-expressed in CK-stimulated uNK relative to CK-stimulated pNK.
These observations are consistent with the known roles of tissue-resident uNK in placental de-
velopment and fetal implantation. The significant inter-pathway transcript variance between
CK-stimulated uNK and pNK underlines the complex diversity of uNK cell function. HIF1A
and PPARY regulation of glycolysis (Z score 3.64) was the most significantly differentially
expressed pathway in CK-stimulated uNK (Figure 3.6). The Cori cycle, a lactate—glucose
carbon recycling system between muscle and liver that decreases circulating lactate was
also enriched in CK-stimulated uNK (Z score 3.33) (Figure 3.7). Genes associated with
glycolysis and gluconeogenesis were also enhanced in CK-activated uNK (Z score 1.83,
14/30 genes, P = 0.067), further underlining the active metabolic remodelling in uNK relative
to pNK. During early pregnancy decidualisation is associated with enhanced glucose influx
[77] [122]. Recent studies have shown that the decidua acts in a manner similar to that
reported for tumours by generating energy via a high rate of glycolysis, even under aerobic
conditions rather, than conventional oxidative phosphorylation [269]. This is referred to as a
decidual Warburg-like glycolysis similar to that reported in tumours and was dependent on
expression of HIF1o and the lactate transporter protein (MCT4) [269]. Collectively, these
data suggest that a key feature of activated uNK is to regulate glucose metabolism and lactate
transport within the decidua. Dysregulation of glucose metabolism in the human uterus is
associated with subfertility and aberrant implantation [122]. Glycolytic flux targets in uNK
may therefore represent novel translational strategies to precisely time and/or therapeutically
extend the window of receptivity in women at high risk for early pregnancy loss. Consistent
with previous microarray analysis of first trimester uNK and adult non-paired pNK [252],
the current study showed that CK-stimulated uNK are enriched for pathways associated with
transcriptional regulation, which may serve to differentially regulate NK development and
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function in the decidual microenvironment. Whether pNK undergo significant transcriptional
alterations following recruitment to the decidua or, alternatively, uNK represent an entirely
distinct subset of NK cells remains unclear [94][238].

Of the total transcripts measured in CK-activated uNK and pNK, only 66 (0.59%) and
71 (0.64%) respectively were significantly regulated by 1,25(OH),D3 (P < 0.05, fold-change
+1.5). Although transcriptomic analysis indicated that CK uNK and CK pNK respond
differentially to 1,25(OH), D3, this effect was statistically insignificant as the current analysis
was not significantly powered to account for multiple comparisons (FDR step up <0.05).
Sample size and participant heterogeneity are potential reasons for this. Intra-participant
variability for pNK was high, whereas the uNK demonstrated comparatively low variability.
The heterogeneity in pNK gene expression may be in part attributable to differences in
gestational age, maternal age, ethnicity and smoking status (Supplementary Table 1), albeit
n numbers are small. Cellular heterogeneity may also be a contributing factor to sample
variability as recent single-cell RNA sequencing data indicates three highly distinct decidual
NK subsets to be resident within first trimester decidua [247].

Analysis of commonly regulated biological pathways, as detailed previously [81], demon-
strates that responses to 1,25(OH),D3 in CK-stimulated uNK and pNK diverge significantly
from other immune subsets including monocytes, dendritic cells and B cells (Figure 3.4).
This may in part reflect different treatment regimens. Here a physiological treatment dose
(10 nM) of 1,25(0OH),D3 was utilised, whereas for monocytic THP-1 cells a 10-fold higher
treatment dose (100 nM) was applied [217]. Temporal variations may also be a contributory
factor. For THP-1 cells, 46 genes were induced/ suppressed after 2.5 h, 288 at 4 h and
1204 at 24 h. In the current study we assessed mRNA expression in NK cells after 24 h to
maximise potential variations in gene expression; however, both pNK and uNK cells may
show different patterns of gene regulation by 1,25(OH),D3 at earlier or later time points. The
distinct transcriptional responses to 1,25(OH),D3 by NK cells may also reflect differential
distribution of VDR.

Data reported here provide further evidence for the distinct phenotype of uNK cells rel-
ative to circulating pNK. By comparing the gene expression profile of these cells under
conditions of immune activation, we confirmed enrichment of distinct functional pathways
in uNK such as TGF-{ signalling (Supplementary Fig. 5C), which has previously been
shown to promote uNK development [118]. Our data have also revealed novel features
of CK-stimulated uNK, notably enrichment of pathways associated with metabolism, sug-
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gesting a role for uNK cells in immunometabolic activity within the decidua. The lack of
1,25(0OH), D3 response by uNK and pNK contrasts the expression of VDR by both cell types
and the enhancement of this receptor in CK-stimulated uNK vs pNK. Given the abundant
levels of 1,25(0OH),D3 within decidual tissue [235], and the potent immunomodulatory
actions of 1,25(OH),D3 [47], the lack of response by NK cells is intriguing. Further studies
are required to better define the role of the VDR in NK cells. Data in the current study suggest
possible cell membrane expression of VDR and this may support non-genomic responses
to 1,25(0OH),D3 [102]. In the case of uNK, it is also possible that 1,25(OH),D3 is able to
influence these cells indirectly via other immune cells such as macrophages that have an
established transcriptional and functional response to 1,25(OH),D3. It is now clear that uNK
play a key role in mediating the cross-talk between immune cells within the decidua [247],
and vitamin D may therefore play a role in this process. Finally, the data presented in the
current study have focused on transcriptional activity but it is also possible that 1,25(OH),D3
exerts epigenetic effects on NK cells independent of transcription. In recent studies of uNK
cells, it has been shown that repeated pregnancies are associated with uNK cells that have a
unique transcriptomic and epigenetic signature consistent with trained immune responses
[80]. Based on its established epigenetic activity [37], it is tempting to speculate that vitamin
D may contribute to this facet of uNK function.
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4.1 Abstract

Unbiased genomic screening analyses have highlighted novel immunomodulatory properties
of the active form of vitamin D, 1,25-dihydroxyvitamin D (1,25(OH),D3). However, clearer
interpretation of the resulting gene expression data is limited by cell model specificity. The
aim of the current study was to provide a broader perspective on common gene regulatory
pathways associated with innate immune responses to 1,25(OH),;D3, through systematic
re-interrogation of existing gene expression databases from multiple related monocyte mod-
els: the THP-1 monocytic cell line (THP-1), monocyte-derived dendritic cells (DCs) and
monocytes. Vitamin D receptor (VDR) expression is common to multiple immune cell
types, and thus, pathway analysis of gene expression using data from multiple related mod-
els provides an inclusive perspective on the immunomodulatory impact of vitamin D. A
bioinformatic workflow incorporating pathway analysis using PathVisio and WikiPathways
was utilized to compare each set of gene expression data based on pathway-level context.
Using this strategy, pathways related to the TCA cycle, oxidative phosphorylation and ATP
synthesis and metabolism were shown to be significantly regulated by 1,25(OH),D3 in
each of the repository models (Z-scores 3.52—8.22). Common regulation by 1,25(0OH),D3
was also observed for pathways associated with apoptosis and the regulation of apoptosis
(Z-scores 2.49-3.81). In contrast to the primary culture DC and monocyte models, the
THP-1 myelomonocytic cell line showed strong regulation of pathways associated with cell
proliferation and DNA replication (Z-scores 6.1-12.6). In short, data presented here support
a fundamental role for active 1,25(OH),D3 as a pivotal regulator of immunometabolism.

4.2 Introduction

In recent years, studies in vivo and in vitro have shown that vitamin D is able to influence
biological responses that extend far beyond its classical effects on skeletal homeostasis.
Prominent among these extra-skeletal effects is the interaction between vitamin D and the im-
mune system, including regulation of both innate and adaptive immune responses [3, 97, 255].
As a consequence of these observations, vitamin D deficiency has been linked to increased
risk of bacterial and viral infection [172, 137], as well as inflammatory and autoimmune
disease [137, 112]. The ability of supplementary or therapeutic vitamin D to prevent or
improve these immune disorders is much less clear and is the subject of randomized placebo
control trials currently underway. Crucially, improved understanding of the mechanisms
that underpin the immunomodulatory actions of vitamin D has greatly helped to improve
the design and outcome of clinical trials. In particular, unbiased analysis of gene responses
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to vitamin D supplementation has uncovered previously unrecognized immune targets for
vitamin D [145, 47] that are now key markers of vitamin D function in supplementation trials.

The initial observation linking vitamin D and immune function was detection of the nu-
clear vitamin D receptor (VDR) in lymphocytic and myeloid cells [20, 150], indicating
that these cells are able to respond to the active form of vitamin D, 1,25(OH),D3, which
binds with VDR. Further studies showed that cells from innate immune system such as
monocytes/macrophages [128] and dendritic cells (DC) [101] are also able to synthesize
1,25(0OH),D3 from the inactive precursor 25-hydroxyvitamin D (25D), the main circulating
form of vitamin D. As the principal effect of dietary vitamin D supplementation is to raise
serum levels of 25D, the ability of monocytes and DCs to convert 25D to 1,25(OH),D3
provides a localized, autocrine, pathway by which enhanced 25D can influence both innate
and adaptive immunity [145, 112]. These observations placed monocytes and DCs at the
center of the immunomodulatory activity of vitamin D. Synthesis of 1,25(OH),D3 by these
cells has the potential to influence endogenous innate immune cell function in the form of
enhanced antibacterial activity [145, 97] and/or modulated antigen presentation [101, 113].
Furthermore, 1,25(OH),D3 generated by monocytes and/or DCs may also impact adaptive
immune function by exerting exogenous effects on T cells or B cells expressing VDR [113].
Despite this, our understanding of the broader impact of vitamin D on cells from the innate
immune system such as monocytes, macrophages and DCs remains far from clear.

Recent genome-wide expression studies using a monocyte-derived DC model highlighted the
potential role of pathways associated with glucose metabolism, the TCA cycle and oxidative
phosphorylation in mediating the effects of 1,25(OH),D3 in promoting a tolerogenic DC phe-
notype [72]. The aim of the current study was to provide a broader analysis of monocyte/DC
responses to 1,25(0OH),D3 using existing gene expression repositories for multiple models
of innate immune function. A meta-analysis of various datasets has been performed using
an integrative workflow of open-source bioinformatics tools in order to give a biological
context to the genes that are significantly modulated by 1,25(OH),D3. Finally, a comparison
between the immune cell types selected has been applied to highlight the common biological
processes that are altered by vitamin D.
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4.3 Materials and methods

4.3.1 Workflow overview

A workflow was developed that utilizes and integrates gene expression data from public
repositories and places them in a biological context. Figure 4.1 illustrates step by step the
different tools and methods used in the analysis workflow. The first procedure consisted of
open and free modules in ArrayAnalysis to (i) perform a data quality check, (ii) normalize
the raw transcriptomic data and (iii) perform a statistical analysis to obtain the parameters
that show gene expression changes. The processed datasets were then applied to PathVisio, v.
3.2.4 software [241, 136] in order to perform statistical analyses that highlight the biological
processes significantly altered as a consequence of gene expression changes and to visualize
them in pathway diagrams from the WikiPathways pathway repository downloaded January
2017 [135]. Comparison of the pathways shown to be significantly altered between the
different cell types using PathVisio and WikiPathways was also represented by heat maps
diagrams. In another approach, genes shown to be regulated by 1,25(OH),D3 in all three cell
models were used to identify enriched biological processes by gene ontology (GO) analysis
and the results were visualized in biological networks using ClueGO, v 2.3.3 [22], an app of
Cytoscape 3.4.0 [223] (figure 4.1). This workflow is designed in a user-friendly fashion that
does not require programming skills. In order to reproduce this workflow, it is recommended
to use the latest versions of designated software. Furthermore, it is also important that gene
annotation database and pathways repositories used in the analysis are regularly updated.
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4.3.2 Transcriptomic datasets

Publically available transcriptomic data sets for 1,25(OH),D3-treated monocytes and den-
dritic cells (DC) were selected from ArrayExpress (https://www.ebi.ac.uk/arrayexpress/,
[121]) and Gene Expression Omnibus (GEO, http://ncbi.nlm.nih.gov/geo/, [16]). Selection
criteria were based on gene expression studies performed in human cells including monocytic
cell lines, monocytes and monocyte-derived DCs treated with 1,25(OH),D3: THP-1 cells
(GSE52819 [248]), dendritic cells (GSE13762 [231]) and human monocytes (GSE56490
[72]). The selection of the three studies was based on experimental design and quality control
analysis of the raw data. In all studies, data were derived from human immune cells treated
with 1,25(OH),D3 or from control (vehicle-treated) cells (table 4.1). In addition to the
three cell models outlined previously, preliminary analyses were also carried out using other
1,25(OH),D3-treated cell data repositories: THP-1 cells (GSE60102 ([173]) and human
monocytes (GSE46268 [258]). In addition, the data for GSE13762 [231] included both
immature and mature DC, and both these models were included in the preliminary analysis.
Finally, as a negative control, the preliminary pathway analysis included a 1,25(OH),D3-
treated B cell dataset (GSE22523 [143]). Because of missing raw data, incomplete gene
annotation, incompatibility with ArrayAnalysis and non-monocyte origin, some data from
the preliminary analysis were not included in the main analysis of this study, but relevant
findings related to the data were addressed in the ‘Results’ section.

4.3.3 Pre-processing raw data and statistical data analysis in Array-
Analysis

Unprocessed transcriptomics data were collected from the repositories and processed using
the online workflow of ArrayAnalysis performed in January 2017 (https://www.arrayanalysis.
org [64]) to obtain quality control reports, normalized data and perform statistical analysis.
The workflow uses an R script as a core module with functions from several Bioconductor
libraries. Quality control showed that there was no need to exclude any samples in the three
selected transcriptomic datasets (data not shown). Depending on the microarray technology
used, the normalization algorithm was selected. RMA method was used to normalize
GSE52819 [248] and GSE56490 [72]. GC-RMA method was applied to GSE13762 [231].
Statistical analysis of the normalized data to determine genes that are significantly altered
(up/downregulated) was carried out with a second module from ArrayAnalysis including
the moderated t-test from the R/Bioconductor package limma [205]. The output is a table
with the expression parameters for each gene showing fold-change (FC), in a log scale after
1,25(0OH), D3 treatment, and the significance of changes by the Benjamini—-Hochberg adjusted


https://www.ebi. ac.uk/arrayexpress/
http://ncbi.nlm.nih.gov/ geo/
https://www.arrayanalysis.org
https://www.arrayanalysis.org
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P value. Based on statistical gene expression parameters, the significantly up/downregulated
genes were identified using the criteria: absolute log2FC > 0.26 and adjusted P value < 0.05.
The average expression (AE) was used to filter out lowly expressed genes, and the cut-off
was specific for each dataset based on the density plot of the intensities after normalization:
THP-1 AE > 4.25; immature DC AE >3.86 and monocytes AE >9.5 table 4.1.

