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Abstract

The purpose of this dissertation was to investigate the relationship between food-grade
titanium dioxide particles and intestinal health, in particular the development of Crohn’s

disease after uptake of titanium dioxide particles in intestinal lymphoid tissues.

Crohn’s disease is a common form of inflammatory bowel disease. It is characterised by
chronic inflammation of the gastrointestinal tract and affects approximately
1 in 1,000 people. The aetiology of Crohn’s disease is unclear, but both genetic and

environmental factors are involved in the development of the disease.

The gene that is most commonly associated with Crohn’s disease is the nucleotide-binding
oligomerisation domain (NOD) 2 gene. The diet is one of the most likely environmental
factors that have been proposed to play a role in Crohn’s disease. It has been hypothesised
that uptake of titanium dioxide particles, which are used as a whitening agent in processed
foods, toothpaste, and pharmaceuticals, by macrophages in intestinal lymphoid tissues

negatively affects intestinal health and contributes to the development of Crohn’s disease.

To investigate this hypothesis, immune cell-stimulating properties of titanium dioxide were
first assessed 7 vitro with macrophages derived from wild-type mice and mice with a Crohn’s
disease-like Nod2 gene variant. These mouse models were also used to determine particle
uptake in intestinal lymphoid tissues zz vivo after exposure to titanium dioxide with the diet

and effects of this dietary exposure on intestinal health and urine metabolites.

The results from the zz vitro studies showed that titanium dioxide induced the release of the
pro-inflammatory cytokine interleukin-13. For the first time, it has been shown that
accumulation of particles in intestinal lymphoid tissues was a consequence of titanium
dioxide intake with the diet. However, this had no negative effects on growth performance
and intestinal health of both wild-type mice and mice with a Crohn’s disease-like Nod2 gene
variant. Nevertheless, differences in urine metabolite profiles between wild-type mice
exposed to titanium dioxide and unexposed wild-type mice indicated that consumption of a

titanium dioxide-containing diet affected the metabolism.

This dissertation forms the foundation for future studies with animal models about the

relationship between titanium dioxide and intestinal health.
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Introduction

Nowadays, the majority of foodstuffs available in supermarkets can be classified as processed
foods. These products are often modified with additives, e.g. to enhance flavour, increase
shelf life, and/or make the product more appealing to the consumer. The latter is often
achieved through the addition of food colourants. The colours that are approved for use in
foodstuffs cover the whole standard palette from yellow, red, and blue, to white, silver, and

gold.

Titanium dioxide (TiO,) is the only available white food colourant. It is commonly used to
enhance the appearance of confectionary, salad dressings, and chewing gums. Most
toothpastes also contain TiO; as well as many pharmaceuticals and dietary supplements. In
its original form, titanium dioxide is a naturally occurring mineral. As a whitening agent it is
used in particulate form, with the particle size ranging from less than 100 nm to

several 100 nm.

These TiO; particles have been referred to as exogenous dietary particles, to distinguish them
from endogenous dietary particles that naturally occur in the gastrointestinal tract.
Endogenous dietary particles consist of calcium phosphate, and they are formed
spontaneously in the small intestine following the secretion of calcium and phosphate ions
into the intestinal lumen. Both exogenous and endogenous dietary particles are taken up by
phagocytic cells in Peyer’s patches (PPs) which are defined aggregates of immune cells in the
mucosa of the small intestine. PPs provide the main route of entry for antigens from the
lumen. Thus, they have an important role in maintaining the balance between tolerance to
harmless antigens, e.g. from food or commensal bacteria, and initiation of an immune

response against pathogens. This balance is known as intestinal homeostasis.

The uptake of exogenous dietary TiO; particles, which can adsorb luminal antigens, in PPs
might disrupt this homeostasis and lead to a pro-inflaimmatory immune response. If this
inflammation persists for a long period of time it could contribute to the development of

inflammatory bowel disease (IBD), specifically Crohn’s disease (CD).

Despite decades of research, the aetiology of CD is still incompletely resolved. It is known
that that both genetic and environmental factors contribute to the development of CD. Diet
might be one of the environmental factors as the incidence of CD is higher in developed

countries which are characterised by an increased consumption of processed foods.



Furthermore, several genetic risk factors have been linked to the development of CD.
Through genome-wise association studies it has been shown that mutations in the
nucleotide-binding oligomerisation domain (INOD) 2 gene are the highest genetic risk factors
that are associated with an increased likelihood to develop CD. The most common
NOD2 variant is a frameshift mutation at amino acid position 1,007 (1,007fs) that results in
the expression of a truncated protein. The NOD2 protein is an intracellular receptor for
bacterial cell wall fragments, and its activation leads to the production of pro-inflammatory

cytokines.

It has been hypothesised that people with mutations in the NODZ2 gene will be at a greater
risk from TiO, particle-induced disruption of intestinal homeostasis. Delivery of
NOD2-activating ligands into the cell by TiO, particles will cause an increased production
of pro-inflaimmatory cytokines in this group. A mouse model with a mutation in the
Nod2 gene that matches the human 1,007fs variant has been created. This model is ideally

suited to examine this hypothesis in more detail.

The main purpose of this dissertation was to carry out iz vitro and 7n vivo experiments with
this specific mouse model to investigate the potential of dietary TiO, particles to cause a
disruption of intestinal homeostasis in the presence of this particular CD-associated genetic
variant. The results will be helpful to evaluate potential risks associated with the increased
use of TiO; as a whitening agent in processed foods and other products intended for oral

intake.









Chapter 1 Literature review



1.1 The gastrointestinal tract and Crohn’s disease

The gastrointestinal tract has a larger surface area than any other organ of the human body
(approximately 200 m” to 400 m?) [1-3]. The main function of the gastrointestinal tract is the
digestion of food and absorption of nutrients, water, and other compounds. Commensal
microorganisms play an important role in this process, and it is crucial that a homeostasis is
maintained between the tolerance of beneficial microbes and effective eradication of invasive
pathogens [1]. Furthermore, tolerance must also be maintained towards food antigens. When
the proper responses to the intestinal microbiota are disturbed, or food antigens elicit
immune reactions, pathological consequences can arise resulting in gastrointestinal
inflammation or food allergies. This literature review will focus on a particular type of dietary
antigens, namely dietary particles, and their role in intestinal homeostasis. The first section

will give a brief overview of the gastrointestinal tract and its associated immune system.

1.1.1 Structure and function of the mammalian gastrointestinal

tract

The gastrointestinal tract can be divided in an upper part, which comprises the oesophagus
and the stomach, and in a lower part, which consists of the small and large intestine. The
small intestine has three sections, namely the duodenum, jejunum, and ileum. The colon can
be further divided into the caecum, colon, rectum, and anal canal. In general, the
gastrointestinal tract can be considered as a tube that extends from the mouth to the anus,
and its overall structure is similar throughout the whole length (Figure 1.1). The space
enclosed by the gastrointestinal tract is referred to as the lumen. This central part contains
the ingested substances, especially food, commensal organisms, and potentially also parasites.
Technically, it constitutes an external environment of the body. The innermost layer of the
gastrointestinal tract that separates the lumen from the rest of the body is the mucosa which
is made up by three different tissue types. A simple columnar epithelium forms the outside
border of the mucosa and faces the lumen. The connective tissue below the epithelium is
referred to as lamina propria (LP), and the muscular tissue of the muscularis mucosae
separates the mucosa from the submucosa. The submucosa is a connective tissue that
contains blood vessels, lymphatics, nerves, and glands. The muscularis externa is a smooth
muscle tissue and forms the next section of the gastrointestinal tract. It consists of an inner

circular layer and an outer longitudinal layer, and these muscles work together to move the
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Figure 1.1 Schematic overview of the structure of the gastrointestinal tract.

This diagram depicts the distinctive layers of the gastrointestinal tract as seen in a generalised cross-section.



intestinal content forward. The outermost structure of the gastrointestinal tract is the serosa,
which comprises a simple squamous epithelium, and a thin layer of connective tissue and

separates the gastrointestinal tract from the abdominal cavity [4].

The small intestine is the principal site for food digestion and nutrient absorption. A feature
of the small intestine is the presence of villi, which are projections of the mucosa into the
lumen. This increases the surface area of the small intestine and thus enables more efficient
absorption. Another characteristic of the small intestine is the presence of special glands, the
‘crypts of Lieberkithn’ or crypts. They are located in the LP from which they are separated
by epithelial cells that form a continuum with the epithelial cells of the villi. The main
function of the colon is water and electrolyte resorption. After the passage through the
gastrointestinal tract, all undigested food components are excreted. There are also crypts

present in the colon, but no villi [4].

Different cell types are present in the small and large intestinal epithelium. The most
prevalent cells are enterocytes, which are specialised in nutrient absorption. Their surface
area is increased at the luminal side by of the presence of microvilli. This gives the surface of
the small and large intestinal wall the appearance of a ‘brush border’ [5]. In addition to their
nutrient absorption function, enterocytes of the small intestine also secrete digestive
enzymes. Furthermore, all enterocytes release several kinds of antimicrobial peptides, which
inhibit the colonisation of the epithelial surface by intestinal microbes [3]. Paneth cells, which
are located at the base of crypts in the small intestine, also produce antimicrobial peptides,
namely a-defensins. Another common epithelial cell type is the goblet cell. Their main
function is the secretion of mucins, which are highly glycosylated proteins that make up the
mucous layer. The mucous layer is composed of an outer and an inner part, and together
they form a physical barrier that protects the epithelium from intestinal bacteria.
Enteroendocrine cells are also present in the intestinal epithelium. They produce hormones
that affect the gastrointestinal physiology. All epithelial cells are derived from pluripotent
stem cells that are located at the base of crypts, and they are constantly renewed as they

undergo apoptosis once they reach the tips of the villi [3].

As mentioned earlier, the gastrointestinal tract also has an important role in maintaining
immune homeostasis. The gastrointestinal tract is constantly exposed to antigens derived
from food and the intestinal microbiota. In healthy individuals, this exposure does not elicit
an immune response, yet the gastrointestinal immune system remains able to react to
invading pathogens. Many different types of immune cells are involved in maintaining this

homeostasis. Some of these immune cells occur in organised gut-associated lymphoid
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tissue (GALT), whereas others are distributed throughout the LP and epithelium [5]. The
GALT consists of mesenteric lymph nodes (MLNSs), isolated lymphoid follicles (ILFs), and
PPs. The latter are organised lymphoid structures that occur in the mucosa of the small
intestine in close contact with the epithelium (Figure 1.2). They were originally described in
1677 by the Swiss pathologist Johann Conrad Peyer [6]. The number and distribution of PPs
along the small intestine varies between species. For example, in humans hundreds of PPs
occur mainly in the terminal ileum, whereas in mice up to ten PPs can be found which are
distributed the small intestine [0, 7]. PPs and MLNSs are only present in mammals, but ILFs
are also found in other vertebrates which indicates that they are the evolutionary oldest
GALT [2, 8]. Unlike PPs the occurrence of ILFs is not restricted to the ileum and they are

also present in the colon.

The structure of PPs has similarities with MLLNs, but PPs also have some unique features.
Both types of GALT contain large bursa-derived (B) cell-dense follicles with germinal centres
and thymus-derived (T) cell-dense areas. B cells and T cells are lymphocytes, and they are
the main cell types of the adaptive immune system, which provides an antigen-specific
response to invasive pathogens. Through the establishment of memory cells, the adaptive
immune system is able to respond quickly to reinfection with the same pathogens. The main
function of B cells is the production of antibodies, which is facilitated by a certain type of
T cells, namely T helper (Th) cells. In PPs Th cells occur mainly in the interfollicular
regions (IFRs) that are located between the follicles. In contrast to lymph nodes, PPs lack
afferent lymphatics. Instead, antigen can enter PPs wiz specialised cells in the
follicle-associated epithelium (FAE). These cells are called microfold (M) cells, and they
differ from enterocytes by the presence of shorter microvilli, a thinner mucous layer, and
invaginations on their basolateral side. The latter feature allows close contact between M cells

and phagocytic antigen presenting cells (APCs), e.g. macrophages and dendritic cells (DCs).

These APCs are part of the innate immune system, which provides a first line of defence
against pathogens. In contrast to the adaptive immune system, the innate immune response
is unspecific and no immune memory is established. However, APCs also act as important
mediators between the innate and adaptive immune systems. Antigens that have been taken
up by APCs through phagocytosis are subsequently presented to lymphocytes and this
activates the adaptive immune response. In the gastrointestinal tract antigens are initially
taken up from the lumen by M cells, which pass them to underlying APCs by transcytosis.
The area below the FAE is referred to as subepithelial dome (SED), and it is characterised
by the presence of many APCs, in particular DCs. Below the SED area are the B cell-dense

9



Scattered lymphoid cells —
effector sites

Intraepithelial
lymphocyte

Epithelium Organised tissues — induction sites

Intestinal

Lymphatic

Lamina drainage

propria

Afferent !
lymphatic

Mesenteric
lymph node

Figure 1.2 Schematic overview of the small intestine including lymphoid tissues.

Characteristic for the small intestine is the presence of villi, which protrude into the intestinal
lumen (light green), and crypts, which are invaginations of the mucosa. The epithelium (brown) and the
LP (beige) are part of the mucosa. The mucosa also contains lymphoid cells. The lymphoid tissues in the small
intestine can be separated in induction and effector sites. Induction sites are formed by immune cells that occur
together in organised tissues, also called GALT. The two types of GALT that are shown in this overview are
PPs and MLNSs. ILFs, a third form of GALT, are not shown in this figure. The epithelium that covers PPs is
referred to as FAE. Characteristic for the FAE is the presence of M cells (red) which transport antigens from
the intestinal lumen to the mucosa. Three different regions can be distinguished in PPs: the SED is the area
just below the FAE (yellow), follicles make up the main part of the PPs (pink), and between the follicles lie the
IFRs (blue). PPs do not have afferent lymphatics, but they possess efferent lymphatics which are the afferent
lymphatics for the MLNs (purple). These lymphatics allow immune cells to travel from PPs to MLNs (purple).
Immune cells from the LP and intraepithelial lymphocytes (green) can also reach MLNs zia the lymphatic
drainage system (purple). Figure adapted from reference [5]. Permission to use this figure in this dissertation

has been obtained online from Nature Publishing Group.
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follicles, which comprise most of the immune cells in PPs. In addition to Th cells, the IFRs
also harbour DCs. The most important function of PPs is the induction of
immunoglobulin (Ig) A-producing B cells in the germinal centres of the follicles, which is
mediated by Th cells that have been activated by APCs.

ILFs are structurally similar to PPs, but they are smaller. ILFs are also covered with an
M cell-containing FAE, and they contain mainly B cells and DCs. Like PPs, ILFs are also a
site for DC-mediated IgA class-switching of B cells, but in ILFs this occurs independently
of activated Th cells [2, 9]. In PPs, Th cells become activated by interacting with
antigen-loaded APCs in the IFRs [5, 6, 10]. Furthermore, DCs promote the expression of
specific cell surface molecules on Th cells and B cells that enable the lymphocytes to return
to the intestinal mucosa after circulation in the blood [5, 11]. Imprinting of lymphocytes with
intestinal homing receptors also takes place in the MLLNs from where the Th cells and B cells
leave the mucosa viz efferent lymphatics. After their return to the intestinal mucosa the
lymphocytes will reside in the LP. There, Th cells exert either effector or regulatory functions
through the production of pro- and anti-inflammatory cytokines, respectively [2]. B cells
differentiate into plasma cells, and they produce large amounts of IgA which is secreted into
the lumen by epithelial cells through transcytosis [1]. Interactions of secreted IgA with
intestinal microbes limit their ability to gain access to the intestinal mucosa, and it also

neutralises toxins that are produced by intestinal pathogens [9].

Maintaining intestinal homeostasis is a complex process as it involves many different immune
cell types, especially subsets of APCs and Th cells. The immune cells interact with the
intestinal microbiota and with each other either through direct cell-cell interactions or the
production of cytokines and anti-microbial peptides [1, 2, 11, 12]. Disturbances of the
intestinal homeostasis may result in inflammation. If this becomes a chronic condition it may

eventually lead to the establishment of IBD.

1.1.2 Crohn’s disease as a form of inflammatory bowel disease

CD is a chronic inflammatory disorder of the gastrointestinal tract. The prevalence of CD,
L.e. the number of people affected by this disease, is highest in Europe and North America
with approximately 100 cases per 100,000 people [13], and some studies reporting up to
300 cases per 100,000 people [14]. New Zealand also has a high prevalence with 145 cases
per 100,000 persons reported for Canterbury [15]. The incidence, i.e. frequency of new cases
per year, of CD has increased considerably over the last decades, even in Asian and Latin

American countries that used to have a low incidence of CD [13]. CD is only one of two
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distinct forms of IBD, the other one being ulcerative colitis (UC) [16]. Inflammation in CD
can occur at any location of the gastrointestinal tract, but the areas which are most often
affected are the terminal ileum and the colon [17]. The pathological features of CD are that
the intestinal inflammation is transmural, i.e. affecting all layers of the gastrointestinal tract,
and discontinuous with alternating inflamed regions and unaffected sections [18, 19]. In
contrast, UC exclusively affects the colon and rectum and the inflimmation is

continuous [16, 18].

Inflammatory diseases can generally be classified as either Th1l or Th2 cytokine-mediated
according to the presence of pro-inflammatory cytokines produced by different subsets of
cluster of differentiation (CD) 4" Th cells. While Th1 cells differentiate in the presence of
interleukin (IL)-12 and produce interferon (IFN)-y, Th2 cells develop under the influence of
IL-4, in the absence of I.-12, and produce 1L.-4, IL-5, and IL-13 [20, 21]. Further subsets of
Th cells have been identified since the initial description of Th1 and Th2 cells, and another
important pro-inflammatory subset are Th17 cells [22]. The development of this Th cell
subset is promoted by transforming growth factor (TGF)-8, IL-18 and I1.-6, and the cells
require IL-23, which is produced by APCs [23-25]. Th17 cells are characterised by the
expression of the pro-inflammatory cytokine IL.-17 as well as IL.-22 which enhances epithelial

barrier function [26, 27].

Initially, the assumption that CD was a Thl cytokine-mediated disease was supported by
several studies [28]. For instance, it was shown that macrophages from the LP of CD patients
produced increased amounts of 1L-12 [29, 30], and T cells isolated from inflamed areas of
CD patients expressed elevated amounts of IFN-y and decreased levels of I1.-4 compared to
T cells from healthy control tissues [30, 31]. However, IL.-12 consists of two subunits, p35
and p40, and the p40 subunit is also part of IL-23 which is a heterodimer comprising the
subunits p19 and p40 [32]. Thus, effects that were ascribed to IL-12 in earlier studies of
intestinal inflammation might also have been caused by I1L-23 [28]. This hypothesis has been
strengthened by observations that I1.-23 and Th17 cells play an important role in animal
models of intestinal inflammation [33-36]. In humans, increased expression of both IL-12
and IL.-23 during active CD has been observed [37], and Th17 cells were isolated from areas
with active CD [38]. In general, Th17 cells are present in the blood and intestinal mucosa of
both healthy individuals and CD patients [39, 40], but in CD patients the number of Th17
cells was increased [41]. These studies show that Th17 cells play a role in CD, but it is still
unclear to which extent IL-17 and other Th17 cytokines contribute to the intestinal

inflammation in CD [26, 28]. The current understanding is that CD is mediated by both Th1
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and Thl7 cytokines, but that their relative contribution to inflammation changes,

e.g. depending on the stage of the disease [42].

Other pro-inflaimmatory cytokines like tumour necrosis factor (INF)-a, IL-18, and IL-6,
which are primarily produced by innate immune cells, also play a role in CD [16, 43].
Increased amounts of these cytokines were detected in affected tissues from
CD patients [44], and LP mononuclear cells (LPMCs) from CD patients produced more of
these cytokines compared to LPMCs from control tissues [45]. Moreover, one commonly

used drug for the treatment of CD is infliximab which targets TNF-a [16].

The Th1, Th2, and Th17 subsets ate also referred to as effector CD4" T cells because they
promote immune system activation in response to external stimuli [46]. A further subset of
CD4" T cells are regulatory T cells. These lymphocytes play an important role in the
maintenance of intestinal homeostasis through the production of the anti-inflammatory
cytokine IL-10, which inhibits effector T cell responses to innocuous antigens, e.g. from the
commensal microbiota [47]. The essential role of regulatory T cells for intestinal homeostasis
is reflected by observations that mutations in genes from the IL-10 pathway increase
susceptibility to develop CD or UC [48, 49]. Furthermore, /70 gene-deficient (I/107/") mice,

which do not produce any IL.-10, develop spontaneous chronic enterocolitis [50].

The aetiology for CD is still unresolved, but both genetic and environmental factors appear
to play a role in the development of the disease [51]. A genetic involvement for CD has been
implicated by twin studies which showed that incidence was higher in monozygotic twins
than in dizygotic twins [52, 53]. However, the concordance rate for monozygotic twins to
develop CD ranged only from 25 % to 58 %, and the involvement of genetic factors alone
could not explain the increased incidence of CD observed over the last half century [54].
Therefore, an environmental component seems to contribute to CD pathogenesis. Several
environmental risk factors have been proposed over the years including diet, domestic
hygiene in childhood, mycobacterial infection, oral contraceptives, smoking, and
vaccination [13, 51]. Exogenous dietary particles have also been implicated in the
development of CD (Section 1.5.1) [55, 56]. The gastrointestinal tract is constantly exposed
to dietary antigens, so it seems likely that the diet is playing a role in CD development.
However, studies that investigated the relationship between dietary factors, e.g. high intake
of sugar, and CD risk have often yielded conflicting results [13, 57]. This could in turn be

due to genetic factors that influence individual disease susceptibility.
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1.2 The role of the microbial pattern recognition receptor

NOD2 in Crohn’s disease

Much progress has been made over the last two decades in the characterisation of genetic
susceptibility to CD, and it has emerged that particularly mutations in the NODZ2 gene are
associated with CD [58-60]. The NOD?2 protein is an intracellular pattern recognition
receptor (PRR) that specifically recognises a bacterial cell-wall component [61]. Since the
discovery of the association between mutations in the NODZ2 gene and increased
CD-susceptibility much research has been carried out to characterise the function of NOD2,
which has been the subject of many reviews [62-65]. Of particular interest are its contribution
to the maintenance of intestinal homeostasis and why mutations in this gene are associated
with an increased risk to develop CD [66, 67]. Mouse models with defects in the Nod2 gene

have been created to investigate these questions.

1.2.1 Genetic susceptibility to Crohn’s disease

Even though twin studies have shown that there is clearly a genetic component involved in
CD they also indicated that CD must be a complex genetic disease. The concordance
between monozygotic twins was approximately 60 % which indicated that CD associated
genes are not inherited according to a Mendelian fashion [18, 53]. It is now known that more
than 70 loci are associated with CD [68]. The region with the highest association was
identified in 1996 on chromosome 16 [69]. At that time it was unknown which gene from
that region was implicated in disease susceptibility, so the locus was referred to as IBD1.
Some years later, the NODZ gene was identified on chromosome 16q12 [70]. Subsequently,
it was shown that variants of NODZ2 were more prevalent in CD patients thus confirming
NOD2 as the IBD1 locus and as the first gene associated with CD [59, 60]. The most
commonly observed single nucleotide polymorphism (SNP) in NODZ2 was a cytosine
insertion at the nucleotide position 3,020. This SNP resulted in a frameshift mutation at
amino acid position 1,007, and it caused the formation of a stop codon which led to the
transcription of a NOD2 protein that lacked its last 33 amino acids. This NOD?2 allele was
more common in CD patients compared to healthy controls and patients with UC, and the
risk to develop CD was increased by 1.5-fold and 17.6-fold for hetero- and homozygous

carriers, respectively [60].
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Apart from the 1,007fs allele, many other SNPs have been identified in NODZ2, but only
some of them were associated with CD. In particular, there were two other common
mutations that occurred with increased frequency in CD patients. Both of them are missense
mutations and result in an amino acid change from either arginine to tryptophan at
amino acid position 702, or glycine to arginine at amino acid position 908 [59, 60]. It has
been calculated that the three most common NODZ variants together represented 81 % of
the total CD-associated mutations [71]. Hugot and colleagues reported that there was a 3-fold
increased risk to develop CD for heterozygous carriers of one of the three most common
NOD?2 variant alleles. This risk was increased approximately 40 times for people with

homozygous NODZ2 mutations [59].

Since the initial description of NOD2 as the IBD1 locus, many other studies have replicated
this finding, and variations in NODZ2 were consistently associated with CD in patients of
Caucasian descent in Europe and North America [58, 71-75]. This has also been confirmed
for CD patients from New Zealand [706]. It has been estimated that approximately 50 % of
Caucasian CD patients carry at least one NOD?Z allele variant and that 17 % have
homozygous NODZ mutations [59, 71]. Of note, in African American and Japanese
CD patients the association between NODZ mutations and CD was much lower or not
observed at all [77-79]. In addition, mutations in several other genes have been associated
with CD, e.g. autophagy-related 16-like 1 (ATG76L.7) and immunity-related GTPase
family M, which are both involved in autophagy [72, 73], and IL.-23 receptor, Janus kinase 2,
signal transducer and activator of transcription 3, and IL-12 p40 subunit-encoding
gene (IL72B), which are all part of the IL-23 signalling pathway [80, 81]. Variants of
ATG16LT and 11.-23 pathway genes, except IL.72B, were also observed in CD patients in
New Zealand [82-84].

Mutations in genes from the IL.-23 pathway were shown to be also associated with UC [85],
but overall the contribution of genetic factors to disease occurrence was lower in UC in
comparison to CD [18]. However, the total number of genetic loci that were associated with
IBD has recently been increased to 163, and most of these loci were associated with both
CD and UC [86]. Nevertheless, mutations in NODZ2 were specifically associated with CD
and never with UC [58-60, 71, 76, 85, 86]. Moreover, CD patients with NODZ2 mutations
usually have an earlier age of onset for the disease, a more severe disease progression, and
the ileum is more often affected compared to CD patients without variations in NOD2 [71,

87]. To understand why the NOD2Z2 variant alleles are so strongly associated with CD
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development, it is important to understand more about the function of the NOD2 protein

in intestinal homeostasis.

1.2.2 Structure and function of NOD?2

The NOD2 protein was discovered in 2001 by Ogura and co-workers [70]. It is structurally
related to the NOD1 protein [88], and both belong to a bigger family of microbial PRRs
called NOD-like receptors (NLRs). The NLR proteins all have similar tripartite structures
with an amino-terminal effector domain, a central NOD, and a carboxy-terminal leucine-rich
repeats domain for ligand recognition [89]. The effector domain in NOD?2 consists of two
caspase recruitment domains (CARDs), and the leucine-rich repeats domain is composed of
ten repeats with 27 amino acids each [59, 60]. The NLR family currently comprises
22 proteins in humans and 33 proteins in mice including the frequently studied group of
inflammasome proteins, e.g. NOD, leucine-rich repeats domain, and pyrin domain (NLRP) 1
and NLRP3 [90]. Another group of PRRs are the Toll-like receptors (TLRs), which were
previously considered to be the main immune receptors of the innate immune system [91].
However, the importance of NLRs as innate immune receptors has now been
recognised [92]. Similar to TLRs, NLRs recognise microbial-associated molecular patterns,
e.g. bacterial cell wall fragments. Unlike TLRs, which are membrane-associated proteins and
occur on the plasma membrane and on endo- or lysosomal vesicles [93], NLRs are localised

in the cytoplasm [94].

Both NOD1 and NOD2 detect fragments of the bacterial cell wall molecule
peptidoglycan (PGN). It has been shown that NOD1 recognises y-D-glutamyl-meso-
diaminopimelic acid, which is present almost exclusively in Gram-negative bacteria [88]. The
ligand for NOD2 is N-acetyl muramic acid linked to L-alanine and D-glutamate, also known
as muramyl dipeptide (MDP), which is part of the PGN from all bacteria [61, 95]. Recently
it has been shown that MDP binds directly to NOD2 [96, 97]. Whereas NOD1 is expressed
by many cell types, the expression of NOD2 is more limited. However, NOD2 is present in
many cell types of the gastrointestinal tract especially in monocytes including macrophages

and DCs [70, 95], but also in lymphocytes [98], epithelial cells [99], and Paneth cells [100].

There are several possibilities how PGN and its fragments can get access into these cells.
First, invasive bacteria can enter cells directly. When the bacteria replicate within the cells,
PGN fragments are released into the cytoplasm [101]. Furthermore, APCs can take up
bacteria by phagocytosis and digest them in phagolysosomes, which then release MDP into

the cytoplasm [102]. Pathogenic bacteria are also able to deliver PGN directly to the
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cytoplasm through bacterial secretion systems [103] or with outer membrane vesicles in the
case of Gram-negative bacteria [104, 105]. Finally, intracellular uptake of extracellular PGN
fragments is possible through oligopeptide transporters that are located in the plasma
membrane or in the endosome [106, 107], in which case the PGN fragments have to be taken

up by endocytosis first [108, 109].

Regardless of the route of uptake, intracellular MDP can be recognised by NOD2 and
activates the NOD2 signalling cascades. The best characterised NOD?2 signalling pathway to
date is the activation of nuclear factor (NF)-«B. Here, recognition of MDP by NOD2 leads
to a conformational change and subsequent auto-oligomerisation of two NOD2 proteins |70,
110]. This results in the recruitment of the serine-threonine kinase receptor-interacting
protein (RIP) 2 which also contains a CARD, and it binds to NOD2 through a
CARD-CARD interaction [70, 111]. Subsequently, RIP2 promotes the polyubiquitylation of
inhibitor of NF-xB (IxB) kinase y which leads to the phosphorylation of IxB kinase § by the
TGF-B-activated kinase 1 complex [112-115]. Following this, the IxB becomes
phosphorylated and dissociates from NF-»B which allows NF-xB to translocate to the
nucleus and initiate the transcription of pro-inflaimmatory cytokines and chemokines, as well

as defensins [116, 117].

An alternative, but less well-characterised, NOD?2 signalling pathway results in the activation
of mitogen-activated protein kinases which are involved in the initiation of several cellular
processes, including inflaimmation [114, 118]. Several studies have also investigated the
regulation of the NOD2 signalling pathways, but so far results have been inconclusive and

further research will be necessary to establish which factors influence NOD2 signalling [62].

1.2.3 Mouse models with Nod2 gene modifications

After the identification of NODZ2 as the most important CD susceptibility gene, there has
been much interest in the question of how mutations in NODZ can ultimately lead to the
establishment of CD. To further investigate this question, three mouse models with a

disrupted Nod2 gene were created.

In the first model that was created the first exon in the Nod2 gene, which encodes the start
codon, the first CARD, and part of the second CARD, was deleted. This generated a
complete gene knock-out, and mice that were Nod2 gene-deficient (Nod2™/") consequently
did not express the Nod2 protein [98]. It was observed that these No42™/~ mice responded

with an increased production of the Th1 cytokines IL-12 and IFN-y to stimulation with PGN
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or other TLR2 ligands [119]. Therefore, Watanabe and colleagues suggested that Nod2
functions as a negative regulator of the TLR2 signalling pathway, and the absence of Nod2
results in increased pro-inflammatory cytokine production mediated by unregulated NF-»xB
activation after TL.R2 signalling. This finding was corroborated by two other studies from
the same group. The authors demonstrated that Nod2”/~ mice developed TLR2-mediated
colitis after challenge with bacterial antigen [120], and MDP administration protected wild-
type (WT) mice, but not Nod2”/~ mice, from chemically-induced colitis by down-regulating
TLR responses [121]. In contrast to these findings, other groups reported reduced
production of cytokines, including II.-12, after co-stimulation of cells with homozygous

NOD2 mutations from CD patients with TLR ligands and MDP [122-124].

Macrophages from a second Nod2”/~ mouse model also responded normally to TLR2
stimulation [125]. This Nod2”/~ model was created by deleting the third exon of the
Nod2 gene which contains the second CARD and NOD. These Nod2/~ mice showed
increased susceptibility to oral bacterial infection which was due to reduced expression of
antimicrobial defensins by Paneth cells. This led to the speculation that intact NOD2
signalling is important for proper intestinal epithelial barrier function, and that mutations in
NOD? could contribute to intestinal inflammation because of an increased bacterial burden.
Support for this hypothesis came from observations that CD patients with homozygous
NOD2 mutations expressed reduced levels of «-defensin messenger ribonucleic
acid (mRNA) in the ileal mucosa [126, 127]. However, this finding has been disputed by
Simms and colleagues who found no decreased a-defensin expression in ileal tissue from CD
patients with NOD2 mutations [128]. Another study showed that Nod2”/~ mice on a
C57BL/6 background also had no increased antimicrobial defensin expression compared to
C57BL/6 WT mice [129]. The loss of epithelial bartier function in CD might also be the
result of impaired autophagy with a concomitant increase in intestinal bacterial burden.
For example, it has been shown that CD-associated mutations in the autophagy gene
ATG161.7 led to a reduced bacterial clearance in human epithelial cells [130]. Discussions
around the underlying mechanism aside, it is still unknown if a reduced epithelial barrier

function is a cause or an effect of intestinal inflammation [64].

The third mouse model that has been used to investigate the role of Nod2 in intestinal
inflammation differs from the other two models described above because it is not a complete
gene knock-out model. Instead, this model has a mutation in the Nod2 gene that is similar to
the most common human CD-associated NOD?2 variant, the 1,007fs mutation [131]. Mice

that were homozygous for this Nod2 gene mutation (Nod2”'") expressed a Nod2 protein that
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lacked the last 33 amino acids. These mice showed an increased production of IL-18 in
response to MDP stimulation as a result of elevated NF-xB activity. Furthermore, the
Nod2”'" mice were also more susceptible to dextran sodium sulphate (DSS)-induced colitis
compared to WT mice, but co-administration of IL.-1 receptor antagonist (IL-1Ra) with DSS
led to amelioration of intestinal inflammation. Increased levels of IL.-18 were also observed
in the inflamed mucosa from patients with IBD [44, 132]. In contrast, ex vvo studies have
shown that MDP-stimulated immune cells from CD patients with homozygous 1,007fs
mutations did not secrete more IL-18 [133-136]. The truncated form of the human
NOD?2 protein was also unable to activate NF-«B 7z vitro and ex vivo which indicates a loss-
of-function phenotype for this NODZ mutation [61, 95]. However, these results are in
contrast to the observation that NF-»B activity is increased in CD patients [16]. Moreover,

drugs that inhibited NF-xB activity showed promising results in initial clinical studies [137].

In summary, the mouse models with manipulated Nod2 genes provided valuable, but
somewhat conflicting, insights into the biological function of Nod2. They are important
in vivo models to study the role of Nod2 both during intestinal homeostasis and inflammation.
The Nod2”” mouse model, in particular, provides an ideal tool to examine the role of dietary

particles in a genetic background that is associated with the development of CD in humans.

1.3 Dietary particles in the gastrointestinal tract

There are two types of dietary particles that can be encountered in the gastrointestinal tract.
They are referred to as endogenous and exogenous particles, respectively, based on their
original source. As the name implies, endogenous particles are formed e #ovo in the small
intestine. In contrast, exogenous particles are taken up orally, mainly with the diet. In the
following three sections, these two types of dietary particles will be discussed in more detail,
and potential mechanisms regarding their uptake in the gastrointestinal tract will be

considered.

1.3.1 Endogenous dietary particles

Calcium and phosphate ions are important for physiological functions, especially for bone
health. The absorption of these ions in the small intestine has been well documented, but it
is not yet widely known that re-secretion of both ions also occurs in the jejunum and
ileum [138]. This re-secretion leads to the formation of particulate calcium phosphate in the

intestinal lumen. It has been shown that calcium phosphate particles made up more than
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85 % of the total detectable inorganic particles in the small intestine of rats [139].
Endogenous calcium phosphate particles have also been identified in the intestinal lumen of
dogs, mice and humans [140-142]. In mice and humans, the luminal particles varied in size
from 50 nm to 500 nm [142]. In both mice and humans, calcium phosphate particles were
also identified in the GALT of the small intestine, namely PPs [140, 142, 143]. However, the
observed sizes of the particles in PPs differed between mice and humans. In mice, the
calcium phosphate particle sizes ranged from 50 nm to 400 nm, but in humans the particles
had diameters between 500 nm and 1,000 nm [142]. This discrepancy could be explained by
the differences in detection methods. The particles in human PP tissues were identified by
scanning electron microscopy (SEM) whereas those in PPs from mice were characterised by
transmission electron microscopy (TEM). The latter method resulted in a higher resolution
of the individual particles, and the larger size range obtained for the particles in human

GALT was probably due to agglomeration which could not be resolved with SEM [142].

The term ‘endogenous particles” was coined by Urbanski and colleagues who were the first
to observe calcium phosphate in human PPs, but they did not describe their appearance and
location within the GALT further [144]. This has been the subject of research by Powell and
co-workers who showed that the calcium phosphate particles accumulated in phagocytic cells
throughout the PPs, particularly in the SED area [142, 143]. It has also been shown that
calcium phosphate particles can adsorb antigens from the intestinal lumen [145]. The
co-localisation of calcium phosphate particles and adsorbed antigens has been confirmed in

PPs from mice [142].

Whether this process of calcium phosphate particle formation in the lumen of the distal small
intestinal tract, adsorption of luminal antigens, and uptake of this particle-antigen complex
by phagocytic cells in PPs has any biological relevance is currently unknown [55]. This
observation has nevertheless led to the generation of several hypotheses (Section 1.5.1).
However, it is important to note that calcium phosphate particles are not the only particulate
substances that occur in the small intestine. The gastrointestinal tract, at least of people from
industrialised countries, is constantly exposed to two other types of inorganic nanometre-
and/or micrometre-sized particles, namely TiO; and particulate silicates [55, 146]. Unlike
calcium phosphate, these latter particles are not of endogenous origin and are consequently
referred to as ‘exogenous particles’. This term was also originally introduced by Urbanski and

colleagues [144].
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1.3.2 Exogenous dietary particles

Exogenous dietary particles were first detected in human PPs cells after histological sections
of the ileum, which were removed from patients with various gastrointestinal diseases or post
mortem, were examined by light microscopy [56]. The cells that contained the particles were
described by Shepherd and co-workers as macrophages, but the authors did not perform any
immunohistochemical analysis to confirm this statement. The particles, which were referred
to as ‘pigment’ in this report because of their dark brown or black appearance under light
microscopy, were granular and located in the cell cytoplasm. Particles were detected in PPs
from adults and children from the age of six, but not in younger children. Pigmented cells
were observed in 34 cases out of 42 cases examined (81 %), and particles were present
irrespective of disease. The particles were further analysed with energy-dispersive X-ray
spectroscopy (EDS) in a scanning electron microscope. The main elements detected were
aluminium, silicon, and titanium. Furthermore, pigment-containing cells were also observed
in several instances in MLNs. In two cases cells that contained particles were also found in
submucosal lymphatics of the ileum. Shepherd and colleagues speculated that the pigment
probably accumulated in PPs as a result of dietary intake because the same types of particles
that were detected in the PPs were known to be frequently used as food additives. In

addition, they were also a common component in pharmaceuticals and toothpaste.

Two years later, another paper also described the occurrence of ‘pigment’ in the LP of ileal
biopsies [144]. Urbanski and colleagues detected pigment in PPs of all 14 examined cases.
Some pigment was also observed in the submucosa, but in those cases it was closely
associated with PPs. The pigment consisted of several types of particles as determined by
EDS. Approximately one third were endogenous calcium phosphate particles
(see Section 1.3.1). The other particles were characterised as silica and aluminium- or
magnesium-rich silicates. Some pigment also contained titanium. The authors concluded that
the non-calcium phosphate particles must be derived from the environment, and, as
previously mentioned, therefore they referred to them as ‘exogenous particles’. A small
amount of particles also contained iron, but the authors could not identify their origin with
certainty. Particles that resembled the exogenous pigment from the intestine were also
detected in the lung in four cases in which additional autopsy specimen from the lung were
available. These findings led the authors to speculate that the exogenous particles in PPs
might be derived from atmospheric dust. Their hypothesis stated that the exogenous particles

first accumulate in the lung through inhalation of particle-containing dust. In the lung, they
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would be taken up by macrophages, and the particle-containing phagocytes would then be
expectorated and swallowed. However, Urbanski and co-workers could not rule out the
hypothesis put forward by Shepherd and co-workers that the particles were primarily derived
from the diet [56]. Moreover, the authors agreed with Shepherd and co-workers that the
accumulation of pigment in PPs indicated that it had to be taken up from the intestinal lumen,
regardless of the original source. It should be noted that, as in the earlier study by Shepherd
and colleagues the particle-containing cells were classified as macrophages, but no further

explanation regarding the characterisation of these cells was given.

Several years later, Powell and colleagues characterised the exogenous particles in more
detail [147]. The presence of exogenous particles in ileal PPs reported by Shepherd and
colleagues and Urbanski and colleagues was confirmed with light microscopy. In addition,
Powell and co-workers also observed particles in colonic lymphoid follicles. Detailed analysis
with confocal microscopy and TEM showed that pigmented cells contained abundant
amounts of particles in phagosomes within the cell cytoplasm. Three types of exogenous
particles were detected by EDS. The first type was identified as TiO, particles with the
anatase crystal shape and a diameter between 100 nm to 200 nm. This type of particles
represented 29 % of the analysed exogenous material that was found in pigmented cells. The
second type, which comprised 58 % of the analysed particles, was identified as aluminium-
containing silicates with a flaky, crystalline shape and sizes from less than 100 nm up to
400 nm in length. Their morphology and chemical composition, especially of the larger
particles, resembled the clay mineral kaolinite. Iron was often detected together with these
particles, as well as group IA elements (sodium and potassium), and group IIA elements
(magnesium and calcium). The third type was identified as mixed silicates to which 13 % of
the total detected particles belonged. These particles consisted of silicon together with
sodium, potassium, magnesium, and iron, but they did not contain aluminium. The particles
had variable shapes and ranged in length from 100 nm to 700 nm. Powell and co-workers
emphasised that oral intake was the most likely explanation for the observed accumulation
in intestinal lymphoid tissues because, as already mentioned by Shepherd and colleagues,
both TiO; particles and silicates were used as food additives or in pharmaceuticals. However,
it was pointed out that silicates could also be taken up accidentally with food contaminated

with soil or dust because silicates are the most common minerals of the earth’s crust.

In processed foods synthetic silicates are used especially in powdered products as binders,
desiccants, and anti-caking agents to prevent agglomeration and poor flow during

processing [146, 147]. For example, they can be found in icing sugar, milk powder, chewing
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gum, sliced or grated cheese, beverage whiteners, dry cereals, instant soup mixes, salt and
seasonings [148, 149]. Silicate particles are also used in pharmaceuticals and
toothpastes [150]. Silicates can usually be added at maximum levels of up to 1,000 mg/L or
mg/kg, but in some instances also at guantum satis [148, 149]. On the other hand, they may
also be present naturally in some cheeses as a result of the fermentation process [149]. On
product labels particulate silicates are usually listed under their food additive numbers
according to the International Numbering System for Food Additives [148]. This numbering
system has been adopted by many countries worldwide, including New Zealand and
Australia [151]. In Europe an ‘E’ for Europe precedes the otherwise identical international
numbers [149]. The food additives that correspond to the exogenous silicate particles
detected in PPs are sodium aluminosilicate with the food additive number 554, calcium
aluminium silicate with the number 556, and aluminium silicate/kaolinite with the

number 559 [146, 148, 149, 151].

Similar to particulate silicates, the other frequently detected type of exogenous material in
PPs, TiOy, is also frequently used as a food additive. The particulate form of TiO; has a high
refractive index and this makes it an ideal whitening agent. Naturally, the use of TiO; as a
food colourant for low fat milk and mozzarella cheese has been investigated [152, 153].
Although TiO, was not detected in milk-based products like mozzarella and cottage cheese
in the UK [154], it has been reported that white dairy products in the USA routinely

contained low amounts of TiO; [155].

Products that contain TiO, are required to indicate this on the product label either directly
or using its assigned food additive number (171) [148, 151, 1506]. It has, however, been shown
that not all manufacturers comply with this requirement, and sometimes the presence of
TiO; is not indicated on the ingredients lists [154, 155]. Foods which contain TiO; as a
whitening agent include confectionery, salad dressings, and chewing gums [150, 154, 155].
The titanium levels in products investigated by Lomer and colleagues ranged from 0.001 %
to 0.782 % [154]. Weir and co-workers showed that the titanium concentrations in the
products that contained TiO, were between 1 ng/mg and 1,000 ng/mg which corresponded

to the amounts detected by Lomer and colleagues [155].

In general, TiO, can be used as a food additive according to ‘good manufacturing practice’
ot quantum satis (148, 149]. Examples for TiO,-containing foodstuffs that are available in
New Zealand supermarkets are given in Tables 1.1 and 1.2. Apart from processed foods,
TiO; is also used as a whitening agent in pharmaceuticals and food supplements [150, 157].

Toothpastes have also been shown to contain TiO; particles [150, 155], and most toothpastes
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Table 1.1 Confectionery and other foodstuffs with 1iO, available in New Zealand supermarkets.

Brand Product Brand Product
Allen’s Funfair thrills jelly beans | Pascall Jaybees
Kool mints Party pack
Awesome Valne  Jelly beans Queen - Quality  Glitter writing gels
Cadbury Pebbles Decorations Jungle icing decorations
Mini drops Rainbow Frighteners mix
Chupa Chups Chuck lollipops Kiwi summer mix
Cremosa Regina Kiw1 party mix
Twice Skittles Fruity
Dollar Sweets Choc minis Sours
Mini baking beans Wild berry
Jelly Belly 20 assorted flavours Starburst Party mix
Assorted flavours Tasti Milkies choc strawberry
Citrus mix Milkies choc vanilla
Fruit bowl Mutffin bakes double
white choc
Ice cream parlour mix WeightW atchers ~ Custard & apple
Sours Coconut delight indulgent
bar
MSEMs Crispy Woohworths Jelly beans
home brand
Milk chocolate Woolworths Fruit bars custard &
select apple
Minis Fruit bars custard &
blueberry
Mix ups Wrigley's Eclipse chewy mints fruit
trio
Peanuts Eclipse chewy mints
peppermint
Raspberry flavour Eclipse chewy mints
spearmint
Mentos Aqua kiss 3D strawberry- Eclipse chewy mints
green apple-raspberry strawberry & watermelon
Pure fresh fresh mint Eclipse ice peppermint
Pure fresh spearmint Eclipse ice spearmint
Nestle Smarties Extra active citrus
Oki-Doki Discobits bars Extra active peppermint
Pans’s Party mix Extra active spearmint
Old E/ Paso Jumbo tortillas Extra professional

Light tortillas
Tortillas

Wholegrain tortillas

spearmint

Extra professional
strongmint

Extra professional white
lemon lime

Extra professional white
peppermint

As of May 2014 at Pak’n save, 327 Ferguson St, Palmerston North, and Countdown, Corner Ferguson St

and Ashley St, Palmerston North.
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Table 1.2 Mayonnaises and white dressings with (bighlighted in red) or withont TiO, available in New Zealand supermarkets.

Brand Product TiO: Brand Product TiO:
Alfa Creamy mayo no Eta Sour cream & chives no
One (continued) dressing

Lite mayonnaise no Traditional salad no
dressing
Real mayonnaise no Yoghurt & garlic no
dressing
Best Light mayonnaise no Heinz Mayonnaise yes
Foods Real mayonnaise no Original sandwich no
spread
Budger  Salad dressing no Salad cream yes
Dufkes Real mayonnaise no Salad cream original  no
Edmonds  Coleslaw no S. g dijonnaise no
Light mayonnaise no S. g. dressing NZ no
honey & 3 mustards
Mayonnaise no S. g. dressing no
parmesan Caesar
Ranch no S. g. dressing ranch  no
Eta Caesar dressing no S. g. mayonnaise no
Coleslaw dressing no S. g. mayonnaise lite  no
Condensed milk-style no S. g. tartare no
dressing
Garlic mayonnaise no Hellman’s Real mayonnaise no
Greek-style feta dressing  no Pam’s Classic mayonnaise ~ no
American style
Greek-style yoghurt no Coleslaw dressing no
dressing
Honey mustard no Honey mustard no
mayonnaise
Kiwi-style onion no Hollandaise no
mayonnaise
Lite & free feta & gatlic yes Mayonnaise no
dressing
Lite & free honey no Potato salad no
mustard dressing
Lite & free mayonnaise yes Salad dressing no
Lite & free potato salad yes Tartare sauce no
dressing
Lite & free ranch dressing yes Panl Newman’s  Creamy Caesar no
Lite & free salad dressing  yes Own Light honey & no
mustard
Lite & free tartare sauce  yes Ranch no
Mayonnaise no WeightW atchers  Honey & mustard yes
dressing
Potato salad dressing no Woohworths Mayonnaise yes
Ranch dressing no homebrand Potato salad dressing no

As of May 2014 at Pak’n save, 327 Ferguson St, Palmerston North, and Countdown, Corner Ferguson St and

Ashley St, Palmerston North. 2Abbreviations specific for this table: S. g. = “Seriously good”.
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available in supermarkets in New Zealand contain TiO, (Table 1.3). The European Food
Safety Authority estimated that the daily TiO, intake with medicinal products, food
supplement tablets, and confectionary could be as high as 1.3 mg/kg body weight, but it was

pointed out that this was probably an over-estimation [157].

Assessing the intake of exogenous particles was also the subject of another study by Lomer
and colleagues. It was estimated that the individual median daily intakes were 2.5 mg/d for
TiO; and 35 mg/d for aluminium-containing silicates [150]. This confirmed the results from
a previous report in which the average daily intakes per person had been estimated to be
5.4 mg for TiO; and 32.3 mg for particulate silicates [158]. These estimated intakes for
exogenous dietary particles were similar for patients with CD and healthy controls [150].
Weir and colleagues modelled the average daily TiO, intake for the USA based on their
results on TiO»-containing products [155]. They concluded that children under the age of
ten would ingest 1 mg/kg to 2 mg/kg body weight, and that the TiO; intake would be lower
for teenagers and adults with approximately 0.2 mg/kg to 0.7 mg/kg body weight.

It should be noted that the regulation concerning the use of aluminium-containing food
additives for the European Union has recently been modified, and from 1 February 2014 the
use of the aluminium-containing silicates E 554, E 556 and E 559 as food additives is not
allowed anymore in the European Union [159]. There is an exception for E 554 which can
still be used in concentrations of up to 20 mg/kg for the surface treatment of ripened
cheese [159]. The reason for this new regulation on aluminium-containing silicates was a
recommendation by the European Food Safety Authority to reduce the weekly intake for
aluminium to 1 mg/kg body weight. Silicates that do not contain aluminium (E 551 to E 553)
are considered to be suitable anti-caking agent replacements for the aluminium-containing
silicates. This food regulation has not yet been officially adopted by New Zealand and
Australia, but it seems that most manufactures are not using aluminium-containing silicates
as food additives in products that require anti-caking agents. In fact, during the investigations
for products that contain exogenous dietary particles it was discovered that none of the
products that listed anti-caking agents on their product labels contained the food
additives 554, 556, or 559. Instead, the most frequently used anti-caking agent was silicon
dioxide with the food additive number 551. Therefore, it seems that New Zealanders are not
exposed to aluminium-containing silicates with the diet through the consumption of

processed foods.
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Table 1.3 Toothpastes with (highlighted in red) or without TiO; available in New Zealand supermartkets.

Brand Product TiO:;| Brand Product TiO:
AIM Freshmint yes Macleans Extreme clean yes
Colgate  Advanced whitening yes (continued)  High definition white yes

lluminating mint
Advanced whitening yes High definition white yes
tartar control tingling mint
Cavity protection no Big teeth’ yes
Cavity protection cool no Little teeth® yes
mint
Cavity protection yes Milk teeth’ yes
sparkling mint gel’
Dora the explorer’ yes Protect freshmint yes
Maximum cavity yes Protect mildmint yes
protection clean mint
Maximum cavity yes Sensitive fresh mint  yes
protection fresh mint
MaxFresh yes Mouthfresh  Cool mint yes
MaxWhite crystal mint  yes Extra mint yes
MaxWhite one ice yes Fresh mint gel yes
My first mild mint gel* no Ice mint gel yes
Optic white no Parodontax  Daily fluoride no
toothpaste
Optic white enamel no Pear/ Drops ~ Extra white yes
white
Total advanced clean yes Pronamel Gentle whitening yes
Total advanced fresh no Red Seal Herbal no
Total advanced yes Kids’ no
whitening
Total mint stripe yes Natural no
Total original yes Smokers no
Triple action original yes Sensodyne Daily care yes
mint
Sensitive enamel protect  yes Daily care gel no
Sensitive multi yes Daily care and yes
protection whitening
Sensitive pro-relief yes Fresh impact no
Sensitive pro-relief and  yes Gentle whitening yes
whitening
Sensitive whitening yes Rapid relief yes
Whitening yes White Glo Express whitening yes
system
Macleans — Advance freshmint yes Extra strength yes
whitening toothpaste
Advance mildmint yes

As of May 2014 at Pak’n save, 327 Ferguson St, Palmerston North and Countdown, Corner Ferguson St
and Ashley St, Palmerston North. 2For children from 6 years. 3Age not specified. *For children up to 6 years.

SFor children from 7 years. °For children from 4 years to 6 years. "For children up to 3 years.

27



As mentioned earlier, the initial studies in which particle-containing cells were identified in
PPs mentioned that the cell type that contained the particles were macrophages [56, 144,
160]. According to these studies this was indicated by the morphology of the cells which was
investigated microscopically. The first study that investigated the cell phenotype with
immunohistochemistry was carried out by Powell and co-workers [161]. In this report it was
shown that particle-containing cells stained positive for CD68, which is a marker for mature
macrophages. This was later confirmed in another study that investigated the phenotype and
activation state of pigmented PP cells in more detail with immunohistochemistry and
immunofluorescence [162]. Tissue was obtained from patients with CD, UC, non-IBD colitis
and adenocarcinoma, and pigment-containing cells were present in 45 % of the investigated
specimen. The presence of exogenous particles was not correlated with any disease type.
Around 80 % of the pigmented cells expressed CD68, a marker for mature macrophages.
Most of the remaining cells with exogenous particles stained positively for MAC387, a
marker for less mature macrophages. Although approximately half of the cells from all
investigated specimens were positive for the activation marker human leukocyte antigen-DR,
no expression of the co-stimulatory molecule CD86 was observed. This indicated that the
cells had low immunological activity. The cell phenotype of particle-containing cells was not
influenced by disease type or the degree of inflammation, i.e. even in tissues that showed
signs of inflammation the particle-containing cells appeared inactive. Within the cells, the
protease cathepsin D was not detected in most of the lysosomes that contained particles.
The absence of this enzyme in the majority of the lysosomes indicated that the cells were

metabolically inactive.

Taken together, the studies discussed in this section showed that exogenous particles were
present in GALT, and the most likely source of these particles were food additives. The
exogenous particle-containing cells have been identified as phagocytes, in particular

macrophages, and they were observed predominantly at the base of PPs.

1.3.3 Particle uptake across the intestinal epithelium

Several pathways exist for dietary particles to gain access to the intestinal mucosa. Four main

mechanisms have been reviewed by Powell and co-workers [163].

One mechanism is particle uptake by enterocytes »iz endocytosis. This pathway is probably
only relevant for particles in the lower nanometre range like ferritin [164]. Ferritinis a 12 nm
small structure which contains an iron oxide core and occurs naturally in meat and plants. It

has been shown that ferritin is taken up 2 endocytosis by intestinal epithelial cells, and
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utilised as a dietary iron source by these cells. However, enterocytes can also take up particles

with sizes of around 2 um 7z vitro [165].

Another process has been called paracellular transcytosis because here particles are not taken
up by enterocytes but instead cross the intestinal epithelium between adjacent cells. Until
recently, this has only been a theoretical route because under normal conditions tight
junctions between enterocytes ensure the intestinal epithelial barrier is impermeable to
insoluble luminal antigens [166, 167]. However, as will be discussed below, Awaad and

co-workers observed paracellular transport of particles between enterocytes of

the FAE [168].

A third possible mechanism for particles to cross the intestinal epithelium is persorption
through which particles gain access to the intestinal mucosa through gaps in the epithelium.
These gaps form at the tips of villi after enterocytes have been shed into the intestinal lumen
during the normal regeneration process of the intestinal epithelium. The concept of
persorption has been established nearly 40 years ago for the uptake of organic material in the
micrometre size range, like starch and pollen [169]. Since then, only one further study has
confirmed uptake of particles in the intestine zia this process [170]. Therefore, its

physiological relevance remains unknown and disputable.

Finally, particles can be transported across the intestinal epithelium »zz M cells in the FAE.
Transcytosis of luminal antigens through M cells and the subsequent uptake of these antigens
by PP immune cells is an important process for the maintenance of intestinal
homeostasis [171]. It seems that this transport is non-specific and a common route for
particulate substances, including TiO; [172], to gain access to the intestinal mucosa. This
process has been well documented in several studies for different types and sizes of

particles [165, 173-178].

In a recent report, Awaad and colleagues described two additional pathways for particle
uptake across intestinal epithelium of mice [168]. Using fluorescent thiol-organosilica
particles with different sizes from 95 nm to 1,050 nm the authors observed that, apart from
the classical uptake route via M cells, some particles were also taken up by enterocytes in the
FAE. Other particles were shown to pass between adjacent enterocytes of the FAE similar
to the paracellular uptake route reported above. These results still need to be confirmed with
other types of particles and with PPs from different animal models. However, these new
findings indicate that there might be more uptake routes for particulate luminal antigens into

PPs apart from the commonly recognised M cell transport.
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Another potential mechanism for particle uptake across intestinal epithelium is the direct
sampling of luminal antigens by mucosal phagocytes. These cells, which are now generally
considered as macrophages after they were initially classified as DCs [11, 179], reside in the
LP in close proximity to enterocytes. They are able to form dendrites which can extend across
the epithelium and sample bacteria from the intestinal lumen [180]. These macrophages
express tight junction proteins to preserve the integrity of the epithelial barrier during the
process. Typical for these phagocytes is a high expression of the cell surface
CX;5C chemokine receptor (CX3;CR) 1 [181]. Interestingly, Lelouard and co-workers also
identified lysozyme-expressing CX3CR1" phagocytes in the SED of PPs [182, 183]. These
cells, which had the highest phagocytic activity of all PP phagocytes, were efficient in taking
up fluorescent particles with a diameter of 400 nm iz wvitro [182]. Similarly to
CX5CR1" macrophages in the LP, the PP CX3;CR1" cells were located directly beneath the
epithelial layer. It was observed that they extended dendrites across the FAE through specific
pores in M cells. This allowed these phagocytes to take up antigens, including fluorescent
particles with a size of 500 nm, from the intestinal lumen 7 vzvo [183]. The authors speculated
that an advantage of this direct sampling mechanism lies in the protection of M cells from
potentially harmful luminal antigens, or it could also provide a quicker way to initiate mucosal
immune responses [183]. However, the physiological importance of non-specific antigen
sampling by phagocytes that extend dendrites across the intestinal epithelium 7 vivo has been
disputed [11, 179]. It has been shown that the absence of transepithelial dendrites did not
impair pathogen uptake across the intestinal epithelium [184]. Therefore, M cell-mediated
uptake is still considered to be the most important route for luminal antigens to gain access

to the intestinal mucosa.

A number of possibilities have been discussed in this section that allow the uptake of luminal
antigens by intestinal cells. The focus of the following sections will be to review the currently
known biological consequences when intestinal cells or animals, including humans, are

exposed to exogenous dietary particles.

1.4 Effects of titanium dioxide on cultured cells, animal

models, and humans

With the advances in nanoscience and nanotechnology in recent years, there has also been
an increased interest to investigate effects of nanoparticles and microparticles 7 vitro and

in vivo. The term ‘nanoparticle’ usually refers to particles with a size below 100 nm whereas
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‘microparticles’ have a diameter between 100 nm and 1,000 nm [163]. According to these
rather arbitrary definitions, dietary particles would mostly be classified as microparticles.
However, some of the particles observed in human PPs had diameters below 100 nm [147].
Therefore, in this dissertation the general term ‘particles’ will be used to avoid confusion. As
previously mentioned (Section 1.3.2), dietary exposure to exogenous particles in
New Zealand occurs mostly in the form of TiO,. Thus, the following sections will specifically

focus on studies that investigated the effects of TiO, particles.

1.4.1 Effects of titanium dioxide on intestinal and

macrophage-like cell lines

Although many published reports investigated the effects of TiO, particles on mammalian
cultured cells, only a few studies have reported this in intestinal cell lines [185]. An overview

of these studies is presented in Table 1.4.

The study by de Berardis and colleagues showed that TiO; particles with a size and crystal
structure that are similar to dietary TiO, did not inhibit cell growth and were not cytotoxic
after incubation for 24 h even in high concentrations. No increased secretion of the
pro-inflammatory cytokines IL.-6 and TNF-a was detected, but there was an increased release

of the pro-inflammatory chemokine I1.-8 after incubation with 5 ug/cm? TiO; for 24 h [186].

Another study showed that TiO, particles with an average primary particle size below 100 nm
were cytotoxic at low concentrations of 20 pg/cm® to Caco-2 cells, another colon carcinoma
cell line [187]. However, TiO, particles with diameters up to 300 nm were only cytotoxic at
high concentrations of 80 pug/cm? after stimulation with the particles for 4 h. These types of
particles did not induce damage to the deoxyribonucleic acid (DNA) when genotoxicity was
investigated in the dark because of the photocatalytic activities of TiO,. The TiO;
nanoparticles also did not induce oxidative stress. These results showed that not only
exposure time and concentration but also particle size affected TiO; cytotoxicity to Caco-2
cells. To investigate this observation further, the same group compared the cytotoxic and
genotoxic effects of several different types of TiO, particles in a separate study [188]. All
particle types, except anatase TiO, with an average crystal size of 215 nm, were cytotoxic to
Caco-2 cells, at least after exposure to 80 pg/ml particles for 24 h. As demonstrated in the
previous study, cytotoxicity increased with increasing particle concentration for all
investigated types of TiO, particles, but none of the particle types induced DNA damage or

oxidative stress.
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Table 1.4 Summary of studies that investigated effects of TiO; particles on cultured human cell lines.

. . Particle size T10:; Time  Investigated Cytokines
Cell type Cell Iine Particle type (nm)’ concentration (h) e ffeft s 3{1 alysed Reference
Colon carcinoma — Caco-2 Anatase 40-3007 5-80 ug/cm’ 4,24  Cytotoxicity, n/a’ [187]
Anatase/rutile  20-80° genotoxicity,
oxidative stress
Caco-2 Anatase 215° 10-160 pg/cm? 4,24  Cytotoxicity, n/a [188]
Anatase 7 genotoxicity,
Anatase 4* gene expression,
Anatase/rutile 25 oxidative stress
Anatase/rutile  22°
Caco-2 Anatase/rutile < 40% 220°, > 500° 1-1000 pg/mlL 24, Cytotoxicity, n/a [189]
time particle uptake,
course TEER’
LoVo n/a 319* 1-40 pg/cm? 24,48, Cell growth, 11.-6, IL-8, [180]
72 cytokine release, TNF-o
cytotoxicity,
oxidative stress’
LS174T n/a 21° 200-1000 pg/cm® 24 Cytotoxicity’ n/a [190]

(Continued on next page)
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Table 1.4 Summary of studies that investigated effects of TiO; particles on cultured human cell lines (continued).

. . Particle size T10:; Time  Investigated Cytokines
Cell type Cell Iine Particle type (nm)’ concentration (h) e ffei‘ s 3{1 alysed Reference
Macrophage-like THP-1 Anatase < 50,000 20-500 pg/mL 24 Cytokine IL-18, TNF-a [191]
Anatase < 257 release,
Anatase 10 particle uptake’
Rutile < 5,000
Rutile 30-407
Rutile 10 x 40°
THP-1 Anatase 284, 292° 20-120 pg/mL 24 Cytokine IL-18 [192]
Anatase/rutile  24*, 209° release,
cytotoxicity
U937 n/a 707 80 ng/mL 24 Cytokine IL-18, IL-1Ra, [193]
release, TNF-«
cytotoxicity,

gene expression

1 Average size or size range. ?Particle size according to manufacturer. *Particle size determined by X-ray diffraction. #Particle size determined by TEM. >Particle size determined by

dynamic light scattering with particles suspended in water. SParticle size determined by dynamic light scattering with particles suspended in culture medium. ’Amongst other

investigated effects. 8Abbreviations specific for this table: n/a = not applicable or data not available.
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In another study with Caco-2 cells, Koeneman and colleagues investigated whether exposure
to TiO, particles could affect intestinal barrier function [189]. Confluent Caco-2 cells are a
model cell line for the human intestinal barrier because they express tight and adherence
junction proteins, like enterocytes zz vivo. A common 7n vitro assessment of epithelial integrity
is the transepithelial electrical resistance assay. Koeneman and colleagues reported that
incubation of Caco-2 cells with TiO, particles did not affect epithelial integrity and
occurrence of adherence junctions between the cells even at high concentrations of
1,000 pg/mL. Some TiO, particles were, however, taken up by a small number of cells

through transcytosis after 24 h exposure to TiO,. This did not affect cell viability.

The cytotoxic effects of TiO, nanoparticles with an average size of 20 nm were also
investigated in a third human colon carcinoma cell line, namely LS174T [190]. In accordance
to the previously mentioned studies, the particles were not cytotoxic even after exposure to
high concentrations of 1,000 pg/mlL. Unfortunately, the particle characterisation was
relatively poor, especially considering that the TiO, particles were specifically manufactured

and not purchased from a commercial supplier.

Although a number of, mostly toxicological, studies have been conducted with TiO, particles
and different cell lines, the results from these studies most likely cannot be applied to
intestinal epithelial cells. It has been pointed out that enterocytes are generally less responsive
to exogenous stimuli [163]. More research with intestinal-derived cell lines is required to
examine the responses of enterocytes to TiO, particles in more detail. It is also important to
note that intestinal uptake of exogenous dietary particles is not limited to intestinal epithelial
cells. As mentioned earlier (Section 1.3.2), exogenous particles were in fact almost exclusively
observed in macrophages in human GALT [147, 162]. Thus, the effects of TiO; particles on

these cells need to be considered [163].

The effects of TiO, particles on macrophage-like cell lines have been more extensively
studied than interactions between TiO; particles and intestinal cell lines (see Table 1.5.). This
is mainly due to the interest in particle uptake by alveolar macrophages after lung exposure
to TiO, and TiO; particle effects on lung cells have received the most attention of all cell
types used for iz vitro studies [185]. In the following paragraphs these studies with alveolar
macrophages have not been included, and only studies with other types of macrophage-like

cell lines, which can be considered as models for intestinal macrophages, will be discussed.

One study that looked at the effects of TiO, on phagocytic cells was conducted with a cell

line derived from human monocytes, namely THP-1 [191]. These cells can be differentiated
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Table 1.5 Summary of studies that investigated effects of TiO; particles on cultured murine cell lines.