4.3.4 Pathway statistics and analysis in PathVisio

PathVisio v. 3.2.4 [241, 136], an open-source pathway creation and analysis tool, was used
to contextualize significantly altered genes, and altered biological processes were visual-
ized using the biological pathway repository WikiPathways [135]. Utilizing the BridgeDb
identifier mapping feature released on 18 October 2016 (http://www.bridgedb.org/) [242],
PathVisio recognizes genes (probe) identifiers from the most used databases and microarray
platforms such as NCBI and Affymetrix. This identifier mapping database (Homo sapi-
ens Derby Ensembl 85 gene database) enables linking of statistical values from analyzed
data to the corresponding gene boxes in the pathway diagrams of WikiPathways. In the
analysis, the curated human pathways collection (released April 2017, http://data. wikipath-
ways.org/20170410/gpml/) of WikiPathways was used. For pathway analysis, a criterion
is chosen to select genes that are significantly altered within each dataset based on the
expression difference parameter of FC (on log2 scale) and the significance of that change
is represented as the adjusted P value (<0.05). PathVisio performs an overrepresentation
analysis taking into account all genes measured (N), genes that satisfy the criterion (R), genes
measured in the experiment that are present in the pathway (n) and genes in the pathway
measured in the experiment that satisfy the criteria (r):

R
rfnﬁ

(7)1 =)0 = 7=1)

4.1

ZScore =

The Z-score is used to measure how significantly a subset of genes is altered in a certain
pathway compared to the complete dataset. In our analysis, biological pathways that have a Z-
score equal to or above 1.96 are considered significantly altered. The function heatmap.2 from
the R library gplots (v.3.0.1) was used to create a heatmap that compared and hierarchically
clustered pathways for each of the datasets based on Z-scores.


http:// www.bridgedb.org/
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4.3.5 GO analysis with ClueGO in Cytoscape

GO analysis of the common significantly altered genes (absolute 1og2FC >0.26 and adjusted
P value <0.05) in the three types of immune cells was performed to identify and visualize
which GO biological process terms were significantly overrepresented. Within the commonly
used open-source network analysis tool Cytoscape, v. 3.4 [223], the ClueGO app, v 2.3.3
performs GO analysis to group a set of genes in GO terms minimizing redundancy and
display their relationship in a network. Connections between the GO nodes containing a
common subset of genes were calculated with kappa statistics based on the correlated genes

that are grouped.

4.4 Results

4.4.1 Differentially expressed genes in 1,25(OH),;D3-treated THP1 cells,

dendritic cells and monocytes

A preliminary pathway analysis of multiple THP-1, monocyte and DC datasets revealed
common regulation of several key cell pathways by 1,25(OH),D3 in cells from the myeloid
lineage: electron transport, oxidative phosphorylation, the TCA cycle, glycolysis and glu-
coneogenesis and apoptosis. By contrast, the non-myeloid B cell gene expression dataset
showed no similarity with the myeloid effects of 1,25(OH),D3, underlining the lineage-
specific effects of 1,25(0OH),D3 (figure 4.2). From this initial pathway analysis, it was also
interesting to note that 1,25(OH),D3 regulation of pathways associated with the cell cycle
and cell proliferation were only observed in the myeloid leukemic cell line THP-1 and not
the other non-neoplastic primary cell models used in the study (figure 4.2). Because of
incomplete raw data or gene annotation, or incompatibility with ArrayAnalysis, further, more
detailed, pathway analysis was restricted to raw datasets for GSE52819, GSE13762 and
GSE56490.
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4.4.2 Pathway analysis reveals altered biological processes based on

molecular changes in 1,25(OH),;D3-treated immune cells

Pathway overrepresentation analysis performed on immune cell datasets GSE52819, GSE13762
and GSE56490 generated a list of biological processes regulated by 1,25(OH),D3 in each of
the three different innate immune cell models. For each cell type, the significantly altered
pathways were selected, and their Z-scores plotted and clustered in a heatmap (figure 4.2)
showing Z-score comparisons for major affected pathways between the three cell models.
Data indicate that 1,25(OH),D3-regulated pathways were either cell specific or common to
all three models. Pathways related to DNA replication, the cell cycle and cancer (retinoblas-
toma) showed high Z-scores and were more strongly regulated by 1,25(OH),D3 in THP-1
cells, consistent with the proliferative leukemic nature of this cell line. By contrast, primary
cells (DCs and monocytes) showed stronger 1,25(OH),D3 regulation of pathways associated
with glycolysis/gluconeogenesis and the apoptosis-related network due to altered Notch3
in ovarian cancer pathway relative to THP-1 cells, albeit at lower Z-scores than observed
for THP-1-specific pathways. Pathways associated with apoptosis and apoptosis modulation
and signaling also showed lower Z-scores, but were equally induced by 1,25(OH),D3 in
THP-1 cells, DCs and monocytes. The highest Z-score for 1,25(OH),D3-regulated pathways
common to all three cell models was for pathways related to the TCA cycle, oxidative
phosphorylation and the electron transport chain.

4.4.3 GO analysis shows metabolic, immunological and apoptotic pro-
cesses altered by 1,25(OH),D3 in THP-1 cells, dendritic cells and

monocytes

ArrayAnalysis processing of GSE52819, GSE13762 and GSE56490 datasets was carried
out to define the number of genes measured and number of genes significantly regulated
by 1,25(0OH),D3 in each of the three cell models (table 4.1). Further analysis of these data
showed that a total of 230 genes were significantly regulated by 1,25(OH),D3 in all three
cell models (figure 4.3), and these genes were selected for subsequent GO analysis.

GO analysis using the list of 230 commonly altered genes was carried out using ClueGO
in Cytoscape to display networks of overrepresented biological processes associated with
this list. A total of 39 groups of GO terms resulted in the identification of three broad
sub-networks common to each of the cell models (figure 4.4, figure 4.5 and figure 4.6).
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THP-1 DC

1836
(39.5%)

1218
(26.2%)

483
(10.4%)

Monocytes

Fig. 4.3 Venn diagram showing numbers of common and cell-specific genes regulated by 1,25(OH),D3.
1,25(OH),D3-regulated genes in THP-1 cells, DCs and monocytes. Venn diagrams showing numbers of
common and cell-specific genes regulated by 1,25(OH),D3 in THP-1 cells, DCs and monocytes. Genes with an
absolute log2 fold-change >0.26 and adjusted P value <0.05 were considered as regulated.

The first of these networks was associated with bioenergetic GO terms including the electron
transport chain (GO:22904), oxidation-regulation process (GO:55114), oxidative phosphory-
lation (GO:6119), tricarboxylic acid cycle (GO:6099) and canonical glycolysis (GO:61621)
(figure 4.4). A second sub-network was based on immunological GO terms such as responses
to molecules of bacterial origin (GO:2237), cytokine production (GO:1816), inflammatory
response (GO:6954) and myeloid cell differentiation (GO:30099) (figure 4.5). The final net-
work identified groups of apoptotic processes such as intrinsic apoptotic signaling (GO:97193)
and negative regulation of apoptotic signaling (GO:2001234) (figure 4.6).

4.4.4 Visualization of 1,25(OH),D3-induced changes in gene expres-
sion in THP-1 cells, DCs and monocytes on altered metabolic
pathways

Pathways related to ATP metabolism showed high Z-scores (>1.96), indicating strong regula-
tion by 1,25(0OH),D3 (figure 4.2). To investigate the significant changes in gene expression
in more depth, the effect of 1,25(OH),D3 on gene expression was visualized on the altered
metabolic pathways discovered with pathway analysis, i.e., electron transport chain, oxidative
phoshorylation and TCA cycle and glycolysis.
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Fig. 4.6 ClueGO gene ontology analysis of common 1,25(OH),D3-regulated apoptosis related processes genes.
ClueGO analysis represented as networks in Cytoscape. Nodes representing GO biological processes are
displayed in a biological network named as the biological processes that are overrepresented: apoptosis related
processes. The colours represent the GO group, each node is a biologic process and the edges shows the
connectivity between each node based on the connection of the genes that contain. Nodes with no connections

are coloured in grey.
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4.4.5 1,25(0H),;D3 and the electron transport chain

In the human electron transport chain pathway (http://wikipathways.org/index.php/Pathway:
WP111), significantly upregulated or downregulated genes (adj. P value <0.05) in the
three immune cells treated with 1,25(OH),D3 compared to untreated cells were collectively
visualized. Overall, the electron transport chain was activated by 1,25(OH);D3 in the three
immune cells. Biological data in figure 4.7 shows in all three cell types a significant increase
in expression by 1,25(OH),D3 of genes associated with electron transport chain complexes I
(NDUFA2, NDUFA3, NDUFAS, NDUFB9, NDUFA 10, NDUFBS5, NDUFAB 1, NDUFS3,
NDUFV1, NDUFS1), complex II (SDHB), complex III (UQRCI1-2), complex IV (COX411,
COX5A) and complex V (ATP5A1, ATP5B, ATP5C1, ATP5G1, ATPSL). Interestingly, the
gene expression of the uncoupling protein 2 (UCP2) is significantly (adj. P value <0.05)
downregulated in THP-1 cells and monocytes by 1,25(OH)2D, but unchanged in dendritic
cells.

4.4.6 1,25(OH),D3 and oxidative phosphorylation

In the oxidative phosphorylation pathway (http://wikipathways.org/index.php/Pathway: WP623)
all significantly changed genes were upregulated, demonstrating that this process is activated
by 1,25(0OH),D3 in THP-1 cells, DCs and monocytes. Biological data in figure 4.9 show that
specifically genes related to ATP synthase (ATPG3, ATP5G1, ATP5B, ATP5G1, ATP5A1,
ATP5L) and nicotinamide nucleotide transhydrogenase (NDUFA3, NDUFS3, NDUFV1, ND-
UFA10, NDUFAS, NUDFB9 NDUFS1, NDUFBS, NDUFAB1, NDUFA?2) are significantly
(adj. P value <0.05) upregulated by 1,25(OH),D3 in each of the cell models.

4.4.7 1,25(0H),;D3 and the TCA cycle and glycolysis

In the TCA cycle (http://wikipathways.org/index.php/Pathway:WP78), the process that
produces energy by oxidation of acetyl- CoA, 1,25(OH),D3 upregulates genes involved in
the conversion of acetyl-CoA in carbohydrate and chemical energy. 1,25(OH),D3 increased
the expression of ACO2, IDH3, IDH4B, DLD, SUCLG1, SDHB and MDH?2 and only the
expression of IDH2, which functions in the opposite direction of the cycle, was significantly
(adj. P value <0.05) downregulated (figure 4.10). Glucose metabolism was also affected by
1,25(0OH), D3, with enzymes such as HK2, PFKM and FBP1 being significantly (adj. P value
<0.05) upregulated after treatment (figure 4.8).


http://wikipathways.org/index.php/Pathway:WP111
http://wikipathways.org/index.php/Pathway:WP111
http://wikipathways.org/index.php/Pathway:WP623
http://wikipathways.org/index.php/Pathway:WP78
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Title: Glycolysis and Gluconcagenesis

ified: 21212013
Organism: Homo sapiens
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Fig. 4.8 Effect of 1,25(OH),D3 on genes associated with the glycolysis. Visualization of changes in gene
expression after 1,25(OH),D3 treatment in THP-1 cells, DCs and monocytes. Log2 fold changes are shown as
a gradient from blue (downregulated) to red (upregulated) over white (unchanged). Adjusted P-values <0.05
are shown in green.
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4.4.8 1,25(0H),;D3 and cell proliferation

Analysis of both THP-1 cell datasets revealed that 1,25(OH),D3 had a significant effect on
genes associated with the cell cycle (https://www.wikipathways.org/instance/WP179_r93002)
(figure 4.11). This included suppression of complexes involved in phase transitions and
checkpoint signaling such as BUB1/BUB3, p34cdc2/cyclin B, Chk1/Chk?2 and cell cyclin-
dependent kinases (CDKs) such as CDK1, CDK2 and associated cyclins Al, A2, B1, B2
and E1, E2. THP-1 cells treated with 1,25(OH),D3 also showed decreased expression of
genes associated with DNA replication (https://www.wikipathways.org/instance/WP466_
r94886) (figure 4.12). This included suppression of subunits of the maintenance protein
complex (MCM), needed to initiate and elongate the replication fork in the DNA replication.
1,25(0OH),D3 also suppressed expression of genes that participate in progression of the cell
cycle such as components of the assembly of the pre-replicative complex. This includes
subunits of the component of the origin recognition complex (ORC): ORCL 1, 3 and 6. Genes
that participate in the assembly of pre-replicative DNA complexes were also downregulated
by 1,25(0OH),D3. These include CDC6 and CDT1/GMNN complex. Finally, components
of the DNA polymerase (POLa2, POLa, POLe2), primase (PRIM1, PRIM2) and subunits
of the replication factor C (RFC1-5) were also downregulated by 1,25(OH),D3 in THP-1
cells (figure 4.12). In contrast to effects in leukemic THP-1 cells, pathways associated with
cell proliferation and cell cycling were unaffected by 1,25(OH);D3 in primary cultures of
monocytes and dendritic cells (figure 4.2).

4.4.9 1,25(0OH),;D3 and apoptosis

In the GO analysis, a network that relates apoptosis GO terms revealed three GO core groups:
(1) negative regulation of apoptotic signaling; (2) intrinsic apoptotic signaling; (3) regulation
of intrinsic apoptotic signaling pathway (figure 4.6). These groups include genes that were
upregulated by 1,25(OH),D3 in all three cells types such as: NDUFS3, TNFSF10, TRAP1,
YBX3, NCK2, CEBPB, FXN, CYCS and NCK2. Conversely, CD74, DAPK1, ITGAV and
FNIP2 were downregulated by 1,25(OH),D3. Biological data in figure 4.13 and figure 4.14
show significant effects of 1,25(OH),D3 on pathways associated with apoptosis. The receptor
TNFTSF10D that participates negatively in apoptosis is upregulated by 1,25(OH),D3 in all
three cell types, while the family of apoptotic caspases (2, 3, 4, 6 and 7) and the apoptotic
peptidase-activating factor 1 (APAF1) are suppressed. Finally, it is interesting to note that
JAK?2 and MAP3KS5 are downregulated by 1,25(0OH),D3 in THP-1 cells but upregulated in
DCs and monocytes.


https://www.wikipathways.org/instance/WP179_r93002
https://www.wikipathways.org/instance/WP466_r94886
https://www.wikipathways.org/instance/WP466_r94886
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Fig. 4.15 Heat map showing temporal effect of 1,25(OH),D3 treatment in THP-1 cells. Temporal effect of
1,25(0OH),D3 treatment in THP-1 cells To evaluate temporal effects of 1,25(OH),D3 comparison of pathway
analysis was carried out for THP-1 cell array analyses at 24 hours (GSE60102), and 4 hours (GSE27270)
[173] and an RNA-seq study where THP-1 cells were treated with 1,25(OH),D3 for 2.5, 4 and 24 hours
((GSE36323) [216]). Electron transport chain, oxidative phosphorylation and TCA cycle are only significantly
altered (Z2>1.96) in THP-1 cells treated with 1,25(OH),D3 for 24 hours. Furthermore, cell cycle pathways
related are only significantly altered (Z>1.96) in THP-1 cells of 1,25(OH),D3 24 hours treatment cells from
Nurminem and Vermay datasets.
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4.5 Discussion

Bioinformatics, or applying informatics to study biology, seeks to provide an unbiased and
statistically robust insight into the molecular mechanisms that impact human health and
disease. Large-scale projects such as the Human Genome Project [207] and ENCODE [52]
have provided access to expansive repositories of data that have greatly helped to shed light
on genomic function. However, utilization of these data repositories to answer specific
biological questions remains limited. This is particularly true for studies of vitamin D,
despite detailed genome-wide analysis of VDR—chromatin interactions [191]. In most cases,
analysis of the genomic responses to 1,25(0OH),;D3-VDR complexes has been cell-specific,
incorporating both classical calciotropic [160] and extra-skeletal [191] effects of vitamin D.
Recently, a more integrated approach to the bioinformatic interrogation of 1,25(OH),D3-
VDR datasets has been described, utilizing VDR-chromatin immunoprecipitation-sequencing
(ChIP-Seq) datasets with National Human Genome Research Institute (NHGRI) Genome-
Wide Association Study (GWAS) Single-Nucleotide Polymorphism (SNP) datasets [220].
This strategy of combining publicly available datasets presents a distinct set of challenges,
notably in establishing statistical rigor and appropriate analytical workflows, but neverthe-
less, provides a novel perspective on the role of vitamin D and the VDR in human health.
Notably, integration of ChIP-seq-GWAS datasets emphasized an important role for VDR
in regulating of target genes associated with immunomodulation [220]. The current study
proposes an alternative bioinformatic approach to further interrogate the immunomodulatory
function of 1,25(OH),D3-VDR. Utilizing pathway analysis workflows to assess multiple
RNA expression datasets for monocyte-derived cell models allowed to the identification
of common cellular pathways that are regulated by 1,25(OH),D3, revealing an important
new immunometabolic function for vitamin D. The analysis pipeline described here offers
an alternative statistical approach to conventional software packages. The most notable
advantage of the workflow presented here is that it is open source and user-friendly for the
bioscience community and enables reproducible and straightforward methodology that can
process data from different gene expression analysis platforms.