Cell type Cellline  Particle type  Particle size (am)! COHCZZ; o T;]’;’e I”V:;Zi . ted 2{1 ;"lly‘;’; < Reference
Macrophage-like  Ana-1 Anatase 1007, 98 12.5-600 pg/mL 24 Cytotoxicity, ~ n/a* [194]
Anatase 25% 21° oxidative
Anatase 52,127 stress
Rutile 100% 148’
J774A.1 n/a 2207 100 pg/mL 24 Cytotoxicity,  n/a [195]
n/a 207 phagocytosis’
RAW264.7  Anatase/rutile 40 50 ng/mL 3 Cytokine TNF-o [190]
release’
RAW264.7  Rutile/anatase  30-40° 30-300 pg/mL 24 Cytokine IL-18, MIP-1a«, [197]
release, TNF-«
cytotoxicity,
gene
expression’
RAW264.7  Anatase 5-107, 350-500%, 10-1000 pg/mL 3, 4, Cytotoxicity, n/a [19§]
200-400° 20,24  oxidative
stress, particle
uptake’
RAW2064.7  Anatase 40-3007 1-80 pg/cm? 4,24 Cytotoxicity’  n/a [199]
Anatase/rutile  20-807

(Continued on next page)
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Table 1.5 Summary of studies that investigated effects of TiO; particles on cultured murine cell lines (continued).

Cell type Cell line

Particle type

Particle size (nm)’

110,
concentration

Time

®)

Investigated
effects

Cytokines

analysed Reference

Macrophage-like  RAW264.7

RAW2064.7

Anatase/rutile

Anatase
Anatase
Anatase/rutile

20-30%, 175*, 364°

1002, 444°* 349°
102, 262*, 669°
20, 338* 307°

10 pg/mL

10-300 pg/mL

6,16

24

Cytokine
release,
cytotoxicity,
oxidative
stress, particle
uptake’
Cytokine
release,
cytotoxicity,
oxidative
stress

TNF-« [200]

TNF-o [201]

1 Average size or size range. 2Particle size according to manufacturer. 3Particle size determined by TEM. “Particle size determined by dynamic light scattering with particles suspended

in culture medium. Particle size determined by dynamic light scattering with particles suspended in saline. ®Particle size determined by dynamic light scattering with particles

suspended in water. 7Amongst other investigated effects. 8Abbreviations specific for this table: n/a = not applicable ot data not available.
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into macrophage-like cells with phorbol myristate acetate. The secretion of IL-13 by the
differentiated macrophages was compared after treatment with several forms of TiO»
particles. Analysis with microscopy showed that all TiO, particle types were taken up by the
macrophages to a similar extent. Interestingly, the TiO, particles with anatase crystal
structure induced less IL-1( release at lower concentration compared to rutile forms. Anatase
TiO; particles only induced IL.-1§ secretion at higher concentrations. Other effects of TiO,

particles on the differentiated THP-1 cells, e.g. cytotoxicity, were not investigated.

A problem with zz vitro studies that investigate effects of TiO, is the lack of standardised
testing procedures. This means that different laboratories often use different protocols to
assess common effects that are investigated in toxicological studies, e.g. cytotoxicity. This
lack of standardisation makes it difficult to compare reported results. A recent study
addressed this problem by investigating the cytotoxicity of several nanomaterials, including
two crystalline forms of TiO,, according to a standardised protocol [192]. The release of
IL-18 after particle stimulation was also assessed. Eight different laboratories across the USA
took part in this project, and they used differentiated THP-1 cells as a model for human
phagocytic cells. The results showed that both forms of TiO; neither caused cytotoxicity nor
led to an increase in IL-13 secretion by the cultured macrophages. The inflammatory
response of differentiated U-937 cells, another human macrophage-like cell line, to TiO»
particles with sizes from 20 nm to 160 nm has also been investigated [193]. Initial tests for
metabolic activity and cell membrane integrity showed that TiO, particles were not cytotoxic
to U-937 cells, even at relatively high concentrations. Exposure to TiO; particles for 24 h
induced up-regulation of the PRR genes TI.R7 and TI.LR70. However, the secretion of pro-

inflammatory cytokines, including I1.-18, was not increased after TiO; stimulation.

At present, only a few studies have investigated the effects of TiO, stimulation of human
macrophages 7z vitro. There are, however, several studies that investigated responses of
murine macrophages after TiO, exposure. For example, a recent study investigated
cytotoxicity and oxidative stress induced by four different types of TiO; particles on Ana-1
cells, an immortalised murine macrophage cell line from C57BL/6 WT bone marrow
cells [194]. The three anatase TiO; types with different crystal sizes and the one type of rutile
particles investigated all showed increasingly cytotoxic effects with increasing concentrations
from concentrations as low as 25 pg/mlL. However, cell membrane damage only occurred at
concentrations of 200 ug/ml. and above. The amount of intracellular reactive oxygen

species (ROS), a measure for oxidative stress, also increased with increasing particle
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concentrations for all types of TiO; crystals. These results suggested that TiO, particles have

the capacity to cause cell damage regardless of particle type.

Cytotoxicity after TiO, exposure was also studied in ]J774A.1 cells, another murine
macrophage cell line [195]. Incubation with TiO; particles with a mean diameter of 220 nm
(according to the manufacturer) decreased cell viability by approximately 5 % compared to
untreated control cells. When the macrophages were incubated with TiO, particles with a
mean size of 20 nm, the cell viability dropped by nearly 20 %. Both types of particles
decreased the phagocytic yield which was measured by studying the uptake of fluorescently
labelled 1 um latex beads with flow cytometry. The phagocytic uptake of the TiO, was not

investigated.

However, another group has shown that another murine macrophage cell line, namely
RAW2064.7 cells, avidly took up TiO; particles after only 3 h incubation [198]. Anatase TiO»
particles with a size range from 350 nm to 500 nm in tissue culture medium (TCM) were
used to investigate cytotoxic effects amongst other cellular effects. Cell viability was
negatively affected by either increased TiO, concentration at the same exposure time or
increased exposure time at the same TiO; concentration. Incubation with a TiO, suspension

of 100 pg/mL also induced apoptosis.

Several other researchers have also used RAW264.7 cells for studying the impact of TiO»
particles on phagocytic cells. For example, Wilhelmi and co-workers investigated the
cytotoxicity of two types of TiO, particles with this cell line [199]. Using several carefully
conducted cytotoxicity assays, they found that both types of TiO, particles did not affect cell
viability. This was also the case even at relatively high TiO, concentrations. These
observations have been confirmed in another recent study. Xiong and colleagues reported
that the cytotoxicity of TiO, particles was low for RAW264.7 macrophages, but TiO»
particles with an average size of 260 nm in TCM were more cytotoxic than TiO, particles
with a diameter of around 450 nm in TCM at a concentration of 300 pg TiO2/mL [201].
However, all forms of TiO, particles induced TNF-a secretion by the macrophages. This
increased cytokine secretion was positively correlated with increased particle concentration
for all three types of TiOz particles. The highest concentration of TNF-« could be detected
in supernatants from cells incubated with TiO, particles that had an average size of 260 nm

in TCM at concentrations of 100 ng/mL and above.

TNF-a secretion after TiO, stimulation of RAW264.7 macrophages was also determined in

two other studies. Incubation with 40 nm TiO, particles at a dose of 50 pug/mL for 3 h
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increased TNF-« secretion by approximately 70 % compared to untreated control cells [196].
In contrast, no TNF-u release was detected in another study after 6 h exposute to 10 ug/mL
TiO, particles with an average size of 175 nm in TCM [200]. Cell viability after 16 h
stimulation with the particles was also not affected. Interestingly, the study by Xia and
colleagues also showed that although TiO, particles induced ROS under abiotic conditions
they did not lead to oxidative stress in cells. The authors pointed out that TiO; had a high
photocatalytic activity under illumination, but TiO; particles did not show this activity in the

dark.

The effects of TiO; stimulation on cytokine secretion are frequently investigated 7z vitro, but
so far there has been only one study that also investigated cytokine gene expression changes
in response to TiO, [197]. Most cytokine genes investigated by Palomiki and colleagues,
including IL-18 and IL.-12p40, were not affected by TiO, exposure. However, mRNA levels
of the pro-inflammatory cytokines IL-6 and TNF-a, as well as the pro-inflaimmatory
chemokine macrophage inflammatory protein (MIP)-la, which is also known as
CC chemokine ligand (CCL) 3, were increased after TiO stimulation of RAW264.7
macrophages. In addition, the concentrations of TNF-a and MIP-1a in the supernatants
were also elevated after TiO, exposure. The secretion of IL-13 was also determined, but no
increased amounts of IL-13 were detected in the supernatants of TiO, stimulated RAW264.7
macrophages. As far as the literature search for this dissertation has shown, the study by
Palomiki and co-workers is the first one that links TiO, exposure of phagocytic cells to both
elevated gene expression and increased secretion of pro-inflammatory cytokines.
Furthermore, of the several different kinds of nanomaterials investigated, only TiO: or

TiO;-silica particles induced secretion of TNF-a.

In summary, it can be stated that understanding responses to TiO, 7z vitro is currently an
active field of research, but that it is difficult to draw conclusions because of contradictory
results (Table 1.6). What has emerged from these studies is, however, that observed effects
of TiO; strongly depend on particle type, particle size, cell type used, concentration of the
particle suspensions, and exposure time of the cells to the particles. Although the results
from the studies discussed in this part are difficult to compare, these reports are nevertheless

useful for designing future 7z vitro TiO; exposure studies.

First, it is important to characterise the particles both in their original form and after
suspension in TCM. Some studies only reported the primary particle sizes provided by the
manufacturer [187]. Studies that additionally analysed the particle sizes after suspension in

water and/or TCM showed that particle sizes in suspensions can be different from primary
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Table 1.6 Studies that investigated TiO; particle exposure on intestinal and phagocytic cell lines and their reported effects.

Reference that reported an  References that reported no

Investigated effect Increase in the studied effect change in the studied effect
on cells after TiO: stimulation after TiO: stimulation
Cytokine release
-11-15 [191] [192]
[193]
- TNF-a [196] [180]
[197] [193]
[201] [200]
Cytotoxicity [186] [188]?
[187] [189]
[188]' [190]
[194] [192]
[195] [193]
[197] [199]
[198] [200]
[201]
Oxidative stress [194] [180]
[187]
[188]
[200]

For anatase or mixed anatase/rutile TiO; particles with average sizes between 4 nm to 25 nm. 2For anatase

TiO; particles with an average size of 215 nm.

40



particle sizes because of agglomeration [189, 198, 200, 201]. Many studies used TiO: powders
with primary particle sizes below 100 nm even though food-grade TiO, mostly consists of

TiO; particles with diameters larger than 100 nm [155].

Another important factor that is not adequately discussed in these studies concerns the use
of high particle concentrations for 7z vitro studies. If the particle concentrations are high,
e.g. 100 pg/mlL and above [189, 191, 197], observed results should be interpreted with
caution. In these instances, effects might simply be explained by the inhibition of normal

cellular functions and not because of particle-specific effects [163].

Finally, the exposure time of the cells to the particle suspensions should also be considered
carefully when interpreting results of iz wvitro studies. Several reports have shown that
cytotoxicity increases with prolonged exposure, and it is possible that effects at late time
points are not primarily caused by the particles but instead are the results of increased cell
death [198]. The shortcomings of iz vitro studies to assess toxicity of nanoparticles and
microparticles have been discussed in more detail by Powell and co-workers [163]. A useful,
and potentially more relevant, approach to examine biological effects caused by exposure to

dietary particles is to conduct studies with animal models.

1.4.2 Effects of titanium dioxide on animal models after

gastrointestinal exposure

Many reports have been published about the effects of TiO, on animals. However, in many
of these 7z vivo studies the route of exposure to the TiO, particles was through injection,
either subcutaneously or directly into the bloodstream. In several other studies, the animals
were exposed to the TiO, particles by air or intranasally, and the effects on the lungs and
alveolar macrophages were determined. Only a few studies have investigated the effects of

oral TiO; exposure on animals (Table 1.7).

In one study, rats were orally given 500 nm TiO, particles at a daily dose of 12.5 mg/kg body
weight for 10 days [172]. Subsequently, the distribution of the particles was assessed in several
organs. Most TiO, particles were detected in the PPs, MLLNs, colon, peritoneal tissue, and
liver. Some particles were also visible in the small intestine, spleen, and lung. No particles
were observed in the heart and kidneys. The relative concentration of TiO; particles was
highest for PPs. These results showed that a relatively short oral exposure to a moderate

dose of TiO; resulted in a substantial uptake of particles, and PPs were the main access route
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Table 1.7 Summary of studies that investigated effects of TiO; particles on animals.

Route of Exposure Duration Animals Particle Paz:tzc]e TiO: Investigated Ti0:
administration frequency of study (Strain) type size concentration effects occurrence  Reference
(d) (nm)’ in tissue
Diet Continuous 721 Mice Anatase  n/a 25,000 ppm, Body weight, Not [202]
(B6C3F1), 50,000 ppm carcinogenicity  investigated
Rats
(Fisher 344)
Drinking water Continuous 5 Mice Anatase/ 21%,160°  50-500 mg/kg Genotoxicity, Not [203]
(C57BL/6)  tutile cytokine gene investigated
expression’
Oral gavage Once at 7 Mice n/a 120° 5,000 mg/kg Histopathology’  ICP-MS® [204]
beginning (Kunming)
Once at 14 Mice n/a 155 5,000 mg/kg Body weight, ICP-MS [205]
beginning (ICR/CD-1) n/a 807 histopathology’
n/a 252
Once at 14 Rats Rutile/  140° 175-5,000 mg/kg  Body weight, Not [200]
beginning (n/2® anatase mortality investigated

(Continued on next page)
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Table 1.7 Summary of studies that investigated effects of TiO; particles on animals (continued).

Route of Exposure Duration Animals Particle Paz:tzc]e TiO: Investigated Ti0:
administration frequency of study (Strain) type size concentration effects occurrence  Reference
(d) (nm)’ in tissue
Oral gavage Daily 5 Rats Anatase < 25°, 1-2 mg/kg Body weight, SEM, [207]
(Sprague 284* histopathology” ~ ICP-MS
Dawley)
Daily 10 Mice Anatase  260° 100 mg/kg Cytokines ICP-AES® [208]
(C57BL/6)  Anatase 66’ (intestine),
histopathology’
Daily 10 Rats Rutile 500%, 475°  12.5 mg/kg TiO; tissue LM, SEM, [172]
(Sprague distribution ICP-AES
Dawley)
Daily 14 Rats Rutile/ < 50° 160-1,000 mg/kg  Body weight, Not [209]
(Wistar) anatase histopathology”  investigated
Daily 30 Mice Anatase 7.5 5-150 mg/kg Histopathology’  Not [210]
(ICR/CD-1) investigated
Every 2" 30 Mice Anatase  5° 62.5-250 mg/kg  Body weight, Not [211]
day (ICR/CD-1) histopathology’  investigated

! Average size or size range. 2Particle size according to manufacturer. 3Particle size determined by dynamic light scattering with particles suspended in water. *Particle size determined

by SEM/TEM. 5Patticle size determined by photon cottelation spectroscopy. ‘Patticle size determined by X-ray diffraction. 7Amongst other investigated effects. Abbreviations

specific for this table: ICP-AES = inductively coupled plasma atomic emission spectrometry, ICP-MS = inductively coupled plasma mass spectrometty, n/a = data not available.
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for the particles into the body. However, potential effects induced by the TiO, particles were

not investigated.

The purpose of a similar 10-day study conducted with mice that received daily doses of
100 mg/kg body weight TiO, particles with average sizes smaller than 100 nm or 250 nm
was to investigate potential modulatory effects of the TiO, particles on small intestinal
immune function [208]. An increase in mucosal CD4" T cells was detected after TiO,
exposure, and this observation was independent of the particle type used. The concentrations
of cytokines associated with a Thl immune response, e.g. IFN-y and TNF-o, were also
increased in the ileum after TiO, treatment. Both types of particles caused similar effects. It
was shown that TiO, accumulated in the small intestine of treated animals, but the
histological distribution of the particles was not further determined. Importantly, when the
quantitative uptake of TiO; in the small intestine was investigated the PPs were not removed
for the analysis. Therefore, it remained unclear if the observed TiO; content was mainly the
result of PPs containing TiO,, or if TiO, particles did also accumulate in the small

intestinal LLP.

Nevertheless, the literature review has revealed that these two studies were the only ones that
investigated consequences of oral TiO; particle exposure on the gastrointestinal tract of
mammalian animal models. In other % vivo studies in which TiO, particles were administered

orally the effects on the gastrointestinal tract have not been the focus of the research.

For example, Warheit and colleagues have examined the effects of a single treatment with
three types of TiO, particles at various concentrations on rats [212]. After two weeks, no
increased mortality and weight loss was observed. Moreover, no gross organ or tissue damage
was visible at necropsy. The authors concluded that a single exposure to TiOz of up to

5,000 mg/kg body weight did not induce general toxicity symptoms in rats.

In two similar studies, mice wete exposed to a single TiO; particle dose of 5,000 mg/kg body
weight zia oral gavage. Wang and colleagues showed that such a high acute exposure with
either 25 nm, 80 nm, or 155 nm TiO, particles led to accumulation in liver, spleen, kidney,
lung, and brain [205]. This provided indirect evidence that TiO, particles have been taken up
in the gastrointestinal tract and then were systemically dispersed throughout the body.
However, according to the organ coefficients, which were calculated by dividing the
respective tissue weight by the body weight, only the coefficients of liver from female mice
exposed to TiO, were different from control animals. The coefficients of liver from male

mice, as well as of spleen and kidneys from both female and male mice, were similar between
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TiOs-treated and control animals. Histological comparison of stained tissue sections by
microscopy showed pathological changes in liver, kidneys, stomach, and brain after exposure
to 80 nm TiO, particles. Other examined tissues, including spleen and lung, from
TiO,-treated animals appeared normal, and no tissues showed histopathological changes
after exposure to 155 nm or 25 nm particles. Several serum biomarkers, including levels of
alanine aminotransferase, blood urea nitrogen, and lactate dehydrogenase, were also affected
by treatment with TiO, particles in the nanometre range. However, no acute toxic effects

were observed.

In the second study in which a dose of 5,000 mg/kg body weight TiO, patticles was
administered to mice »iz oral gavage, the coefficients of liver, kidney and brain were also
investigated, and no differences were observed between TiO»-treated mice and control
animals [204]. Increased amounts of TiO, were detected in liver and kidneys, and this
corresponded with histopathological changes in both organs. Slight changes were also
observed in cortex and hippocampus tissues. There was an increase in ROS and changes in
the activities of biomarkers for oxidative stress, namely glutathione peroxidase and
superoxide dismutase, in these four tissues. However, liver function was not affected

negatively by TiO; treatment and no nephrotoxicity was detected.

In two other oral exposure studies, rats were administered daily doses of TiO; via oral gavage.
In the first study, Tassinari and co-workers have examined the effects of a 5 d exposure to
two low TiO, doses, namely 1 mg/kg and 2 mg/kg body weight [207]. The authors found
that this had no effect on body weight gain and organ coefficients of spleen, uterus, ovaries,
testes, thyroid and adrenal glands. Furthermore, no effect on the food intake was detected
for female and male rats on the 1 mg/kg dose, but males that received 2 mg/kg had a reduced
food intake compared to controls. Male rats that were exposed to the higher dose also had
increased testosterone levels in the serum whereas TiO, treatment reduced testosterone
levels for females. For both female and male rats the titanium content of the spleen was
elevated at a dose of 2 mg/kg body weight, but not at 1 mg/kg. All investigated organs
showed histopathological changes after exposure to the higher dose. In contrast to these
results, in the second study in which female and male rats were continuously exposed to
relatively high TiO, particle doses of up to 1,000 mg/kg body weight for 14 d no effects on
bodyweight, organ coefficients, and histopathological changes were observed [209].

Two studies investigated the effects of daily intragastric administration of TiO, on mice for
30 d. In the first study, mice were exposed to anatase TiO, nanoparticles at concentrations

of 5 mg/kg, 50 mg/kg, or 150 mg/kg body weight, and the histopathological changes and
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oxidative stress in the spleen were investigated [210]. Mice that received a daily dose of
5 mg/kg showed no signs of abnormal pathology, but the animals that were exposed to the
two higher doses showed histopathological changes in the spleens. These changes were
potentially due to oxidative damage because markers for oxidative stress were increased in
the spleen tissues from these animals. However, it was not investigated whether this
increased oxidative stress was the direct result of TiO; accumulation in the spleen or an
indirect effect. Effects on other organs were not investigated. In a second study, mice were
administered daily doses of 125 mg/kg or 250 mg/kg body weight anatase TiO»
nanoparticles [211]. Both treatments led to reduced weight gain and lower organ-to-body
weight coefficients of liver, kidney, spleen, and thymus although food intake was unaffected.
Increased activity of serum biomarkers for liver function, namely alanine aminotransferase,
alkaline phosphatase, aspartate aminotransferase, lactate dehydrogenase, and cholinesterase,
as well as changes in haematological parameters were also observed with both doses.
Furthermore, analysis with flow cytometry showed a decrease of lymphocytes in the

petipheral blood of animals treated daily with 250 mg/kg TiO; particles.

The literature search has revealed only one publication in which TiO, particles were
administered together with the diet. In a study that was conducted more than three decades
ago by the US National Cancer Center to investigate potential carcinogenic properties of
TiOs, rats and mice were fed two diets that contained TiO, particles at two different
concentrations [202]. The animals were exposed to the TiO, particles for 103 weeks and
sacrificed one week later. There was no difference in body weight between the treated groups
and the control groups. The survival was also not affected for rats and male mice, but female
mice had a decreased survival rate that was dependent on particle dose. There was no
relationship between TiO; exposure and tumour development for both rats and mice. These
results suggested that TiO, particles were not carcinogenic. Unfortunately, those particles

were not well characterised and it was only mentioned that anatase TiO, was used.

Since then, only one other study has investigated genotoxic effects of TiO, particles after
oral administration [203]. Trouiller and co-workers exposed mice to up to 500 mg/kg body
weight in drinking water for 5 d. Several assays to examine DNA damage were conducted
with the conclusion that the highest TiO; particle dose was genotoxic in mice. There was an
increased mRNA expression of the pro-inflammatory cytokines IFN-y and TNF-«, but not
of the anti-inflammatory cytokines IL-10 and TGF-B, in the peripheral blood from

TiO,-treated animals compared to control mice.
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Similar to the situation with the 7z vitro studies, it is difficult to draw general conclusions from
the studies on the effects of TiO, 7 vivo so far. However, detrimental effects as a result of
TiO; exposure were often only detected with relatively high exposure concentrations in
animal studies. Such high doses usually do not apply to humans who ingest less than 1 mg/kg
body weight TiO, on average [155]. To be able to draw meaningful conclusions from 7 vivo
exposure studies, it would be important to adjust the administered TiO, doses to levels that
are comparable to the average human TiO; intake [213]. However, the individual human
TiO; intake can be quite variable, and some people can have a much higher intake than the

average TiO; intake [150, 214].

Apart from the doses used for zz vivo studies, the exposure time must also be considered.
Most studies were only carried out over a short period of time. In contrast, humans are
exposed to TiO, over a long time. In fact, this exposure starts in early childhood and
continues throughout life [56, 155]. Thus, more chronic exposure studies, as opposed to
short term acute exposure studies, would be needed to further investigate possible long term
adverse health effects of TiO, particles in animal models. Similar to the shortcomings of
in vitro studies (see Section 1.4.1), most 7 vivo studies that investigated consequences of oral
TiO, exposure have not used food-grade TiO,. In fact, most studies do not mention the
types of application for which the investigated TiO, particle type is used for. Often, TiO»
particles that have only industrial applications, e.g. as photocatalyst, have been used instead
of food-grade TiO, which mainly consists of anatase particles with sizes between 100 nm to
200 nm [147, 155]. Considering the ubiquitous exposure to dietary TiO,, it is also important
to study the consequences of this exposure directly in humans. As such studies are difficult
to carry out, a more practical alternative would be to investigate effects of food-grade TiO»

particles on primary human cells ex vivo and n vitro.

1.4.3 Effects of titanium dioxide and bacterial

lipopolysaccharide co-stimulation on cultured human cells

The effects of food-grade TiO, particles were also tested in several studies with primary
human cells or macrophages derived from peripheral blood mononuclear cells (PBMCs) by
Powell and co-workers (Table 1.8). Their research has focused on testing the hypothesis that
exogenous particles (in particular TiO) cause intestinal pathology in conjunction with
co-stimulatory molecules. In this scenario, the exogenous particles will adsorb luminal
antigens, e.g. from commensal microorganisms, and this particle-antigen-complex is taken

up by phagocytes in the mucosa. This co-stimulation of phagocytic immune cells then causes
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Table 1.8 Summary of studies that investigated effects of TiO; particles with LPS' co-stimulation on cultured human cells.

Cell Control CD UC Particle  Particle TiO: LPS Time Investigated Cyto-/chemokines Reference
type cells type size (nm) concentration (ng/mL) (h) effects analysed
PBMCs healthy no no Anatase 200 5 ug/ml? 1 24 Cell viability, ~ MIP-1a, MCP-1, [215]
SN° IL-18, TNF-a, IL-0,
cytokines* TGF-3, and IL-1Ra
Non- yes no Anatase 200’ 5 ug/ml.? 1 24 SN cytokines  IL-183 [216]
IBD
Colon Non- yes yes Anatase 200' 5 pug/ml? 2000° 24 SN and tissue  IL-13 [210]
explants  1BD cytokines
Colon Non- yes yes Anatase 200' 5 pug/ml? 1 1-72° SN cytokines  1L-18 [217]
LPMCs  1BD
Non- yes yes Anatase 200’ 5 ug/ml.? 1 24 Cell viability,  IL-18, IL-1Ra [217]
IBD SN cytokines
Monocyte-  healthy  yes no  Anatase 200 0.5-50 ug/ml.  n/a’ 24 Cell viability, = TNF-o and IL-8 [218]
derived SN cytokines,
Mo’ TiO; uptake
healthy yes no  Anatase 200 5 10 24 SN cytokines  IL-8, TNF-«, IL-10, [218]
and TGF-8
healthy yes no  Anatase 200' 0.5-50 ng/mL. n/aor10 24 Phagocytosis  n/a [218]

1Average patticle size according to manufacturer 2Additional 4 mmol/L calcium ions added to culture medium to facilitate adsorption of LPS to TiO». *Lower LPS doses (1-

100 ng/ml) investigated initially but did not induce a response in intestinal tissue explants. *Amongst other investigated effects. *Abbreviations specific for this table:

M® = macrophages, n/a = not applicable, SN = supernatant.
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inflammatory responses mediated by intracellular PRR signalling as a response to the

luminal antigens [219].

A common bacterial antigen in the intestinal lumen is lipopolysaccharide (LPS), which is part
of the outer cell membrane of all Gram-negative bacteria, e.g. Escherichia coli. When PBMCs
from healthy volunteers were incubated with a TiO,-LPS conjugate consisting of 5 pg/mL
TiO, and 1 ng/mL LPS the responses were different to stimulation with the same
concentrations of TiO, or LPS alone [215]. For example, there was no difference in cell
viability between untreated control cells and TiO»-stimulated cells. In contrast, the number
of dead cells increased from less than 10 % in unstimulated control cells to 30 % in PBMCs
that were co-stimulated with TiO, + LPS. Furthermore, the secretion of the pro-
inflammatory cytokines IL-183, TNF-a, and IL-6 was not affected by incubation with TiO»
alone, but it was increased after treatment with TiO, + LPS. Stimulation with LPS alone also
led to an increased secretion of pro-inflaimmatory cytokines, but the concentrations were
lower compared to stimulation with TiO, + LPS. The secretion of the MIP-1a, which
promotes pro-inflaimmatory immune responses, was also increased in cells stimulated with
TiO, + LPS. In contrast, TiO, + LPS stimulation led to reduced or unchanged secretion of
the anti-inflammatory cytokines TGF-8 and IL-1Ra, respectively. The chemokine
responsible for recruiting monocytes to sites of inflammation, monocyte chemotactic
protein (MCP)-1, which is also known as CCL2, was also reduced following stimulation with
TiO, + LPS. To investigate if uptake of the TiO»-LPS conjugate by phagocytosis caused the
responses, cells were incubated with TiO, + LPS in the presence of cytochalasin D, which
inhibits phagocytosis, or poly I, which blocks the scavenger receptor and therefore inhibits
scavenger receptor-mediated uptake. As expected, phagocytosis of the particle-antigen
conjugate was decreased in both cases compared to untreated cells in a concentration
dependent manner. At the same time, the number of dead cells and the amount of secreted
IL-18 decreased with increasing concentrations of the phagocytosis inhibitors. Taken
together, these results suggest that a conjugate between exogenous dietary particles and an
abundant luminal bacterial antigen could trigger pro-inflammatory responses, and that

phagocytic immune cells were the cells that were mainly responsible for this response.

Powell and colleagues also investigated the responses of cells obtained from IBD patients
after stimulation with exogenous particles and luminal antigens. In one study, PBMCs from
non-IBD control patients and patients with CD were isolated and stimulated with TiO, and
LPS either alone or in combination [2106]. There was no increase in IL-1§ secretion when the

cells were incubated with TiO» alone compared to untreated controls. Stimulation with LPS
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led to a moderately increased release of IL-13. However, the production of IL-13 by
TiO, + LPS stimulated PBMCs was even further elevated. This increased IL-1§ secretion
was observed equally in cells from controls and CD patients. In addition to PBMCs, colon
mucosal tissue samples were collected from the same patients and additional patients with
UC. The intestinal explants were stimulated in a similar way as the PBMCs and both the
supernatants and homogenised tissues were analysed for IL.-13 content. Again, no increased
amounts of IL.-18 were detected in both sample types when the tissues were stimulated with
TiO; or LPS alone. Treatment with the TiO,-LPS conjugate resulted in increased amounts
of IL-18 in the supernatants and tissue homogenates from non-IBD controls. However, no
increased IL-1@ production was detected in tissue samples from IBD patients. This was
probably due to high IL-1 baseline levels in those samples, which might have masked the
detection of further increases. The conclusion was that co-stimulation with a particle-antigen
conjugate increased secretion of the pro-inflaimmatory cytokine IL-13 from PBMCs, but the

effect on intestinal cells from IBD patients requires further research.

This was addressed in another study in which colon LPMCs from IBD patients and non-IBD
controls were incubated with the TiO,-LPS conjugate [217]. First, the secretion of IL-13 over
time was investigated when the cells were incubated with the particle-antigen conjugate or
TiO, and LPS alone for 1 h to 72 h. No IL-1§ was detected at any time point in the
supernatants from control cells stimulated with the single components alone. In contrast, co-
stimulation with TiO, + LPS induced the secretion of IL-18 in both IBD and control
LPMCs. The maximum amount of IL-13 released by cells from IBD patients and controls
was observed after 24 h and 15 h, respectively. Cells from IBD patients secreted more IL-13
compared to control cells. This result was in contrast to the observation by Powell and
colleagues. As previously mentioned, no difference in IL-18 secretion between PBMCs from
CD patients and controls was observed in that study either at baseline or after TiO, + LPS
treatment [2106]. In addition, colon mucosal tissue explants did not show increased IL-1j3
release after TiO, + LPS stimulation, probably because of high baseline levels. In contrast,
LPMCs from IBD patients had higher baseline levels of IL.-1§3 and still showed an increased
cytokine release after stimulation with the particle-antigen conjugate [217]. The amount of
IL-18 that was detected after stimulation with the TiO,-LPS conjugate was positively
correlated with the degree of baseline inflammation, i.e. cells from IBD patients with higher
IL-1B baseline levels secreted even higher amounts of IL-18 after TiO, + LPS stimulation
compared to control cells. It should be noted that the LPMCs from IBD patients were

isolated from colon regions that showed signs of inflammation because a higher number of
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cells could be isolated from those regions compared to uninflamed areas. However, the IL-1§3
response per cell was the same regardless of whether the cells were isolated from inflamed
or uninflamed regions. There was also no difference in the response between LPMCs that
were obtained from CD and UC patients. The use of primary intestinal cells allowed a more
targeted examination of the pro-inflaimmatory effects of TiO, + LPS co-stimulation.
However, the effects of TiO, on the cytokine response could only be related to the whole

cell population.

Therefore, in an 7z vitro study the responses of macrophages derived from PBMCs were
investigated in more detail [218]. The baseline levels of the inflammation-associated
chemokine IL-8 and cytokine TNF-a were elevated in cells from CD patients compared to
healthy controls. The baseline levels of the anti-inflammatory cytokine IL-10 were also
increased, but the baseline amount of TGF-$ was reduced in the supernatant of cells from
CD patients. Similar to the studies mentioned previously, incubation with TiO, alone had no
effect on cytokine release. However, co-stimulation with TiO, + LPS induced secretion of
TNF-a and IL-8, and decreased the amount of secreted TGF-8. These results were more
pronounced in macrophages from CD patients. Unfortunately, the secretion of IL-18 was
not investigated. In addition, the effects of TiO, incubation on phagocytosis were also
studied. The uptake of TiO, particles was similar between controls and CD patients. There
was a positive correlation between increasing TiO, concentration and increase in granularity,
which was used to assess particle uptake. The phagocytic activity was not affected by the
presence of TiO; particles in the TCM, but the capacity to take up fluorescent beads
decreased with increasing particle concentration. However, this was not observed with
macrophages derived from CD patients. When the cells were incubated additionally with
LPS the reduction in phagocytic capacity at high TiO, concentrations was also unchanged

for cells from healthy controls.

In summary, the ex viwo and zn vitro studies with human cells showed that exposure to TiO»
particles alone did not affect the production of cytokines. However, relatively small amounts
of TiO; could induce the production of pro-inflammatory cytokines when additional luminal
bacterial antigen in the form of LPS was present. The secretion of IL-1§ involves several
steps in which pro-IL-18 is processed to mature IL-183 by inflaimmasomes [220]. In this
context, stimulation with LPS induced the production of pro-IL-13 [221], and particulate
substances were able to activate the NLRP3 inflammasome [222, 223]. However, the studies
described in this section have shown that the secretion of other pro-inflammatory cytokines

and chemokines was also influenced by stimulation with the TiO,-LPS conjugate. Although
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increased apoptosis might have affected changes in cytokine production in some studies [215,
217], in the study by Butler and colleagues the cell viability of macrophages was not much
affected by increasing particle concentration [218]. Therefore, the observed changes in

cytokine production were probably due to co-stimulation with TiO, + LPS.

Even though valuable results were obtained by studying the effects of TiO, particles on
human cells ex vivo and zn vitro it is important to also consider potential effects caused by

TiO., or exogenous particles in general, on humans directly.

1.4.4 Effects of titanium dioxide on humans

Although TiO; has been used as a pigment extensively for several decades, not only as a food
colourant but also in sunscreens, paint, paper, and plastics, there are surprisingly few studies
that examined the direct effects of TiO on humans. One reason for this might be that studies
to examine such effects would be relatively difficult to conduct. There was also no immediate
demand for these kinds of studies given that it has been shown that TiO; has a low toxicity
per se [224]. Thus, it is generally assumed that TiO, does not pose a health risk for humans
and, as discussed above (Section 1.3.2), it can actually be used under very low restrictions as
a food and pharmaceutical additive [149, 156]. However, recently TiO, has been re-classified
as possibly carcinogenic to humans by the International Agency for Research on Cancer
from the World Health Organisation [225, 226]. This decision was based on studies that
report an increased incidence of lung tumours after airway exposure to TiO; particles in mice
and rats [227-229]. There is, however, no evidence for this in humans although exposure
levels are high during the manufacturing of TiO, particles [230]. After long term dietary
exposure, no correlation between cancer formation and TiO, exposure was detected in rats

and mice [202].

Only one publication has been found that described direct effects of oral TiO, exposure on
humans [231]. Healthy male volunteers ingested a single dose of 22.9 mg anatase TiO, either
in gelatine capsules with a TiO, content of 2 % weight per volume or in powdered form. An
increase in TiO; levels in the blood was detected as soon as 15 min after uptake with
maximum levels detected after 4 h to 12 h regardless of the form of administration. These
results indirectly proved that TiO; particles were taken up in the gastrointestinal tract after
oral administration. Unfortunately, no other parameters apart from TiO, levels in the blood

were investigated.

52



Another study investigated the effect of titanium and TiO, on the so-called yellow nail
syndrome [214]. This disease is characterised by the development of thickened yellow nails,
respiratory problems and lymphedema. Nail clippings from patients with yellow nail
syndrome regularly contained high levels of titanium ions in contrast to nail clippings from
healthy controls. Most of the patients had some form of titanium implant, but for eight out
of 34 patients investigated the high levels of titanium ions detected in nail clippings were
caused by ingestion of high amounts of TiO, either with drugs, confectionatry, and/or
chewing gum. The authors reported that they observed an improvement of disease
symptoms for patients on TiO-containing drugs after they switched to replacement drugs
without TiO,. However, for some drugs it was difficult to find alternatives that did not

contain TiOs.

As mentioned earlier, a link between TiO, exposure and CD has also been suggested [56,
147]. Lomer and colleagues investigated the effects of reducing exogenous particle intake on
disease activity and remission in two studies [232, 233]. In the first study 20 CD patients were
blindly assigned to either a control diet or a diet low in exogenous dietary particles [232]. The
control diet was similar to the diet low in particles except that foods and pharmaceuticals
which contained exogenous particles were not specifically discouraged. After four months,
patients on the low particle diet had a lower disease activity and seven patients were in
remission. However, none of the patients on the control diet were in remission and there
was no change in disease activity index. The disease activity index was higher for patients in

the control group compared to patients on the low particle diet.

These results prompted a follow up study with an increased number of CD patients in which
the effects of a low particle diet in conjunction with a normal or reduced calcium intake were
compared [233]. The patients and examining physicians were again blinded in respect to the
assigned diets. Patients on control diets were supplemented with 5 mg TiO, per day to ensure
intake of at least the average amount of TiO; for people in developed countries diet [150].
In this second study no positive effects of a low particle diet on disease activity and remission

were observed.

One reason for the discrepancy between the two studies could have been that the baseline
disease activity index was lower in the second study. For ethical reasons, treatment with
immunosuppressant drugs was continued throughout both studies if necessary. Therefore,
reducing exogenous dietary particle intake might only lead to detectable positive effects in
patients on medication with a high disease activity index. Another reason could have been

that in the initial study processed foods had been generally excluded from the diet of the low
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particle group because the exact sources of exogenous particles were not yet fully known.
When the second study was conducted the foods that contained particles had been largely
identified [150], so the control and low particle diets were more similar to each other than in
the first study. Thus, the observed effects in the first study could have been the result of the
comparison of an unprocessed diet with a ‘normal’ Western diet which is usually rich in
processed foods [233]. The additional TiO, supplementation of the control diet groups in

the second study did not affect disease activity.

A drawback of both studies was that the exact amount of exogenous particles that were taken
up by both control and particle-restricted groups was unknown. The intake of exogenous
particles by patients on a low particle diet still could have been considerable because of the
unregulated use of additional pharmaceuticals and supplements [233]. Despite these
limitations, the results of the carefully designed second study indicated that reducing
exogenous dietary particle alone intake did not improve CD symptoms. The authors
speculated that exogenous particles could nevertheless be involved in the aetiology of CD,
which would not have been possible to detect in these two studies because only patients with

established disease were recruited [55, 233].

The effects of dermal exposure to TiO; have also been studied in CD patients [234]. A TiO,
particle suspension in water was injected intradermally in the abdominal wall. Skin biopsies
were taken six weeks later and histologically examined for signs of inflammation. No
response was observed, and TiO, was not detected anymore at the site of injection in the

skin biopsies.

Taken together, the results of the above studies that examined effects of TiO, particles
directly in humans are inconclusive. The current data does not appear to support a role of

exogenous dietary particles in ongoing CD pathogenesis.

1.5 Concluding remarks

1.5.1 Hypotheses concerning dietary particles

Exogenous dietary particles and their role in intestinal function have been explored
extensively by Dr Jonathan Powell and his team since their exact identities have been
clucidated by Powell and colleagues in 1996 [147]. Over the years a number of excellent
reviews have been published by Powell and co-workers, which discussed the possible

biological functions of endo- and exogenous dietary particles in intestinal homeostasis with
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a special emphasis on the relationship between exogenous particles and development

of CD [55, 143, 146, 161, 163, 219].

The possible biological functions for the re-secretion of calcium and phosphate ions in the
distal small intestine and the resulting formation of particulate calcium phosphate have been
the subject of some discussion. It has been observed that these endogenous dietary particles
can adsorb luminal antigens [145]. Some studies suggested that this process might assist with
the clearance of toxic antigens from the intestinal lumen [145, 235, 236]. However, in regard
to the large amount of potential cytotoxic antigens in the intestinal lumen, it seems unlikely
that this process would be of biological relevance. Importantly, it has been shown that
calcium phosphate particles are also taken up by immune cells in PPs [142, 143]. This
observation led to alternative hypotheses regarding the function of dietary calcium phosphate
particles. It could be possible that these endogenous particles play an important role in

establishing tolerance to dietary antigens.

Induction of tolerance could be achieved through several mechanisms. First, it has been
shown that calcium phosphate particles induced apoptosis in intestinal cells 7z vitro [217], and
increased dietary calcium supplementation led to increased apoptosis in the distal colon in
mice [237]. The uptake of apoptotic cells by antigen presenting cells results in the induction
of tolerance [238, 239]. This could be of relevance for the gastrointestinal tract where
endogenous dietary particles cause apoptosis, and these apoptotic cells are subsequently
taken up by intestinal phagocytes which then release tolerogenic signals [55, 143, 146].
Another possible mechanism of tolerance induction by endogenous dietary particles could
be the result of uptake of these particles by hyporesponsive intestinal phagocytes [55]. It has
been shown that intestinal phagocytes do not activate the immune system, but they still retain
their phagocytic activity and promote tolerance [240]. It could also be possible that uptake
of calcium phosphate particles would directly lead to immune tolerance, but such a

mechanism remains elusive [55].

Exogenous dietary particles, on the other hand, could disrupt this natural process of
endogenous particle-mediated immune tolerance, regardless of its mechanism. This could
result in the development of intestinal inflammation. Similar to endogenous dietary particles,
TiO; and other exogenous dietary particles can adsorb antigen onto their surfaces [198, 241,
242]. It has been suggested that if this exogenous particle-antigen complex is taken up by
intestinal phagocytic cells this would not lead to the induction of tolerance, but it would
instead induce an inflammatory response. Prolonged exposure could then lead to the

development of CD [55, 143].
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Several observations have contributed to the development of this hypothesis. First, it has
been noted that exogenous particles accumulate in the region of the gastrointestinal tract that
is most commonly affected by CD, namely the PPs [506, 243]. Eatlier studies have also shown
that when silica dust or sand particles were introduced in the gastrointestinal tract of dogs
they developed symptoms with a similarity to CD [244, 245]. Furthermore, it has been shown
that soil particles, including silicates and TiO», are the cause of podoconiosis [246]. This is a
disease which resembles elephantiasis and is characterised by swelling of the legs as a result
of the occlusion of the draining lymphatics. The disease is only found in certain regions in
Africa with volcanic soils. The soil particles are taken up in the feet by walking barefoot, and
the disease progression can be stopped by wearing shoes [143, 217]. Interestingly, only a
small number of people in the respective areas are affected by podoconiosis despite the fact
that the whole population is exposed to these particles. This suggests that there is a genetic
component which makes some people more susceptible to develop this disease [146, 147].
Taken together, these observations indicate that exogenous dietary particles might indeed be
involved in the aetiology of CD, as proposed already in the first study that documented their

occurrence in PPs [56].

As mentioned in the beginning of this literature review (Section 1.1.2), the causes for CD are
still unknown, but it is likely that both environmental and genetic components contribute to
the disease [247]. It has been noted that the rising incidence in CD corresponds to increased
usage of exogenous dietary particles in processed foods [146, 219]. As reported in the
previous section, the first study that investigated a direct link between exogenous dietary
particles and CD showed that a reduced particle intake ameliorated disease symptoms [232].
However, a follow up study could not reproduce the results from the initial study [233]. This
observation suggested that exogenous dietary particles did not play a role in maintaining the
disease once it has been established. However, exposure to exogenous particles could still be
a crucial factor for the initial establishment of CD [233]. Furthermore, it is possible that only
people with a genetic susceptibility to CD would be affected by exogenous particles [55]. It
has been suggested that it would be of particular interest to study the consequences of
exogenous dietary particle exposure in a mouse model with a defective Nod2 gene to

investigate effects of exogenous dietary particles under these circumstances [163].

1.5.2 Hypothesis, aims, and structure of this dissertation

The overall goal of this dissertation is to investigate the hypothesis that exogenous dietary

particles are involved in the establishment of intestinal inflammation, especially if there is a
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genetic predisposition for the development of CD. Mutations in the NODZ2 gene are the
most frequently associated genetic aberrations in patients with CD. Thus, a mouse model
with a homologous mutation to the most frequent NOD2 mutation found in CD patients

was selected as a model for this dissertation.

Only one type of exogenous particles, namely TiO,, was selected for this study. This decision
was based on the observation that processed foods available in supermarkets in New Zealand
do not contain aluminium-containing silicates as anticaking agents. Moreover, recent law
changes in the European Union have banned the use of aluminium-containing silicates as
food additives. There has also been on-going interest, especially over the last decade, to
investigate the toxicity of TiO, particles both 7z vitro and in vive in a variety of models.
However, most of the 7z vitro studies did not investigate effects of TiO, particles on intestinal
epithelial or immune cells, and the majority of the 7z vivo studies did not examine effects on
the gastrointestinal tract or GALT. Therefore, the purpose of this study was to investigate

effects of food-grade TiO; particles both 7 vitro and in vive.

The focus of Chapter 2 was to investigate effects of TiO; particles on immune cells obtained
from mice and humans. Dietary TiO, particles can adsorb luminal antigens, including
bacterial products like PGN and its fragment MDP. The NOD?2 protein is an intracellular
PRR that is activated by MDP. It was suggested that TiO, particles adsorb MDP and PGN,
and this particle-antigen conjugate is taken up by phagocytic cells. It was expected that
exposure of immune cells to the particle-antigen conjugate will lead to increased responses
compared to stimulation with either TiO, particles or bacterial antigens alone. Furthermore,
it was speculated that macrophages from Nod2”” mice will be more responsive to

TiO,-antingen stimulation than cells obtained from WT mice.

To examine potential effects of dietary TiO, particles on intestinal function, the research
focus was shifted from 7 vitro studies to 7z vive studies in Chapter 3. First, it was important
to determine how TiO; can be best administered to mice with the diet. It was expected that
TiO, particles will accumulate in PPs in the distal small intestine, and that this will happen
after a relatively short-term exposure over several weeks. The uptake of TiO; particles via the
diet by WT mice was assessed for several particle doses and sampling time points to

determine the most suitable concentration and exposure time for the second 7 vivo study.

The effects of dietary TiO; exposure on Nod2”” mice were studied in comparison to WT
mice in Chapter 4. It was expected that if TiO; particles indeed play a role in the aetiology of

CD Nod2"'” mice will develop spontaneous intestinal inflammation.
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Urine samples were collected in both 7z »iwe studies to investigate metabolite profiles in
Chapter 5. Changes in urine metabolites were previously described for patients with CD
compared to healthy individuals. Therefore, if TiO, particles contributed to a CD-like disease
in the 7z vivo studies it was expected to detect differences in urine metabolites of the respective

groups compared to unexposed WT mice.

Finally, the findings from the investigations of this dissertation were summarised and
discussed in a broader context in Chapter 6. To conclude, future perspectives and

implications of this project were highlighted.

A diagram outlining the structure of this dissertation is presented in Figure 1.3.
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Experimental chapters

Chapter 1 Literature review
Chapter 2 Cell culture studies
Subject of study Murine macrophages from WT and Nod2”” mice and

Main investigations

human PBMCs exposed to TiO, with or without
co-stimulation with MDP/PGN

e Cell viability (macrophages only)
e Activation marker expression (macrophages only)
e Cytokine secretion (macrophages and PBMCs)

Chapter 3

First in vivo study

Subject of study

Main investigations

WT mice fed TiO,-containing diets for 6, 12, or 18 weeks

e Body weight and food intake
e TiO; uptake in PPs and MLNs
e Phenotype of TiO,-containing cells in PPs

Chapter 4

Second in vivo study

Subject of study

Main investigations

WT and Nod2”” mice fed a TiO»-containing diet for
18 weeks

¢ Body weight and food intake
e Histology of ileum and colon
e TiO; uptake in PPs and small intestinal mucosa

Chapter 5

Metabolomics study

Subject of study

Main investigations

Urine samples collected during first and second 77 vivo
studies

e Mass spectrometry analyses

e Comparisons of metabolite between
respective groups

e DPutative identification of different metabolites
through database queries

profiles

Chapter 6

General discussion

Figure 1.3 Overview of the structure of this dissertation.

This diagram shows the structure of this dissertation including the main contents of the experimental chapters.
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Chapter 2 Exposure of cultured immune
cells to titanium dioxide with or without

co-stimulation with bacterial antigens
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2.1 Introduction

When TiO; particles were detected for the first time in human PPs, it was mentioned that
they accumulated specifically in macrophages, which were identified based on morphology
in SEM [56] and TEM images [144]. Later studies confirmed these observations with TEM
and confocal microscopy, and showed that the TiO, particles were located in
phagolysosomes of mature macrophages [147, 161, 162]. It has been speculated that this
uptake of TiO, particles can contribute to the development of IBD, namely CD [56, 146,
147].

Support for this hypothesis came from observations that TiO, particles activated cultured
macrophages and induced the production of pro-inflaimmatory cytokines, particularly IL-183,
after TiO, stimulation 7z vitro [191, 197] or human PBMCs ex vivo [216]. Furthermore,
increased levels of IL-18 correlated positively with the presence of inflammation in the
colon [132]. It has been shown that only naive intestinal macrophages from IBD patients,
but not those from healthy controls, had the capacity to secrete IL-13 [248]. Moreover, non-
affected intestinal tissues from CD patients expressed increased levels of pro-inflammatory
cytokines compared to tissues from healthy controls [44]. Cultured macrophages from
CD patients also secreted more pro-inflammatory cytokines after TiO; stimulation compared
to cells from healthy controls [217, 218]. However, a decreased exposure to exogenous

dietary particles, including TiO,, did not improve disease progression for CD patients [233].

Because CD is a complex disease with contributions of both genetic and environmental
factors [10], it has been speculated that only some people with a genetic predisposition to
develop CD would be affected by exogenous particles [55]. Mutations in the NODZ2 gene are
most commonly associated with CD development [59, 60]. Therefore, it might be possible
that CD patients with NOD2Z2 variations respond differently to TiO, particles compared to
healthy controls or CD patients with WT NOD? alleles [163].

A mouse model with a mutation in Nod2 has been created that is homologous to the most
common human NOD?2 variant allele, the 1,007fs mutation [131]. NOD2 is an intracellular
receptor for the universal bacterial cell wall molecule MDP, and its activation triggers the
transcription of pro-inflammatory cytokines »iz the NF-xB and mitogen-activated protein
kinases signalling pathways [70]. Intact NOD?2 signalling is required for the maintenance of
intestinal homeostasis [62]. Bone marrow-derived macrophages (BMDMs) from Nod2””

mice produced increased levels of IL-1 after stimulation with MDP [131]. Therefore, it has
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been proposed that the human NOD?Z2 allele 1,007fs is a gain-of-function mutation, and
CD patients with this mutation might develop intestinal inflammation as a result of increased
production of pro-inflaimmatory cytokines in response to stimuli from the intestinal

microbiota [131].

It has been shown that NOD2 signalling is also crucial for the induction of Th17
responses [249, 250], so improper NOD2 activation could result in an increased Th17
response by intestinal Th cells, which is characteristic for CD [41, 251]. Th17 cells that
produce IL-17 can induce the secretion of IL-18 and TNF-a by macrophages, and together
these cytokines promote increased recruitment of additional pro-inflammatory Th17 cells to
the site of inflammation [252]. It has also been shown that IL-17 is a crucial cytokine for the

development of intestinal colitis in mice [35].

2.2 Hypothesis and aims

The hypothesis to be tested in this chapter was that exposure to dietary TiO; particles leads
to activation of macrophages and the production of pro-inflammatory cytokines, in particular
IL-18. This is further augmented by co-stimulation with MDP or PGN, of which MDP is a
subunit, because of activated Nod2 signalling. Particulate TiO: adsorbs smaller molecules
like MDP and PGN [198]. Therefore, these molecules are taken up by phagocytic cells more
efficiently when they are co-incubated with TiO, particles compared to stimulation with

MDP or PGN alone [253].

The aims of this study were to examine the responses of BMDMs from WT and Nod2””
mice to dietary TiO; particles without or with MDP/PGN co-stimulation by measuring cell
viability, cell activation, and pro-inflammatory cytokine expression (INF-a and IL-18).
Furthermore, the secretion of the pro-inflammatory cytokines 1L-13 and IL-17 by human
PBMCs was assessed after incubation with TiO; alone or with additional MDP/PGN co-
stimulation to investigate a possible connection between NOD2 activation and a

pro-inflammatory Th17 response.
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2.3 Materials and methods

2.3.1 Titanium dioxide particles

Food-grade anatase TiO, was obtained from Sensient Colors (St. Louis, MO, USA). The
particle size details given by the manufacturer stated that 50 % of the particles were smaller
than 700 nm, and 90 % were smaller than 1.7 pm. It was noted that this size range was
determined by laser diffraction with a Malvern Mastersizer Diffractometer by Huntsman
Tioxide (Houston, TX, USA). A 1 mg/mL suspension of the TiO, powder in distilled water
(Life Technologies, Auckland, NZ) with 0.5 % bovine serum albumin (Life Technologies)
was prepared to determine the particle size more accurately. This suspension was then
observed by TEM to determine the size and morphology of the primary particles, which is a
commonly used method to characterise TiO, particles [186, 194, 254]. With TEM, electrons
are transmitted through the sample, and the morphology can be visualised due to absorption
of the electrons by the material. The advantage of TEM compared to other microscopy
methods is its high resolution, which can be below 100 nm. To detect the TiO; particles with
TEM, a drop of the particle suspension was placed on a 200-mesh carbon coated copper
grid. Excessive liquid was absorbed with filter paper, and the particles were observed with a
Philips CM10 TEM at 80 kV. Images were digitally recorded with iTEM software (Olympus
Soft Imaging Solutions, Munster, Germany). This software was also used for subsequent

image analysis to measure the diameter of the particles.

Additionally, the sizes of TiO, particles in TCM were determined by nanoparticle tracking
analysis (NT'A) with a NanoSight NS500 machine (NanoSight, Amesbury, UK). This method
is based on determining the sizes of particles with the Stokes-Einstein equation based on
their Brownian motion similarly to classical particle characterisation by dynamic light
scattering. With NTA, however, individual particles are recorded on video and their
hydrodynamic diameter is determined based on their diffusion. Results obtained by NTA are
comparable to those obtained by dynamic light scattering, and N'TA is the preferred method

to analyse polydispersed nanoparticles [255].

For the NTA the TiO, powder was suspended at different concentrations in Roswell Park
Memorial Institute (RPMI) 1640 medium (Sigma-Aldrich, Gillingham, UK) supplemented
with 10 % foetal bovine serum (FBS; PAA Laboratories, Yeovil, UK) and 1 % penicillin-
streptomycin antibiotics (Sigma-Aldrich). Several concentrations from 5 pg/ml to

100 pg/mL TiO, were analysed, which corresponded to the TiO: concentration used in the
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cell culture experiments. The particle-TCM suspensions were sonicated in a water bath for
10 min and vortexed immediately prior to analysis. Videos of the particle suspensions were
recorded for 1 min, and particle sizes were determined with NTA analytical software

version 2.3 (NanoSight). Three samples of each TiO; suspension were analysed.

2.3.2 Animals

The use of mice for bone marrow cell collection for iz vitro experiments was approved by the
Grasslands Animal Ethics Committee (Palmerston North, NZ) in compliance with the New

Zealand Animal Welfare Act 1999.

All mice used for tissue collection were provided by the AgResearch Ruakura Small Animal
Colony (Hamilton, NZ) and transported by plane to the AgResearch Grasslands Small
Animal Unit (Palmerston North, NZ). The mice were acclimatised to the new environment
for at least one week prior to sampling. The animals were housed in groups of up to five in
29 cm X 16 cm X 12 cm plastic cages containing pressed aspen wood chips as bedding (Fort
Richard Laboratories, Auckland, NZ) and shredded high purity paper (The Andersons,
Maumee, OH, USA) as nest building material. A plastic tube and stainless steel ring were
provided for environmental enrichment. The environmental conditions of the room in which
the mice were housed were controlled automatically. The room temperature was kept
constant at approximately 22 °C, the humidity was around 60 %, the light-dark cycle was
12 h, and the air was exchanged 12 times per h. The mice received the standard rodent diet
‘Mouse Diet’” (LabDiet, St. Louis, MO, USA) in pellet form, and the animals had unrestricted
access to food and drinking water. The bedding, nesting material and water was changed at

least once per week, and the health of the mice was checked daily.

Female mice with an age from 10 weeks to 18 weeks were used for the experiments. The WT
mice were from the C57BL/6 strain. The original C57BL/6 breeding paits wete purchased
from The Jackson Laboratory (Bar Harbor, ME, USA). The breeding pairs for the Nod2"”
mice on a C57BL/6 background, as originally desctibed by Maeda and co-workers [131],
were kindly provided by Lars Eckmann (University of California, San Diego, La Jolla, CA,
USA).

After the original homozygous Nod2”” mice breeding pairs were obtained, they were back-
crossed for at least 10 generations with C57BL/6 mice at the AgResearch Ruakura Small
Animal Colony. Homozygous offspring Nod2”'” mice from homozygous Nod2”” females

and males that carried a heterozygous Nod2 mutation were used for the experiments.
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2.3.3 Culture of murine bone marrow-derived macrophages

Bone marrow cells from femurs and tibias were collected from the mice for the culture of
BMDMs [256]. The animals were euthanised with CO; asphyxiation followed by cervical
dislocation and the bones collected in cold RPMI 1640 medium (Life Technologies). Next,
the bones were briefly sterilised in 70 % ethanol, and the epiphyses were cut with sterile
scissors. The bone marrow cells were flushed out of the diaphysis with cold RPMI 1640

medium.

A single cell suspension was prepared by passing the cells first through a 19-gauge needle
(BD, Singapore) and then through a 70 um cell strainer (BD Labware, Franklin Lakes, NJ,
USA). The collected cells were resuspended in TCM consisting of RPMI 1640 medium with
additional 10 % FBS (Life Technologies) and 1 % penicillin-streptomycin antibiotics (Life
Technologies). In addition, 10 pg/ml. macrophage colony-stimulating factor (eBioscience,

San Diego, CA, USA) was added to the TCM to induce differentiation of macrophages [256].

The concentration of live cells in the resuspended cell suspension was assessed by staining
with 0.2 % trypan blue (Life Technologies, Eugene, OR, USA). Live cells, which have an
intact cell membrane, will not be stained with trypan blue [257]. The proportion of live cells
in the total cell suspension was determined with a Countess automated cell counter
(Invitrogen, Carlsbad, CA, USA). It was necessary to assess the number of viable cells, so
that the cell concentration for the subsequent culture of BMDMs could be adjusted to
approximately 1 X 10° live cells/ml. by adding a respective amount of additional TCM

containing 10 pg/ml. macrophage colony-stimulating factor.

Next, 1 mL or 10 mL of this cell suspension was plated in non-tissue culture-treated 24-well
plates or 100 mm X 20 mm cell culture dishes (both from BD Labware), respectively. The
cells were cultured at 37 °C in 7 % CO2/93 % air. Half of the media was replaced on d 3 and
d 6 with fresh TCM containing 10 ng/mL macrophage colony-stimulating factor. The
BMDMs were fully differentiated on d 7, and were ready to be used in TiO, stimulation

assays as described in the following paragraphs.

The cells were kept in culture until d 10 if the cells were not used for experiments immediately
on d 7. In that case, half of the TCM was replaced with fresh TCM containing 10 pg/mlL
macrophage colony-stimulating factor on d 7 and again on d 9 if the cells had not been used

for TiO; stimulation assays until then.
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2.3.4 Exposure of bone marrow-derived macrophages to

titanium dioxide with or without bacterial antigens

Prior to incubation with TiO; particles, the BMDMs wete pre-stimulated with 10 ng/mlL
LPS from E. co/i O111:B4 (Sigma-Aldrich, Auckland, NZ) for 3 h in TCM. Only activated
BMDMs are able to express co-stimulatory molecules and produce cytokines [191, 197, 258-
260]. LPS is commonly used in concentrations between 1 ng/mlL and 100 ng/mlL to
activated cultured cells, and a concentrations of 10 ng/mlL LPS was selected based on a
previous publication that investigated the response of cultured human macrophages to TiO»

stimulation [218].

After pre-stimulation, the cells were washed with TCM before the addition of the TiO,
suspensions ot just TCM for cells used as controls. A 1 mg/mL stock suspension of TiO;
particles was prepared in distilled water. This was used for the preparation of five TiO»
working suspensions (5/10/25/50/100 pg/mlL TiO») by adding the respective volume of
the TiO; stock suspension to TCM. Before the TiO, working suspensions were added to the
BMDMs, the suspensions were sonicated in a water bath for 10 min to ensure a homogenous

distribution of the TiO, particles in the TCM.

For co-stimulation experiments with bacterial antigens either PGN from Bacz/lus subtilis, an
intestinal commensal species [261], or synthetic MDP (both from Sigma-Aldrich) were added
to the TiO, working suspensions at a final concentration of 10 pg/ml. These concentrations

are routinely used in cell culture experiments with MDP and PGN [131, 253, 262, 263].

The BMDMs were incubated at 37 °C in 7 % CO2/93 % air in all experiments. For the
stimulation experiments, the BMDMs were exposed to TiO; particles for 3 h. It has been
shown that after incubation for 3 h the TiO, particles are taken up by cultured cells [196,
198, 264]. Because previous studies reported the effects of TiO, after incubation
for 24 h [191, 197, 216, 218], it was decided to also perform experiments in which the cells
were kept in culture for this time period in total. In these experiments, the BMDMs were
initially stimulated with TiO; for 3 h, and then the particles were removed by washing with

TCM and the cells incubated for another 21 h in TCM (3 h + 21 h stimulation).

2.3.5 Metabolic activity analysis

The metabolic activity of BMDMs exposed to TiO; was assessed with the water-soluble

tetrazolium salt (WST)-1 cell proliferation assay. The WST-1 assay is commonly used to
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measure the metabolic activity of cultured cells exposed to TiO: particles [187]. In this assay,
the tetrazolium salt WST-1 is reduced by mitochondrial succinate-tetrazolium reductase to
its corresponding formazan dye. As the enzyme is only produced by live cells, the amount of
dye generated is an indirect measurement for cell viability. Thus, this assay can be used to
determine the cytotoxicity of TiO; particles without or with MDP/PGN co-stimulation to
BMDMs. Differentiated BMDMs that had been cultured in Petri dishes were harvested by
incubation with the non-enzymatic cell dissociation solution Cellstripper (Mediatech,
Manassas, VA, USA) for 30 min at 37 °C in 7 % CO/93 % air followed by vigorous
pipetting. Then, the BMDMs were resuspended in TCM with 10 pg/mI. macrophage colony-
stimulating factor at a concentration of approximately 1 X 10° cells/mL. Next, 100 uL of the
cell suspension was plated in tissue culture-treated 96-well plates (Corning, Corning, NY,

USA). The cells were left to adhere to the plates overnight at 37 °C in 7 % CO,/93 % ait.

On the next day, the media was removed, and the cells were washed in 100 uL. TCM. Then,
TiO, working suspensions without or with MDP/PGN were added and the BMDMs
incubated for 3 h (3 h time point). The cells were washed in TCM before 150 pul. TCM
containing 10 % WST-1 cell proliferation reagent (Clontech, Mountain View, CA, USA) was
added to the wells. Alternatively, TCM alone was added after 3 h, and the cells were incubated
for further 21 h. After this additional incubation period, the BMDMs were incubated with
TCM containing the WST-1 reagent as described above. In both cases, after the cells were
exposed to the WST-1 reagent they were incubated for 2 h at 37 °C in 7 % CO/93 % air.
After this incubation time, the absorbance of the samples was measured with a FlexStation 3
microplate reader (Molecular Devices, Sunnyvale, CA, USA) at 450 nm with the reference
wavelength at 650 nm according to the protocol for the WST-1 cell proliferation assay
provided by the manufacturer. The data were analysed with Soft Max Pro software
version 5.4.1 (Molecular Devices). All stimulations were performed in triplicate and the

experiment repeated once.

2.3.6 Flow cytometry analysis

The viability, cell morphology, and expression of cell surface activation markers after TiO,
stimulation was determined with flow cytometry. Flow cytometry is a technique that allows
to detect size, granularity, and fluorescent signals of cells that have been tagged with
fluorescently labelled antibodies against specific molecules, often cell-surface antigens. In the
flow cytometer the stained cells pass through a laser beam in the flow cell, and the scattered

light as well as any fluorescent signal emitted by the cells are digitally recorded by
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photomultiplier tubes (PMTs). The detection of a signal by the detectors is called an event.
Scattered light is recorded by the forward scatter (FSC) and side scatter (SSC) detectors. The
FSC signal is dependent on the size of the cell, and the SSC signal corresponds to the
granularity of the cell. Larger cells have higher FSC values compared to smaller cells, and
cells with a high level of internal complexity, e.g. through the presence of granules, have a
high SSC profile. In addition, each fluorescent detector records emitted light of a specific
wavelength. Cells that highly express a specific antigen which has been fluorescently labelled
by incubation with an antigen-specific antibody will show high fluorescence values in the
respective detection channel. The advantage of flow cytometry is that it is a high throughput
method because several thousand events can be detected per second. Furthermore, several

characteristics can be measured at the same time.

For the flow cytometry experiments BMDMs were first stimulated with TiO, suspension
without or with MDP or PGN for 3 h or 3 h + 21 h. Then, the stimulated BMDMs were
incubated in cold phosphate-buffered saline (PBS; Life Technologies) for 30 min on ice and
collected by vigorous pipetting. The cells were resuspended in 150 pl  cold
fluorescence-activated cell sorting (FACS) buffer, which consisted of PBS containing
2 % FBS, 1 mM ethylenediamine tetra-acetic acid (Life Technologies), and 0.01 % sodium
azide (BDH Laboratory Supplies, Poole, UK). Next, the BMDMs were incubated with
1 pg/mL anti-mouse CD16/32 fragment crystallisable region receptor blocking antibody
(clone 93; BioLegend, San Diego, CA, USA) for 15 min on ice to prevent unspecific binding
of the fluorescently labelled antibodies. Then, the cells were incubated with fluorescently
labelled antibodies (all from Biolegend) for 15 min on ice in the dark. The anti-mouse
antibodies used for the staining included a marker for murine macrophages, namely
phycoerythrin-labelled F4/80 (clone BM8), and Alexa Fluor 488/647-labelled antibodies for
the detection of the cell surface activation molecules CD86 (clone GL-1) and CD80
(clone 16-10A1), respectively. The antibodies were used at a concentration of 1 pg/ml. for
F4/80, or 2.5 ng/mlL for both CD80 and CD86.

Titration of the antibodies had shown that at these concentrations the fluorescent signal in
relation to the amount of antibody used was adequate. Briefly, for the titration 1 x 10°
splenocytes from WT mice were incubated with the respective antibodies in concentrations
representing 6-fold serial dilutions from 1:50 to 1:1600 relative to the original antibody
concentration. Then, the percentage of cells that stained positive with the respective antibody
were compared between the dilution steps. The initial concentrations, which represented a

dilution of 1:50 relative to the original antibody concentration, were 4 pg/mlL for F4/80 and
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10 pg/mL for CD80 and CD86. It was observed that the fluorescent signal at a dilution of
1:200 was similar to the signal obtained at a dilution of 1:50 for all antibodies (data not
shown). Therefore, all antibodies were used at a dilution of 1:200 in the subsequent flow
cytometry experiments, which corresponded to the antibody concentrations mentioned in

the previous paragraph.