Transcriptomic analysis of gene regulatory responses has played a pivotal role in defin-
ing the innate immune functions of vitamin D [47]. Notable studies have utilized specific
monocyte [145] and dendritic cell [72] models to identify previously unrecognized molecular
targets for active 1,25(OH),D3, which have, in turn, revealed antibacterial [4, 14, 46] and
metabolic regulatory [244] functions for vitamin D in these cells. Collation of data from these
different studies provides an alternative strategy for analysis of the immunomodulatory func-
tion of vitamin D, by incorporating groups of regulated genes into cellular pathway analyses.
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Using this strategy, it was possible to identify common cellular processes that are regulated
by 1,25(0OH),D3, as well as those that are more cell lineage specific. The major advantage of
this workflow is that it contextualizes the experimental data at the biological process level
using interactive pathways. Based on criteria, the pathway statistics approach of PathVisio
defines the genes that are significantly altered in the dataset and highlights the pathways
of the WikiPathways repository that are altered after treatment with 1,25(OH),D3. In our
pathway analysis, we used the manually curated and up-to-date human pathway collection of
WikiPathways containing a broad spectrum of biological processes, including well-described
metabolic processes as well as signaling and gene regulatory processes. Pathway analysis
not only highlights the altered biological processes based on changes in gene expression,
but it enables the investigation of the relationship between genes and different datasets in
great detail. This makes pathway analysis a suitable approach for an integrative and in-depth
analysis of large-scale transcriptomic data.

The most striking observation from the current analysis is that in all three cell models,
1,25(0OH),D3 is strongly associated with changes in cellular metabolism, oxidative phos-
phorylation and energy generation. Oxidative phosphorylation has been shown to play an
important role in promoting a tolerogenic phenotype in immune cells [246, 161]. Previous
studies have reported effects of 1,25(OH),D3 on mitochondrial functionality and physiology,
and pathways related to glucose metabolism in monocyte-derived DCs [72]. In a similar
fashion, serum 25(OH)D status has been linked to markers of bioenergetic pathways in
human peripheral blood mononuclear cells [32], and active 1,25(OH),;D3 has been shown
to increase production of ATP and ROS, as well as altering mitochondrial functionality and
morphology by increasing its membrane potential and total mass of mitochondria in differen-
tiating monocytes [72]. It was therefore notable in the current study that the most significantly
altered pathways common to all three innate immune cell types were those associated with
mitochondrial function: TCA cycle, electron transport chain and oxidative phosphorylation.
Collectively, these observations underline an important role for 1,25(OH),D3 as a positive
regulator of mitochondrial metabolism and bioenergetic pathways in immune cells. Interest-
ingly, this effect of 1,25(OH),D3 appears to be consistent not only across the three myeloid
cell models studied in detail in figure 4.2, but is also observed within different DC subtypes.
In the current study, we chose an immature DC (iDC) model which focused purely on the
effect of 1,25(0OH),D3, although this was for a longer time period (5 days) than the other
models. Nevertheless, further analysis showed that the pathway effects of 1,25(OH),D3 on
iDC over 5 days were similar to those observed in immune-activated mature DC (mDC)
treated with 1,25(OH),D3 for 12 h (Supplementary Fig. 2).
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Pathways associated with glycolysis and gluconeogenesis, such as the TCA cycle, were also
significantly regulated by 1,25(OH),D3 in all three cell types studied. Catabolism of glucose
leads to the formation of pyruvate, a biomolecule that is then metabolized in the TCA cycle.
At present, relatively little is known about the impact of vitamin D on the TCA cycle, other
than clinical studies showing association between vitamin D deficiency and dysregulation
of glucose metabolism like diabetes [214]. The present study demonstrates that several
genes involved in the glucose metabolism are significantly regulated by vitamin D figure 4.8.
Comparison of the THP-1, DC and monocyte datasets showed that genes for enzymes such
as hexokinase, phosphofructokinase and fructose-bisphosphatase are commonly upregulated
after 1,25(0OH),D3 treatment. In contrast to oxidative phosphorylation and electron transport,
the glycolysis/gluconeogenesis effects of 1,25(0OH),D3 were less consistent with some genes
showing opposite patterns of regulation in different cell types. It is nevertheless clear that the
regulation of glucose metabolism is a key facet of 1,25(OH),;D3 regulation of myeloid cells.

Besides common targets for vitamin D in innate immune cells, analysis of multiple repos-
itories also highlighted pathways that were cell model specific. In THP-1 cells only,
1,25(0OH),D3 potently regulated genes involved in progression of cell cycle and DNA repli-
cation, consistent with the neoplastic origin of these cells. The pathways with high Z-score
include retinoblastoma in cancer, G1 to S cell cycle control, DNA replication and cell cycle,
are similar to those reported previously for prostate cancer cells treated with 1,25(0OH),D3
[132]. This suggests that, in addition to its common metabolic innate immune targets,
1,25(0OH),D3 also has common antiproliferative targets in neoplastic cell types, including
suppression of key proteins that participate in progression of the cell cycle and regulation of
DNA replication [129]. Interestingly, pathway analysis of 1,25(OH),D3 in prostate cancer
cells [132] did not reveal any significant regulation of the metabolic pathways as identified
for monocytes and DCs in the current study. Thus, in the same way that suppression of cell
cycle/DNA replication genes appears to be a cancer cell-specific effect of 1,25(0OH),D3,
genes associated with oxidative phosphorylation and energy metabolism appear to be innate
immune cell specific. Previous studies using THP-1 cells have also included analysis of the
temporal variations in response to treatment with 1,25(OH),D3 [216]. The datasets in this
particular study did not conform to requirements for the comparative pathway analysis used
in our current study. However, we were able to carry out a preliminary pathway analysis
of these data (figure 4.15). Here, it was notable that metabolic and cell cycle effects of
1,25(OH),; D3 were only observed after 24 h of treatment, suggesting that pathway regulation
by vitamin D is highly time dependent.
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The third major group of pathways shown to be regulated by 1,25(OH),D3 in THP-1,
monocytes and DCs were those associated with programmed cell death (apoptosis). Previous
studies have reported pro-apoptotic effects of 1,25(OH),D3 in primary cultures of monocytes,
with this effect being mediated via interference with CD40 responses [9]. Conversely, in
the HL-60 leukemic cell line, 1,25(OH),D3 was reported to promote resistance to apoptosis
[168]. Furthermore, studies from our group have shown that antisense knockdown of VDR
in another leukemic cell line, U937, promoted cell apoptosis [100]. Data from the current
study further support a role for 1,25(OH),D3 in regulating apoptosis of innate immune cells:
common genes in the three datasets compared are commonly upregulated (TNFTSF10D) and
downregulated (caspases family proteins and APAF1).

4.6 Conclusions

Understanding the entire set of results of high-throughput gene expression studies has often
been challenging, caused by the complicated process of data analysis, and the limited
biological interpretation that could be extracted from the large datasets generated through
bench experiments. As a consequence, genome-wide analyses have tended to focus on
changes in expression for specific genes [145, 47] or small groups of genes associated with
a specific pathway [72]. The aim of the current study was to provide, for the first time, an
unbiased analysis of the function of vitamin D in immune cells at a broader pathway level.
Our resulting data demonstrate the added value of implementing a workflow with different
bioinformatic tools that allows us to analyze gene expression data in a rapid, automated and
reproducible fashion, to highlight pathways that are significantly altered by 1,25(OH),D3.
It is possible to visualize and further interrogate these biological diagrams to provide a
detailed description of the molecular effects of 1,25(0OH),D3 in different types of immune
cells. Finally, comparison of different datasets has allowed us to identify pathways, notably
those associated with cell metabolism, that are common to multiple different types of innate
immune cells. This approach provides new insights into the immunomodulatory actions of
vitamin D, but also has important implications for the many other physiological responses
linked to vitamin D in recent studies.
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5.1 Abstract

The active form of vitamin D, 1,25-dihydroxyvitamin D (1,25(OH),D3) is a potent regulator
of innate immune function, promoting anti-inflammatory, tolerogenic T cell responses by
modulating antigen presentation by dendritic cells (DC). Transcriptomic analyses indicate
that DC responses to 1,25(OH),;D3 involve changes in glycolysis, oxidative phosphorylation,
electron transport and the TCA cycle. To determine the functional impact of metabolic
remodelling on innate immune responses to 1,25(OH),D3, human monocyte-derived DC
were differentiated to immature (+vehicle, iDC), mature (+LPS, mDC), and immature
tolerogenic DC (+1,25(OH), D3, itolDC) and characterised for metabolic function. In contrast
to mDC which showed suppression of maximal respiration capacity, itolDC showed increased
basal and maximal respiration capacity relative to iDC. Tracer metabolite analyses using
13C¢-labeled glucose showed increased generation of lactate and TCA cycle metabolites.
When glutamine was used as a TCA cycle substrate, the effects of 1,25(0OH),D3 were
less significant, indicating that 1,25(OH),D3 primarily stimulates glycolysis and TCA cycle
metabolism. Analysis of non-polar lipophilic metabolites of '*Cg-glucose revealed significant
incorporation of label in palmitate and palmitoleate, suggesting the 1,25(OH),D3 promotes
metabolic remodelling and fatty acid synthesis in itolDC. Inhibition of fatty acid synthesis
in itolDC altered ito]lDC morphology and suppressed expression of CD14 and IL-10 by
these cells. These data indicate that the ability of 1,25(OH),D3 to induce tolerogenic DC is
dependent on metabolic remodelling leading to synthesis of fatty acids.

5.2 Introduction

The active form of vitamin D, 1,25-dihydroxyvitamin D (1,25(0OH),D3), is a potent im-
munomodulator, promoting innate antibacterial activity [98] [99], whilst inhibiting inflam-
matory acquired immune responses [99] [3]. Similar to its classical calciotropic actions,
the immunomodulatory activities of 1,25(OH),;D3 are mediated by binding to the nuclear
vitamin D receptor (VDR) [96], and concomitant regulation of transcription [47]. Whilst
VDR expression is ubiquitous, the level of VDR is known to vary significantly in cells
from the immune system. Resting T cells exhibit very low levels of VDR, with expression
increasing dramatically following exposure to immunogens and T cell activation [20]. In
this way 1,25(OH),D3 is able to regulate activated T cells directly by suppressing T helper 1
(Th1) and Th17 function and promoting differentiation into regulatory T cells (Treg) [110].
However, 1,25(0OH),D3 can also influence adaptive immunity T cell function via indirect
effects on antigen presenting cells. Macrophages [128] and dendritic cells (DC) [101] express
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VDR, together with the enzyme that synthesises 1,25(0OH),D3, 1a-hydroxylase (CYP27B1).
In macrophages, exogenously added or endogenously generated 1,25(OH),D3 acts via VDR
to stimulate antibacterial responses, including induction of antimicrobial peptides [145],
enhanced autophagy [263], and regulation of intracellular iron [15]. In DC, 1,25(OH),D3
suppresses IL-12 production [101] and CD80/CD86 expression [101], but increases IL-10
production [240]. The overall effect of 1,25(OH),D3 is to maintain an immature status in
DC [101] [190], thereby promoting a tolerogenic DC phenotype (tolDC) [171] [186] which
can elicit development of Treg [5].

The mechanisms by which 1,25(OH),;D3 modulates DC function have still to be fully
elucidated, and are likely to be dependent on specific DC phenotype. In previous studies
we have shown that differentiation of monocytes to immature DC (iDC) is associated with
decreased VDR and elevated CYP27B1 expression [101]. In this in vitro model, further
differentiation of iDC to mature DC (mDC) following CD40-ligation had no further effect
on VDR expression [101]. Similar observations have also been reported for iDC matured to
mDC with lipopolysaccharide (LPS) [79]. Most published studies of vitamin D responses in
DC have focused on LPS-induced mDC to define a role for 1,25(0OH);D3 as a regulator mDC
function [131] [30]. In studies using murine bone marrow-derived DC, 1,25(OH),D3 was
shown to regulate a greater number of genes in LPS-induced mDC relative to vehicle-treated
iDC [213]. Whilst some genes were commonly regulated by 1,25(0OH),D3 in iDC and mDC,
it was clear that many 1,25(OH),D3-regulated genes were specific to mDC or iDC [213].
Thus, the maturation context of DC responses to 1,25(0OH),D3 is likely to be critical in
defining the impact of vitamin D on innate immune DC function.

Recent reports have shown that the effects of 1,25(OH);D3 on mDC are crucially depen-
dent on metabolic remodelling. In monocyte-derived, LPS-induced mDC, pathway analyses
showed that the dominant transcriptomic effects of 1,25(OH),D3 involved changes in glucose
metabolism, oxidative phosphorylation and the TCA cycle [72]. Specifically, short-term treat-
ment of LPS-induced mDC with 1,25(OH),D3 induced a mature tolDC (mtolDC) phenotype
that was dependent on glucose availability and glycolysis [72]. In studies using multiple gene
expression repositories we have shown that the ability of 1,25(OH),D3 to promote metabolic
remodelling via glycolysis, oxidative phosphorylation and the TCA cycle is common to
many myeloid cell types including monocytes, iDC and mDC [81]. In the current study we
have further defined the role of DC metabolic remodelling in mediating immunomodulatory
effects of vitamin D by demonstrating increased fatty acid synthesis in 1,25(OH);D3-induced
immature tolDC (itolDC) in the absence of immunogenic stimulus. Inhibition of DC fatty
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acid synthase suppressed the ability of 1,25(OH),D3 to promote IL-10-secreting itolDC,
indicating that regulation of lipid metabolism is central to the immunomodulatory actions of
vitamin D.

5.3 Materials & Methods

5.3.1 Isolation of primary human peripheral blood monocytes

Healthy human peripheral blood mononuclear cells (PBMC) were obtained from fully
anonymised blood cones obtained from the National Blood Service, Birmingham, UK,
in accordance with ethical agreement ERN_14-0446. PBMC were isolated from whole
blood leukocyte cones from healthy donors using LymphoPrep Separation Media (Stem
Cell Technologies, Cambridge, UK) as per manufacturer’s instructions, and resuspended in
ice-cold MACS (magnetic-activated cell sorting) buffer to achieve approximately 50million
PBMC:s per mL. CD14+ monocytes were isolated from PBMC using the EasySep Monocyte
Isolation Kit (Stem Cell Technologies) as per manufacturer’s instructions. The yield of
CD14+ monocytes achieved from 500 million PBMC was approximately 50 million. The
resulting monocytes were transferred to a new tube, and PBS added up to 15mL. Following
centrifugation at 1500rpm for 5 minutes, pelleted CD14+ monocytes were re-suspended in
Roswell Park Memorial Institute (RPMI) 1640 Medium (Thermofisher, Loughborough, UK)
supplemented with 5% L-glutamine (Sigma Aldrich, Gillingham, UK) and 10% foetal bovine
serum (FBS; Biosera, Heathfield, UK) to achieve 2 million cells per mL.