Immediately prior to analysis, 0.8 pg/mL propidium iodide (PI; Life Technologies) was
added to each sample to be able to assess cell viability through PI exclusion. The stained cell
suspensions were analysed with a FACS Calibur flow cytometer (BD Biosciences, San Jose,
CA, USA) with a 488 nm argon-ion laser and a 635 nm red-diode laser. With this type of
flow cytometer four different fluorescent signals can be detected at the same time in addition
to FSC and SSC signals. At least 12,000 total events per sample were acquired with the
CellQuest Pro software version 6.0 (BD Biosciences), and the data were analysed with
Flow]Jo version 9.4.3 (Tree Star, Ashland, OR, USA). The gating strategy for the analysis of
the flow cytometry data is shown in Figure 2.1. The first step of the analysis was to exclude
cell fragments by selecting only events with a FSC intensity greater than 200. Then, the cell
viability was determined by separating events based on their PI fluorescence. PI is a red
fluorescent dye that binds to nucleic acids and can only penetrate cells with damaged plasma
membranes. Therefore, PI staining can be used to assess cell viability because only dead cells
will incorporate PI and show positive staining. PI thatis bound to nucleic acids can be excited
by the 488 nm laser and will emit detectable light in the red spectrum. Thus, live cells can be
distinguished from dead or apoptotic cells by flow cytometry. All events with a PI
fluorescence less than 10" on a logatithmic scale were considered PI negative (PI") and
therefore viable. Next, the PI™ events that were also F4/80 positive (F4/80") were selected
for further analysis. Events with a F4/80 fluorescence greater than 10" on a logarithmic scale
were considered F4/80". Fully differentiated BMDMs wete expected to express F4/80, a

general marker for murine macrophages [265].

The parameters that were subsequently investigated from this PI" F4/80" cell population
were the median intensities of the FSC, SSC, CD80, and CD86 signals. The measurements
of FSC and SSC signals have been used previously to assess TiO, uptake of cultured
cells [264, 260]. In addition, the SSC ratio was determined by dividing the median SSC
intensity of TiO,-treated BMDMs by the median SSC intensity of the control cells of the
respective genotype [266]. The median fluorescence intensity (MFI) signals of the
co-stimulatory molecules CD80 and CD86 were also evaluated. These cell-surface molecules

bind to the receptors CD28 or cytotoxic T-lymphocyte antigen 4 (also known as CD152) on
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Figure 2.1 Gating strategy for flow cytometry analysis of TiOs-exposed BMDMs.

TiOz-exposed BMDMs were analysed by flow cytometry. At least 12,000 events were acquired per sample.
(a) All acquired events with a FSC intensity greater than 200 were selected for further analysis. (b) Fluorescence
of PI against FSC intensity was analysed. Events were considered PI~ when the PI fluorescence was less
than 10, (c) F4/80 expression against FSC was assessed for all PI- events. Events were considered F4/80*
when the F4/80 fluorescence was greater than 10'. Shown are representative frequency dot plots of BMDM:s
incubated for 3 h in TCM. A colour range from blue to red is used to indicate the frequency of dots on the
same spot; blue represents a single event, red represents most events. The pink lines indicate the gates with the

percentage of events in the respective gate shown in the top corners.
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T cells [267-269]. Interaction of the co-stimulatory molecules with CID28 is required for T cell
activation by APCs [270]. Thus, assessing the expression of CD80 and CD86 on BMDMs
after treatment with TiO, particles may inform on the ability of these cells to stimulate
immune responses by effector immune cells. All treatments for the flow cytometry analysis

were performed in triplicate and the experiment repeated once.

2.3.7 Exposure of human peripheral blood mononuclear cells to

titanium dioxide with or without bacterial antigens

This work was carried out at the Medical Research Council Human Nutrition Research
institute in Cambridge, UK. Cryopreserved PBMCs were used in all experiments. Collection
of blood from volunteers for isolation of PBMCs was approved by the research ethics
commiittee of Cambridge (reference number 03/296). The cell isolation and cryopresetvation
was carried out by Ms Carolin Haas and Dr Rachel Hewitt (both Medical Research Council
Human Nutrition Research, Cambridge, UK) according to established protocols. Briefly, the
PBMCs were isolated from whole blood of healthy volunteers by gradient centrifugation
using Lymphoprep (Axis-Shield, Oslo, Norway). Then, the isolated PBMCs were
resuspended in TCM containing 10 % dimethyl sulfoxide (Sigma-Aldrich, Gillingham, UK)
at a concentration of approximately 100 X 10° cells/ml.. The isolated PBMCs were frozen

in 1 mL aliquots at —80 °C.

For the TiO, stimulation experiments, one aliquot per donor was thawed in a water bath at
37 °C, and the cells were washed once in 50 mL TCM to remove the dimethyl sulfoxide. The
PBMCs were resuspended in 50 mL TCM and acclimatised to cell culture conditions
overnight at 37 °C in 5 % CO,/95 % air. On the next day, the PBMCs were resuspended in
fresh TCM with 10 ng/ml. LPS at a concentration of 1 X 10° cells/mlL, plated in 24-well
plates at 1 mL/well, and incubated for 3 h at 37 °C in 5 % CO,/95 % air. Then, the cells
were treated with TiO, suspensions from 25 pg/mL to 100 pg/mL in TCM without or with
MDP or PGN similar to the co-stimulation experiments of murine BMDMs (Section 2.3.4).
The PBMCs were incubated with the treatments for 3 h and the first set of supernatants was
collected (3 h time point). Fresh TCM without TiO; particles and MDP/PGN was added to
the cells, and they were incubated for another 21 h before the second set of supernatants
was collected (3 h + 21 h time point). Again, fresh TCM containing 10 pg/mL
phytohaemagglutinin, a mitogen that specifically stimulates T cells [45], was added to the
cells. The PBMCs were incubated for further 48 h (3 h + 69 h time point), and the

supernatants were collected before the cells were discarded. All supernatants were stored
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at —20 °C until required for cytokine analysis (Section 2.3.8). The experiment was performed

three times with PBMCs from three different donors.

2.3.8 Cytokine detection in cell culture supernatants

For the detection of IL.-13 and TNF-« in the supernatants of TiO-stimulated BMDMs the
cells were first exposed to TiO, for 3 h, and the first set of supernatants was collected
(3 h time point). Then fresh TCM without TiO, and bacterial antigens was added to the cells.
The BMDMs were incubated for further 21 h when the second set of supernatants was
collected (3 h + 21 h time point). The supernatants were kept at —20 °C until the cytokines
were measured by enzyme-linked immunosorbent assay (ELISA). Three samples per
treatment condition were collected and analysed independently, and the experiment was

repeated once.

The IL-18 concentration was also determined in supernatants from TiO,-stimulated PBMCs
that were collected after 3 h and 3 h + 21 h. In addition, the amount of secreted 1L-17 was

assessed in the supernatants collected at the 3 h + 69 h time point (Section 2.3.7).

All cytokines were detected with DuoSet ELISA Development kits (R&D Systems,
Minneapolis, MN, USA) following the instructions provided by the manufacturer. Briefly,
96-well high bind stripwell microplates (Corning) were coated with specific capture
antibodies against the respective cytokines overnight. The next day, the capture antibodies
were removed, any non-specific binding sites were blocked by incubation with 1 % bovine
serum albumin in PBS, and 100 pL. sample or standard added to each well. Each sample and
standard was analysed in duplicate. After 2 h the samples were aspirated and the plates
incubated with antigen-specific biotinylated detection antibodies for 2 h. Streptavidin
conjugated to horseradish-peroxidase was added to each well after the detection antibodies
were removed, and the plates were incubated for 20 min. Then, the amount of antigen in
each well was visualised by adding 100 plL substrate solution consisting of equal amounts of
hydrogen peroxide and tetramethylbenzidine. The colour reaction was stopped after 20 min
by adding 50 ul. 1 M sulphuric acid. The absorbance of the wells was measured with a
FlexStation 3 microplate scanner at 450 nm with the wavelength correction set to 570 nm
according to the recommendations from the manufacturer. The data was analysed with
Soft Max Pro software version 5.4.1 by generating a standard curve from the absorbance
values of the standards and calculating the cytokine concentrations of the samples based on

this standard curve.
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2.3.9 Statistical analysis

All statistical comparisons were performed with R version 3.0.0 [271] after consultation with
statisticians Dr John Koolaard and Ms Catherine Lloyd-West (both AgResearch,
Palmerston North, NZ). Results of the statistical analyses were considered significant for
p (probability)-values less-than 0.05. Normal distribution of the data was checked with the
Shapiro-Wilk test, and equality of variances between groups was assessed using Bartlett’s test
before group comparisons were conducted to decide which statistical test should be used

(see Appendix A).

For the figures, the data were depicted with means * standard deviations (SD) in all plots.

All graphs were created with SigmaPlot version 12.5 (Systat Software, San Jose, CA, USA).

The results from the TiO; stimulation experiments of BMDMs were analysed with two-way
analysis of variance (ANOVA) with ‘genotype’ (WT/Nod2””) and ‘TiO, concentration’
(0/5/10/25/50/100 pg/mL TiOy) as factors. The output of the two-way ANOVA provided
three p-values. One p-value described the interaction effect between the two factors, and two
additional p-values were calculated for the effect of each individual factor on the observed
results. A potential alternative non-parametric test for a two-way ANOVA would be the
Friedman test [272]. However, the Friedman test only provides one p-value which is
equivalent to the p-value for ‘Interaction’. No statement about the influence on the observed
results of either the genotype or TiO. concentration would be possible with this
non-parametric test. Therefore, a two-way ANOVA was carried out in all cases, even though
in some instances the ANOVA assumptions were not met (see Appendix A). This is a
statistically valid method, but the results of the two-way ANOVA will have to be interpreted
with caution if the ANOVA assumptions were not met [273]. In cases with a significant
interaction between the two factors, a pairwise comparison between all group means was
performed with Tukey’s honest significant difference (HSD) post-hoc test. In these cases, the
comparisons of interest were between WT and Nod2”” BMDMs exposed to the same TiO,

concentration and between TiO,-treated and untreated cells.

The ELISA results of TiO;-stimulated PBMCs were analysed with either one-way ANOVA,
if the normal distribution and equality of variances assumptions were met, or the
non-parametric Kruskal-Wallis test if the assumptions were not met. In both cases, the TiO»
concentration represented the grouping factor. If the result of the ANOVA or Kruskal-
Wallis test were statistically significant, the group means were pairwise compared with

Tukey’s HSD test or Wilcoxon rank sum test with Bonferroni correction, respectively.
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2.4 Results

2.4.1 Characterisation of food-grade titanium dioxide particles

The TiO particles were obtained from a commercial supplier of food grade TiO,. According
to the manufacturer, the particles had anatase crystal structure. This was confirmed with
TEM (Figure 2.2a). The average particle size was determined from the TEM images by
measuring 133 TiO; particles with image analysis software. The mean primary particle size
was 118.8 * 45.0 nm. The size distribution of the TiO, particles is shown as a relative
frequency histogram in Figure 2.2b. More than two thirds (77.5 %) of the particles had a

diameter between 100 nm and 200 nm, and 13.5 % were smaller than 100 nm.

Sizes of particles can vary depending on the medium used for preparing the particle
suspension and final particle concentration [274]. The NTA results showed that the size
distributions of the TiO; particles in TCM were indeed different from the results obtained
for TiO; particles suspended in water with TEM (Figure 2.2c). The average sizes of TiO:
particles suspended in TCM in different concentrations were all larger than the average size
of TiO; particles suspended in water. Moreover, the recorded size distributions of TiO»
particles in TCM varied depending on the concentrations. The average sizes were 212.9 nm
(for a concentrations of 5 ug/mL), 251.8 (10 ng/mL), 233.8 nm (25 pg/mL), 202.4 nm
(50 ng/mL), and 160.3 nm (100 pg/mlL).

2.4.2 Cytotoxicity of titanium dioxide

Statistical analysis of the results from the WST-1 assay showed that the BMDMs from
Nod2”"” mice exposed to TiO: alone or in addition with MDP or PGN for 3 h + 21 h had a
lower metabolic activity compared to WT cells (Figure 2.3). However, there was no
significant difference between Nod2”” and WT mice if they were exposed for 3 h (Table 2.1).
The TiO; concentration only had a significant impact on the metabolic activity of BMDMs
when they were co-stimulated with PGN for 3 h. In this case, the metabolic activity was
increased for TiO; concentrations from 10 pg/mL to 50 pg/ml. For all other treatments,
the metabolic activity was not influenced by TiO; particle concentration. Neither was there
an interaction effect between genotype and TiO, concentration for any of the investigated

treatments and time points.

Another method to determine particle toxicity was the assessment of cell viability with flow

cytometry and PI staining. For all treatments, the viability of both WT and Nod2”” BMDMs
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Figure 2.2 TiO; particle characterisation.

Food-grade anatase TiOz particles were characterised with TEM and NTA. (a) A TiO; particle suspension with
a concentration of 1 mg/mL was prepared in distilled water and the patticles were observed with TEM;
a representative image is shown; scale bar = 200 nm. (b) The size distribution of TiO; particles in distilled water
according to measurements from the TEM images is shown as a histogram; » = 133. (c) Five TiO2 suspensions

were prepared in TCM and analysed by NTA; # = 3.

76



3h 3h+21h

a 1.6 1 b 1.6 1
’ T ' T
1.4 o /m 1.4 4 o /m
= =
e} e}
L 5 121 L g 12
s S
3 O 1.0 3 O 1.0 4
S E A
LB 08 LB 08
3 9 3 9
ERNYE ERNE
S 04 S 04
& &
02 02
0.0 0.0
0 5 10 25 50 100 0 5 10 25 50 100
TiO, (ug/mL) TiO, (ug/ml)
¢ 1.6 1 d 1.6 1
T . T
1.4 o /m 1.4 4 o /m
T Ll T
E3: 12 - 12
% S 1.0 % S 1.0
® H < H
L E 08 L E 08
28 2
S 9 06 S 0 06
0 .2 0 .2
=8 =
B Tﬁ 0.4 B —g 0.4 4
& &
02 0.2 1
0.0 - 0.0 -
0 5 10 25 50 100 0 5 10 25 50 100
TiO, (ug/mL) + MDP TiO, (ug/mL) + MDP
€ 1.6 1 f 1.6 1
T . T
1.4 o /m 1.4 4 o /m
T Ll T
E3: 12 - 12
[SES) z 9
8 O 1.0 8 O 1.0 4
® H < H
L E 08 L E 08
28 2
S 9 06 S 0 06
0 .2 0 .2z
=8 =
B Tﬁ 0.4 B —g 0.4 4
& &
02 0.2 1
0.0 - 0.0 -
0 5 10 25 50 100 0 5 10 25 50 100
TiO, (Wg/mlL) + PGN TiO, (ug/mL) + PGN

Figure 2.3 Metabolic activity of BMDMs after TiO; exposure with or withont MDP/PGN co-stinmlation.

Murine WT or Nod2”” (m/m) BMDMs were pre-stimulated for 3 h with LPS (10 ng/mL). Then BMDMs were
incubated with TiO, particle suspensions at the indicated concentrations without or with MDP or
PGN (10 pg/mL respectively) in TCM for 3 h (a, ¢, €) ot 3 h followed by further incubation in TCM for
21 h (b, d, f). BMDMs were stimulated with TiOz only (a, b), TiO2 + MDP (c, d), or TiO2 + PGN (e, f).
Metabolic activity was determined by WST-1 assay after 3 h (a, ¢, €) or 3 h + 21 h incubation (b, d, f). Plots
depict relative changes compared to respective W' control without TiO; (dashed line). Shown are results from
two independent experiments with three replicates per exposure condition; means + SD; # = 6, except for
Nod2”'” control cells with all co-stimulation conditions after 3 h and 3 h +21 h, and Nod2”” cells exposed to
5 pug TiO2/mL with MDP and PGN co-stimulation after 3 h +21 h with 5 ug/mL where #» = 1-5. Results wete
compared with two-way ANOVA (Table 2.1).
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Table 2.1 Two-way ANOV'A results for metabolic activity comparison of murine BMDMs excposed to TiO with or withont
MDP/PGN co-stimulation.

Inc.'ubzztion Co-stimulation p-valuc
time (h) Genotype TiO: Interaction
3 - 0.12 0.20 0.82
MDP 0.83 0.50 0.55
PGN 0.94 <0.01 0.73
3421 - < 0.001 0.26 0.86
MDP < 0.001 0.69 0.90
PGN < 0.001 0.10 0.41

IStatistical comparison with two-way ANOVA with Nod2 genotype (WT/Nod2”/") and TiO concentration
(0/5/10/25/50/100 pg/mL TiOy) as factors. 2Incubation for 3 h with TiO; and tespective co-stimulant
followed by 21 h incubation in TCM alone.
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decreased significantly (p < 0.001) with increasing TiO; particle concentrations (Table 2.2 &
Figure 2.4). The decrease in viability was similar for all co-stimulation conditions, i.e. without
or with MDP or PGN. There was also a significant (p < 0.05) genotype specific effect for
most of the treatments, except with MDP and PGN co-stimulation for the 3 h + 21 h time
point. BMDMs from Nod2”” mice showed a lower viability under all treatments at 3 h and
for exposure to TiO; alone at 3 h + 21 h. This was independent of TiO; exposure, however,
as there was no significant statistical interaction effect, except for the 3 h + 21 h time point
for TiO, alone. Under these conditions exposure to 5 ug/mL TiO; led to a significantly
decreased (p < 0.01) cell viability in Nod2”” cells compared to those from WT mice.
Furthermore, Nod2”” BMDMs exposed to 5 ug/mlL TiO;, and cells from both WT and
Nod2”'" mice exposed to 10 ug/mL TiO, and more were significantly less viable (p < 0.001)
than unexposed WT cells.

2.4.3 Phenotype and morphology of bone marrow-derived

macrophages after exposure to titanium dioxide

All treatment conditions lead to a significant reduction (p < 0.05) in F4/80 expression after
TiO; exposure (Table 2.2). The decrease was highest for TiO, + PGN co-stimulation for 3 h
(Figure 2.5). The F4/80 expression was significantly lower (p < 0.05) in Nod2”” cells in all
treatments, except TiO, + MDP/PGN co-stimulation for 3 h + 21 h. There was no
significant interaction effect between Nod2 genotype and TiO, concentration. Only cells that
wete positive for F4/80 were further analysed for FSC/SSC intensities and activation marker

expression (see Figure 2.1).

Representative dot plots depicting the FSC versus SSC profiles of BMDMs incubated with or
without TiO, particles in TCM alone are shown in Figure 2.6. The median FSC was
significantly affected (p < 0.001) by the TiO, concentration for all treatments and time points
(Table 2.3). It was negatively correlated with particle concentration in the media, i.e. it
decreased with increasing particle concentration (Figure 2.7). The genotype also had an effect
on the median FSC in all groups, except with TiO; alone or MDP co-stimulation after 3 h.
For all other treatment groups, the median FSC was significantly higher (» < 0.05) for
Nod2”"” BMDMs compared to WT cells. There were no significant interaction effects for all

conditions and time points.

Incubation of BMDMs with TiO, had a significant effect (p < 0.001) on the median SSC

intensities under all treatment conditions (Table 2.3). The increase in SSC was positively
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Table 2.2 Two-way ANOVA results for viability and F4/80 expression comparison of murine BMDMs exposed to TiO,

with or without MDP/PGN co-stimulation.

Parameter In?ubatjon . Co- . p-value!
time (h) stimulation  Genotype TiO: Interaction
Viability 3 - <0.001 < 0.001 1.00
MDP <0.01 <0.001 0.85
PGN <0.05 <0.001 1.00
3421 - <0.001  <0.001 <0.01
MDP 036 <0.001 0.22
PGN 0.97  <0.001 0.54
F4/80 3 - < 0.001 < 0.05 0.46
MDP <0.001  <0.001 0.65
PGN <0.001  <0.001 0.29
3+ 21 - <0.05 <0.001 0.95
MDP 0.27 < 0.001 0.11
PGN 0.05 <0.001 0.88

IStatistical comparison with two-way ANOVA with Nod2 genotype (WT/Nod2"”) and TiO; concentration
(0/5/10/25/50/100 pg/mL TiOy) as factors. 2Incubation for 3 h with TiO2 and tespective co-stimulant
followed by 21 h incubation in TCM alone.
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Figure 2.4 Viability of BMDM:s after T:i0; exposure with or without MDP/PGN co-stimulation.

Murine WT or Nod2”” (m/m) BMDMs were pre-stimulated for 3 h with LPS (10 ng/mL). Then BMDMs were
incubated with TiO, particle suspensions at the indicated concentrations without or with MDP or
PGN (10 pg/mL respectively) in TCM for 3 h (a, ¢, €) ot 3 h followed by further incubation in TCM for
21 h (b, d, f). BMDMs wete stimulated with TiO; alone (a, b), TiO2 + MDP (c, d), or TiO; + PGN (e, ).
BMDMs were collected for analysis by flow cytometry after 3 h (a, ¢, €) or 3 h + 21 h incubation (b, d, f), and
the viability was assessed with PI staining. Shown are results from two independent experiments with three
replicates per exposure condition respectively; means = SD; # = 6. Results were compared with two-way

ANOVA (Table 2.2). (b) Pairwise group comparisons with Tukey’s HSD test; **» < 0.001 = significant

differences between WT and Nod2”” BMDM:s exposed to the same TiO2 concentration.
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Figure 2.5 F4/80 expression of BMDMs after TiO, exposure with or without MDP/PGN co-stimulation.
Murine WT or Nod2"”” (m/m) BMDMs were pre-stimulated for 3 h with LPS (10 ng/mL). Then BMDMs were

incubated with TiO, particle suspensions at the indicated concentrations without or with MDP or
PGN (10 pg/mL respectively) in TCM for 3 h (a, ¢, €) or 3 h followed by further incubation in TCM for
21 h (b, d, f). BMDMs were stimulated with TiO> alone (a, b), TiO2 + MDP (c, d), or TiO2 + PGN (e, f).

BMDMs were collected for analysis by flow cytometry after 3 h (a, ¢, €) or 3 h + 21 h incubation (b, d, f), and

F4/80 expression of PI~ events was determined. Shown are results from two independent experiments with

three replicates per exposure condition respectively; means = SDj; # = 6. Results were compared with two-way

ANOVA (Table 2.2).
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Figure 2.6 FSC versus SSC dot plots of TiOs-excposed BMDMs.
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FSC and SSC intensities of TiO2 exposed murine WT BMDMs were determined with flow cytometry. BMDMs
wete incubated in TCM without (a), or with 5 pg/mL (b), 10 ng/mL (c), 25 pg/mL (d), 50 ug/mL (e), ot

100 pg/mL (f) TiO; particles. The cells were collected for analysis with flow cytometty after 3 h. Blue dot plots

represent events of PI- F4/80" BMDMs incubated with respective TiOz concentrations in TCM alone.

(b-f) For comparison events of BMDMs incubated without TiO> (a) are shown (red dots).
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Table 2.3 Two-way ANOVA results for FSC and SSC intensities and relative SSC increase comparison of murine BMDMs
excposed to TiOz with or without MDP/PGN co-stimulation.

Incubation Co- p-value’
Parameter . . , ; ;
time (h) stimulation  Genotype TiO: Interaction
FSC intensity 3 - 0.39 < 0.001 1.00
MDP 0.15 < 0.001 1.00
PGN <0.01 <0.001 0.76
3+ 21 - <0.05 <0.001 0.07
MDP <0.001 < 0.001 0.11
PGN <0.001 < 0.001 0.30
SSC intensity 3 - 0.21 < 0.001 0.99
MDP 024 < 0.001 0.99
PGN 0.10 < 0.001 0.81
3+ 217 - 0.34 < 0.001 0.98
MDP 0.89 < 0.001 0.74
PGN <0.01 <0.001 0.34
SSC ratio 3 - <0.001  <0.001 0.42
MDP <0.01 <0.001 0.72
PGN <0.01 <0.001 0.49
3+27 - 0.72 < 0.001 0.99
MDP <0.01 <0.001 0.42
PGN 0.59 < 0.001 0.64

IStatistical comparison with two-way ANOVA with Nod2 genotype (WT/Nod2”") and TiO; concentration
(0/5/10/25/50/100 pg/mL TiOy) as factors. 2Incubation for 3 h with TiO; and tespective co-stimulant
followed by 21 h incubation in TCM alone.
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Figure 2.7 FSC intensity of BMDMs after TiO; exposure with or without MDP/PGN co-stimulation.

Murine WT or Nod2”” (m/m) BMDMs were pre-stimulated for 3 h with LPS (10 ng/mL). Then BMDMs were
incubated with TiO, particle suspensions at the indicated concentrations without or with MDP or
PGN (10 pg/mL respectively) in TCM for 3 h (a, ¢, €) ot 3 h followed by further incubation in TCM for
21 h (b, d, f). BMDMs wete stimulated with TiO; alone (a, b), TiO2 + MDP (c, d), or TiO; + PGN (e, ).
BMDMs were collected for analysis by flow cytometry after 3 h (a, ¢, €) or 3 h + 21 h incubation (b, d, f), and
the median FSC intensity of PI~ F4/80* BMDMs was determined. Shown are results from two independent
experiments with three replicates per exposure condition respectively; means * SD; # = 6. Results were

compared with two-way ANOVA (Table 2.3).

85



correlated with increasing TiO: concentrations for all groups (Figure 2.8). A significant
genotype effect was only detected for TiO, + PGN co-stimulation for the 3 h + 21 h time
point (p < 0.01). No interaction effects between genotype and TiO. concentration

were observed.

As expected from the above results, the average SSC ratio increased with increasing particle
concentration for all treatments and both Nod2 genotypes (Figure 2.9). The SSC ratio for the
100 pg/mL TiO, dose was at least 10-fold higher for all co-stimulation conditions and time
points compared to unexposed cells. The effect of TiO; treatment was significant (p < 0.001)
for all conditions (Table 2.3). In contrast to results for average absolute SSC increases, there
was a significant genotype effect (p < 0.01) on the average SSC ratio for all groups, except
the 3 h+ 21 h time points for TiO; alone and TiO, + PGN. In agreement with the results
for average absolute SSC increase, there were also no interaction effects for the average

SSC ratios.

2.4.4 Activation of bone marrow-derived macrophages after

exposure to titanium dioxide

The expressions of the activation markers CD80 and CD86 were also determined with flow
cytometry. Results were reported as ratios of TiO»-treated to untreated WT cells because of
some variability in the absolute values between the independent experiments. The overall
expression of CD80 was significantly greater (p < 0.001) in BMDMs from Nod2”” mice,
except for the treatments with TiO, in TCM alone or together with PGN for the 3h + 21 h
time points (Table 2.4 & Figure 2.10). The CD86 MFI were also significantly higher
(p < 0.001) in cells from Nod2”'” mice, except for the treatments with TiO; in TCM alone or
with MDP co-stimulation for the 3 h + 21 h time point (Table 2.4 & Figure 2.11).
TiO, exposure significantly decreased CD80 MFI (p < 0.05), except with MDP co-
stimulation after 3 h. In contrast, CID86 expression was significantly increased (p < 0.01) in
TiO,-treated cells with all treatments at both time points. Significant interaction effects were
observed for both activation markers with MDP co-stimulation after 3 h (p < 0.01). There
was also a significant interaction effect (p < 0.05) for CD86 expression in PGN-stimulated
BMDNMs after 3 h + 21 h. The results of Tukey’s HSD post-hoc test showed that the CD80
expression in Nod2”” cells treated with 100 pug/mL TiO, + MDP was significantly higher
(» <0.001) compared to WT BMDMs exposed to the same TiO, concentration or the control
cells (Figure 2.10b).
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Figure 2.8 S5C intensity of BMDMs after TiO, exposure with or without MDP/PGN co-stimulation.

Murine WT or Nod2”” (m/m) BMDMs were pre-stimulated for 3 h with LPS (10 ng/mL). Then BMDMs were
incubated with TiO, particle suspensions at the indicated concentrations without or with MDP or
PGN (10 pg/mL respectively) in TCM for 3 h (a, ¢, €) ot 3 h followed by further incubation in TCM for
21 h (b, d, f). BMDMs wete stimulated with TiO; alone (a, b), TiO2 + MDP (c, d), or TiO; + PGN (e, ).
BMDMs were collected for analysis by flow cytometry after 3 h (a, ¢, €) or 3 h + 21 h incubation (b, d, f), and
the median SSC intensity of PI~ F4/80" BMDMs was determined. Shown are results from two independent

experiments with three replicates per exposure condition respectively; means * SD; # = 6. Results were

compared with two-way ANOVA (Table 2.3).
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Figure 2.9 Relative SSC increase of TiOr-exposed BMDMSs compared to unstimulated controls with or withont MDP/PGN
co-stimulation.

Murine WT or Nod2”” (m/m) BMDMs were pre-stimulated for 3 h with L.PS (10 ng/mL). Then BMDMs were
incubated with TiO particle suspensions at the indicated concentrations without or with MDP or
PGN (10 pg/mL respectively) in TCM for 3 h (a, ¢, €) or 3 h followed by further incubation in TCM for
21 h (b, d, f). BMDMs were stimulated with TiOz alone (a, b), TiO2 + MDP (c, d), or TiO2 + PGN (e, f).
BMDMs were collected for analysis by flow cytometry after 3 h (a, c, €) or 3 h + 21 h incubation (b, d, f), and
the median SSC intensity of PI~ F4/80* BMDMs was determined. Shown ate results from two independent
experiments with three replicates per exposure condition respectively; means = SD; #» = 6. Results were

compared with two-way ANOVA (Table 2.3).
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Table 2.4 Two-way ANOV'A results for CD80 and CD86 expression comparison of nurine BMDMs exposed to TiO; with
or without MDP/ PGN co-stimulation.

Cell surface  Incubation Co- p-value’
molecule time (h) stimulation Genotype TiO; Interaction
CD&0 3 - < 0.001 < 0.05 0.72
MDP < 0.001 0.40 < 0.01
PGN <0.01 <0.001 0.82
3427 - 096 < 0.001 0.18
MDP <0.001 < 0.001 0.14
PGN 0.09 < 0.001 0.40
CD&6 3 - <0.001 < 0.001 0.93
MDP <0.001 < 0.001 < 0.001
PGN <0.001 < 0.001 0.44
3+ 217 - 097 < 0.001 0.94
MDP 0.36 < 0.001 0.95
PGN <0.001 < 0.001 < 0.05

IStatistical comparison with two-way ANOVA with Nod2 genotype (WT/Nod2”") and TiO; concentration
(0/5/10/25/50/100 pg/mL TiOy) as factors. 2Incubation for 3 h with TiO: and respective co-stimulant
followed by 21 h incubation in TCM alone.
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Figure 2.10 CD80 expression of BMDMs after TiO, exposure with or without MDP/PGN co-stimulation.

Murine WT or Nod2"”” (m/m) BMDMs were pre-stimulated for 3 h with LPS (10 ng/mL). Then BMDMs were
incubated with TiO; particle suspensions at the indicated concentrations without or with MDP or PGN
(10 pg/mL respectively) in TCM for 3 h (a, ¢, €) or 3 h followed by further incubation in TCM for 21 h (b, d, f).
BMDMs wete stimulated with TiO; alone (a, b), TiO; + MDP (c, d), or TiO2 + PGN (e, f). BMDMs wete
collected for analysis by flow cytometry after 3 h (a, ¢, e) or 3 h + 21 h incubation (b, d, f), and the CD80 MFI
of PI~ F4/80* BMDMs was determined. Plots depict relative changes compared to WT control cells (dashed
line). Shown are results from two independent experiments with three replicates per exposure condition
respectively; means & SD; # = 6. Results wete compated with two-way ANOVA (Table 2.4). (c) Pairwise group
comparisons with Tukey’s HSD test; ***p < 0.001 = significant differences between WT and Nod2”/” BMDMs
exposed to the same TiO; concentration; #p < 0.05 = significant differences between BMDM:s exposed to TiO;

and unexposed WT BMDMs.
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Figure 2.11 CD86 expression of BMDMs after TiO exposure with or without MDP/PGN co-stimulation.

Murine WT or Nod2”” (m/m) BMDMs were pre-stimulated for 3 h with LPS (10 ng/mL). Then BMDMs were
incubated with TiO, particle suspensions at the indicated concentrations without or with MDP or
PGN (10 pg/mL respectively) in TCM for 3 h (a, ¢, €) ot 3 h followed by further incubation in TCM for
21 h (b, d, f). BMDMs were stimulated with TiOz only (a, b), TiO2 + MDP (c, d), or TiO2 + PGN (e, f).
BMDMs were collected for analysis by flow cytometry after 3 h (a, ¢, €) or 3 h + 21 h incubation (b, d, f), and
the CD86 MFI of PI~ F4/80" BMDMs was determined. Plots depict relative changes compared to WT control
cells (dashed line). Shown are results from two independent experiments with three replicates per exposure
condition respectively; means £ SD; # = 6. Results were compared with two-way ANOVA (Table 2.4).
(c, ) Pairwise group comparisons with Tukey’s HSD test; *¥*p < 0.001 = significant differences between WT

and Nod2"” BMDMs exposed to the same TiO, concentration; #p < 0.05, ##p < 0.01, ###p < 0.001 = significant
differences between BMDMs exposed to TiO» and unexposed WT BMDMs.
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In both cases with a significant interaction effect for relative CD86 expression the Nod2””
BMDMs that were exposed to 100 pug/mL TiO, expressed significantly more (p < 0.001)
CD86 compared to the WT cells that were exposed to the same TiO, concentration
(Figure 2.11b, f). All cells from Nod2”” mice that were exposed to TiO; in the presence of
MDP showed a significantly higher (p < 0.05) relative CD86 MFI after 3 h. In contrast, cells
derived from WT mice did not show significantly increased expression of CD86 under the
same circumstances (Figure 2.11b). However, this genotype effect for MDP co-stimulation
was not observed after 3 h+ 21 h stimulation unlike with PGN co-stimulation. In the latter
case, there was both a genotype and an interaction effect after 3 h + 21 h incubation. Analysis
with Tukey’s HSD post-hoc test also showed that nearly all particle-exposed cells, except WT
cells treated with 5 pg/mL TiO,, had significantly elevated ratios (p < 0.05) of CD86 MFI
compared to untreated WT cells (Figure 2.11f).

2.4.5 Cytokine secretion by bone marrow-derived macrophages

after exposure to titanium dioxide

The results of this study showed that TNF-ua secretion was significantly affected (p < 0.001)
by genotype, except with MDP or PGN co-stimulation at the 3 h + 21 h time point
(Table 2.5). In cases with a significant genotype difference, the secretion of TNF-a by
Nod2"'" cells was significantly elevated compared to WT cells (Figure 2.12). The levels of
TNF-u in the supernatant of treated cells were also significantly affected (p < 0.001) by TiO,
particle concentration for treatment with TiO, alone after 3 h and 3 h + 21 h and with MDP
co-stimulation for the 3 h + 21 h time point. In the first two cases, TNF-a secretion increased
with increasing TiO; concentration. However, when BMDMs were incubated for 3h + 21 h
with TiO; + MDP, TNF-a secretion was highest for 25 pg/mL TiO; and decreased again
for higher TiO; concentrations (Figure 2.12¢). No interaction effects were detected with the
statistical analysis (Table 2.5). Visual comparison of the graphs showed that TNF-a levels
were much higher for incubation with TCM and bacterial antigens compared to incubation
with TCM alone, and PGN co-stimulation induced greater TNF-a secretion than MDP

co-stimulation (Figure 2.12).

Unlike for TNF-a, the IL-1§ concentration increased significantly (p < 0.001) with increasing
TiO, concentration for all treatments and time points, except for TiO, + PGN
co-stimulation for 3 h + 21 h (Figure 2.13). Cells from Nod2”” mice produced significantly
more (p < 0.01) IL-18 compared to WT cells when they were co-stimulated with bacterial

antigens (Table 2.5) at both time points. An interaction was observed for stimulation with
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Table 2.5 Two-way ANOV'A results for IL-16 and TINF-a secretion comparison of murine BMDMs exposed to 1702 with
or without MDP/ PGN co-stimulation.

Cytokine In(.:ubzztion - Co- - p-Vfl]ueI '

time (h) stimulation Genotype TiO: Interaction

TNF-a 3 - <0.001  <0.001 0.16
MDP < 0.001 0.34 0.99

PGN < 0.001 0.45 0.98

3+ 217 - <0.001  <0.001 0.86

MDP 0.38 < 0.001 0.56

PGN 0.24 0.41 0.92

IL-15 3 - 0.92 < 0.001 1.00
MDP <0.01 <0.001 0.13

PGN <0.001  <0.001 < 0.001

3+ 21 - 0.68 < 0.001 0.89

MDP <0.01 <0.001 0.55

PGN < 0.001 0.13 <0.01

IStatistical comparison with two-way ANOVA with Nod2 genotype (WT/Nod2”") and TiO; concentration
(0/5/10/25/50/100 pg/mL TiOy) as factors. 2Incubation for 3 h with TiO: and respective co-stimulant
followed by 21 h incubation in TCM alone.
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Figure 2.12 TNF-a secretion by BMDMs after TiO, exposure with or without MDP/PGN co-stimulation.

Murine WT or Nod2"”” (m/m) BMDMs were pre-stimulated for 3 h with LPS (10 ng/mL). Then BMDMs were
incubated with TiO, particle suspensions at the indicated concentrations without or with MDP or
PGN (10 pg/mL respectively) in TCM for 3 h followed by furthet incubation in TCM for 21 h. BMDMs were
stimulated with TiOz alone (a, b), TiO2 + MDP (c, d), or TiO2 + PGN (e, f). TNF-a concentration in
supernatants collected after 3 h (a, c, ) or 3h + 21 h (b, d f) was measured by ELISA. Shown are results from

two independent experiments with three replicates per exposure condition respectively; means = SD; # = 6.

Results were compared with two-way ANOVA (Table 2.5).
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Figure 2.13 I1.-1 secretion by BMDMs after TiO; exposure with or without MDP/PGN co-stimulation.

Murine WT or Nod2”” (m/m) BMDMs were pre-stimulated for 3 h with LPS (10 ng/mL). Then BMDMs were
incubated with TiO, particle suspensions at the indicated concentrations without or with MDP or
PGN (10 pg/mL respectively) in TCM for 3 h followed by futther incubation in TCM for 21 h. BMDMs wete
stimulated with TiO; alone (a, b), TiO, + MDP (c, d), or TiO2 + PGN (e, f). IL-13 concentration in
supernatants collected after 3 h (a, ¢, €) or 3 h + 21 h (b, d, f) was measured by ELISA. Shown are results
from two independent experiments with three replicates per exposure condition respectively; means = SD;
7 = 6. Results were compared with two-way ANOVA (Table 2.5). (e, f) Pairwise group comparisons with

Tukey’s HSD test; *p < 0.05, **p < 0.01, ***p < 0.001 = significant differences between WT and Nod2"'”

BMDMs exposed to the same TiO: concentration; #p < 0.05, ##p < 0.01, ###p < 0.001 = significant differences

between BMDMs exposed to TiOz and unexposed WT BMDMs.
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TiO, + PGN at both time points. After 3 h, Nod2”” cells exposed to 10 pg/mlL TiO; or
higher doses produced significantly more (p < 0.05) IL-13 compared to WT cells treated with
the same amount of TiO; (Figure 2.13c). Furthermore, all cells from Nod2”” mice that were
treated with TiO; secreted significantly more (p < 0.05) IL-18 than untreated WT cells.
However, with the TiO-exposed WT BMDMs there were only significant differences
(p < 0.001) to the WT control cells for those cells exposed to 50 pg/mlL and 100 ng/mL
TiO,. Although there was no effect of TiO, concentration with PGN co-stimulation at the
3 h + 21 h time point, there was a significant interaction effect. BMDMs from Nod2"”/” mice
exposed to 5 pug/mL or 10 pug/mlL TiO, secreted significantly more (p < 0.01) IL-1f3
compared to WT cells stimulated with the same amount of TiO; (Figure 2.13f). The secretion
of 1L-1B from Nod2”” BMDMs was also significantly higher (p < 0.05) compared to WT
control cells with these two TiO» concentrations and with 25 pg/mL TiO,. In general, cells
that were co-stimulated with MDP or PGN secreted more IL-13 compared to cells incubated
with TiO; particles in TCM alone, and IL-13 secretion was markedly reduced in supernatants

collected after 3 h + 21 h compared to the 3 h time point for the same co-stimulation.

2.4.6 Cytokine secretion by human peripheral blood

mononuclear cells after exposure to titanium dioxide

No effect of TiO; treatment on absolute IL-13 secretion after 3 h and 3 h + 21 h was
observed in LPS pre-stimulated PBMCs. This was also the case if the cells were co-stimulated
with MDP or PGN (Figure 2.14). Visual comparison of the relative secretion of IL-1( after
TiO; treatment in comparison to unstimulated control cells showed a trend to increased
IL-18 secretion for all conditions after 3 h and a decreased secretion after 3 h + 21 h for
MDP and PGN co-stimulation. However, only the latter observation was also statistically
significant (p < 0.05). Nevertheless, even in this case a pairwise group mean comparison with
the Wilcoxon rank sum test did not show statistically significant differences between two

individual groups.

The results for both absolute and relative amounts of IL-17 in the supernatants of
TiO,-stimulated PBMCs without or with MDP/PGN co-stimulation are shown in
Figure 2.15. With TiO; alone or with PGN co-stimulation there were no differences in the
absolute levels of IL-17 (Figure 2.15a, ). In contrast, IL.-17 was detected at a significantly
lower (p < 0.05) concentration in PBMCs stimulated with TiO, + MDP (Figure 2.15b).
Pairwise comparison of the group means showed that cells exposed to 100 pg/mlL TiO,

secreted significantly less (p < 0.05) IL-17 than untreated control cells. Comparison of the
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Figure 2.14 I1 -1 secretion by PBMCs after TiO; exposure with or withont MDP/PGN co-stimulation.

Human PBMCs wete pre-stimulated for 3 h with LPS (10 ng/mL). Then, PBMCs wete incubated with TiO;
particle suspensions at the indicated concentrations without or with MDP or PGN (10 ug/mL respectively) in
TCM for 3 h followed by further incubation in TCM for 21 h. PBMCs were stimulated with TiO> alone (a, b),
TiO2 + MDP (c, d), or TiO2 + PGN (e, f). IL-18 concentration in supernatants collected after 3hor3h + 21 h
was measured by ELISA. Shown are results from three independent experiments with PBMCs from three

different donors; means £ SD; # = 3. Results were compared with one-way ANOVA (a, 3 h + 21 h; c, 3 h;

e, both time points) or Kruskal-Wallis test (all others).
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Figure 2.15I1.-17 secretion by PBMCs after TiO; exposure with or without MDP/PGN co-stimulation.

Human PBMCs wete pre-stimulated for 3 h with LPS (10 ng/mL). Then, PBMCs wete incubated with TiO;
particle suspensions at the indicated concentrations without or with MDP or PGN (10 pug/mL respectively) in
TCM for 3 h followed by further incubation in TCM for 21 h. Then, PBMCs were stimulated with
PHA (10 pg/mL) and futther incubated in TCM for 48 h. PBMCs wete stimulated with TiO; alone (a, b),
TiO; + MDP (c, d), or TiO2 + PGN (e, f). IL-17 concentration in supernatants collected after 3 h + 69 h was
measured by ELISA. Shown are results from three independent experiments with PBMCs from three different
donors; means £ SD; # = 3. Results were compared with one-way ANOVA (a, ¢, e) or Kruskal-Wallis
test (b, d, f). (c) Pairwise group comparisons with Tukey’s HSD test; *p < 0.05 = significant differences between

control and TiO,-treated PBMCs.

98



relative levels with MDP co-stimulation confirmed the observation of a significant decrease
(p < 0.05) in IL-17 levels, but in this case the pairwise comparison of group means did not
indicate any differences between individual groups. The relative secretion of IL-17 was also
significantly decreased (p < 0.05) with PGN co-stimulation, but again pairwise group

comparison indicated no significant difference between individual groups.

2.5 Discussion

2.5.1 Reassessment of the hypothesis

The results presented in this chapter supported the hypothesis that incubation of phagocytic
immune cells with dietary TiO, particles activates these cells and induces the production of
pro-inflammatory cytokines. This response was increased by simultaneous co-stimulation
with the bacterial cell-wall fragments and Nod2 ligands MDP and PGN. Macrophages
derived from mice with a CD-like No42 mutation showed an increased activation and IL-1§3
response after co-stimulation with TiO, + MDP/PGN, confirming the hypothesis by Maeda

and colleagues that the frameshift Nod2 variant is a gain-of-function mutation [131].

2.5.2 Suitability of bone marrow-derived macrophages as a

model for intestinal macrophages

An important aspect to consider when interpreting the results of the experiments presented
in this chapter is the use of BMDMs as model cells for intestinal macrophages. Cell culture
studies have been criticised in general, because it is not be possible to accurately model the
in vivo situation in 7z vitro studies. Ideally, primary intestinal cells would be used if the goal is
to investigate specific effects in cell culture [275]. However, primary intestinal macrophages
are difficult to isolate from mice, and only a relatively small number of macrophages can be
recovered per animal [276]. This means that many animals would be necessary to obtain a
sufficient amount of cells for the experiments described in this chapter. For animal ethics
reasons, and also because of limited availability of Nod2”” mice, this was not feasible.
Alternatively, an immortalised monocyte cell line, e.g. RAW264.7 macrophages, could have
been used. Cell lines with macrophage characteristics have been used extensively to study the
effects of TiO, exposure on macrophages (Table 1.5). Experiments with BMDMs derived
from Nod2”” mice were also performed in the study in which the Nod2”” mice were

originally described [131]. Furthermore, another study investigated the production of

99



pro-inflammatory cytokines after TiO, and MDP co-stimulation of BMDMs derived from
Nod2™'~ mice [253]. Therefore, it was decided to perform these experiments with BMDMs

to be able to compare the data with these two studies.

2.5.3 Cytotoxicity of titanium dioxide

The cytotoxicity of food-grade TiO» particles on both WT and Nod2”” macrophages was
investigated based on changes in metabolic activity with the commonly used WST-1 assay.
The results showed that the TiO; particles did not cause a decrease in metabolic activity,
even at high concentrations (Figure 2.3). These results are in line with other studies that used
the WST-1 assay to assess cytotoxicity of TiO, particles with diameters larger than
100 nm [186-188, 199]. For example, TiO, particles with diameters from 40 nm to 300 nm
for 24 h were not cytotoxic to RAW264.7 macrophages [199]. Another study investigated
the effects of three different types of TiO; particles, all with average diameters between
250 nm and 450 nm, on RAW264.7 macrophages with the MTS assay, which is another type
of tetrazolium salt assay closely related to the WST-1 assay [201]. The metabolic activity of
the macrophages was not affected by any of the three types of particles, even at high particle

concentrations.

A second study also investigated potential cytotoxic effects of anatase TiO; particles with
sizes between 350 nm to 500 nm in TCM on RAW2064.7 cells with the MTS assay [198]. In
contrast to the study by Xiong and colleagues, the metabolic activity was lower for
macrophages that were treated with 100 pg/mL TiO, patticles for 12 h to 24 h, but not for
6 h. The result reported by Sohaebuddin and colleagues for the 24 h time point is also in
contrast to the results from other studies in which no cytotoxicity of TiO, particles was
observed after 24 h incubation [1806, 188, 199]. However, the result for the 6 h time point
from the study by Sohaebuddin and colleagues is in agreement with the observation from
the current study that a relatively short incubation time with anatase TiO; particles did not

affect metabolic activity of macrophages.

Other researchers have used the WST-1 assay to investigate cytotoxic effects of TiO»
particles on immortalised intestinal epithelial cell lines. One study showed that the effect on
metabolic activity in colon carcinoma cells was dependent on exposure time [186].
Incubation with TiO; particles with an average diameter of 320 nm for 24 h or 48 h had no
impact on metabolic activity, but incubation for 72 h led to a decrease in metabolic activity.
Gerloff and co-workers published two studies that compared the effect of different types of

TiO; particles on Caco-2 cells [187, 188]. Metabolic activity was only negatively affected by
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TiO; particles with a primary particle size in the nanometre range, but not by anatase TiO,

particles with an average diameter of 215 nm.

Although there was no detectable effect of TiO, particle concentration on metabolic activity,
it was observed that BMDMs derived from Nod2”/” mice had lower metabolic activity relative
to untreated WT control cells. It had been shown previously that key cellular signalling
processes were not affected in Nod2”” mice [131]. However, it cannot be excluded that this
mutation affected the cells from these knock-in mice in a way that decreased their viability.
In line with this is the observation that during the bone marrow collection consistently fewer

cells were obtained from Nod2”” mice (see Appendix B).

Furthermore, the cell viability was determined with PI staining and analysis by flow cytometry
(Figure 2.4). Using the trypan blue exclusion assay, Palomiki and colleagues could not detect
differences in cell viability between RAW264.7 macrophages and control cells that were both
treated with rutile TiO, particles (average primary particle size 35 nm) [197]. A more sensitive
method to assess cell viability is staining with PI and determining the number of cells that
are negative for PI. This is often used in conjunction with annexin-V (A5) staining which
allows distinguishing eatly apoptotic (PI" A5"), late apoptotic (PI" A5"), and dead cells
(PI" A5"). For the experiments reported in this chapter only staining with PI was petformed
because the flow cytometer that was used for analysis was able to detect signals in four
channels. The other three channels were used to detect the macrophage marker F4/80 and
the activation molecules CD80 and CD80, respectively. Therefore, it is possible that early
apoptotic cells, i.e. cells that would be PI" A5, were not detected in these expetiments.
However, it has been shown with PI and A5 double staining of J774A.1 macrophages which
wete incubated with 100 ug/mL TiO, (average particle size 220 nm) that most non-viable
cells were PI" [195]. Only a small fraction of the non-viable cells was PI" A5". Moller and
colleagues reported that the cell viability was approximately 85 % after 24 h of incubation
with TiO,. In another study in which RAW264.7 macrophages were incubated for 20 h with
100 pg/ml. anatase TiO; particles (average particles size 350 nm to 500 nm in TCM) and the
non-viable cells were also assessed with PI and A5 staining the cell viability was
approximately 50 % [198]. Incubation with TiO, alone lead to increased apoptosis, but early
and late apoptotic cells were not distinguished. In contrast to these two studies that detected
a decrease in cell viability after TiO, incubation, no increased cell death of RAW264.7
macrophages was detected by PI staining in two other studies after exposure to 10 pg/mL

and up to 100 pg/mL TiO,, respectively [200, 201]. The differences between the first two
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and the second two studies might be due to different particle types used, i.e. rutile/anatase

or a mixture of both.

Palomiki and co-workers noted that TiO, particles were more cytotoxic to murine APCs
derived from bone marrow than to cultured RAW264.7 macrophages [197]. This observation
could explain why in the current study exposure to TiO, particles caused a decrease in cell
viability for all treatments and at both time points. Staining with PI showed that the viability
of primary cells from humans, namely PBMCs, was also decreased after incubation with just
5 ng/mL anatase TiO; for 24 h [215, 217]. However, there was no dectease in cell viability
after TiO, exposure for human macrophages derived from PBMCs [218]. The latter study
was one of the few studies in which cell viability was investigated with PI and A5 staining
after exposure to a range of patrticles in concentrations up to 50 pg/mL TiO2. Both apoptosis
and the amount of dead cells increased with increasing particle concentrations, but the levels
were not different to the control cells even for the highest TiO, concentrations. The
observation that increasing TiO, concentrations resulted in decreased cell viability is in

agreement with the results from this study (Figure 2.4).

The baseline viability in the current study was higher in cells recovered after
3 h + 21 h treatment, but the decline in viability was similar compared with the 3 h time
point. A possible explanation for the higher baseline viability at the later time point is that
the cells have recovered from the acute treatment with TiO; and started to proliferate in the
fresh TCM. This is in line with the observation of de Berardis and colleagues that the cell
growth of a colon carcinoma cell line was not affected by stimulation with TiO; for up to

72 h [186].

When the results of the WST-1 assay (Figure 2.3) and PI staining (Figure 2.4) were visually
compared, it was observed that the results from the two assays did not correspond to each
other. Although it could be expected that the observed decrease in cell viability, as assessed
by PI staining, would result in a decrease in metabolic activity, as assessed by the WST-1
assay, this does not necessarily have to be the case because the two assays measure
fundamentally different parameters (personal communication with Dr Mark McCann,
AgResearch, Palmerston North, NZ). A possible explanation why no reduction in metabolic
activity was observed after BMDMs were incubated with TiO, particles (Figure 2.3) whereas
cell viability decreased with increasing particle concentrations (Figure 2.4) could be that
although less viable cells were present at higher particle concentrations these live cells had a
higher metabolic activity. This could have been the case because more TCM, and therefore

nutrients, per live cell was available at higher TiO, concentrations. The results from this study
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also corresponded to a previous study that did not observe decreased metabolic activity with
the WST-1 assay after exposure of cultured macrophages to TiO; particles [199]. A decreased
cell viability of TiOs-exposed cultured macrophages according to PI staining has also been

reported previously [195, 218].

2.5.4 Uptake of titanium dioxide by cultured cells

It has been demonstrated that TiO, particles accumulate in macrophages from human PPs
of the terminal ileum. The presence of TiO; has been confirmed by microscopy, and the cells
have been identified as macrophages based on morphology [56, 144, 147, 162] and cell
surface marker expression [162]. It has also been shown that macrophages derived from
human PBMCs were able to take up food-grade TiO, 7 vitro by phagocytosis [218]. Butler
and colleagues verified particle uptake by microscopy and flow cytometry. Macrophages that
were incubated with 5 pug/mL TiO, showed a large number of internalised particles.
Treatment of the macrophages with increasing concentrations of TiO; resulted in a
concentration dependent increase in the SSC intensity. Stringer and colleagues were the first
to demonstrate that uptake of TiO, particles positively correlated with an increased
granularity which could be measured by assessing the SSC intensity by flow cytometry [277].
They also showed that incubation with higher particle concentrations were linked to even
further increases in SSC intensity. Since then, others have used this method to study TiO:
particle uptake by different cell lines [198, 260, 264, 266, 278]. Treatment of cells with
increasing particle concentrations always resulted in higher SSC intensities [260, 264, 260,
278]. Sohaebuddin and colleagues did not report any values, but they showed a FSC versus
SSC dot plot of TiO,-treated RAW264.7 macrophages that were incubated with 100 pg/mL
TiO, and which had a much higher SSC intensity compared to untreated cells [198]. All of
these studies are in line with the observations from this study that SSC intensities increased
with increasing particle concentrations (Figure 2.8). Zucker and co-workers also calculated
the SSC ratio between TiO»-treated and control cells, e.g. a ratio of approximately ‘10’ was
calculated for 30 pg/mL [266]. The SSC intensity ratios from this study (Figure 2.9)

corresponded to the results from Zucker and colleagues.

A decrease in FSC has been observed with increasing particle concentrations in this study
(Figure 2.7). This is in line with results reported by Zucker and colleagues and Sohaebuddin
and co-workers [198, 266]. In contrast, Suzuki and colleagues did not report such a
relationship [264]. However, it has been suggested that the FSC is not only a measurement

for cell size, but that it can also be influenced negatively by the presence of internal structures
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like particles that were taken up by phagocytosis [266]. Therefore, the reduced FSC of

TiO,-treated BMDMs can be interpreted as another indirect measurement for TiO, uptake.

It has previously been demonstrated indirectly that TiO, particles are taken up by
phagocytosis in this study. For instance, when PBMCs were pre-treated with increasing
concentrations of the phagocytosis inhibitor cytochalasin D the uptake of fluorescently
labelled TiO, particles was reduced in a concentration dependent manner [215].
Bone marrow-derived DCs (BMDCs), another type of primary murine phagocytic cells that
can be obtained by culturing bone marrow cells with growth factors, pre-treated with
cytochalasin D also had decreased SSC intensities after TiO» incubation [260]. TiO, uptake
by phagocytosis was dependent on scavenger receptors [215]. Pre-treatment of hamster
alveolar macrophages with cytochalasin D also decreased the SSC intensity despite the fact
that TiO, particles were still attached to the outside of the cells as shown by

microscopy [277].

In another study about the impact of dietary TiO2 on phagocytic cells, Butler and colleagues
compared TiO; internalisation between PBMC-derived macrophages from healthy donors
and patients with CD [218]. No difference in SSC intensity was observed between the two
groups after 24 h treatment with TiO, at different concentrations. This result is consistent
with the observation from this study that there were no differences between WT and
Nod2”” BMDMs treated with TiO; alone for 3 h + 21 h (Table 2.3). However, when the
BMDDMs were incubated for 3 h with TiO, without or with bacterial antigens or for 3h + 21 h
with TiO, + MDP the cells from Nod2”'” mice had lower relative SSC ratios (Table 2.3 &
Figure 2.9). This could be an indication for reduced phagocytic activity of the cells that bear
a CD-associated mutation. Butler and colleagues also investigated phagocytic activity of
macrophages after TiO, + LPS stimulation for 24 h. The phagocytic activity was not altered
by the presence of TiO,, and macrophages from CD patients responded no differently than
control cells. However, CD patients were not screened for NODZ2 mutations in the study by
Butler and co-workers, so it is possible that the macrophages had a WT NOD2 gene because
CD-associated polymorphisms in NODZ2 are only present in approximately half of the
patients [59, 71].

It has also been reported that the phagocytic activity of murine J774A.1 macrophages
decreased when the cells were incubated with 100 pg/mL TiO, patticles with a diameter of
220 nm for 24 h [195]. The reduced phagocytic activity was not due to lower viability of the
TiO,-treated cells, so it is likely that the maximum phagocytic capacity was reached after 24 h

phagocytosis of TiO, particles. Therefore, it might also be possible that BMDMs from
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Nod2""” mice might not have a decreased phagocytic activity, but instead a decreased capacity
to internalise exogenous material compared to WT BMDMs. However, it has been shown
that monocytes from CD patients had a greater phagocytic capacity compared to cells from
healthy controls [279]. According to the FSC results from this study, BMDMs from
Nod2”'" mice appeared larger than macrophages from WT mice after 3 h + 21 h (Figure 2.7).
Thus, the capacity of Nod2”” cells to take up TiO; particles should at least be equal to or
even greater than that of WT macrophages. This could explain why there was no difference
in the SSC ratio between WT and Nod2”” cells after 3 h + 21 h, at least for cells treated with

TCM alone and TCM + PGN (Figure 2.9).

2.5.5 Activation marker expression after exposure to

titanium dioxide

In addition to cell viability and particle uptake, the expression of two classical APC
co-stimulatory molecules, namely CD80 and CD86, was also investigated by flow cytometry.
Although it was expected that both markers were up-regulated after stimulation with TiO,
(see below), this was only the case for CD86 (Figure 2.11). In contrast, the CD80 MFI
decreased at higher particle concentrations (Figure 2.10). A reason for these conflicting
results could lie in the different and independent expressions of the co-stimulatory molecules
on BMDMs. For instance, it has been demonstrated that activated human PBMCs express
CD86 earlier than CD80 after iz vitro stimulation [280]. Therefore, it is possible that the time
points which were chosen to analyse the expression of the co-stimulatory molecules were
not suitable to detect CD80. Furthermore, it is possible that BMDMs generally do not
express detectable levels of CD80 after stimulation. However, a study that investigated the
functions of BMDMs generated from cryopreserved bone marrow cells showed that CD80
expression was up-regulated after LPS stimulation of both fresh and cryopreserved

BMDMs [258].

Two studies reported activation marker expression of murine APCs after TiO,
exposure [197, 260]. Palomiki and colleagues showed that the expression of major
histocompatibility complex class II and CD40, two other commonly used cell surface
molecules that are up-regulated in activated cells, was increased on RAW264.7 macrophages
that were stimulated for 24 h with TiO, (primary particle size range 30 nm to 40 nm) [197].
The frequency of CD86 was also higher on cells exposed to TiO; for 24 h compared to
control cells. The expression of CD40 and CD86 was further increased when the

macrophages were incubated for 48 h whereas the expression of major histocompatibility
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complex class II remained constant compared to the 24 h time point. The expression of
CD80 was not investigated by Palomiki and colleagues. It should be noted that no statistical
analysis of the results was reported because only results of one experiment were shown.
Nevertheless, the study by Palomiki and co-workers provides valuable information about
the activation of APCs after TiO, stimulation. The increase in cell surface activation marker
expression is in line with the findings from this study regarding the increased expression of
CD86 with increasing TiO: concentration. The finding by Palomaki and colleagues that the
expression of CD86 increased over time in TiO,-treated macrophages could also observed

in the current study (Figure 2.11).

In the study by Winter and co-workers, BMDCs were exposed to two different kinds of TiO»
particles for 18 h, and the expressions of CD80 and CD86 were investigated [260]. Only
BMDCs exposed to nanosized TiO; (primary particle size range 20 nm to 80 nm) induced
expression of the co-stimulatory molecules whereas anatase TiO; (primary particle size range
40 nm to 300 nm) had no effect. These results are in contrast to the findings from this study
in which stimulation with anatase TiO; led to increased CD86 expression (Figure 2.11).
A possible explanation for this discrepancy is that Winter and co-workers performed
experiments with BMDCs whereas in the current study BMDMs were used. Even though
both cell types are APCs, BMDCs might respond differently to TiO, particle stimulation
than BMDMs.

2.5.6 Pro-inflammatory cytokine secretion after exposure to

titanium dioxide

The secretion of two pro-inflammatory cytokines mainly produced by macrophages, TNF-o
and 11.-1B, was investigated after TiO, stimulation of WT and Nod2”/” BMDMs. One of the
most common sources of these cytokines in the intestine are macrophages, and both
cytokines are involved in the pathogenesis of IBD [43]. Stimulation with TiO, particles in
TCM alone led to a dose-dependent increase in TNF-a secretion by BMDMs (Figure 2.12a).
Several studies have investigated TNF-a secretion by RAW264.7 macrophages after TiO»
treatment, and the results of most of these studies were in agreement with the observations
from this study. For example, stimulation with increasing amounts of TiO; particles in
various forms led to increased TNF-u release after 24 h [197, 201]. In contrast, Xia and co-
workers could not detect any effect on TNF-a secretion after stimulation with 10 pg/mL
TiO; particles for 6 h [200]. A possible explanation for this discrepancy might be the low

dose used by Xia and co-workers and/or the short incubation time of 6 h. However, in the
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current study incubation for 3 h already induced TNF-a release by the BMDMs
(Figure 2.12a). Such a rapid response in TNF-a secretion upon 3 h TiO; stimulation has also
been reported in another study with RAW264.7 macrophages [196]. It should be noted that
in all experiments with RAW264.7 macrophages there was no co- or pre-stimulation with
LPS as in this study, which could also account for some of the differences. The decision to
compare TNF-a secretion after short-term LPS pre-stimulation in the current study was
supported by a study which found that co-stimulation with LLPS alone resulted in detectable

TNF-« release by human THP-1 monocytes [191].

Furthermore, the results from this study showed that co-stimulation with MDP or PGN
caused an increase of TNF-a release that was not influenced by TiO: co-stimulation
(Figure 2.12¢, d). This implies that the pathways which lead to increased secretion of TNF-a
after stimulation with particles or bacterial antigens are independent, not synergistic.
Interestingly, after incubation for 3 h + 21 h, TiO, particles had no effect on TNF-u secretion
from BMDMs that were co-stimulated with PGN (Figure 2.12f). There was, however, an
effect on cells that have been co-incubated for 3 h + 21 h with TiO, particles and MDP
(Figure 2.12d). These results imply that MDP and PGN induce TNF-a secretion vz different
mechanisms. Furthermore, macrophages from Nod2”” mice secreted more TNF-a
compated to WT BMDMs after 3 h both without and with MDP/PGN co-stimulation
(Table 2.5). Although Maeda and colleagues showed that the production of TNF-a« mRNA
was higher in MDP-stimulated BMDMs from Nod2"'" mice compared to control mice, this
was not matched by elevated secretion of TNF-a by Nod2”” cells [131]. Moreover, Maeda
and co-workers showed that both mRNA production and secretion of TNF-a was similar in
untreated and PGN-stimulated WT and Nod2””” BMDMs. In contrast to these findings, Tsay
and colleagues reported an increased expression of TNF-o« mRNA in peritoneal
macrophages from Nod2”” mice that were incubated with Psexdomonas aeruginosa compared
to WT macrophages [281]. The finding by Tsay and colleagues is in agreement with the
results from the current study that the secretion of TNF-u after 3 h is elevated in BMDMs
from Nod2”” mice compared to WT mice (Table 2.5). Interestingly, Hsu and co-workers
reported that there was no difference in TNF-« secretion between WT and Nod2~/~ BMDMs
after co-stimulation with TiO, and MDP for 6 h [253]. This discrepancy between cells from
Nod2”"” mice and Nod2”~ mice indicates that the function of Nod2 is not abrogated in
Nod2”'" mice like it is in Nod2”'~ mice. Instead, the Nod2 frameshift variant is a gain-of-

function mutation as postulated by Maeda and colleagues [131].
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This is even more evident in the results for IL.-1B secretion from Nod2”” macrophages. As
mentioned previously, Maeda and colleagues have shown that MDP stimulation of
Nod2”” macrophages resulted in increased IL-13 mRNA expression and protein
secretion [131], which has been confirmed in this study (Figure 2.13). Increased IL-13
secretion from LPS-primed BMDMs correlated positively with increased TiO:
concentration, regardless of Nod2 genotype and co-stimulation. However, when the cells
were co-stimulated with TiO, + MDP, Nod2”” macrophages secreted more I1L-13 than W'T
macrophages after incubation for 3h or 3h + 21 h (Table 2.5). The increased IL-1§ response
of Nod2”” BMDMs to MDP is in line with the observations by Maeda and colleagues.
However, no IL-18 was detected in the supernatant of cells stimulated with MDP without
TiO; particles in this study (Figure 2.13c). A possible explanation for this discrepancy to the
results from Maeda and colleagues might be the different stimulation times with MDP. In
the current study the cells were stimulated for 3 h with TiO, + MDP followed by 21 h
incubation with TCM whereas in the study by Maeda and colleagues the cells were stimulated

for 24 h with MDP.