5.3.2 Invitro generation of monocyte-derived DC

CD14+ monocytes were differentiated into DC in vitro according to the schematic shown in
figure 5.1 A. Monocytes were cultured for 5 days with granulocyte macrophage-stimulating
colony factor (GM-CSF; 800 U/mL, Berlex Laboratories, Seattle, WA) and Interleukin-4
(IL-4; 400 U/mL), in the presence or absence of 10 nM 1,25(OH),D3 (Enzo Life Sciences,
Exeter, UK; diluted in RPMI 1640 medium from 50 pg/mL stock), at 37°C and 5% CO,.
Fresh medium supplemented with GM-CSF and IL-4 was added on day 2 and day 5 of culture,
with the resulting day 6 cells being iDC. The addition of 1 ug/mL LPS (from E. coli, Sigma
Aldrich) for 24 hrs on day 6 generated mature DC (mDC). Addition of 1,25(OH),D3 (10 nM)
for all 6 days of culture in the absence of LPS was used to generate itolDC and the addition
of LPS for the last 24 hrs of these cultures generated mature tolerogenic DC (mtolDC). In
some cultures mitochondrial fatty acid synthase (FAS) was specifically inhibited using 25
UM of 4-Methylene-2-octyl-5-oxotetrahydrofuran-3-carboxylic acid (C75, Sigma Aldrich)
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from day 0. Refresh of media, with the corresponding factors and treatments, was done in
day 2.

5.3.3 Flow cytometry analysis of DC

Approximately 50,000 cells were transferred directly from culture plates into flow cytometry
tubes, washed once with PBS and centrifuged at 1500rpm for 5 minutes. After removing the
supernatant, each sample was re-suspended by gentle vortex in 100 uL LIVE/DEAD Fixable
Near-IR Dead Cell Stain (1 pL stock in 1mL PBS; Life Technologies) to stain for dead cells.
Samples were incubated in the dark on ice for 20 mins, and then washed with PBS and the
supernatant discarded. Fluorescent cell surface staining antibodies were added to samples
to a total of 100 uL per sample in PBS. Following incubation on ice for 30 mins, samples
were washed again and the resulting pellet re-suspended in 200 uL. PBS for immediate flow
cytometry analysis, or fixed for subsequent analysis at a later date. All washing and staining
stages were carried out in the absence of light. For all studies cells were acquired on a Dako
Cyan flow cytometer (Dako Cytomation), median fluorescent intensity (MFI) was measured
for each cell surface marker and data were analysed using FlowJo software (Tree Star version
8.8.6). Data were also shown as representative flow cytometry plots. All antibodies were
purchased from ebioscience/Thermofisher or BD Biosciences and expression quantified
relative to the appropriate isotype control. A full list of antibodies, cytokines, volumes used
and product numbers is shown in table 5.1. Rat IgG antibodies conjugated with matching
fluorophores were used for the isotype control stain, and compensation colours were also
added.
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5.3.4 Microscope fluorescence imaging

For fluorescence microscopy imaging DCs were washed with PBS and stained with 100
nM MitoTracker Green FM (Invitrogen) diluted in RPMI 1640 medium without FBS at
37°C for 25 min. Cells were washed and covered with mounting medium containing
DAPI (VECTASHIELD) for nuclear staining. Images were taken using the Zeiss LSM780
confocal microscope. Two channels were selected: excitation at 490 nm — emission 416 for
mitochondria stain based on MitoTracker Green FM and excitation at 360 nm and emission
at 460 nm for nuclei stained with DAPL

5.3.5 Quantitative Real-time PCR

Total RNA was extracted by phenol/chloroform method after cell lysis in TRIzol (Life
Technologies/Invitrogen). 0.3-0.5 ug RNA was reverse transcribed with random hexamers
using TagMan reverse transcription reagents (Thermofisher/Applied Biosystems). Quantita-
tive real-time PCR for 18S rRNA, VDR, CYP24A1 and CYP27B1 was then performed on
an Applied Biosystems 7900 machine using assays on demand from Applied Biosystems:
18S rRNA, (4319413E); VDR (Hs00118624 CE); CYP24A1 (Hs00167999_m1); CYP27B1
(Hs01096154_m1). Amplification of cDNAs involved incubation at 50°C for 2 mins and
95°C for 10 mins followed by 40 cycles of 95°C for 15 secs and 60°C for 1 min. mRNA
expression was statistically analysed as raw delta Ct values, and also reported as fold-change
in mRNA expression calculated as described previously [4].

5.3.6 Measurement of oxygen consumption

Measurement of mitochondrial oxygen consumption were performed based on previously
reported studies [188] [83]. Cultured DC were used in respiration assays (3-5 x10° per
assay) to study the effects of 1,25(0OH),D3 on the electron transport chain (ETC) and
oxidative phosphorylation. Samples were analysed using an Oroboros O2k-FluoRespirometer
(Oroboros Inc., Innsbruck, Austria) following the sequential addition of different compounds
as follows: oligomycin at 2.5 pM (inhibitor of ATP synthase — measure ATP-coupled
respiration); FCCP at 1 uM, until maximal respiration; rotenone at 0.5 uM (inhibitor of
complex I - measures complex II linked respiration); antimycin A at 2.5 uM (inhibitor of
complex III - stops respiration and measures residual oxygen consumption). Raw oxygen
consumption rate changes were registered and processed to estimate different bioenergetic
related parameters such as basal respiration, ATP-linked respiration and maximal capacity of
ETC.
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5.3.7 Mass spectrometry analysis of 13Cg-glucose and !3Cs-glutamine
metabolism

To assess effects of 1,25(OH),D3 on glycolysis and the TCA cycle metabolic tracer analyses
were carried out using uniformly-labeled '3Cg-glucose or '3Cs-glutamine as substrates as
described previously [174]. Briefly, in the last 24 hours of cell culture, conventional medium
was replaced by DMEM supplemented with 10% FBS, [U-'3C] glutamine (2 mM) or glucose
(10 mM). Following culture, cells were harvested and washed with NaCl (0.1%). Metabolite
extraction was performed by a gradient of 2.5 parts methanol:2.5 parts of chloroform:0.625
parts of H20 containing D-6-acid glutaric as internal reference. The extracted polar fraction
was analysed to study metabolism in glycolysis and TCA cycle. For analysis of fatty
acid synthesis, the extracted non-polar fraction was utilised. In the case of the latter, the
replacement of RPMI media with DMEM media was carried out in day 3 of cell culture. In
this case, a gradient of 50% chloroform:50% methanol containing C17:0, heptadecylic acid
(Sigma Aldrich) was used as an internal reference. The non-polar fraction was extracted
and dried with nitrogen gas. Metabolites that differ in mass due to carbon composition are
known as isotopologues and were represented as M + n; where n is the number of 3C atoms
incorporated. Using mass spectrometry, metabolites and their isotopologues were quantified
and their relative abundance was calculated. Metabolite abundance was normalized by the

internal standard and total ion count.

5.3.8 Statistical analysis

GraphPad Prism 7.0a software (GraphPad) was used for graphical summary and statistical
analysis. Oxygraph raw data were analysed statistically using a paired sample student t-test to
determine the effects of each treatment (p value for significance < 0.05). For metabolite tracer
experiments, a paired sample multi t-test was applied for each isotopologue and statistical
significance was determined using the Holm-Sidak method with alpha=0.05 without assuming
consistent standard deviation. FACS and ELISA data was statistically tested using one-way
ANOVA with post-hoc Tukey’s test. For each test a 95% confidence level was used.



5.4 Results 107

5.4 Results

5.4.1 1,25(0H);D3 regulates DC phenotype in the presence and ab-

sence of immunogenic stimulus

Differentiation of human peripheral blood monocytes to DC using 1,25(0OH),;D3 in the pres-
ence or absence of LPS was associated with specific changes in DC phenotype (figure 5.1).
Relative to vehicle-treated iDC, LPS-induced mDC showed increased numbers of HLA-DR+
cells, and increased MFI for CD11c, CD80, CD83, CD86, CD209 and HLA-DR (figure 5.1
B and C). Relative to mDC, mtolDC demonstrated decreased HLA-DR positivity, and sup-
pressed CD80, CD83, CD86, CD209 and HLA-DR MFI but increased CD14 MFI (figure 5.1
B and C). Relative to iDC, 1,25(OH),D3-induced itolDC showed decreased numbers of
CD80+ and HLA-DR+ cells, whilst increasing CD14+ cells. The MFI for CD80, CD86 and
HLA-DR was also decreased in itolDC relative to iDC, whilst CD14 MFI was increased
(figure 5.1 B and C). Analysis of DC gene expression was carried out using raw delta Ct
values for statistical analysis and fold-change values relative to iDC for visualisation are
shown in figure 5.1 D. Expression of mRNA for VDR (2.3-fold) and CYP27B1 (75.5-fold)
was significantly higher in mDC relative to iDC, and this was unaffected by co-treatment with
1,25(0OH),D3 (mtolDC, 3.4- and 55.7-fold increases respectively relative to iDC) (figure 5.1
D). By contrast, 6 day exposure to 1,25(OH),D3 in itolDC had no effect on VDR or CYP27B1
mRNA expression relative to vehicle-treated iDC (figure 5.1 D). For the vitamin D-target
gene CYP24A1, mRNA expression was profoundly suppressed in mDC relative to iDC
(10-fold), but CYP24A1 mRNA was increased in itolDC (7.4-fold) and mDC+1,25(0OH),D3
(20.2-fold).

5.4.2 1,25(0OH);D3-induced itolDC are characterised by increased ox-
idative phosphorylation

Oxygen consumption rates (OCR) were measured in different populations of DC to assess
the effects of 1,25(0OH),D3 and LPS on metabolic remodelling in the different DC pheno-
types (figure 5.2). Relative to iDC, 1,25(OH),D3-induced itolDC showed increased basal
respiration and maximal respiration (figure 5.2 A and C). However, the enhanced oxygen
consumption induced by 1,25(OH),D3 in itolDC was unaffected by co-treatment with LPS to
induce mtolDC (figure 5.2 B and D). The effects of 1,25(0OH),D3 on OCR were associated
with long-term treatment, as iDC or mDC treated with 1,25(OH),D3 for 24 hrs showed no
significant changes in OCR (data not shown).
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Fig. 5.1 Regulation of DC phenotype by 1,25(0OH),D3. Schematic representation of the model for cell culture
of human monocyte-derived DC. Immature DC (iDC), mature DC (mDC), immature tolerogenic DC (itolDC),
mature tolerogenic DC (mtolDC). B. Representative flow cytometry analyses for CD11c, CD14, CD80, CD86
and HLA-DR in iDC, mDC, mtolDC and itolDC showing comparison between iDC vs itolDC, iDC vs mDC
and mDC vs mtolDC. C. Median fluorescence intensity values for CD11c, CD14, CD40, CD80, CD83, CD86,
CD209 and HLA-DR in iDC, mDC, mtolDC and itolDC. D. Expression of mRNA for VDR, CYP24A1 and
CYP27B1 in iDC, mDC, mtolDC and itolDC. Data are shown as: raw delta Ct values with associated statistical
analysis (upper panel); fold-change in mRNA expression (lower panel). Data show median and upper/lower
quartiles for n=5 replicate donor analyses. * = statistically different from iDC values, p < 0.05, ** p < 0.01, ***
p <0.001.
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Fig. 5.3 Tracer metabolite analysis of glucose metabolism in iDC and itolDC. A. Schematic representation
for incorporation of '*Cg-labeled glucose in polar TCA cycle metabolites through glycolysis and TCA cycle
metabolism. B. Relative abundance of unlabelled (M+0) and 13C-labeled (M+1, M+2, M+3, M+4, M+5,
M+6) TCA cycle metabolites in iDC and itolDC. C. Total % of TCA cycle metabolites in iDC vs itolDC
produced due to glucose consumption. D. Total pool of TCA cycle metabolites in iDC vs itolDC (arbitrary
units A.U.). Abbreviations: glucose 6-phosphate (G6P); fructose 6-phosphate (FO6P); fructose 1,6-bisphosphate
(F16BP); glyceraldehyde 3-phosphate (GA3P); dihydroacetone phosphate (DHAP); 1,3-bisphosphoglyceric
acid (13BPG); 3-phosphoglyceric acid (3PG); 2-phosphoglyceric acid (3PG); phosphoenolpyruvic acid (PEP);
pyruvate (PYR); lactate (LAC); acetyl-CoA (Ac-CoA); citrate (CIT); aconitate (ACO); itaconate (ITA); o-
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(OXA); aspartate (ASP). Data are mean + SD for n=5 donor monocyte preparations. * = itolDC values
statistically different from iDC, p < 0.05, ** p < 0.01, *** p <0.001.
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5.4.3 1,25(0OH);D3-induced itolDC show increased TCA cycle metabolism

Data in figures 5.1 and 5.2 indicate that DCs treated with 1,25(OH),D3 alone show an
enhanced tolerogenic phenotype (itolDC) which was associated with increased mitochon-
drial respiration. Further studies were therefore carried out to more precisely define the
metabolic remodelling induced by 1,25(OH),;D3 in itolDC. DCs treated with fully labelled
U-13Cg-glucose for the final 24 hours of culture were analysed by mass spectrometry to
quantify incorporation of the isotope into the resulting polar (hydrophilic) tracer metabolites
(figure 5.3). The pathway for incorporation of '*Cg-glucose into metabolites via glycolysis
and the TCA cycle is shown in figure 5.3 A. Following glycolysis, the carbons from '3C,-
acetyl-CoA are committed to the TCA cycle through citrate synthase and remain in every
metabolite generated in the first round of the cycle, reflected in the relative abundance of M +
2 isotopomers (figure 5.3 B). Further incorporation of '3C;-acetyl-CoA in a second round of
the TCA cycle generates M + 4 and M + 6 isotopomers of citrate which were also increased
in itolDC. M + 3 and M + 5 isotopomers reflecting consecutive rounds of TCA cycle and
pyruvate carboxylase activity were also enhanced in itolDC (figure 5.3 B).

Consistent with the 1,25(OH),D3-induced glycolysis and TCA cycle shown in figure 5.3 B,
itolDC also showed higher incorporation of glucose carbons into citrate (66.91%), aspartate
(43.72%), malate (47.37%), fumarate (22.71%) and lactate (47.09%) relative to vehicle-
treated iDC (27.69%, 9.79%, 12.53%, 5.9% and 8.56% respectively), whilst incorporation
into succinate showed no significant change (figure 5.3 C). Despite the changes in '3Cg-
glucose incorporation outlined above, the total amount of each metabolite measured by
mass spectrometry showed that only lactate (increased) and itaconate (decreased) showed
significantly altered steady state levels in itolDC compared to untreated iDC (figure 5.3 D).