Another difference between the results reported in this chapter compared to the work by
Maeda and colleagues was the response of Nod2”” macrophages to PGN. Similar to the
results for MDP there was a concentration-dependent increase of IL-1 in the supernatants
of TiO, + PGN stimulated cells after 3 h (Figure 2.13¢). At this time point, BMDMs from
Nod2”"” mice secreted more IL-1B compared to WT mice (Table 2.5). Such a difference was
not reported by Maeda and colleagues [131]. It should be noted, however, that there was
only a difference after co-stimulation with 10 pg/mlL TiO, or higher TiO, concentrations.
Hence, the observation that BMDMs from Nod2”” mice did not secrete increased amounts
of IL-18 after stimulation with PGN alone is in agreement with the results from Maeda and
colleagues. After 3 h + 21 h only supernatants from Nod2””” BMDMs stimulated with
5 pg/mL and 10 pg/mL TiO, + PGN had a higher concentration of IL.-18 compared to
supernatants from WT cells (Figure 2.13f). Although still relatively much IL-13 was secreted
at this time point, the influence of the factor “TiO, concentration’ was not significant
(Table 2.5). This suggests that IL-18 secretion after prolonged exposure to PGN is mediated
by a different pathway compared to stimulation with TiO, alone or TiO, + MDP. A possible
mechanism would be through TLR2-mediated signalling because it has been shown that
TLR2 is a receptor for PGN [282]. Tsay and co-workers also reported increased IL-13
mRNA expression by macrophages derived from Nod2”” mice after bacterial

stimulation [281].
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Several studies reported production of IL-1 by APCs after incubation with TiO, particles
when the cell were pre-stimulated with LPS [191, 253, 260]. Similar to their findings on
TNF-o secretion by LPS stimulated THP-1 monocytes, Morishige and co-workers
demonstrated that LLPS pre-stimulation was necessary for TiO-induced I1.-1f release [191].
Furthermore, the amount of secreted 1L.-18 was influenced by the TiO; form used, but all
investigated TiO; particle types led to elevated IL.-18 in the supernatants of cells exposed to
high TiO, concentrations. In contrast, in another study in which murine BMDCs were pre-
stimulated with LPS and exposed to two different forms of TiO; an increased secretion of
IL-1B3 was only detected for cells exposed to mixed anatase and rutile TiO, particles with a
primary size range from 20 nm to 80 nm [260]. The second type, anatase TiO, with a primary
particle size range from 40 nm to 300 nm, did not elicit an increased IL-18 response. The
TiO; particles that were used in this study seem to correspond to the second type of TiO,
particles (Figure 2.2). However, a detailed particle description was missing in the publication
by Winter and colleagues, which makes a direct comparison of the results difficult.
Nevertheless, the different results regarding TiO, stimulation of phagocytic cells with anatase
TiO; particles could be due to differences in cytokine production of TiO-exposed BMDMs
and BMDCs.

Hsu and colleagues reported that BMDMs from Nod2~/~ mice that were pre-treated with
LPS and stimulated with TiO, + MDP secreted less IL-18 compared to BMDMs from
WT controls [253]. Similar to the differences in TNF-ua secretion observed in the same study,
this result is in contrast to the finding from the current study that IL-1p release was increased
after TiO; stimulation (Figure 2.13). Again, this indicates that Nod2™/~ and Nod2”"” mice are
different types of mouse models, and that results obtained with one model cannot be applied

directly to the other model.

The IL-18 production by PBMCs was also assessed after incubation with TiO, without or
with MDP/PGN to compare the results of TiO»-exposed murine BMDMs to previously
published results of TiO,-treated primary human cells. It should be noted that it was only
possible to conduct three independent experiments with PBMCs from different donors
during the course of this study, and the variability after TiO; stimulation between the cells
from different donors was high (Figure 2.14). This high variability might have obscured
potential effects of the TiO, particles. The cells that are primarily responsible for IL-13
secretion in mixed populations of PBMCs are monocytes [283], and the percentage of
monocytes in PBMCs can vary from 3 % to 7 % [284]. Thus, it would be useful to normalise

IL-18 secretion according to the monocytes frequency for each individual donor. However,
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such data was not available at the time the experiments were conducted, and the monocyte
frequencies cannot be obtained retrospectively because all cryopreserved PBMCs have since
been used in other assays (personal communication with Dr Laetitia Pele, Medical Research

Council Human Nutrition Research, Cambridge, UK).

Therefore, the data could only be normalised to the secretion of IL-18 by non-stimulated
control cells (Figure 2.14b, d, f). This showed that the relative I1.-13 secretion appeared to
increase with increasing TiO, concentration for the 3 h time point and seemed to decrease
with MDP and PGN co-stimulation for the 3 h + 21 h time point. Statistical analysis showed
that there was a group difference at a significance level of 0.05 for relative I1L-18
concentration in the supernatants of cells stimulated with TiO, + PGN after 3 h + 21 h.
However, a subsequently performed pairwise comparison indicated that there were no

differences between any two groups at the selected significance level of 0.05.

It should be pointed out that cryopreserved PBMCs were used in the experiments, and TCM
containing 10 % dimethyl sulfoxide was used during cryopreservation to prevent the
formation of cell membrane-damaging ice crystals during the freezing process [285]. It can
be argued that the presence of dimethyl sulfoxide might have had an effect on cytokine
production by PBMCs stimulated with LPS and TiO; particles without or with bacterial
antigens because it has been shown that incubation of LPS-stimulated PBMCs with 1 %
dimethyl sulfoxide increased the production of IL-13 [286]. However, the reported
augmentation of IL-183 secretion by dimethyl sulfoxide is controversial, and it has been
shown that dimethyl sulfoxide attenuated IL-1 maturation in LPS-stimulated BMDMs
through inhibition of the NLRP3 inflaimmasome [287]. Moreover, after the cryopreserved
PBMCs were thawed the cells were washed in TCM to remove any dimethyl sulfoxide.
Furthermore, the PBMCs were incubated overnight in TCM after thawing to ensure the cells
were rested before they were stimulated with LPS and TiO, without or with MDP/PGN. It
has been shown that using rested cells for stimulation experiments with particles is important
because non-rested cells displayed higher baseline IL-1( levels than cells that were rested for
24 h before stimulation with calcium phosphate particles [288]. Therefore, the effect, if any,

of dimethyl sulfoxide on IL-18 secretion by PBMCs in this study was most likely negligible.

An increase in IL-18 secretion after 3 h+ 21 h stimulation with TiO, had been expected
based on previously published studies [215, 216]. The contrary observation in this study
(Figure 2.14a) might have been due to increased cell death after prolonged cell culture of
primary cells, which was enhanced by stimulation with TiO,. Cell viability was not

investigated in the course of these experiments, but it has been reported before that primary
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human cells exhibited high cell death after incubation with TiO, particles and LPS
for 24 h [215, 217]. The observed decrease in IL-17 secretion with MDP and PGN
co-stimulation after incubation for 3 h + 069 h would also support this

hypothesis (Figure 2.15).

The secretion of both TNF-a and IL.-18 by BMDMs stimulated with TiO; without or with
bacterial antigens was also lower for the 3 h + 21 h time points compared to the respective
3 h time points (Figures 2.12 & 2.13). As discussed in the previous paragraph, it might have
been expected to detect higher amounts of cytokines in supernatants collected at a later time
point. For example, it has been shown that the secretion of IL.-13 by LPS pre-stimulated
human peripheral blood monocytes increased exponentially between 2 h and 10 h after LPS
pre-stimulation, and it levelled of between 10 h and 20 h [289]. Another study demonstrated
that the concentrations of both IL.-18 and TNF-« in the supernatants of LPS pre-stimulated
human PBMCs reached a maximum after 12 h and remained constant until 24 h [290]. In
these studies the supernatants were collected from different cells at the different time points.
Thus, the cytokines measured in the supernatants collected at the 24 h time point represented
the amount of cytokines that were released into the TCM over a period of 24 h since the
initial pre-stimulation with LPS. In contrast, in this study the supernatants were collected
from the same cells at both the 3 h and the 3 h + 21 h time points. Therefore, the cytokines
detected at the later time point had been secreted only since the collection of the supernatants
at the earlier time point. This could explain why the cytokine concentrations were
consistently lower for the 3 h + 21 h time point in this study. Nevertheless, it would be
interesting to investigate the kinetics of IL-1§3 secretion by BMDMs after stimulation with

TiO; alone or with MDP/PGN in future studies.

2.5.7 Conclusion

In summary, it has been shown that exposure of BMDMs to TiO; increased cell activation
as shown by elevated expression of CD86 in a TiO; concentration-dependent manner. Cells
from Nod2”"” mice exhibited a higher activation phenotype than cells from WT mice, and
for both types of cells the expression of CD86 increased with MDP/PGN co-stimulation.
This observation was in line with the increased production of both TNF-a and II.-18 after
stimulation with TiO, in TCM alone. However, a particle-dependent increase after
co-incubation with bacterial antigens was only noticeable for IL.-1B. The increased amount
of IL-1B released by Nod2”” BMDMs compared to WT cells confirmed the finding from

Maeda and colleagues and supported the ‘gain-of-function’ hypothesis for the
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NODZ2 1,007fs mutation [131]. However, in the current study the same results were obtained
with PGN co-stimulation, which is in contrast to the findings by Maeda and colleagues.
Variations in the stimulation protocols might account for these differences, and the results
presented in this chapter are in line with the hypothesis that MDP can be generated in the

cytosol after internalisation of PGN.

Previous results of increased 1L.-18 release by human PBMCs after TiO; exposure could not
be repeated due to the limited number of samples available for this study. Although there
was a relative decrease of I1.-17 after TiO, and MDP/PGN co-stimulation, this result has to
be confirmed in additional studies because it could have been due to increased cell death

after the relatively long culture of PBMCs.

In conclusion, the results from this chapter supported the hypothesis that uptake of dietary
TiO; particles by macrophages induced a pro-inflammatory response, which was augmented
by bacterial antigens. Cells from Nod2”” mice were susceptible to co-stimulation with

TiO; particles and MDP/PGN.

These results indicated that intake of TiO; particles with the diet and subsequent uptake by
macrophages in lymphoid tissues of the small intestine could disturb intestinal homeostasis
in WT and Nod2”” mice in vivo. This might cause CD-like intestinal inflammation especially
in Nod2"”” mice that responded more to co-stimulation with TiO, and bacterial antigens than

WT mice.

112



113



114



Chapter 3 Exposure of wild-type mice to

dietary titanium dioxide
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3.1 Introduction

Environmentally-derived exogenous particles, including TiO,, were detected in human PPs,
which are organised lymphoid tissues in the small intestinal tract [56, 144, 147]. These
particles were observed predominantly at the base of PPs or in the submucosa in close
association with PPs [56, 161]. The cells that contain TiO, were characterised as mature
macrophages based on the expression of the cell surface molecule CD68 [162]. It has been
speculated that these exogenous particles are taken up into the body #zia the oral route

primarily from the diet [56, 147].

Another hypothesis is that they could also be airborne particles that enter the body by
inhalation and reach the PPs after they are taken up by alveolar macrophages in the lung

which are expectorated and swallowed [144].

Few animal studies have investigated the distribution of TiO; particles after oral gavage. For
example, in rats it has been shown that after a daily dose of 12.5 mg/kg body weight for 10 d,
the TiO, accumulated mainly in intestinal and associated lymphoid tissues, especially
in PPs [172]. PPs contained the highest amount of particles relative to tissue size. Particles
were also detected in liver, spleen and lung, but not in the kidneys or heart. In another study,
mice were given a single oral dose of 5,000 mg/kg and after two weeks TiO, particles
accumulated primarily in liver, spleen, kidneys, and lung tissues [205]. From these
observations, the authors concluded that there must have been gastrointestinal uptake of the
particles, but this has not been investigated any further. In contrast, another study in which
rats received daily oral TiO; doses of 260 mg/kg, 521 mg/kg, and 1,042 mg/kg for 13 weeks
did not show increased accumulation in liver, spleen, kidney, or brain [291]. The main
differences between these animal studies were the frequency of exposure, concentration, and

length of TiO, administration.

More, albeit indirect, experimental support for a connection between oral TiO; intake and
gastrointestinal uptake comes from a human study [231]. Healthy volunteers ingested single
oral doses of 23 mg or 46 mg anatase TiO, with an average particle size of 380 nm in gelatine
capsules. This resulted in an increased TiO, concentration in the blood over 8 h to 12 h after

ingestion which indicated a translocation of TiO; particles from the gastrointestinal tract to

the blood [231].

Taken together, these studies support the hypothesis that TiO, particles which are ingested

with processed foods, toothpastes and pharmaceuticals are taken up by PP cells, and that
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they can translocate to other organs za the blood stream. However, confirming this
connection in human studies is practically impossible. Therefore, this question needs to be

addressed further using animal models.

3.2 Hypothesis and aims

The hypothesis to be tested in this chapter was that ingested TiO, particles from the diet
accumulate in phagocytic cells in PPs. From there, the particle-containing cells also
translocate to other tissues, e.g. MLNSs, 27 efferent lymphatics. The previously reported TiO»
particle uptake in PPs from humans can be mimicked in mice by feeding a diet to which

food-grade TiO; has been added.

The aims of the first 7z vzvo study were to establish if TiO, uptake in PPs can be observed in
mice that were exposed to a TiO,-containing diet, and if so whether and which type of PPs
immune cells were affected by this potential uptake. Furthermore, the translocation of TiO,

particles to MLLNs was assessed.

3.3 Materials and methods

3.3.1 Study considerations

For the preparation of the first iz vivo study several things had to be considered initially
because, as far as it was known, a study in which animals were fed a TiO»-containing diet had
not been conducted before. In previous 7z vive studies in which animals were exposed orally
to TiO; particles the route of administration was either by gavaging [172, 205, 208, 291] or
with the drinking water [203].

The first thing to be considered concerned the amount of TiO; that the mice should ingest
with the diet. In two short-term 7 vivo studies in which rats and mice were exposed to TiO,
for 10 d the daily doses were 12.5 mg/kg [172] and 100 mg/kg [208], respectively. Cho and
co-workers conducted a long-term study for 13 weeks with rats that were administered daily
doses of either 260 mg/kg, 521 mg/kg, or 1,042 mg/kg [291]. In the study by Wang and
colleagues a single dose of 5,000 mg/kg was given to mice [205]. Troullier and colleagues
used a range of doses from 50 mg/kg to 500 mg/kg in total over 5 d [203]. For this study, it
was decided to feed mice daily TiO» doses corresponding to either 1 mg/kg, 10 mg/kg, or
100 mg/kg body weight.
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The next point concerned the duration of the study. Although accumulation of TiO, particles
in PPs from humans occurs over the whole life [56, 292] there were practical and financial
reasons to limit the duration of the first 7z vivo study to four months. A maximum duration
of 18 weeks was chosen because this was considered a sufficient amount of time for the
development of any effects resulting from dietary TiO, particle intake in mice. Two more
time points at 6 weeks and 12 weeks were also selected to investigate potential earlier TiO,

uptake in PPs.

The final question to address for the study design concerned the sex of the mice. In previous
studies females [172], males [203, 208], or both females and males [205] have been used.
A factor that influenced the decision of this question for the first 7 vivo study was the planned
second 7 vive study (Chapter 4). It was unknown at the start of the first 2z vzvo study which
sex the animals would have in the second 77 vivo study because for the latter study the
availability of animals depended on the breeding success of the Nod2”” mice. Therefore, it

was agreed that both females and males should be used in the first study.

3.3.2 Preparation of titanium dioxide-containing mouse diets

The same food grade TiO; particles from Sensient Colors that were used for the 7 vitro

experiments in Chapter 2 were used in the first 7z vivo study.
The following equations were used to calculate the required TiO, concentrations of the diet:
Equation (1)
Daily TiO; intake [mg] =  Daily TiO: dose [mg/ kg] X Body weight [kg]
Equation (2)

Daily TiO; intake [mg]
TiO; content of diet [mg/ kg] =

Daily food intake [kg]

To calculate the required TiO, doses for diets that would expose mice to 1 mg/kg, 10 mg/kg,
or 100 mg/kg body weight, the average body weight and food intake had to be estimated.
The average body weight was based on data from the Mouse Phenome Database [293] that
reported body weights of female and male C57BL/6 mice from 4 weeks to 16 weeks. At the
age of 14 weeks, which corresponded to the age of the mice at the midpoint of this study
after 8 weeks, females had an average body weight of 21.67 g and the average body weight
for males was 29.18 g [293]. This equates to a combined average body weight of 25.43 g for

female and male mice. For ease of calculation, the average body weight used for calculating
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the required TiO, content of the diets was rounded down to 25 g. Entering this and the
respective targeted relative daily TiO, doses of 1 mg/kg, 10 mg/kg, or 100 mg/kg,
respectively, in Equation (1) resulted in the values of 0.025 mg, 0.25 mg, and 2.5 mg TiO»
for the respective daily TiO; intake. The average food intake was estimated to be 4 g per day
(personal communication with Dr Shelley Edmunds, formerly Plant & Food Research,
Auckland, NZ). Using this estimate and the calculated values for the daily TiO, intakes in
Equation (2) gave the amount of TiO; per kg diet. According to this, the requirements for
diets that should result in daily doses of 1 mg/kg, 10 mg/kg, or 100 mg/kg body weight were
0.25 mg, 62.5 mg, or 625 mg TiO,/kg diet, respectively. The well characterised standard
rodent diet American Institute of Nutrition (AIN)-76A was selected as basis for the
TiO»-containing diets [294, 295]. The unmodified AIN-76A diet without TiO, was used as
control diet. All diets were prepared by Research Diets (New Brunswick, NJ, USA). The

compositions of the diets are given in Table 3.1.

Homogeneous incorporation of TiO; into the diets was confirmed by SEM. With SEM
detailed images of sample surfaces with resolution below 100 nm can be obtained.
A FEI Quanta 200 environmental scanning electron microscope (Hillsboro, OR, USA) was
used for microscopy. The sample for SEM was prepared by fixing an approximately
2 mm X 2 mm X 2 mm piece of the diet containing 625 mg TiO,/kg on a SEM pin stub
specimen mount with an adhesive carbon conductive tab. The sample was then coated with
carbon to have an evenly conductive surface for the generation of secondary electrons and
to prevent artefacts. Images were acquired by raster-scanning the sample with the electron
beam at 20 kV and detecting the emitted secondary electrons. The acquired images were

digitally saved.

In addition, the chemical composition of the particles that were detected with SEM were
simultaneously assessed with EDS to confirm that the observed particles were indeed TiO»
particles [56, 147]. EDS can be used to detect the number and energy of X-rays released from
a specific area onto which the SEM electron beam has been focused. The resulting
EDS spectrum shows the frequency of X-rays of a specific energy. Each peak on the
EDS spectrum corresponds to a specific element. The number of peaks per element depends
on the number of electron shells of the particular element. The height of each peak indicates
how much of the respective element was present in the analysed area. The TEAM EDS
Analysis System for SEM software (EDAX, Mahwah, NJ, USA) was used to analyse the

elemental composition of the observed particles.
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Table 3.1 Diet compositions according to the manufacturer.

Diet
Control 6.25 62.5 625

Macronutrients 2 (%)  kcal (%) g (%)  kcal (%) 2 (%)  kcal (%) g (%)  kcal (%)
Protein 20 21 20 21 20 21 20 21
Carbohydrate 66 68 66 68 66 68 66 68
Fat 5 12 5 12 5 12 5 12
Total 91 100 91 100 91 100 91 100
Ingredients g kcal g kcal g kcal g kcal
Casein 200 800 200 800 200 800 200 800
DL-Methionin 3 12 3 12 3 12 3 12
Corn starch 150 600 150 600 150 600 150 600
Sucrose 500 2000 500 2000 500 2000 500 2000
Cellulose 50 0 50 0 50 0 50 0
Corn oil 50 450 50 450 50 450 50 450
Mineral mix* 35 0 35 0 35 0 35 0
Vitamin mix* 10 40 10 40 10 40 10 40
Choline bitartrate 2 0 2 0 2 0 2 0
TiO,’ 0 0 0.00625 0 0.0625 0 0.625 0
FD&C yellow dye #5 0 0 0.05 0 0.025 0 0 0
FD&C red dye #5 0 0 0 0 0.025 0 0.05 0
Total 1000 3902 1000.06 3902 1000.11 3902 1000.68 3902

TAIN-76A rodent diet without (control) or with the respective amount of TiO; (mg/kg diet). 2Obtained from Bio-Serv (Frenchtown, NJ, USA) by Research Diets. *Obtained from
Sensient Colors (St. Louis, MO, USA) by Research Diets.
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3.3.3 Animals and experimental design

All experimental procedures were approved by the Grasslands Animal Ethics Committee in
accordance with the New Zealand Animal Welfare Act 1999. The number of animals
required for the first 7z vivo study was based on a power analysis performed by senior

statistician Dr John Koolaard.

The animals, 144 five weeks old C57BL/6 mice (72 females and 72 males), were transferred
from the AgResearch Ruakura Small Animal Colony to the AgResearch Grasslands Small
Animal Unit. They were acclimatised to the new environment for one week before the start
of the study. The mice were housed individually under the same conditions as described in
Section 2.3.2, except that Alpha-dri (Shepherd Specialty Papers) was used as bedding and
conventional tissue paper as nesting material. The bedding material was changed once per

week. Food and drinking water was provided ad /ibitum, and the health of the mice was

checked daily.

At six weeks of age, the mice were randomly assigned to one of the four diets (control diet
or diet containing 6.25 mg, 62.5 mg, or 625 mg TiO,/kg) and one of the three sampling time
points after 6, 12, or 18 weeks. The terms ‘diet group’ and ‘sampling group’ were used to
refer to these groups, respectively. Overall, there were 12 ‘treatment groups’, i.e. one
treatment group refers to mice that were fed the same diet and that were sampled at the same
time point. There were 12 animals (six females and six males) in each treatment group. Their
body weight and feed intake was recorded twice weekly on Tuesdays and Fridays between
8:30 am and 11:30 am. The daily weight gain and food intake was calculated according to the

following equations:
Equation (3)

(Final body weight [g] — Initial body weight [g])
Daily weight gain [g] =

Number of study days

Equation (4)

> (Food given [g] — Refusals [g])
Daily food intake [g] =

Numiber of study days

The absolute daily TiO, intake in mg was calculated according to Equation (2) by multiplying

the daily food intake with TiO, concentration of the diet.
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The relative daily TiO, dose in mg/kg body weight was calculated according to the following

two equations:
Equation (5)

Total TiO; intake [mg] = . (Food given [mg] — Refusals [mg]) X TiO; content of diet [mg/ kg]
Equation (6)

(Total TiO; intake [mg]/ Final body weight [kg])
Daily TiO; dose [mg/ kg] =

Number of study days

3.3.4 Tissue collection

Samples were collected after 6, 12 and 18 weeks from the respective treatment groups. The
mice were euthanised with CO, asphyxiation and cervical dislocation. The gastrointestinal
tract was removed from the abdominal cavity and placed in cold PBS. The small intestine
was excised by separating the proximal end of the duodenum from the stomach and at the
distal end of the ileum from the caecum. The most distal PP, which was located in the ileum,
was excised with approximately 1 mm tissue on either side and embedded for cryosectioning
(Section 3.3.6). Cryosectioning is a technique that allows the production of cross-sections in
the um range from fresh, ie. non-fixed, tissue samples in an atmosphere below 0 °C.
Therefore, the respective samples that were required for cryosectioning had to be frozen
immediately after collection to preserve tissue integrity. Briefly, an ileal section that included
a PP was frozen rapidly on an ice-cold stainless steel bar cooled with dry ice. The frozen
tissue was then placed vertical in a 15 mm X 15 mm X 5 mm cryomold (Sakura Finetek,
Torrance, CA, USA) on the dry ice-cooled stainless steel bar, and it was carefully immersed
in embedding medium for cryosectioning (Tissue Freezing Medium, Electron Microscopy
Sciences, Hatfield, PA, USA). All embedded tissues were kept frozen on dry ice until they

were transferred to a —80 °C freezer for long-term storage.

Of the 12 animals per group, four mice (two females and two males) were randomly selected,
and their two largest MLLNs were also embedded for cryosectioning in a similar process as
described above for ileal tissue sections. From the other eight mice per group, all remaining
PPs and all MLLNs were excised. The PPs and MLNs from each mouse were collected in
1 mL cold RPMI 1640 medium containing 100 pg/ml DNasel (Roche Diagnostics,
Mannheim, Germany) and 100 pg/mlL Liberase TL (Roche Diagnostics). The enzymes were

added to promote the dissociation of the tissues for the subsequent preparation of single cell
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suspensions. The samples were kept on ice for a maximum of 5 h until they were further

processed for flow cytometry analysis.

3.3.5 Flow cytometry analysis

Single cell suspensions were prepared from the PPs and MLNs to stain the cells with
fluorescently labelled antibodies for the analysis of immune cell populations with flow
cytometry. Briefly, the disrupted tissues were incubated for 20 min at 37 °C. The tissue
digestion was stopped by adding 10 mM ethylenediamine tetra-acetic acid. The samples were
pressed through 70 um cell strainers with a syringe plunger to obtain single cell suspensions,
and then the cells were resuspended in RPMI 1640 and centrifuged for 5 min with 400 g. The

supernatant was discarded and the cells resuspended in FACS buffer (see Section 2.3.6).

Cells were counted with an improved Neubauer hemocytometer (Hawksley, Lancing, UK)
according to standard procedure [257]. Briefly, 10 uL of the cell suspension was mixed with
10 puL 0.4 % trypan blue stain. The clean counting chamber was covered with a
haemocytometer cover glass (Hawksley), and approximately 7 ul. of the stained cell
suspension was added to the chamber. Then, the cells were viewed under an inverted Leica
DM IL light microscope (Leica Microsystems, Wetzlar, Germany) in phase contrast with
10X magnification. The live, unstained cells were counted in the four corner squares of the
chamber, and the average cell count per square was calculated. The number of cells per
mL cell suspension was obtained by multiplying the average cell count per square by 2’
(dilution factor) and “10* (specific multiplication factor for the haemocytometer). For the
subsequent flow cytometry staining approximately 5 X 10° PP cells and approximately
1 X 10° MLLN cells were used. A respective volume of the cell suspensions per tissue sample
was distributed to two 1.7 plL microcentrifuge tubes, and the PP and MLN cells were

collected by centrifuging at 400 g for 5 min at 4 °C.

The flow cytometry staining was performed as described in Section 2.3.6. The PP and
MLN cell suspensions were first incubated for 15 min on ice with 1 pg/ml anti-mouse
CD16/32 fragment crystallisable region receptor blocking antibody (clone 2.4G2;
BD Biosciences, Durham, NC,USA), and then for further 15 min on ice with various
fluorescently labelled antibodies (all from BD Biosciences), which were titrated before use.
The two separate cell suspension samples from each tissue sample were incubated with two
different staining panels. For each panel an antibody mastermix was prepared consisting of
the three respective antibodies in 50 uL. FACS buffer. The antibodies for the first panel were

selected to detect the three main lymphocyte populations based on their expression of
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specific cell surface molecules, namely CD4" T cells, CD8" T cells, and B cells which are
positive for CD45R. The mastermix for the first staining panel contained 1.25 pg/mL
fluorescein isothiocyanate-labelled rat anti-mouse CD4 (clone H129.19), 1 pg/mL
phycoerythrin-labelled rat anti-mouse CD45R (clone RA3-6B2), and 0.5 pg/mL
allophycocyanin-labelled rat anti-mouse CD8a (clone 53-6.7). The second panel comprised
antibodies for cell surface proteins to identify the two main monocyte populations, namely
CD11b* CD11c™*" macrophages and CD11c™" DCs. In addition, the three main PP DC
subsets were distinguished based on their expression of CD8 and CD11b. These DC subsets
were either CD8" CD11b™ (CD8" DCs), CD8™ CD11b" (CD11b" DCs), or CD8™ CD11b"
(double-negative DCs). This panel consisted of 1.25 pg/mlL fluorescein isothiocyanate-
labelled rat anti-mouse CD11b (clone M1/70), 0.5 pg/mlL phycoerythrin-labelled Armenian
hamster anti-mouse CD11c (clone HL3), and 0.5 ug/mlL allophycocyanin-labelled rat anti-
mouse CD8a. The antibody mastermixes were added directly to the cells after the incubation
with the blocking antibody was finished, and the cells were incubated for further 15 min on

ice.

After the staining, the cells were washed once in FACS buffer and then resuspended in
200 uLL FACS buffer for analysis. Immediately prior to analysis by flow cytometry, 0.8 ug/mL
PI was added to each sample to determine cell viability. The samples were acquired with a
FACS Calibur flow cytometer and CellQuest Pro software version 6.0. A minimum of
22,000 total events and 12,000 total events were recorded from all samples stained with the
antibody panels for lymphocytes or monocytes, respectively. Samples from eight mice per
group were analysed, and both staining panels were used to characterise cell populations of

PPs and MLNs. The data were analysed with Flow]Jo version 9.4.3.

The gating strategy for the flow cytometry data analysis is shown in Figures 3.1 and 3.2. The
first step was to select the immune cells based on their FSC and SSC profile, and live cells
were identified by plotting the PI fluorescence against the SSC. All cells with PI fluorescence
less than 10" were considered as viable cells (P17). The lymphocytes wete then selected based
on their FSC and SSC expression, which was lower compared to that of monocytes
(Figure 3.1c). In contrast, monocytes were specified as the cells that had a higher FSC and
SSC compared to that of lymphocytes (Figure 3.2c). The lymphocytes were analysed for
expression of either CD4/CD8 or CD45R. The monocytes were divided into macrophages
or DCs based on the expression of CD11b and/or CD1lc. Monocytes that were
CD11b" CD11c¢ ™" were classified as macrophages, and those that expressed CD1l1c at a
high level (CD11c"") were considered to be DCs. The CD11c"¢" DCs were then further
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Figure 3.1 Gating strategy to identify lymphocyte subsets in PPs and MINs with flow cytometry.

PP and MLN single cell suspensions were analysed by flow cytometry. Representative analysis plots of PP
lymphocytes from a mouse on AIN-76A rodent diet without TiO; for 12 weeks are shown. In dot density plots
each single event is depicted as a blue dot, and a colour gradient from green to red indicates several events at
the same spot. (a) Only events with FSC > 200 selected. (b) Events with PI fluorescence < 10'! considered
PI". (c) Lymphocytes identified based on lower FSC and SSC intensities compared to monocytes.
(d) CD4* T cells identified as CD4* CD8~ lymphocytes, CD8* T cells identified as CD4~ CD8* lymphocytes.
(e) B cells identified as CD45R ™" lymphocytes.
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Figure 3.2 Gating strategy to identify monocyte subsets and DC subpopulations in PPs and MI.Ns with flow cytometry.

PP and MLN single cell suspensions were analysed by flow cytometry. Representative analysis plots of PP
monocytes from a mouse on AIN-76A rodent diet without TiO> for 12 weeks is shown. (a-d) Dot density
plots: single events depicted in blue, several events indicated by colour gradient from green to red. (e) Contour

plot: increasing event density indicated by contour lines. (a) Only events with FSC > 125 selected. (b) Events

with PI fluorescence < 101! considered PI . (c) Monocytes identified based on higher FSC and SSC intensities
compared to lymphocytes. (d) Macrophages defined as CD11b* CD11c¢” /¥ monocytes, DCs wete defined as

CD11chish monocytes. (¢) CD8" DCs identified as CD8" CD11b /ov, CD11b* DCs identified as

CD8 CD11b", double-negative DCs identified as CD8 CD11b .
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divided into one of the three subsets described above based on the expression of CD8

or CD11b.

3.3.6 Sample preparation for microscopy

The PPs and MLNs samples that were collected during tissue collection and not used for
flow cytometry were processed for microscopy. Cross-sections through the respective tissues
were produced with a Leica CM1950 Cryostat microtome (Leica Biosystems, NuBlloch,
Germany). The tissues were cut at —20 °C and the obtained sections had a thickness of
10 pm. The frozen tissue sections were adhered to pre-cleaned superfrost microscope slides
(Thermo Fisher Scientific, Auckland, NZ) at room temperature. Slides that were used for
dark field and reflectance confocal microscopy were processed immediately after sectioning
(Section 3.3.7). Slides that were used for haematoxylin and eosin (H&E) staining and
bright field microscopy (Section 3.3.8) or immunofluorescence staining and confocal
microscopy (Section 3.3.10) were processed either immediately or frozen at —80 °C for later

processing.

3.3.7 Dark field microscopy

Dark field microscopy is an excellent technique to visualise objects that scatter light, but
which have a low contrast in conventional bright field illumination. This technique can be
used to observe bacteria, viruses, cytoskeletal filaments like actin, and particles in
suspension [296]. Dark field microscopy is also especially useful to detect particulate
substances in tissues [297], and this technique has been used to detect TiO, particles in
histological PPs sections from humans [161]. With dark field illumination only light that is
scattered by the sample is detected, and the non-diffracted background light is
removed [296]. To use dark field illumination with a conventional light microscope, a
dark field condenser annulus is inserted in the light path between the light source and the
condenser lens. This annulus will block all light that would normally directly enter the
objective, and only some light can pass through a small ring on the outside of the annulus.
The condenser lens focuses this remaining light on the sample [297]. Only light that is
scattered by the sample will be detected by the objective lens. The resulting image is of
reversed contrast, and features of the sample that highly scatter light appear bright whereas
the background is black [296]. The refractive TiO, particles have a high capacity to scatter
light, and thus these particles can be detected as bright white spots when they are observed
with dark field illumination [161, 2606].
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Unstained PP or MLN tissue sections were used to detect TiO; particles with dark field
microscopy. For this, the sections were fixed immediately after the samples were obtained
by cryosectioning in cold 95 % ethanol for 2 min. The slides were then dried at room
temperature for at least 30 min. Then, the sections were covered with a coverslip (Thermo
Fisher Scientific) using ProLong Gold antifade reagent (Life Technologies, Eugene, OR,
USA) as mounting medium. Dark field microscopy images of the unstained sections were
acquired with a Zeiss Axiophot microscope (Catl Zeiss, Oberkochen, Germany) and
Leica DFC320 camera (Leica Microsystems). The camera was controlled by the Leica
Application Suite software version 3.3.0 (Leica Microsystems). The images were saved as
8 bit colour images with a pixel resolution of 2,088 X 1,550. For presentation purposes, the
original images were processed with Corel PaintShop Pro version 11.20 (Corel Corporation,
Ottawa, Canada). The images were cropped to only include a region of interest. The pixel
resolution of the cropped images was 1,500 X 1,500. Brightness and contrast of the dark field
images were adjusted by performing histogram stretching with the histogram adjustment
function according to standard image processing conventions [297]. The original images were

retained for future reference.