To determine the wider metabolic implications of increased utilisation of glucose carbons by
itolDC, further tracer metabolite analyses were carried out using '3Cs-glutamine (figure 5.4
A). Data indicate that there was significant incorporation of '3Cs-glutamine in M + 1 malate
and aspartate, and M + 5 glutamate (figure 5.4 B). Nevertheless, overall the effects of
1,25(0OH),D3 on glutamine metabolism was less pronounced than with glucose, indicating
that 1,25(OH),D3 specifically modulates glucose entry to the TCA cycle, rather than altering
the TCA cycle as a whole. These data overall also supported a hypothesis that other pos-
sible carbon sources into the TCA cycle, which include amino acids and fatty acids, were
significantly reduced.
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Fig. 5.6 Inhibition of fatty acid synthesis suppresses effects of 1,25(OH),D3 on CD14 and IL-10 in itolDC.
A. Mitotracker and DAPI immunofluorescence in iDC and 1,25(OH),D3-induced itolDC, and itolDC treated
with the fatty acid synthase inhibitor C75 (10-25 pM). B Concentration of IL-10 in supernatants from iDC
and 1,25(OH),;D3-induced itolDC cultured in the absence (vehicle, V) or presence of C75 (20 uM). C flow
cytometric analysis of CD14, HLA-DR, CD80 and CD86 in iDC and 1,25(OH),D3-induced itolDC cultured in
the absence (vehicle, V) or presence of C75 (20 uM). Data are shown as frequency of expression for analysis of
n=4-5 separate donor PBMC preparations. * = statistically different as indicated by bars, p < 0.05, ** p < 0.01,
*** p <0.001.
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5.4.4 1,25(0OH);D3-induces fatty acid synthesis in itolDC

Data in figure 5.3 and figure 5.4 show the effect of 1,25(OH),D3 on polar, hydrophilic
metabolites derived from '3Cg-glucose and '3Cs-glutamine. To assess possible effects of
1,25(0OH),D3 on hydrophobic metabolites, further analysis of the non-polar fraction of cell
extracts after incubation with '3Cg-glucose was carried out (figure 5.5). The pathway from
TCA cycle (citrate) to fatty acids is shown in figure 5.5 A. The relative abundance of different
fatty acid isotopomers (figure 5.5 B) showed significant incorporation of '3Cg-glucose for
only palmitate. However, analysis of the total pool of different fatty acids in iDC and itolDC
(figure 5.5 C) showed that both palmitate and palmitoleate were increased significantly in
1,25(OH);D3-induced itolDC. Collectively these data indicate that induction of itolDC by
1,25(0OH),D3 is associated with a significant increase in de novo fatty acid synthesis via
glucose and citrate.

5.4.5 Inhibition of fatty acid synthesis suppresses itolDC induction by
1,25(OH),D3

The functional significance of fatty acid synthesis in 1,25(OH),D3-induced itolDC was
assessed using the fatty acid synthase inhibitor C75 [199]. C75 inhibits in an irreversible
manner the FAS activity by competing with its natural substrates (acetyl-CoA, malonyl-CoA
and NADPH) interfering with multiple FAS’s sites including key domains: 3-ketoacyl syn-
thase, the enoyl reductase and the thioesterase [73][202]. Immunofluorescence showed that,
relative to the more rounded morphology of vehicle-treated iDC, treatment with 1,25(OH),D3
produced a pronounced dendritic morphology in itolDC. This effect was abrogated in itolDC
treated with C75 which exhibited fewer dendrites and a more rounded morphology (figure 5.6
A). Analysis of DC culture supernatants also showed that inhibition of fatty acid synthase
by C75 suppressed IL-10 production by itolDC (figure 5.6 B). Flow cytometry showed that
C75 had no effect on HLA-DR, CD80 or CD86 expression by iDC, itolDC or mDC, but was
associated with significant suppression of 1,25(0OH),D3-induced CD14 expression by itolDC
(figure 5.6 B).

5.5 Discussion

Regulation of cellular metabolism plays a critical role in immune function, promoting changes
in energy production and biosynthesis that underpin key innate immune responses to infection
and tissue damage, while providing the metabolic basis for expansion of lymphocyte function
in adaptive immune responses [175]. Antigen presenting cells such as macrophages and DC
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are particularly dependent on the regulation of metabolic pathways to integrate antibacterial
responses and T cell activation, with tolerogenic attenuation of immune function to limit
tissue damage [176]. Induction of glucose consumption and glycolysis plays a crucial role in
the activation of DCs and their ability to acquire, process and present antigen [262]. Notably,
inhibition of hexokinase, the first enzymatic step in glycolysis, potently blocks DC activation
[262]. At least part of the glycolytic metabolic reprogramming associated with DC activation
involves the production of lactate, with recent studies showing that lactate acts as a crucial
signalling molecule for tolDC in the generation of regulatory T cells (Treg) [151]. However,
DC tolerogenicity is also strongly influenced by lipid metabolism, with elevated glycolysis
and electron transport being linked to increased fatty acid oxidation (FAO) in tolDC [149].
Previous studies by ourselves and others have shown that the tolerogenic effects of vitamin
D on DCs are fundamentally associated with metabolic reprogramming in the form of in-
creased glycolysis, oxidative phosphorylation and TCA cycle activity [72] [81]. To date these
metabolic analyses have focused on the ability of active vitamin D, 1,25(OH),D3, to modify
tolerogenesis in DCs activated with immunogens such as LPS. In data presented here we show
that treatment of DC with 1,25(OH),D3 alone is sufficient to generate itolDC that exhibit
significant metabolic reprogramming independent of immune activation, with enhanced fatty
acid synthesis playing a central role in the generation of the itolDC phenotype. It would be
interesting to further explore how vitamin D modulate fatty acid metabolism in tolDC that
have been stimulated with LPS to determine if there are any differences at the metabolic level.

Phenotype analysis of tolerogenic DC generated with 1,25(OH),;D3 alone (itolDC) or with
LPS and 1,25(0OH),;D3 (mtolDC) showed significant similarities between these two types of
tolerogenic DC. Both showed suppression of the DC activation markers CD209, CD86 and
CD83 relative to mDC, consistent with established tolerogenic responses to 1,25(OH),D3
[101]. ItolDC and mtolDC also showed 1,25(OH),D3-stimulated expression of CD14 and
CYP24A1, again consistent with established responses to 1,25(OH),D3 [101] [18]. However,
itolDC and mtolDC were also phenotypically distinct, with the latter showing elevated HLA-
DR and CD&0, and increased expression of VDR and CYP27B1 consistent with established
responses to immunogens such as LPS [101] study are therefore are phenotypically similar
to previously reported tolDC generated using combined treatment with 1,25(OH),D3 (100
nM) and dexamethasone (DEX) [149]. In this case, 1,25(OH),D3/DEX-tolDC showed
similar glycolytic activity to LPS-induced mDC but glycolytic reserve, respiratory capac-
ity and metabolic plasticity were significantly higher in tolDC . Increased glycolysis and
oxidative phosphorylation have also been described for tolDC induced by 1,25(OH),D3 in
the absence of DEX. However, in this case 6 day treatment with 1,25(OH),D3 to generate
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tolDC was accompanied by activation with LPS for the final 24 hrs, thus generating an
mtolDC phenotype [72]. Nevertheless, this study showed that the metabolic reprogramming
induced by 1,25(0OH),D3 in combination with LPS was distinct from that observed for other
tolerogenic treatments such as DEX+LPS [72]. Specifically, 1,25(OH),D3 was shown to
promote metabolic reprogramming via activation of PI3kinase-Akt-mTOR pathways, with
inhibition of these pathways acting to inhibit the tolerogenic effects of 1,25(OH),D3 on DC.
By contrast, the effects of other promoters of DC tolerogenesis such as DEX and IL-10 were
unaffected by manipulation of the PI3kinase-Akt-mTOR pathway [72]. These observations,
in combination with the data present in the current study, indicate that 1,25(OH),D3 alone is

sufficient to promote the metabolic reprogramming required for a tolerogenic DC phenotype.

In addition to enhanced aerobic glycolysis and lactate production, 1,25(OH),D3+LPS-
induced mtolDC have also been shown to exhibit increased TCA cycle activity. Tracer
metabolite analysis using '*Cg-glucose has shown that 1,25(0H),D3 promotes 3C-labeling
of several TCA metabolites, consistent with increased incorporation of glucose into the TCA
cycle [243]. In the current study we observed a similar significant increase in TCA cycle
flux in itolDC induced by 1,25(0OH),D3 alone. Importantly, by using both *Cg-glucose and
13C5-glutamine as TCA cycle substrates, we were able to confirm that the metabolic repro-
gramming actions of 1,25(OH),D3 are focused primarily on strongly enhanced incorporation
of glucose into lactate and the TCA cycle (figure 5.4 B and C). Nevertheless, in general
the overall concentrations of individual TCA metabolites were not significantly altered in
itolDC (figure 5.3 D). This suggests that these metabolites are highly incorporated into other
metabolic pathways in DC treated with 1,25(OH),D3. One example of this is the diversion of
aconitate away from the TCA cycle to generate itaconate. Interestingly, itaconate was the only
TCA metabolite that showed lower steady state levels in 1,25(OH),D3-induced itolDC. In
inflammatory macrophages itaconate has been shown to be elevated, but its function appears
to be as part of an anti-inflammatory feedback mechanism in these cells by inhibiting NF-xB
activity [163]. Itaconate has also been shown to exhibit antibacterial properties [146]. Given
that itaconate fulfils the same dual antibacterial [97] [99] and anti-inflammatory function
[99] [3] attributed to 1,25(0OH),D3, it seems paradoxical that 1,25(OH),D3-induced itolDC
should show decreased levels of itaconate. A possible explanation for this is that the increased
use of TCA cyle products in fatty acid synthesis by itolDC may divert carbons away from
itaconate synthesis, which in turn decreases the suppressive function of itaconate on TCA
cycle activity [138]. The resulting increase in TCA cycle activity may therefore be central
to the ability of 1,25(OH),D3 to promote a tolerogenic DC phenotype, with 1,25(0OH),D3
activating separate, but equally effective, antibacterial and anti-inflammatory mechanisms
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via direct non-metabolic remodelling mechanisms.

Both glycolysis and the TCA cycle can contribute to further metabolic pathways such
as the proteins and lipid synthesis. In the current study we have shown for the first time
that metabolic reprogramming effects of 1,25(OH),D3 on glucose consumption, glycolysis
and TCA cycle activity in DC are associated with increased generation of fatty acids. Fatty
acid synthesis appears to play a pivotal role in the generation and survival of DCs, with
inhibition of FAS decreasing DC development but also enhancing T cell activation by DC,
with these effects being mediated partly through increased ER stress [201]. In a similar
fashion, exogenously added polyunsaturated fatty acids have been shown to block T cell
activation by DC [266]. It is important to recognise the effects of fatty acids on DC function
may be dependent on the context of DC development, as hepatic DC with low levels of fatty
acids showed a tolerogenic phenotype and promoted Treg generation [107]. Palmitate and
palimoleate are fatty acid precursors but they may also themselves exert anti-inflammatory
effects, with palmitoleate functioning as a lipokine to regulate AMP kinase [39], and suppress
inflammation [48]. Collectively these observations indicate that the generation of palmitate
and palmitoleate from glucose may be a pivotal component of the metabolic function of
1,25(0OH),D3 in DC. It was therefore interesting to note that although inhibition of FAS in
itolDC resulted in profound changes in DC morphology, effects on DC phenotype were less
pronounced. Consistent with the itolDC IL-10 analyses presented here, previous studies
of inflammatory macrophages have shown that inhibition of FAS significantly suppresses
expression of several cytokine markers, including IL-10 [38]. Given the fundamental im-
portance of IL-10 for DC tolerogenesis [60] it is clear that FAS may play a key role in
the ability of 1,25(OH),D3 to promote tolerogenic DC. The role of CD14 as a marker of
1,25(0OH),D3-induced metabolic reprogramming is less clear and may simply reflect the
elevated levels of CD14 in itolDC, moreover a trend towards suppression of CD14 with FAS
inhibition for iDC and mDC as well as itolDC.

Data presented in this study underline the importance of 1,25(0OH),D3 as a potent stimulator
of metabolic reprogramming in DC. In contrast to previous studies where the effects of
1,25(0OH),D3 were assessed in conjunction with DC activation by immunogenic stimuli,
we show here that 1,25(OH),D3 alone is sufficient to reprogram metabolism and generate
itolDC. In particular, the tolerogenic response to 1,25(OH),;D3 was associated with increased
glycolysis and lactate generation, and enhanced TCA cycling leading to fatty acid synthesis.
Inhibition of fatty acid synthesis was sufficient to alter the morphological and IL-10 induc-
tion effects of 1,25(OH),D3, indicating that this component of metabolism if crucial for
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tolerogenesis. However, it is likely that 1,25(OH),D3 coordinates a spectrum of changes in
DC metabolism, notably including the potent generation of lactate in itolDC. Recent studies
have shown the lactate itself is a pivotal DC-metabolite that promotes the generation of Treg
[151], so that the induction of itolDC by 1,25(OH),;D3 may involve altered DC morphology
and function via enhanced fatty acid synthesis, as well as indirect effects on T cells via lactate
generation.






Chapter 6

General discussion

6.1 General discussion

This thesis demonstrates how joint efforts from dry and wet international laboratory re-
search groups can integrate different research strategies to perform multidimensional data
analysis, and shed new lights on molecular interactions within specific biological systems.
In the current project, both dry and wet laboratory studies gave a new perspective on the
molecular mechanisms by which vitamin D interacts with extra-skeletal target tissues such
as lymphoid and myeloid models and, in particular, highlighting novel pathways for the
immunomodulatory actions of 1,25(OH),D3.

6.2 Bioinformatic pipelines for functional omics data anal-
ysis

In the modern era of bioscience research, publishing results in a journal is not the endpoint
of scientific work. Data generated from experiments can be shared in open data repositories
from where other researchers can retrieve original raw data generated from wet-lab work.
This provides the opportunity to apply different bioinformatic approaches to perform i)
in-depth, follow-up analyses of the original data or ii) an integrative data analysis combining
multiple datasets. Nowadays, sharing of data is extended with the FAIR principles which
define that data should be findable, accessible, interoperable and reusable [259]. These
principles will allow more complete and better integration of different dataset in the future.
In the end, this will ease the access to experimental datasets and usage of tools that will
result in optimal interrogation of research data at different levels, optimizing the generation
of research outputs and, in consequence, guaranteeing better understanding of biological
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concepts seen from different perspectives. The objective of this PhD project was to exploit
and compare publically available data by the application of different bioinformatic tools
in the same PhD project for the purpose of contextualizing it at different biological levels,
and then design and execute tailored-made wet-lab experiments to further analysis of the
original datasets. The resulting thesis, therefore, illustrates how bioinformatics strategies can
be incorporated into conventional laboratory research to more rapidly moving research ideas
forward.

6.2.1 Discovery of new molecular aspects of vitamin D by exploiting

public gene expression datasets

A major research advance provided by the bioinformatics strategy used in this project was to
improve the visualisation of 1,25(OH),D3 target responses. Conventional gene ontology anal-
ysis of differentially expressed genes provides a very crude overview of the cellular processes
that may be regulated by a particular treatment or condition. In the current thesis the aim was
to use a much more specific and organised approach via pathway analysis that analyses gene
expression using established, curated, biological systems to study the role of 1,25(OH),D3
in immunoregulation. Analysing gene expression data in a pathway context reveals how
specific conditions or factors affect a particular biological system in a particular cell/tissue
model. The workflow for this analysis includes PathVisio, a freely-available and open-source
tool that performs data analysis at the pathway level revealing altered biological routes
within a specific system or treatment. PathVisio [136] performs this pathway analysis using
pathway repositories such as WikiPathways [221], a pathway database which is constantly
curated and updated by the scientific community to enable data visualization in biological
pathways. This kind of diagrammatic representation enhances the contextualization of experi-
mental data into biological processes, allowing a better understanding of how a system works.

The application of the different bioinformatic tools compiled in the pipeline using pub-
lished data that is described in Chapter 2 allowed us to analyse how the active form of
vitamin D, 1,25(OH),D3, modulates gene expression in different cell models including NK
cells (Chapter 3), monocytes, THP-1 cell line, DC, and lymphocytes (Chapter 4) and to
perform a statistical analysis that contextualizes these gene expression changes at the pathway
level. The results of this statistical approach gave us a new perspective of how 1,25(0OH),D3
is involved in crucial cellular processes such as metabolism, proliferation, differentiation
and signaling. In particular, we demonstrated how 1,25(OH),D3 has a significant impact on
immune cell metabolism, suggesting that the 1,25(OH),D3 is a key factor for metabolism
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reprogramming in tolerogenic dendritic cells. The conclusions from this dry-lab approach
(Chapter 4) were used as a basis for the the hypothesis in the wet-lab part of the project
(Chapter 5), where, we explored the molecular effects of 1,25(OH),D3 on metabolism
in dendritic cells. However, the rapidly increasing availability of ‘omics’ data means that
bioinformatics strategies such as pathway analysis are now frequently incorporated into
mainstream research publications. The publication of datasets from genomic, proteomic
and metabolomic studies allows the integration of different types of biological data into an
integrative analysis that allows a better understanding of a specific biological system.

Finally, we propose that a next step to this work would be to characterise DC in vivo
by isolating them from blood samples. One interesting set of experiments would be to
obtain these samples from vitamin D deficiency patients and healthy control ones. Cells
will be specifically sorted and selected by FACS to next perform a single cell RNA-seq
assay. This study will show the most characteristic DC populations in both cases and, most
importantly, will help to understand how vitamin D deficiency affects DC development in
vivo. Furthermore, with this technique we will be able to cluster cells in groups based in
their gene expression profiles giving the possibility to compare DC sub-populations. Finally,
these results can be integrated in the bioinformatic workflow described in this thesis and
contextualize these gene expression differences at the pathway level and highlight those
metabolic and signalling pathways affected in specific DC sub-populations.

6.2.2 Understanding biological systems using integration of omics data

In bioscience research, wet-lab experiments analyse molecular dynamics within biological
systems through the utilization of laboratory equipment that measures changes in parameters
that indicate alterations in affected molecules that are the subject of a particular study. Using
this approach it is possible to show how specific conditions can modulate gene or protein
expression, metabolic fluxes, molecule-molecule interactions, molecular dynamics and other
biological aspects within a specific tissue or cell. With the evolution of bioscience research,
new techniques and methodologies have become available that can perform large scale anal-
yses that can generate large experimental datasets. Such ‘omics’ approaches have become
increasingly convenient and financially accessible, and they greatly expand the scope of
research projects. However, the major challenge with large datasets is the interpretation and
contextualization of data. A key objective of the current PhD was to investigate improved
strategies for interpretation and contextualization of gene expression datasets for studies of

immune responses to vitamin D.
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Cytoscape [223] allows the integration of various molecule-molecule interactions by using
external interaction biological databases (transcription factors, miRNA, drugs, proteins,
etc). The app CyTargetLinker allows the integration of data in and automated manner into
Cytoscape, extending the biological network with additional molecule-molecule interactions
to create a biological network representing the different interactions of molecules that are
part of that system. When used with Cytoscape, Apps such as CyTargetLinker also allow
data analysis and visualization, to better understand the dynamic basis of a specific biological
network. Open bioinformatic tools can even go further and exploit omics data at a different
biological level that were not considered in previous analyses and add additional information
to the biological interpretation. Both PathVisio and Cytoscape, allow the integration of
multiple sets of omics data, including data from metabolic, proteomic and even flux reactions
studies. The combination of different types of data greatly helps to improve our under-
standing of biology systems by providing the widest possible representation of molecular
interactions and dynamics by pathway and network for any particular dataset. Further to
our findings regarding the positive effect of vitamin D on glycolysis, ETC and TCA cycle
in tolerogenic DC, more metabolic analysis is needed to identify how vitamin D modulates
these pathways, in order words how the active form of vitamin D affects metabolic fluxes.
With the bioinformatic tools described in this thesis, is also possible to incorporate data from
metabolomic studies and merge these with established gene expression data to have a better
biological interpretation of the role of vitamin D in immunometabolism.

6.2.3 Automatization and integration of open bioinformatic tools

Effective use of bioinformatic tools requires comprehensive and easy access guidelines.
This is particularly important when several interactive softwares are brought together in a
workflow. In this thesis, Chapter 2 contains the description and instructions for the bioin-
formatic pipeline used in the dry-lab part of this PhD project. The availability of a well
documented dry-lab pipeline eases the automatisation of open bioinformatic platforms. For
instance, Cytoscape [179] and Pathvisio [24] are two open source bioinformatic tools that
can also be used through remote programming interfaces and these automation packages are
well documented allowing their usage in basic programming languages such as Python and R.

The major benefit of the fact that these tools are well documented and available for the
most common coding languages helps to integrate and automate these tools in a single
pipeline. This could be done by the integration of the different scripts and modules to use
the different tools in a common language, or for instance in a jupyter notebook, in order to
combine their functionality. Furthermore, this integration can be done in an open friendly-



6.3 Vitamin D and immunometabolism 125

user platform such as Galaxy [6] where different tools can be put together to generate an
open workflow which can analyse all kinds of omics data. The incorporation of part of the
analytical tools of PathVisio and Cytoscape in a Galaxy workflow will ease their accessibility
and this type of omics data analyses will become more reproducible.

6.3 Vitamin D and immunometabolism

6.3.1 1,25(0OH);D3 modulates immune cell function which is accompa-

nied by a metabolic reprogramming

Data from Chapter 4 of this thesis indicate that vitamin D promotes metabolic reprogram-
ming in a variety of myeloid cell types and not just DC. Thus, in future studies it will be
interesting to determine the role of metabolism in other aspects of vitamin D immunoregula-
tion. In particular, vitamin D is known to be a potent inducer of antibacterial responses in
macrophages [14]. Although vitamin D can induce antibacterial proteins [98], promote au-
tophagy [106], and modulate intracellular iron concentrations [15] to stimulate antimicrobial
responses to infection, it would be interesting to investigate a role for metabolic reprogram-
ming in this part of innate immune function. Previous studies have linked metabolic pathways
to antimicrobial responses. For instance in APC, such as M1 macrophages and activated
DC, glycolysis plays an important role in some specific cell functions such as motility,
inflammatory cytokine production, ROS production and pathogen processing phagocytosis
[76][162][185][90] and, as we have seen that vitamin D impact these pathways (Chapter
4 [81]), we can hypothesize that vitamin D could modulate immune responses through
metabolic reprogramming.

Finally, although the data in this thesis suggested that vitamin D was not a major regulator of
metabolic pathways in lymphocytes relative to myeloid cells, we have to acknowledge that
this analysis was restricted to B cells. In future studies it will be interesting to determine if
1,25(0OH), D3 also has metabolic reprogramming effects on T cells that are independent of its
actions on DC. Proliferating T cells express the VDR and can respond to 1,25(OH),D3 in
the absence of DC by promoting anti-inflammatory, pro-tolerogenic T cell responses [110]
[111]. Therefore, further experiments should determine if 1,25(OH),D3 regulates T cell
metabolism in the same way that it stimulates myeloid and DC metabolism.
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6.4 Therapeutic applications

Our findings serve primarily as a molecular overview of how vitamin D promotes a tolero-
genic phenotype in DC and how this development is accompanied by the establishment
of a specific metabolic cell profile. The identification of the positive modulation of fatty
acid synthesis by the hormone in this tolerogenic dendritic cells, brings new light to future
research work aimed at investigating how the modulation of specific metabolic routes directs
tolerogenic immune cell function. Finding key metabolic targets will help to optimize cell
culture conditions for the generation of tolerogenic dendritic cells that promote T reg and
inhibit proinflammatory T cells which are key aspects for autoimmune diseases [74]. Under-
standing how these metabolic pathways function may also help to identify new targets for
therapy in autoimmune diseases, but could also help to improve the efficacy of agents such
as vitamin D that have known tolerogenic properties. The therapeutic use of vitamin D or
vitamin D metabolites for extra-skeletal disorders remains controversial, and several recent
vitamin D supplementation studies in humans in vivo have failed to show significant health
benefits [194][119][144]. However, it is possible that 1,25(OH),D3 could provide therapeutic
benefits if used ex vivo. Studies have shown that 1,25(OH),;D3-induced tolerogenic DC have
potential therapeutic benefits for regulating T cell function in inflammatory diseases such as
rheumatoid arthritis [11] and host-graft rejection in transplantation [243]. Consequently, it
will be interesting to determine if metabolic pathways and factors identified in the current
project can improve the use of vitamin D in this type of ex vivo strategy.

Data from the current PhD have also highlighted further experiments that could be car-
ried out to extend the project. The most obvious of these future studies is to assess the
functional impact of fatty acid synthesis on the ability of 1,25(OH),D3 to promote T cell
responses as a consequence of its effects in stimulating tolerogenic DC generation. T cell-DC
co-culture experiments in the presence or absence of a fatty acid synthase inhibitor would
allow us to determine whether the enhanced fatty acid synthesis in 1,25(OH),D3-induced
tolerogenic DC is essential for the generation of Treg by vitamin D previously described by
the Birmingham group [113]. These experiments could include inhibition of fatty acid syn-
thesis in T cells and DC separately, or together, to define the precise way in which metabolic
reprogramming can influence antigen presentation and T cell phenotype. In addition to using
inhibitors of fatty acid synthesis, future studies should also include the use of inhibitors
of other stages of metabolism. Previous studies have explored the DC function using low
glucose culture conditions to reduce glycolysis [72], as well as inhibitors of the glycolytic
enzyme 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 4 (PFKFB4) as a key step in
glycolysis [243]. However, data from this PhD project suggest that the functional impact
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of 1,25(OH),D3 responses in DC is further downstream of glycolysis. Thus, as well as
exploring the effects of fatty acid synthesis inhibitors on DC-T cell interactions, future studies
should also investigate the possible effects of the products of DC fatty acid synthesis. It has
been hypothesized that fatty acid molecules such as palmitoleic acid can act as lipokines that
could be used as a non pharmacological drugs to prevent inflammatory diseases [53]. Future
studies should also determine if exogenous addition of fatty acids is sufficient to alter DC or
T cell phenotype, and how this could impact inflammatory disease.

6.5 Vitamin D supplementation in personalized medicine

There has been a constant debate about the adequate daily dietary intake of vitamin D to
prevent vitamin D deficiency. Despite a few differences, according to both the Institute of
Medicine (IOM) [211] and the Endocrine Society [104] it is suggested that during infancy
and childhood a intake of 400-600 IU/day is recommended. Furthermore, the Endocrine
Society suggests that adults require 1500-2000 IU/day while the IOM only recommends
increasing the dietary intake only to adults over 70 years to 800 [U/day [69]. As itis discussed
in Chapter 57 of the “Vitamin D: health, disease and therapeutics”, these disagreements
are explained based on the target population that both societies aimed to advise [69]. This
debate goes further when vitamin D is suggested as a therapeutic treatment (or to prevent) for
specific diseases. So far, vitamin D has been suggested to be a positive factor to prevent or
treat diseases related to falls related to muscle and bone weakness [23], autoimmune [225],
metabolic disorders [234] and leukemia [218]. Despite the fact that these studies suggest that
vitamin D might be a beneficial factor to treat or prevent certain diseases, other studies also
prove that no significant positive effect has been seen with vitamin D as a natural therapeutic
option [194][119][144].

Although the current PhD is focused on the possible role of vitamin D as a metabolic
regulator in immune cells during normal responses to immune stimuli, it is possible that
these metabolic responses are altered in disease states. In particular this may be important
for autoimmune diseases such as type 1 diabetes, multiple sclerosis and inflammatory bowel
disease as previously described. However, the data from this thesis also highlight another
facet of vitamin D-induced regulation of immune cells. Specifically, in monocytic cell lines
derived from patients with leukemia, the transcriptomic effects of vitamin D were distinct
from its effects on normal immune cells. Notably 1,25(OH),D3 induced potent effects on
genes associated with cell proliferation and cell cycle progression as described in Chapter
4. This is consistent with studies carried out may years ago suggesting that 1,25(OH),D3
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is a potent suppressor of leukaemic cells. However, to date it is not clear yet the beneficial
use of 1,25(OH),D3 to treat leukemia, since many preclinical trials have shown detrimental
calcium-related side-effects in humans [157].

This contrast in the effects of vitamin D in health reflects that further molecular research is
needed to understand how vitamin D can be beneficial for therapeutic treatment and disease
prevention and how intrinsic and extrinsic factors may influence how patients respond to
vitamin D supplementation. For instance, since genetic variations are linked to diseases and
treatment response, observational approaches such as Genome-Wide Association Studies
(GWAS) are performed to understand how single genetic variations, also known as single-
nucleotide polymorphism (SNPs), among the genome are linked to individual phenotypes. In
this particular matter, GWAS studies have demonstrated that vitamin D metabolism relies on
some gene variations [114], adding another layer of complexity for the research of the usage
of vitamin D as therapeutic alternative to treat and prevent diseases.

6.6 Final words

Bioscience research aims to understand biological systems to achieve one of the biggest
efforts of modern science: improve health quality. Specific fields of bioscience contribute to
decipher biological questions through the performance of experimental work which generates
results that serve a single puzzle piece of a whole big picture of a specific biological system.
Collaborative work between different fields of sciences promotes the elaboration of a scientific
network that connects distinct methodologies allowing different approaches to a specific
biological question. In this particular case, thanks to the efforts of two distinct research groups
with different scientific backgrounds we have brought together complementary methodologies
to shed new light on the role of vitamin D in immunometabolism.



Summary

This thesis is the result of a joint collaboration between research institutes with expertise
in two distinct aspects of science: cell biology and bioinformatics. By using state of the
art techniques from both of these fields the thesis describes the discovery of an entirely
new role for vitamin D in the immune system, as a potent regulator of immunometabolism.
To demonstrate this, the project initially focused on bioinformatic analyses in which we
developed applied computational techniques to interrogate publically available transcriptomic
datasets generated in studies of the immunomodulatory effects of the active form of vitamin
D, 1,25-dihydroxyvitamin D3 (1,25(OH),D3). Using this bioinformatic approach we were
able to demonstrate that the predominant effect of 1,25(OH),D3 on myeloid derived innate
immune cells such as monocytes and dendritic cells (DC) was to regulate cell metabolism
via enhanced glycolysis, electron transport, oxidative phosphorylation and TCA cycle ac-
tivity. In the second half of this thesis, we have explored the immunometabolic function of
1,25(0OH), D3 further through in vitro experiments that investigated the specific function of
immunometabolism in mediating the tolerogenic effects of 1,25(OH),D3 on DC. The overall
conclusion from these cellular experiments was that the ability of 1,25(OH),D3 to promote
anti-inflammatory tolerogenic innate immune responses by DC is crucially dependent on
the regulation of cell metabolism rather than specific immune actions. This new perspective
on the immunomodulatory actions of vitamin D may help to identify new strategies for the
therapeutic use of vitamin D in the treatment of inflammatory disease.

Contextualizing public gene expression data into biological pathways

As mentioned above, the first part of this PhD project focused on the generation of a bioin-
formatic workflow or ‘pipeline’ that was used to retrieve and analyse large gene expression
datasets for different immune cell models that were treated with the active form of vitamin D,
1,25(0OH),D3. Gene expression datasets were initially retrieved from public repositories in as
raw experimental data. As described in Chapter 2, we established a bioinformatic pipeline
that analysed the quality of the raw expression data and processed these data to retrieve gene
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expression parameters that enabled the contextualization of the data at functional pathway
level using the PathVisio and WikiPathways open-source bioinformatics platforms. Further-
more, the integration of another open-source software platform, Cytoscape, into the pipeline
enabled the use of different apps that allowed integration of additional biological information
into the analysis to generate biological networks that plot molecule-molecule interactions.
Cytoscape also enabled visualization of experimental data resulting in a user-friendly way to
understand biological activities that were occurring in response to treatment with vitamin D.

Once the PathVisio/WikiPathways/Cytoscape pipeline was established, the next aim of
the project was to test the pipeline using different lymphoid cell models that had been used
to investigate the actions of 1,25(OH),D3 (Chapter 3). The bioinformatic pipeline was
applied to a vitamin D study that had generated RNA-seq transcriptomic data in a wet-lab
study, but where the overall impact of 1,25(OH),D3 was still unclear. The aim here was to
incorporate the PathVisio/WikiPathways/Cytoscape pipeline into an existing study to provide
a new perspective on the available transcriptomic data. J A Tamblyn et al. [236] explored the
immunomodulatory role of 1,25(OH);D3 in two different natural killer (NK) cell populations:
uterine NK (uNK) from the decidual tissue of the placenta and peripheral blood NK (pNK).
Bioinformatic analysis of activated uNK and pNK gene expression data showed that uNK
were transcriptionally distinct from pNK despite the fact that both cells express similar cell
surface markers [236]. This new information supported the central hypothesis that uNK
have completely different actions in the decidua compared to pNK immune function in the
general circulation. These studies also showed that the vitamin D receptor (VDR) system
for responding to 1,25(OH),D3 was differentially expressed in uNK relative to pNK, but
multiple comparison analysis indicated that this did not result in significant differential effects
of 1,25(0OH),D3 on gene expression in these cells. The conclusion from this part of my PhD
project was that the PathVisio/WikiPathways/Cytoscape pipeline developed at the start of
the PhD project could be used successfully to clarify existing transcriptomic datasets and
identify specific mechanistic targets for future studies.

After showing that the PathVisio/WikiPathways/Cytoscape pipeline could be incorporated
into recently generated transcriptomic datasets from individual studies, the next stage of
the project was to apply this bioinformatic strategy to analyse multiple publically available
datasets. The aim of this approach was to determine if pathway analysis could provide a
much broader view of the actions of 1,25(OH),D3 in a biological system. In this case, the
project focused on the actions of vitamin D as an established regulator of innate immunity.
Multiple transcriptomic datasets from 1,25(OH),D3-treated myeloid cell types - monocytes,
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DC, and monocytic cell lines - as well as non-myleoid lymphoid cells - were analysed
using PathVisio/WikiPathways/Cytoscape. This approach showed clearly that innate immune
responses to 1,25(0OH),D3 were associated with dramatic metabolic reprogramming. Notably
enhanced glycolysis, electron transport, oxidative phosphorylation and TCA cycle activity
(Chapter 4). These effects were quite distinct from other, better recognised, responses to
1,25(0OH), D3, such as antiproliferative pathways, that were well represented in the monocytic
cell lines but not in primary cultures of monocytes or DC. Identification of novel metabolic
reprogramming responses to 1,25(OH),;D3 in primary cultures of myeloid cells provided the
platform for the final part of the PhD which was to use the bioinformatic data analysis to
design new wet-lab experiments.

Exploring the role of vitamin D in immunometabolism in dendritic cells

It is well established that vitamin D can regulate DC development in vitro to promote
a more anti-inflammatory, tolerogenic DC phenotype. However, the mechanisms by which
1,25(0OH),; D3 achieves these effects is much less clear. The aim of the final part of the PhD
project was to address this by applying information obtained in Chapter 3 and Chapter
4 to wet-lab studies of peripheral blood mononuclear cell-derived DC. The resulting work
described in Chapter 5 was carried out to investigate the hypothesis that the tolerogenic
effects of 1,25(OH),D3 are due to metabolic reprogramming of DC. The novel approach
used to test this hypothesis was to focus specifically on the direct effects of 1,25(OH),D3 by
analysing immature tolerogenic DC (itolDC) that had been exposed to 1,25(OH),D3 in the
absence of any other immune modulators. In this way, we aimed to assess direct responses to
1,25(0OH), D3 rather than the ability of 1,25(OH),D3 to oppose other DC modulators such as
actions of the immunogen lipopolysaccharide (LPS). Initial experiments were carried out to
confirm that genes involved in electron transport chain, and tricarboxylic acid cycle were up-
regulated in itolDC relative to control iDC. Subsequent functional studies showed increased
oxygen consumption in itolDC. This effect was observed for treatment with 1,25(OH),D3
alone but not for DC treated with LPS to generate mature DC (mDC), or for DC with only
short-term exposure to 1,25(OH),D3 (iDC+1,25D).

Data from Chapter 3 and Chapter 4 also showed that 1,25(OH),D3 promoted glucose
metabolism pathways in DC. Further studies were therefore carried out using '3Cg-labeled
glucose to trace the metabolism of glucose in itolDC. These tracer experiments carried out
using mass spectrometry confirmed that at a functional level, glycolysis and the TCA cycle
were positively regulated by 1,25(OH),D3 in itolDC. Tracer studies were also carried out
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using '3Cs-labeled glutamine to determine if alternative TCA cycle substrate sources could
also be enhanced by 1,25(0OH),D3 in itolDC. However, these experiments revealed only mi-
nor changes in TCA cycle metabolism by 1,25(0OH),D3, confirming that glucose metabolism
is the major target for 1,25(0OH),D3-regulation in DC. Finally, although 3C tracer studies
showed potent DC metabolic reprogramming in response to 1,25(0OH),D3, these studies were
focused on polar carbohydrate metabolites. Analysis of non-polar lipophilic metabolites of
13C¢-glucose metabolism revealed significant incorporation of label '3C in palmitate, sug-
gesting that 1,25(OH),D3 promotes metabolic remodelling and fatty acid synthesis in itolDC.

Collectively wet-lab data confirmed the bioinformatic analysis of myeloid cells and specifi-
cally DC, that metabolic reprogramming is the key innate immune response to 1,25(OH),D3.
Furthermore, tracer analysis of glucose metabolism indicated that glycolysis and the TCA
cycle were important target pathways for 1,25(OH), D3, and analysis of non-polar metabolites
of glucose indicated that a key consequence of DC treatment with 1,25(OH),D3 was in-
creased synthesis of fatty acids. We, therefore, proposed an additional hypothesis for wet-lab
studies that synthesis of fatty acids was essential for the tolerogenic effects of 1,25(OH),D3
in DC. To test this hypothesis we blocked fatty acid synthase in itolDC and studied the effect
of this on DC phenotype and function. The resulting data indicated that inhibition of fatty
acid synthesis altered itolDC morphology and suppressed expression of CD14 and IL-10 by
these cells. These data indicate that the ability of 1,25(OH),D3 to induce tolerogenic DC is
dependent on metabolic remodelling leading to the synthesis of fatty acids.

Conclusion

Data presented in this thesis show how improved analysis of large datasets and visuali-
sation of these outcomes can help to identify entirely new target mechanisms for vitamin D in
a cell model - DC - that had been previously well studied. Thus, the application of pathway
analysis and network software tools to experimental transcriptomic datasets provided a
completely new perspective on the immune actions of vitamin D. In addition, by applying the
same bioinformatic pipeline to recently generated datasets from other experimental models,
we were able to demonstrate the broader impact of pathway analysis in helping to clarify
conclusions from diverse studies of vitamin D function. Pathway analysis also allowed us to
streamline subsequent wet-lab experiments and more rapidly investigate novel hypotheses
that arose from the original bioinformatic analysis. In this PhD project, wet-lab studies were
carried out only for the last two years of the project. However, because we were able to
identify more clearly target pathways, we were able to better design functional experiments.
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This is particularly important in the field of metabolism research where technologies such as
tracer metabolite analysis are expensive and time-consuming. With ongoing challenges in
research funding, it may be important in the future to incorporate bioinformatic analysis of
datasets as a possible prelude to subsequent lab work. The overall conclusion from this PhD
project is that metabolic reprogramming is a crucial part of the interaction between vitamin
D and the immune system, and further investigation of this may improve the use of vitamin
D as a possible therapy for autoimmune inflammatory diseases.






Resumen

Esta tesis es el resultado de una colaboracion conjunta entre dos grupos de investigacion
especializados en dos dreas cientificas: biologia celular y bioinformética. Gracias al uso
de técnicas modernas desarrolladas en ambos campos cientificos esta tesis describe el de-
scubrimiento de un nuevo papel de la vitamina D en el sistema inmune como un potente
regulador del inmuno-metabolismo. Para demostrarlo, el inicio de este proyecto se centré
en realizar andlisis bioinformadticos a partir de los cuales se pudieron desarrollar técnicas
computacionales que permiten analizar set de datos transcriptémicos originados por ex-
perimentos centrados en investigar los efectos inmuno-moduladores de la forma activa de
la vitamina D, 1-,25-dihidroxivitamina D3 (1,25(OH),D3). El uso del conjunto de estas
técnicas bioinformaticas hizo posible demostrar que el efecto predominante de 1,25(0OH),D3
en células inmunes innatas derivadas del linaje mieloide, tales como monocitos y células
dendriticas, es regular el metabolismo celular a través de la actividad de glicdlisis, cadena de
transporte de electrones, fosforilacién oxidativa y el ciclo de Krebs. En la segunda mitad
de la tesis, exploramos en mayor detalle la funciéon immuno-metabdélica de 1,25(OH),D3
por medio de la realizacién de experimentos in vitro, a través de los cuales investigamos
la funcién inmuno-metabdlica especifica de la vitamina D por la cual modula los efectos
tolergénicos en células dendriticas. Gracias a estos experimentos pudimos llegar a la con-
clusién de que la habilidad de 1,25(OH),;D3 de promover, a través de células dendriticas,
respuestas tolerogénicas y anti-inflamatorias en el sistema inmune innato, es dependiente
de una regulacion metabdlica celular frente a una regulacion puramente inmunolégica. Esta
nueva perspectiva sobre las acciones inmuno-moduladoras de la vitamina D puede ayudar a
desarrollar nuevas estrategias terapéuticas basadas en el uso de la vitamina D en el tratamiento

de enfermedades inflamatorias.

Contextualizando datos piiblicos de expresion génica en rutas biolégicas

Como se ha mencionado anteriormente, la primera parte de este proyecto se centré en
la creacion de una herramienta bioinformética capaz de analizar sets de datos de experimen-
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tos publicados en base de datos abiertas a la comunidad cientifica. Como describimos en el
Capitulo 2, hemos establecido esta herramienta bioinformatica capaz de analizar la calidad
de estos sets de datos y procesarlos para obtener los pardmetros que indican los cambios en
la expresion génica los cuales serdn contextualizados a nivel de rutas biolégicas a través de
PathVisio y WikiPathways. Ademas, la inclusion de otros programas, como Cytoscape, ha
permitido incorporar plugins que son capaces de integrar informacién bioldgica en nuestro
andlisis para crear networks bioldgicas capaces de ilustrar las interacciones moleculares de
sistemas bioldgicos. Cytoscape permite visualizar datos de experimentos moleculares siendo
una herramienta de uso sencillo que facilita el entendimiento de las dindmicas biolégicas en

determinados sistemas en respuesta a la vitamina D.

Una vez establecido el eje PathVisio/WikiPathways/Cytoscape, nuestro objetivo fue tes-
tar esta herramienta bioinformadtica con set de datos de expresién génica de modelos celulares
del sistema linfoide que han sido tratados con la vitamina D (Capitulo 3). Esta herramienta
fue aplicada a un estudio de vitamina D que generé un set de datos a través de un estudio
de ARN-seq, sin embargo, este estudio no pudo analizar el impacto global de la vitamina
D en el sistema biolégico en cuestién. Nuestro objetivo fue aplicar el protocolo PathVisio/
WikiPathways/ Cytoscape a este estudio para proporcionar una nueva perspectiva a este
andlisis de expresion génica. J A Tamblyn et al [236] explord el efecto inmuno-modulador de
1,25(0OH),D3 en dos diferentes tipos de células NK (del inglés, natural killer): NK uterinas
(del inglés, uNK) procedentes del tejido decidual de la placenta y NK de sangre periférica (del
inglés, pNK). El andlisis bioinformaético, el cual compar6 la expresion génica de células uNK
con pNK, mostré que, transcripcionalmente hablando, estos tipos celulares son diferentes a
pesar de que ambos tipos celulares expresan los mismos marcadores celulares [236]. Esta
nueva informacion apoya la teorfa central de que uNK tienen una funcién completamente
diferente en la decidua comparada con la funcién inmunolégica de células pNK en circu-
lacion. Este estudio también mostré que el sistema regido por el receptor de la vitamina
D (del inglés, VDR) que responde a 1,25(OH),D3 fue significativamente mds expresado
en uNKs en comparacion con pNKs, pero comparaciones y andlisis posteriores indicaron
que 1,25(0OH),D3 no tuvo grandes efectos a nivel de expresion genética entre los dos tipos
celulares. La conclusién de esta parte del proyecto fue que la herramienta bioinformatica
desarrollada inicialmente podia utilizarse para explorar y clarificar set de datos transcriptomi-
cos e identificar mecanismos moleculares especificos para futuros estudios.

Después de demostrar que esta herramienta, con un eje central basado en PathVisio/ WikiPath-
ways/ Cytoscape, puede analizar set de datos de expresion génica, el siguiente paso en nuestro
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proyecto fue aplicar esta herramienta usando set de datos procedentes de diferentes modelos
mieloides albergados en repositorios publicos. El principal objetivo de esta parte del proyecto
fue realizar un andlisis de rutas metabdlicas en estos set de datos para proporcionar una nueva
perspectiva del papel de 1,25(OH),D3 en determinados sistemas biolégicos. En concreto
nuestro interés se centrd en estudiar las acciones de la vitamina D como regulador metabdlico
del sistema inmune. La comparacion se realizé usando una serie de set de datos procedentes
de experimentos realizados en modelos celulares mieloides, incluyendo monocitos, células
dendriticas y lineas monociticas celulares, que fueron tratados con 1,25(OH);D3 usando
PathVisio/ WikiPathways/ Cytoscape. Este estudio mostr6 una clara asociacién entre la
respuesta del sistema inmune innato a 1,25(OH),D3 y una reprogramacién completa del
metabolismo celular. Se observé un claro incremento en la actividad de determinadas rutas
metabdlicas como glicdlisis, cadena de transporte de electrones, fosforilacién oxidativa y el
ciclo de Krebs. Estos efectos descritos en este estudio son claramente diferentes a los clésicos
roles de 1,25(OH),D3 tales como en rutas anti-proliferativas, las cuales fueron reportadas
en nuestro estudio en lineas células monociticas pero no en modelos celulares primarios
relacionados con monocitos y células dendriticas. La identificacion de estas nuevas impli-
caciones por parte de 1,25(OH);D3 en la reprogramacion metabdlica celular en diferentes
modelos celulares mieloides di6 lugar al planteamiento de nuevas hipétesis que fueron la base
de la parte final de este proyecto, la cual se baso en el uso de esta plataforma bioinformatica
para el disefio de nuevos experimentos moleculares.

Explorando el papel de la vitamin D en el inmuno-metabolismo en células dendriticas

Es bien sabido que la vitamina D puede regular el desarrollo in vitro de las células dendriticas
dando lugar a un fenotipo anti-inflamatorio y tolerogénico. Sin embargo, el mecanismo
molecular por el cual 1,25(OH),D3 logra estos efectos no esta totalmente claro. El principal
objetivo de la dltima parte de este proyecto de PhD fue estudiar este dltimo punto usando los
resultados obtenidos en Capitulos 3 y 4 para disefiar experimentos moleculares usando nue-
stro propio modelo celular: células dendriticas procedentes de sangre periférica. El resultado
de este trabajo, descrito en el Capitulo 5, se llevé a cabo para investigar la hip6tesis de que
los efectos teratogénicos de 1,25(OH),;D3 se basan en una reprogramacion metabélica
en células dendriticas. Este estudio se centré en testar esta hipdtesis estudiando los efectos
directos de 1,25(OH),D3 en células dendriticas tolerogénicas inmaduras (del inglés, itolDC)
que fueron tratadas con 1,25(OH),D3 en ausencia de estimuladores inmunogénicos. De
esta manera, nos centramos en mostrar las respuestas directas a 1,25(OH);D3 en lugar de la
habilidad de 1,25(OH),D3 de contrarrestar otros moduladores de células dendriticas tales
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como las acciones inmunogénicas de lipopolisacdrido (LPS). Los primeros experimentos
fueron llevados a cabo para confirmar qué genes involucrados en la cadena de transporte
de electrones y ciclo de Krebs eran favorablemente regulados en ito]lDC comparados con
células dendriticas no expuestas a 1,25(OH),D3. Posteriores estudios funcionales mostraron
que existe un incremento en el consumo de oxigeno por parte de itolDC. Este efecto fue
observado en células dendriticas por el tratamiento de 1,25(OH),D3 durante un periodo
largo de tiempo y no en células que fueron expuestas a LPS para generar células dendriticas
maduras, ni en células dendriticas expuestas por un periodo corto de tiempo a 1,25(OH),D3.

Los resultados de los Capitulos 3 y 4 también mostraron que 1,25(OH);D3 promueve
rutas metabdlicas centradas en la glucosa. En posteriores estudios moleculares empleamos
13C¢-glucosa para rastrear el metabolismo de la molécula en itolDC. Estos experimentos se
realizaron usando espectrometria de masas para confirmar que, a nivel funcional, la activi-
dad en las rutas metabdlicas de glicolisis y el ciclo de Krebs son positivamente reguladas
por 1,25(0OH),;D3 en itolDC. En estos estudios de rastreo molecular también se empled
13C5-glutamina para determinar si sustratos del ciclo de Krebs pudieran estdn alterados
por 1,25(0OH),D3 en itolDC. A pesar de ello, este tltimo experimento solo demostré que
no hubieron apenas cambios metabdlicos en el ciclo de Krebs por parte de 1,25(OH),D3,
confirmando que el metabolismo de la glucosa es el principal punto de regulacién por parte
de 1,25(OH),D3 en células dendriticas. Finalmente, a pesar de que los experimentos de
rastreo de metabolitos demostraron una potente respuesta metabdlica en células dendriticas
tras el tratamiento con 1,25(OH),D3, estos resultados s6lo mostraron datos de homeostasis
de metabolitos polares. El andlisis de estos mismos experimentos basados en el trazado
del consumo '3Cg-glucosa pero centrados en anlisis de metabolitos lipofilicos no-polares,
revelaron una significativa incorporacién de '*C en palmitato, sugiriendo que 1,25(0H),D3
promueve un remodelado metabdlico que va dirigido a la sintesis de 4cidos grasos en itolDC.

De manera colectiva, los resultados de los experimentos moleculares confirmaron los andlisis
bioinformaticos en modelos celulares mieloides, especificamente en células dendriticas, que
la respuesta inmune a 1,25(OH);D3 se basa en una reprogramacion metabdlica. Ademas, los
experimentos basados en el trazado de '3Cg-glucosa indicaron que la glicélisis y el ciclo de
Krebs son importantes rutas metabdlicas influenciadas por 1,25(OH),D3. Finalmente, estos
mismos experimentos indicaron que 1,25(OH),D3 es un potente regulador positivo de la
sintesis de 4cidos grasos en itolDC. Tras estos resultados, propusimos una nueva hipdtesis que
plantea que la sintesis de acidos grasos es esencial para promover los efectos tolerogéni-
cos de 1,25(OH),D3 en células dendriticas. Para testar esta hipdtesis bloqueamos la ruta



139

metabdlica de sintesis de dcidos grasos en itolDC para estudiar sus efectos en el fenotipo y
funcidn en estas células. Los resultados indicaron que esta inhibicién altera la morfologia de
itolDC y reprime la expresion de CD14 y IL-10 en estas células. Estos resultados sugieren
que la capacidad de 1,25(OH),D3 para inducir el fenotipo tolerogénico en DC es dependiente
de una reprogramacién metabdlica que da lugar a un incremento de sintesis de dcidos grasos.

Conclusiéon

Los datos presentados en esta tesis demuestran que un andlisis optimizado de set de datos
de gran escala y la visualizacién de estos resultados usando herramientas bioinformaticas
puede ayudar a identificar nuevos mecanismos moleculares de la vitamina D en un modelo
celular - en este caso células dendriticas - que previamente ha sido estudiado. Asi pues,
el empleo de estas herramientas, capaces de hacer un andlisis de rutas metabdlicas y gen-
eracion de redes bioldgicas en set de datos transcriptomicos, ha permitido dar una nueva
perspectiva a la funcién de la vitamina D en el sistema inmune. Ademds, con el uso de
estas herramientas para analizar set de datos de otros grupos de investigacion, hemos podido
ayudar a la investigacion del papel de la vitamina D en determinados modelos celulares.
Gracias al andlisis de rutas metabdlicas, hemos generado una serie de resultados que, tras
su interpretacion, nos ha permitido disefiar nuestros propios experimentos moleculares e
investigar con mayor precisién nuestras hipétesis de partida. En este proyecto de doctorado,
los experimentos moleculares fueron llevado a cabo en los dos tltimos afios de su duracién.
Sin embargo, gracias a que pudimos identificar las rutas metabdlicas de interés con mayor
eficacia, pudimos optimizar el tiempo de disefio experimental. Este hecho es particularmente
importante en el campo de investigacion del metabolismo donde técnicas, como la de an4lisis
de trazado de metabolitos, son costosas tanto a nivel econémico como en tiempo. Con las
dificultades que supone encontrar fondos econdmicos para la investigacion, es importante
para el futuro la incorporacion de andlisis bioinformaticos de set de datos que preceden
al trabajo de laboratorio. La conclusién general de este proyecto de doctorado es que la
reprogramacion metabdlica es una interaccion crucial entre la vitamina D y el sistema inmune,
y es necesario investigar este campo en mayor detalle para mejorar el uso de la vitamina D
como terapia en enfermedades inflamatorias autoinmunes.






Valorization

Science research as a collaborative network

One of the milestones in bioscience research is the generation of a wide variety of large scale
databases that compile very specific information related to molecular biology. Nevertheless,
for the correct management of this bulk of data, the science community has established the
FAIR basic features of data management which allow their correct usage. First, data must be
referenced using identifiers or attributes that are findable in other sources. Secondly, data has
to be accessible to everyone in the science community, therefore the platforms and databases
containing this information have to be open and a science-based community has to ensure its
routinely curation and update. Furthermore, the format of the data has to be interoperable,
ensuring that the structure of the data is compatible and suitable with the standard tools of
the science community. Finally, the way data and its metadata is stored and written must ease
its replication and combination with other features.

The usage of these public repositories that contain datasets and databases from wet-lab
experiments should be a crucial part of every research project as we demonstrate in this
thesis. Accessible public data from other researchers allows the possibility to exploit it with
bioinformatic tools for the purpose to try to explore biology aspects that the authors have not
considered in their original hypothesis or to compare/combine it with other data sets to obtain
more robust evaluations. Furthermore, a great feature of this bioinformatic pipeline built in
this project (Chapter 2), it is possible to process several dataset that share a common pattern
(e.g. different cell models with same treatment) allowing their comparison and plotting the
results in a friendly way that makes possible a better understanding of how a specific biology
system works. Exploiting public data from other researchers and interpreting the results at
different molecular biology levels gives a rich and wide insight that is crucial for the first
step of a new project: hypothesis establishment. Finally, the re-use and re-analysis of data
allows the discovery of new aspects that were not considered in the original approach; as a
result its quality and, in consequence, its value increase.
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As mentioned above, generation, storage and analysis of public data are crucial for every
project in its first steps; but it is worth mentioning the importance of the actual researcher-
researcher interactions from different science fields to have a wider outlook of the system of
study. Collaboration between different departments that are specialized in specific niches in
science allows the usage of a variety of techniques optimizing the work and time invested in
research to validate a hypothesis (Chapter 2). This gap that separates bioinformatics and
wet-lab research, is closing bit after bit with the initiative of this kind of collaborative project.
Most importantly, young researchers working and being trained in different niches in science
widen their perspective, easing their adaptability in further research projects. The joint
project that formed the basis for this thesis is a great example of how a good collaboration
between departments with different focus and methods at two Universities can result in an
interesting, novel and rich study on a very specific aspect of biology and, in consequence,
generating data that with high quality and value.

Future perspective: optimizing cell therapy

The tolerogenic dendritic cell population that we have focused on in this project are crucial
for the immune tolerance homeostasis. Disruption in the regulation of the immune tolerance
of the individual can lead to anomalies that are known as autoimmune diseases that are charac-
terized by the attack of the host immune system to self components. The immune system has
developed mechanisms to avoid these pathologies such as processes to remove immune cells
that recognize self-antigens and would provoke an auto-attack. Finally, the immune system
also is capable to develop specific cells that inhibit self-reactions processes known as regula-
tory cells which include the ones focused on this work: tolerogenic DC and T regulatory cells.

The results of our work gave a better understanding of how vitamin D modulates the devel-
opment of tolerogenic DC based on a metabolic reprogramming. The findings presented
in this thesis describe how shifts in metabolism induce changes in the immune function
of tolerogenic DC and, in consequence, affect Treg development. This contributes to the
notion that immuno-metabolism is an emerging aspect of biochemistry that needs better
understanding to explain that key metabolic pathways are essential for the correct execution
of immune actions. Decryption of the links between metabolism and immune cell fate can
lead to the optimization of cell culture for the generation of specific cell populations that can
be used to treat and cure diseases. In that way, this kind of findings can improve personalized
cell therapy.
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Promoting multi-disciplined professional researchers

The bioscience field is living a constant evolution where computation and data manage-
ment are taking important roles for its progress. These new dry-lab tools have found a niche
in bioscience known as bioinformatics but more bridges have to be built to connect this field
to the different wet-lab niches, and this thesis is one example of that. As a PhD student,
working in these two different science fields has granted me the opportunity to enrich me as
a researcher from many different perspectives as well as meeting numerous professionals
from both sides. Science progresses in higher levels when its community works as a network
where different scientific areas complement each other; optimizing time, work, resources
and, in consequence, results.

The community within the University has to keep ensuring the acquisition of multi-disciplined
skills to students that will be involved in different fields of science. In computational science,
there is a large variety of bioinformatic workflow tools that are crucial for bioscience research
that optimize their performance and the quality of the work. That is why knowledge of basic
programming languages is important in a professional research career which guarantees
the efficiency of work performance in a science project. My personal experience taken
from this collaborative project has proven that the integration of skills and knowledge from
different fields is an investment that in the long term is very profitable for Universities since it
guarantees valid academic professionals that can work in very competitive research projects.
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Appendix A

List of Abbreviations

¢ 1,25(OH),D3: 1,25-dihydroxyvitamin D

e 25(OH)D: 25-hydroxyvitamin D

e ACO?2: aconitase 2

e AE: Array Express

* AE: average expression

* AMP: adenosine monophosphate

* ANOVA: analysis of variance

* APAF: apoptotic peptidase-activating factor

* APC: antigen-presenting cells

¢ ATP: adenosine triphosphate

* BCR: B cell receptor

* BUB: budding uninhibited by benzimidazoles
e C75: 4-Methylene-2-octyl-5-oxotetrahydrofuran-3-carboxylic acid
¢ CD: cluster designation

¢ CDK: cyclin-dependent kinase

* CEBPB: CCAAT/enhancer-binding protein beta
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List of Abbreviations

CK: cytokine

CLP: common lymphoid progenitor

CYCS: cytochrome C, Somatic

CYP24A1 : vitamin D3 24-hydroxylase
CYP27B1: 25-hydroxyvitamin D-1o-hydroxylase
CYP: P450 enzymes

CaMKII: Ca®*/calmodulin-dependent kinase II
ChIP-Seq: immunoprecipitation-sequencing
DAPI: 4’,6-Diamidino-2-Phenylindole
DAPKI: death-associated protein kinase 1
DC: dendritic cell

DEFB4A: 3-defensin 4A

DEX: dexamethasone

DLD: dihydrolipoamide dehydrogenase
DMEM: Dulbecco’s modified eagle medium
DNA: deoxyribonucleic acid

E. coli: Escherichia coli

ELISA: enzyme-linked immunosorbent assay
ERK: extracellular-signal-regulated kinase
ETC: electron transport chain

FACS: fluorescence-activated cell sorting
FAIR: findable, accessible, interoperable and reusable
FAO: fatty acid oxidation

FAS: fatty acid synthase
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FBP: fructose-bisphosphatase

FBS: foetal bovine serum

FC: fold change

FCCP: carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone
FCS: fetal calf serum

FDR: false discovery rate

FNIP: folliculin-interacting protein

FXN: frataxin

FXN: frataxin

GA: gestational age

GEO: Gene Expression Omnibus

GM-CSF: granulocyte macrophage-stimulating colony factor
GMNN: Geminin

GO: gene ontology

GWAS: genome-wide association study
GZMK: granzyme

HGNC: HUGO Gene Nomenclature Committee
HIF: hypoxia-inducible factor

HK: Hexokinase

HLA : human leukocyte antigens

ID: identifier

IDH: isocitrate dehydrogenase

IL: interleukin

INF: interferon



174 List of Abbreviations

* IOM: institute of medicine

* IR: infrared

* ITGAV: integrin alpha V

* [g: immunoglobulin

* JAK: janus kinase

* JNK: c-Jun N-terminal kinas

» LPS: lipopolysaccharide

e M. tb: Mycobacterium tuberculosis

* MACS: magnetic-activated cell sorting

* MAPK: mitogen-activated protein kinase
* MDH2: malate dehydrogenase

* MFI: median fluorescence intensity

* MHC: major histocompatibility complex
* MTIs: microRNA-target interactions

* NAD: nicotinamide adenine dinucleotide
* NCBI: national center for biotechnology information
* NDEx: the networks data exchange

* NDUFS: NADH dehydrogenase [ubiquinone] iron-sulfur protein
e NHGRI: human genome research institute
* NK: natural killer

* NaCl: sodium chloride

* OCR: oxygen consumption rates

* ORC: origin recognition complex

¢ OXPHOS: oxidative phosphorylation
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PAMPs: pathogen-associated molecular patterns
PBMCs: peripheral blood mononuclear cells
PBS: phosphate buffered saline

PCA: principal component analysis

PFA: paraformaldehyde

PFKM: phosphofructokinase

PI3K: phosphoinositide 3-kinase

PKC: protein kinase C

PLAA: phospholipase A, activating protein
PPAR: peroxisomal proliferator-activated receptor
PRIM: primase

PRR: pattern-recognition receptors

PTH: parathyroid hormone

Provitamin D3: 7-dehydrocholesterol

QC: quality control

RAVEN : Reconstruction, Analysis and Visualization of Metabolic Networks
RFC: replication factor C

RMA: robust multi-array average

RNA: ribonucleic acid

ROS: reactive oxygen species

RPL: recurrent pregnancy loss

RPMI: Roswell park memorial institute

RT-PCR: reverse transcription polymerase chain reaction

RXR: Retinoid X receptor
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List of Abbreviations

RXRA: Retinoid X receptor alpha
SACN: Science Advisory Council on Nutrition
SDH: succinate dehydrogenase

SNP: single-nucleotide polymorphism
SUCLG: succinyl-CoA ligase

TCA: tricarboxylic acid

TCR: T cell receptors

TGFp: transforming growth factor(3
TNF: tumour necrosis factor

TNFSF: tumor necrosis factor (ligand) superfamily
TOP: termination of pregnancy

TRAP: TNF Receptor Associated Protein
Tc: T cytotoxic

Tth: follicular T cells

Th: T helper

Tn: naive T cell

Treg: T regulatory cells

UVB: ultra-violet B

VDR: Vitamin D receptor

VDRE: vitamin D response elements
Vitamin D binding protein: DBP

Vitamin D2: calciferol

Vitamin D3: cholecalciferol

WP: WikiPathways
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YBX: Y-Box Binding Protein

iDC: immature dendritic cell

mDC: mature dendritic cell
mRNA: messenger ribonucleic acid
miRNA: microRNAs

pNK: peripheral natural killer cells
tolDC: tolerogenic dendritic cell

uNK: uterine natural killer cells
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