3.3.8 Haematoxylin and eosin staining and bright field

microscopy

Although dark field microscopy is a good method to detect particulate substances in tissue
sections, the observed white spots could also be the result of contamination of the slides
with dust. Thus, it has been recommended that tissue sections should also be observed by
conventional light microscopy to confirm the presence of pigment in the tissue [161]. With
this method, TiO, particles can be detected as dark brown granules in the cell cytoplasm [506].
Therefore, some representative PP sections from mice on control diet or diet containing
625 mg TiO,/kg were used for H&E staining. H&E is one of the most common stains in

histology [4].

If the slides were previously frozen at —80 °C, they were removed from the freezer at least
15 min prior to the fixation to acclimatise to room temperature. Otherwise, the sections were
removed from the cryostat and fixed immediately in 4 % paraformaldehyde for 10 min at
room temperature. The 4 % paraformaldehyde solution was prepared by slowly dissolving
paraformaldehyde powder (VWR International, Poole, UK) in PBS at 60 °C. The solution
was adjusted to pH 7.2 with sodium hydroxide (VWR International, Phillipsburg, NJ, USA).

H&E staining was performed following a standard protocol [298]. Briefly, the fixed sections
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were first rehydrated in distilled water, and then they were stained with Meyer’s haematoxylin
solution (Sigma-Aldrich, St. Louis, MO, USA) for 5 min. A product of haematoxylin binds
to DNA and as a result nuclei are stained blue. Excessive haematoxylin stain was removed
by gently rinsing the slides in tap water for 15 min followed by a brief rinse in distilled water.
Then, the sections were stained with 1 % aqueous Eosin Y solution (Sigma-Aldrich) for
1 min. Fosin Y stains acidic structures, e.g. the cytoplasm, pink to red. To dehydrate the
sections, they were immersed two times for 2 min in 95 % ethanol, 100 % ethanol, and xylene
(all from Biolab, Scoresby, Australia), respectively. The slides were dried over night at room
temperature. On the next day, Permount mounting medium (Fisher Scientific, Fair Lawn,
NJ, USA) was added to the slide and the sections were covered with a 22 mm X 40 mm

coverslip (Thermo Fisher Scientific).

The H&E stained sections were observed with a Zeiss Axiophot microscope in bright field
fllumination. Images were captured with a Leica DFC320 camera and the Leica
Application Suite software version 3.3.0. Like the dark field images, the bright field images
were also saved as 8 bit images with a resolution of 2,088 pixel X 1,550 pixel. The original
images were processed for presentation with Corel PaintShop Pro version 11.20 as described

above (Section 3.3.7).

3.3.9 Reflectance confocal microscopy and image analysis

Another method to detect TiO; particles in tissue sections is by reflectance microscopy with
a confocal laser scanning microscope [147]. The same unstained tissue sections that were
used for dark field microscopy were also analysed by confocal microscopy with reflectance
imaging to assess reflection spots. TiO; particles have a high refractive index, and thus scatter
the laser light when they are observed with a confocal laser scanning microscope. The
backscattered light can then be detected by a photomultiplier tube [299]. The slides were
examined with a Leica TCS SP5 confocal laser scanning microscope (Leica Microsystems).
The 488 nm argon-ion laser was used for excitation. The reflected light of the TiO, particles
was detected in the first PMT channel with the gain set to 500’ and an offset of ‘—0.3".
Backscattered light with wavelengths from 485 nm to 490 nm was collected. The reflected

light was shown in red on the screen.

To determine the localisation of the TiO; particles within the tissue sections, the natural
autofluorescence of the tissue was also detected. Unspecific autofluorescence in tissues is
mainly caused by extracellular matrix proteins (collagen and elastin), so the morphology of

tissues can be observed by detecting this autofluorescence [300]. The tissue sections were
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also excited with the 488 nm laser to detect autofluorescence. The autofluorescence was
recorded from 505 nm to 550 nm in the PMT2 channel with a gain of ‘650’ and offset of
‘=0.3’. The autofluorescence signal was visualised in green. The images were acquired with
the Leica Confocal Suite software (Leica Microsystems), and the pixel resolution of the

images was 1,024 X 1,024 with 8 bits per channel.

To quantify the number of detected reflection spots, the images were first processed with
Image] version 1.45 (National Institutes of Health, Bethesda, MD, USA). This software was
used to select the region of interest for the reflection spot analysis, i.e. the SED areas of the
PPs. This was done to exclude reflection spots in the intestinal lumen from further analysis.
The number of red reflection spots was analysed in the cropped images with a custom image
analysis program that was developed by Mr Paul Smale (AgResearch, Mosgiel, NZ) for this
purpose. It was possible to adjust the sensitivity for the detection of the red reflection spots.
This was done by changing the ‘Threshold” value. To select the optimal threshold for the
statistical comparison between the different treatment groups, all images were analysed with
the thresholds ‘107, 207, 30°, ‘40, 507, ‘60, 707, ‘80", ©90” and “100’. By comparing the number
of detected reflection spots between the different thresholds for a selected treatment group,
an optimal threshold for the statistical comparison could be determined. The surface areas
of the SEDs used for reflection spot analysis were also calculated from the cropped images

with Image].

3.3.10 Immunofluorescence staining and confocal microscopy

Immunofluorescence staining of representative PP sections was performed to investigate
which immune cell population was mainly associated with the uptake of TiO; particles. For
this, cross-sections of PP samples were either used directly after cryosectioning, or they were
first frozen at —80 °C and used for staining at a later time. In this case, the frozen sections
were thawed for 15 min at room temperature prior to fixation. In both cases, the PP sections
that were used for immunofluorescence staining were fixed in 4 % paraformaldehyde for
10 min at room temperature. Then, the slides were briefly rinsed three times with 0.1 M
Trizma hydrochloride (Sigma-Aldrich, Auckland, NZ) before they were stained with a
fluorescently labelled antibody specific for DCs. A staining solution with 2 ug/ml
Alexa Fluor 488 Armenian hamster anti-mouse CD11c antibody (clone N418; Biolegend)
was prepared in PBS containing 1 % bovine serum albumin. Each tissue section was
incubated with 50 pL staining solution overnight at 4 °C. The next day, the slides were rinsed

three times in 0.1 M Trizma hydrochloride, and the nuclei stained with 0.2 pg/mL
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4 ,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich; kindly provided by Dr Gemma
Henderson, AgResearch, Palmerston North, NZ) for 15 min at 4 °C. Coverslips were

mounted with ProLLong Gold antifade mounting medium.

Based on the results from the TiO. uptake analysis with reflectance microscopy
(Section 3.4.6), representative sections of mice on the diet containing 625 mg TiO,/kg for
6 weeks were analysed with a Leica TCS SP5 confocal laser scanning microscope using
sequential scanning with the 405 nm UV-diode laser and the 488 nm argon-ion laser. DAPI
was excited by the 405 nm UV-diode laser, and the resulting emission was detected from
415 nm to 475 nm in the PMT1 channel with a gain of ‘670’ and offset of ‘=0.1". The 488 nm
laser was used to acquire the light reflected by the TiO, particles after excitation with the
488 nm laser. The reflected light was acquired from 485 nm to 490 nm in the PMT2 channel
with a gain of ‘500’ and offset of ‘0.3’ (see Section 3.3.9). The Alexa Fluor 488 dye was also
excited by the 488 nm laser. The resulting emission was detected in the PMT3 channel from
505 nm to 595 nm with a gain of ‘620 and offset of ‘=0.3’. All images were recorded with a
resolution of 1,024 pixels X 1,024 pixels with 8 bit per channel with the Leica Confocal Suite

software.

The acquired images were processed with Image] version 1.45 as described previously
(Section 3.3.7). Brightness and contrast were enhanced by performing histogram stretching
for each of the three channels separately as suggested for the processing of multicolour
confocal microscopy images [297]. The final image was created as an overlay of the three

separately processed images.

3.3.11 Statistical analysis

The statistical analyses were carried out with R version 3.0.0. For all analysis statistical
significance was assumed at p less than 0.05. Normal distribution was assessed using the
Shapiro-Wilk method, and variance equality was checked using Bartlett’s test (Appendix C).

The graphs for the figures were produced with SigmaPlot version 12.5.

The averages for age, initial body weight, daily weight gain and daily food intake were
compared between the four diet groups with one-way ANOVA, when the data were normally
distributed and the variances between the groups were equal, or the Kruskal-Wallis test, when
a non-parametric group comparison was required. The mean final body weight was
compared with one-way ANOVA between the diet groups with the initial body weight as

co-variate. The mean values for daily TiO; intake and daily TiO, dose were compared with
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one-way ANOVA or Kruskal-Wallis test between the three different sampling time groups.
In all these cases the averages for females and males were compared separately because it

was not the scope of this study to compare differences between sexes.

The averages of the immune cell population percentages were compared with two-way
ANOVA with sampling time and diet as factors. In this case the data for females and males
were combined to be able to analyse the data in a two-factorial design with ‘sampling time’
(6, 12, or 18 weeks) as the first factor and ‘diet’ (control, or 6.25 mg, 62.5 mg, or

625 mg TiO/kg diet) as the second factor.

The average numbers of reflection spots for mice on the 625 mg TiO,/kg diet were
compared with a Kruskal-Wallis test between different red thresholds selected for the
reflection spot analysis with the custom image analysis software. Based on this analysis, one
of the red thresholds was selected to assess the average number of reflection spots per
sample. The results of this analysis were compared again with two-way ANOVA with

‘sampling time’ and ‘diet’ as factors.

If the statistical analyses indicated a significant difference between groups for the
one-factorial analyses or a significant interaction effect for the two-way ANOVA, the

respective group means were compared with Tukey’s HSD post-hboc test.

3.4 Results

3.4.1 Detection of titanium dioxide particles in the diet

Analysis of the diet containing 625 mg TiO,/kg with SEM showed that particles with a size
less than 1 um were present in the diet (Figure 3.3a). These particles consisted of titanium

which was confirmed by EDS (Figure 3.3b).

3.4.2 Performance and titanium dioxide intake

The average values for age at beginning of the study, initial body weight, final body weight,
daily weight gain, and daily food intake for all treatment groups are shown in Table 3.2 for
female mice and Table 3.3 for male mice. Differences between the respective diet groups
were analysed by one-way ANOVA or Kruskal-Wallis test, and the p-values are also given in
the respective tables. There was no significant age difference between the diet groups of all
sampling time points for female and male mice. The average age at the beginning of the study

for the combined treatment groups of both females and males was 38 d = 1 d. The initial
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Figure 3.3 TiO; particles in AIN-76.A diet containing 625 mg Ti0./ k.

TiO; patticles were identified with SEM in the AIN-76A diet containing 625 mg TiO2/kg and the presence of
titanium was confirmed with EDS. (a) Representative SEM image of the diet. Square indicates TiO> particle.
Scale bar = 20 pm. (b) EDS analysis of the particle in the square from (a). Arrows point out the characteristic

titanium double peak from the analysed particle. The other detected elements are derived from the diet in the

background of the particle.
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Table 3.2 Means (£ SD) for age, initial and final body weights, daily weight gain, and daily food intake of female WT mice fed a diet with or without TiO.

Parameter Weeks p-valuée’
Control 6.25 62.5 625
Age (d) 6 38+ 1 38+ 1 38+ 1 38+ 1 0.87
12 38+ 1 38+ 1 38+ 1 38+ 1 1.00
18 38+ 1 38+ 1 38+ 1 38+ 1 0.87
Initial body weight (g) 6 15.0 £ 1.7 157+ 1.1 15.6 £ 0.4 16.0 £ 1.3 0.54
12 16.4 + 0.6 16.1 £ 2.1 16.1 £ 0.6 15.8 £ 1.5 0.85
18 15.6 £ 1.3 15.6 £ 1.1 154+ 1.4 16.0 £ 1.2 0.84
Final body weight ()’ 6 18.5+ 0.7 179 1.6 185+ 1.1 18.4 £ 0.6 0.55
12 19.6 £ 0.4 19.6 £ 0.9 20.0 £ 1.1 19.8 £ 0.8 0.49
18 20.8 £ 1.5 20.7 + 1.1 20.4 £ 0.6 215+ 1.1 0.51
Daily weight gain (g) 6 0.09 + 0.03 0.06 + 0.05 0.08 = 0.02 0.06 = 0.03 0.31
12 0.04 £ 0.01 0.04 + 0.03 0.05 = 0.01 0.05 + 0.01 0.57
18 0.04 £ 0.01 0.04 = 0.01 0.04 = 0.01 0.05 + 0.01 0.93
Daily food intake (g) 6 2.64 = 0.09 2.57 £ 0.26 2.60 + 0.13 2.59 + 0.20 0.91
12 2.54 + 0.06 2.58 = 0.20 247+ 0.18 251+ 0.14 0.68
18 2.63 + 0.15 252+ 0.18 2.58 + 0.19 247 +0.13 0.37

TAIN-76A rodent diet without (control) or with the respective amount of TiO» (mg/kg diet). 2Statistical compatison with one-way ANOVA or Kruskal-Wallis test. *For statistical

comparison of ‘final body weight’ results ‘initial body weight’ was used as co-variate.
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Table 3.3 Means (£ SD) for age, initial and final body weight, daily weight gain, and daily food intake of male WT mice fed a diet with or without TiO..

Diet
Parameter Weeks p-valuée’
Control 6.25 62.5 625
Age (d) 6 39+ 1 38+ 1 38+ 1 39+ 1 0.88
12 38+ 1 38+ 1 39 +1 38+ 1 0.92
18 38+2 39+ 1 39 +1 39+ 1 0.99
Initial body weight (g) 6 173+ 3.4 17.5+ 2.5 18.6 £ 1.2 19.0 £ 1.9 0.47
12 18.7+ 1.6 174+ 1.5 18.2+ 2.0 17.0 £ 1.7 0.31
18 183+ 1.2 17.9 £ 3.0 16.1 £ 2.6 185+ 1.3 0.19
Final body weight ()’ 6 230+ 1.3 221 %23 233+ 1.7 232+ 1.6 0.53
12 26.0 £ 2.1 245+ 1.2 247+ 1.3 248+ 1.6 0.61
18 254 £0.9° 26.2 £ 2.1 243 £ 1.8 28.0 £ 1.5" <0.01*
Daily weight gain (g) 6 0.15 + 0.07 0.12 + 0.03 0.12 £ 0.02 0.11 = 0.03 0.80
12 0.09 + 0.02 0.09 + 0.03 0.08 = 0.01 0.10 = 0.03 0.64
18 0.06 £ 0.01 0.07 £ 0.02 0.07 = 0.01 0.08 + 0.01 0.11
Daily food intake (g) 6 275+ 0.12 2.69 + 0.20 2.81+0.28 2.85+0.21 0.57
12 295+ 0.34 2.89 + 0.25 275+ 0.08 2.80 + 0.16 0.80
18 2.80 + 0.23 2.84 +0.23 2.66 £ 0.11 2.83 +0.23 0.32

TAIN-76A rodent diet without (control) or with the respective amount of TiO» (mg/kg diet). 2Statistical compatison with one-way ANOVA or Kruskal-Wallis test. *For statistical

comparison of ‘final body weight’ results ‘initial body weight’ was used as co-variate. *Pairwise comparison of group means with Tukey’s HSD test; significant differences between

groups with different superscript letters; ¥bp < 0.05.
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body weights were not significantly different between the respective female and male diet
groups of all sampling times. The mean combined body weight of all treatment groups was

18.5 g £ 1.7 g for females and 22.5 g £ 2.6 g for males.

There were no differences between the adjusted final body weight results of the diet groups
from all sampling times for females and for the 6-week and 12-week samplings for males
(Figures 3.4 & 3.5). At 18 weeks, male mice on the 625 mg TiO,/kg diet had a significantly
higher (p < 0.05) average final body weight than mice on both the control and
62.5 mg TiO,/kg diet (Figute 3.6). There were no significant differences between the
respective female and male diet groups of the three different sampling times points for either
the daily weight gain or the daily food intake. The average combined weight gain of all
treatment groups was 0.06 g/d £ 0.028 g/d for females and 0.10 g/d £ 0.039 g/d for males.
The mean food intake per day was 2.56 g = 0.17 g and 2.72 ¢ + 0.22 g for the combined

treatment groups of the female and male mice, respectively.

The means for daily TiO, intakes and daily TiO: dose according to sampling group are given
in Table 3.4 for female and Table 3.5 for male mice. There were no significant differences
between TiO; intakes for the different sampling groups of the respective diets for both
females and males. All female mice showed significant differences (p < 0.05) between the
sampling groups in respect to daily TiO, dose. For those on the 6.25 mg and 625 mg TiO,/kg
diets the daily dose of the mice that were sampled after 6 weeks was significantly higher
(p < 0.01) compared to those that were sampled after 18 weeks. For the 62.5 mg TiO,/kg
diet group the 6-weeks sampling group had a significantly higher (p < 0.05) daily dose
compared to both other sampling groups. The daily TiO, doses were not significantly
different for male mice on the 6.25 mg and 62.5 mg TiO,/kg diets, but there was a significant
difference (p < 0.05) between the sampling groups on the 625 mg TiO./kg diet. The mice
from this diet group that were sampled after 18 weeks were exposed to a significantly lower

(p < 0.001) dose compared to those animals that were sampled after 6 weeks.

3.4.3 Effects of dietary titanium dioxide exposure on immune

cell populations of intestinal lymphoid tissues

The single cell suspensions of PPs and MLNs were analysed by flow cytometry to assess
lymphocyte and monocyte populations as well as three DC subsets. The results were
compared with two-way ANOVA with sampling time point and diet as respective factors.

The p-values of this analysis are reported in Table 3.6. There was no significant interaction
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Figure 3.4 Body weights of WT mice fed a diet with or without TiO; for 6 weefks.

Female (F) and male (M) WT mice were fed AIN-76A rodent diet without TiO> (control) or with 6.25 mg,
62.5 mg, or 625 mg TiO2/kg for 6 weeks. The body weight was recorded twice weekly for 38 d. Shown are
means = SE; # = 6. Results from the last time point were compared separately for females and males with

one-way ANOVA (Tables 3.2 & 3.3).
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Figure 3.5 Body weights of WT mice fed a diet with or withont TiO; for 12 weeks.

Female (F) and male (M) WT mice were fed AIN-76A rodent diet without TiO2 (control) or with 6.25 mg,
62.5 mg, or 625 mg TiO,/kg for 12 weeks. The body weight was recorded twice weekly for 79 d. Shown are
means = SE; » = 6. Results from the last time point were compared separately for females and males with

one-way ANOVA (Tables 3.2 & 3.3).
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Figure 3.6 Body weights of WT mice fed a diet with or without TiO; for 18 weeks.
Female (F) and male (M) WT mice were fed AIN-76A rodent diet without TiO> (control) or with 6.25 mg,
62.5 mg, or 625 mg TiOz/kg for 18 weeks. The body weight was recorded twice weekly for 121 d. Shown ate

means = SE; # = 6. Results from the last time point were compared separately for females and males with

one-way ANOVA (Tables 3.2 & 3.3). Significant difference between male diet groups is indicated; **p < 0.01.
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Table 3.4 Means (£ SD) for daily TiO; intake and daily TiO; dose of female W'T mice fed a diet with TiO..

. Weeks p-
Parameter Diet p 7 17 value?
Daily 6.25 0.016 = 0.002 0.016 = 0.001 0.016 = 0.001 0.89
T:0; intake  62.5 0.162 % 0.008 0.154 + 0.012 0.161 = 0.012 0.41
(1mg) 625 1.621 £ 0.126 1.569 + 0.087 1.543 £ 0.081 0.32
Daily 6.25 0.897 = 0.071¢ 0.825 + 0.084¢ 0.759 + 0.029¢ < 0.05°
T70; dose 62.5 8.737 + 0.365" 7.730 £ 0.552° 7.931 + 0.620° < 0.05°
(mg/ kg) 625 88.027 £ 6.886° 79.451 £ 6.708¢ 71.827 + 4.640¢ < 0.01°

TAIN-76A rodent diet with the respective amount of TiO, (mg/kg diet). 2Statistical comparison with

one-way ANOVA or Kruskal-Wallis test. *Pairwise comparison of group means with Tukey’s HSD test;

significant differences between groups with different superscript letters; #/5p < 0.05, </dp < 0.01.
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Table 3.5 Means (£ SD) for daily Ti0; intake and daily TiO; dose of male WT mice fed a diet with TiO:.

P . Weeks p-

arameter Diet p 7 17 value?
Daily 6.25 0.017 £ 0.001 0.018 = 0.002 0.018 = 0.002 0.34
T:0; intake  62.5 0.176 £ 0.018 0.172 = 0.005 0.166 %= 0.007 0.38
(mg) 625 1.783 £ 0.133 1.750 £ 0.102 1.768 £ 0.145 0.98
Daily 6.25 0.763 = 0.049 0.737 = 0.065 0.682 = 0.076 0.11
170, dose 62.5 7.586 = 0.990 6.965 * 0.402 6.876 £ 0.516 0.24
(mg/ kg) 625 76.827 £ 4.700* 70.853 £ 5.564**  63.335 + 4.933> < 0.05°

1AIN-76A rodent diet with the respective amount of TiO; (mg/kg diet). 2Statistical comparison with one-

way ANOVA or Kruskal-Wallis test. 3Pairwise compatison of group means with Tukey’s HSD test;

significant differences between groups with different superscript letters; #/bp < 0.001.
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Table 3.6 Two-way ANOV'A results for comparisons of immune cell population frequencies in PPs and MINs of WT mice

Jed a diet with or without TiO,.

. . p-value'

Cell subset  Tissue Population - - -
Time  Diet Interaction
Lymphocytes® PPs all <0.001  0.75 0.82
CDA4" T cells <0.01 0.78 0.68
CD8" T cells 0.14  0.87 0.65
CD45R" B cells 0.18  0.66 0.59
MINs  all <0.05 096 0.18
CD4" T cells <0.01  0.69 0.36
CD8" T cells 0.51  0.73 0.43
CDA45R" B cells <0.05 0.96 0.18
Monocytes’ PPs all <0.001  0.80 0.62
CD11b" CD11c™ /¥ M®? <0.001  0.09 0.50
CD11c"™" DCs 0.39  0.68 0.22
MINs  all 0.10  0.75 0.42
CD11b* CD11c """ M® <0.001  0.73 0.74
CD11c"" DCs 0.05  0.76 0.53
DCs PPs CD8" CD11b™ DCs <0.01  0.86 0.22
CD8 CD11b" DCs <0.001  0.90 0.61
CD8 CD11b™ DCs <0.001  0.95 0.83
MINs  CD8" CD11b” DCs 0.08  0.96 0.89
CD8 CD11b" DCs <0.05 0.90 0.99
CD8  CD11b™ DCs <0.001  0.76 0.92

IStatistical compatison with two-way ANOVA with sampling time point (6/12/18 weeks), and diet
(AIN-76A diet without TiOz or with 6.25/62.5/625 mg TiO»/kg) as factors. 2Defined as PI~, FSClow SSClow.
3Defined as PI~, FSChish SSChigh. “Defined as PI~, FSChigh SSChigh. CD11chigh. SAbbreviations specific for
this table: M® = macrophages.
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or diet effect. In some instances, however, there were significant differences (p < 0.05) in
immune cell composition between the sampling groups. Thus, the average results of the
combined diet groups of each sampling time point are reported in Tables 3.7 and 3.8 to

highlight differences between the sampling groups.

There were significant differences (p < 0.05) in the percentages of lymphocytes and
monocytes determined from the total number of acquired live cells (Table 3.6 & Figure 3.7)
between the sampling groups in all cases, except for the percentage of monocytes in MLNSs.
The PPs from the 6-weeks sampling group contained a lower number of lymphocytes and
more monocytes compared to the groups sampled after 12 weeks and 18 weeks
(Tables 3.7 & 3.8). Less lymphocytes were also observed in the MLNs of the 18-weeks group

compared to the other two sampling groups.

The results for the three main lymphocyte populations were reported as average percentages
of the total live lymphocytes (Figure 3.8). The petcentages of CD4" T cells in PPs and MLNs
were lowest for the 12-weeks sampling group for both tissues (Table 3.7). In MLLNSs, the
number of CD45" B cells was diminished in mice sampled after 18 weeks compared to the

other two time points.

The results for macrophages and DCs were shown as average percentages of the analysed
total live monocytes (Figure 3.9). There were no significant differences for the percentage of
DCs observed in PPs and MLNSs, but the frequencies of macrophages in both tissues were
significantly different (p < 0.001) between the sampling groups (Table 3.6). There were less
macrophages in the tissues from animals sampled after 18 weeks compared to the other two

sampling time points (Table 3.8).

The results of the three investigated DC subsets were shown as percentages of the total DC
population (Figure 3.10). All subsets, except CD8" DCs in MLNs, were significantly different
(p < 0.05) between the sampling groups (Table 3.6). The frequencies of CD8" DCs in PPs
and of CD11b" DCs in MLN's were lowest for the 6-weeks sampling group and highest for
the 18-weeks group (Table 3.8). In contrast the percentages of double-negative DCs in both
tissues were highest for the eatliest sampling time point. For CD11b" DCs the highest

number for PPs was observed in the 12-weeks group.
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Table 3.7 Mean (£ SD) frequencies of lymphocytes and lymphocyte populations in PPs and MINs from WT mice according

to sampling time point.

Weeks
Tissue Population
6 12 18 Combined
PPs Lymphocytes' 78.6 + 4.2 85.1+24 82.1+35 819+ 43
CD4" T cells 10.8 £ 2.0 96+t 19 11.6 + 2.6 10.7+£23
CD8" T cells 40%+13 47+13 461 1.6 44+ 14

CD45R" B cells 83.0+ 3.2 84.9 £ 3.3 83.7+ 4.6 84.0 £ 3.8

MILNs  Lymphocytes' 83.0 £3.2 84.7 £3.2 81.8 £ 49 832140
CD4" T cells 30.1 £ 4.3 274+29 30.7 £ 4.1 29.4 + 4.0
CD8" T cells 233148 229+ 23 241 +£35 234+ 3.6

CD45R" B cells 455+ 9.2 475+ 5.6 427+ 7.3 452+ 7.6

1D€ﬁﬁ€d as pI*’ FSCIUW SSC]O\V.
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Table 3.8 Mean (£ SD) frequencies of monocytes, monocyte populations, and DC subsets in PPs from WT mice according to

sampling time point.
Tissue Population Weeks
5 12 18 Combined

PPs  Monocytes' 208+ 64  147+25 163+30 17.9+56
&%ﬂwcmlc 00410 27409 16407 21410
CD11c¢% DCs 37411 40411 40412  39+11
CD8" CDI1b DCs 253+ 65 287+77 317452 289470
CD8 CDI1b"DCs 340+ 6.6  457+7.6 404+45 406+78
CD8 CDI1b DCs 407 +82 256453 281441  30.6+86

MLNs  Monocytes' 157432 150+43 175+64 161+ 49
&%“HCD“C 37410 43107 20409  37+11
CD11c¢% DCs 71424 84429 87421  81+26
CD8" CDI1b DCs  202+55 241468 209458 217462
CD8 CDI1b"DCs 461456 496+56 511+65 491+63
CD8 CDI1b DCs  337+58 263476 280+46 292+66

'Defined as PI~, FSChigh SSChigh, 2Abbreviations specific for this table: M® = macrophages.
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Figure 3.7 Frequencies of lymphocytes and monocytes in PPs and ML from WT mice fed a diet with or without TiO».

Female and male WT mice were fed AIN-76A rodent diet without TiO: (control) or with 6.25 mg, 62.5 mg, or
625 mg TiO/kg for 6, 12, or 18 weeks. Single cell suspensions of PPs (a, b) and MLNs (c, d) were stained
with fluorescently labelled antibodies and PI as live/dead stain. The stained cells were analysed by flow
cytometry. The percentages of lymphocytes (a, ¢) and monocytes (b, d) from all live cells were determined.

Shown are means + SD; # = 8. Results were compared with two-way ANOVA (Table 3.6).
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Figure 3.8 Frequencies of lymphocyte populations in PPs and ML from WT mice fed a diet with or without TiO.

Female and male WT mice were fed AIN-76A rodent diet without TiO; (control) or with 6.25 mg, 62.5 mg, or
625 mg TiO2/kg for 6, 12, or 18 weeks. Single cell suspensions of PPs (a-c) and MLNs (d-f) were stained with
fluotescently labelled CD4, CD8 and CD45R antibodies and PI as live/dead stain. The stained cells were
analysed by flow cytometry. The percentages of CD4" T cells (a, d), CD8" T cells (b, e), and
CD45R* B cells (c, f) from all live lymphocytes were determined. Shown are means = SD; » = 8. Results were

compared with two-way ANOVA (Table 3.6).
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Figure 3.9 Frequencies of monocyte populations in PPs and ML from WT mice fed a diet with or without TiO .

Female and male WT mice were fed AIN-76A rodent diet without TiO2 (control) or 6.25 mg, 62.5 mg, or
625 mg TiO/kg for 6, 12, or 18 weeks. Single cell suspensions of PPs (a, b) and MLNs (c, d) were stained
with fluorescently labelled CD8, CD11b, and CD11c antibodies and PI as live/dead stain. The stained cells
wete analysed by flow cytometry. The percentages of CD11b* CD1lc /¥ macrophages (a, ¢) and
CD11chtigh DCs (b, d) from all live monocytes were determined. Shown ate means * SD; # = 8. Results were

compared with two-way ANOVA (Table 3.6).
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Figure 3.10 Frequencies of DC subsets in PPs and ML from WT mice fed a diet with or without T70,.

Female and male WT mice were fed AIN-76A rodent diet without TiO; (control) or with 6.25 mg, 62.5 mg, or
625 mg TiO»/kg for 6, 12, or 18 weeks. Single cell suspensions of PPs (a-c) and MLNs (d-f) were stained with
fluotescently labelled CD8, CD11b and CD11c antibodies and PI as live/dead stain. The stained cells were

analysed by flow cytometry. The percentages of CD8* CD11b™ DCs (a, d), CD8  CD11b* DCs (b, e), and
CD8 CD11b™ DCs (c, f) were determined from all live DCs. Shown are means + SD; # = 8. Results were
compared with two-way ANOVA (Table 3.6).
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3.4.4 Observation of titanium dioxide particle uptake in

intestinal lymphoid tissues with dark field microscopy

No patticles were detected in PP sections from mice on control or 6.25 mg TiO,/kg diet
from all sampling groups (Figure 3.11). Only few white spots were observed in the PPs from
mice on the diet containing 62.5 mg TiO,/kg. In contrast, mice that were exposed to the
625 mg TiO,/kg diet showed a large number of particles in PPs. Those patticles were mainly
located in cells of the SED directly below the FAE, but pigment-containing cells were also
found in smaller numbers throughout the PP sections. Particle-containing cells were also
detected in MLLNs (Figure 3.12). They were mainly observed when the animals have been fed
a diet with 625 mg TiO,/kg, but also in some cases in MLNs from mice exposed to
62.5 mg TiO,/kg diet (Figure 3.12h).

3.4.5 Observation of titanium dioxide particle uptake in Peyer’s

patches with bright field microscopy

Representative PP samples from animals on control diet and diet containing 625 mg TiO2/kg
were stained with H&E and observed under bright field illumination. The PPs from mice on
particle-free control diet did not contain any pigmented cells (Figure 3.13a, ). In contrast,
brown granules were detected in larger numbers with higher magnification in the cytoplasm
of cells from PPs of mice that received the diet with 625 mg TiO,/kg (Figure 3.13c-f). Most
pigmented cells were observed in the SED (Figure 3.13d), and only some cells at the PP base

contained particles (Figure 3.13e, ).

3.4.6 Assessment of titanium dioxide particle uptake in Peyer’s

patches with reflectance confocal microscopy

Images of the SED areas from all unstained PP sections were obtained with reflectance
confocal microscopy at 40X magnification (Figure 3.14a, c). From these images, only the
SED area was selected for reflection spot analysis (Figure 3.14b, d). The reflection spots were
observed in the same focal plane as the tissue which was observed by acquiring the tissue
autofluorescence in a separate channel. Reflection spots were observed to occur most

frequently within cells that showed a high autofluorescence (Figure 3.15).

The reflection spot counts from mice on the diet containing 625 mg TiO,/kg were analysed

with different threshold settings. There was significant difference (p < 0.05) between the
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6 weeks 12 weeks 18 weeks

Figure 3.11 Dark field microscopy images of PP cross-sections from WT mice fed a diet with or without TiO..

Images of PP cross-sections from WT mice on AIN-76A rodent diet without TiO2 (a, b, ¢) or with
6.25 mg (d, e, f), 62.5 mg (g, h, i), or 625 mg TiO/kg (j, k, 1) for 6 (a, d, g, j), 12 (b, €, h, k), or
18 weeks (c, f, i, 1). Unstained sections were viewed with a light microscope under dark field illumination. Lines
indicate FAE. Arrows point out selected TiO; particle clusters in SEDs (white). Representative images are

shown. Scale bar = 200 um. L = intestinal lumen.
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6 weeks 12 weeks ' 18 weeks

Figure 3.12 Dark field microscopy images of MLLN cross-sections from WT mice fed a diet with or without TiO,.

Images of MLN cross-sections from WT mice on AIN-76A rodent diet without TiO: (a, b, c) or with
6.25 mg (d, e, f), 62.5 mg (g, h, i), or 625 mg TiOx/kg (, k, 1) for 6 (a, d, g, j), 12 (b, e, h, k), or
18 weeks (c, f, i, ). Unstained sections were viewed with a light microscope under dark field illumination.

Arrows point out examples for TiO; particle aggregates (white). Representative images are shown.

Scale bar = 200 pm.
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Figure 3.13 Bright field microscopy images of PP cross-sections from WT mice fed a diet with or without TiO».

Images of PP cross-sections from WT mice on AIN-76A rodent diet without TiO2 (a, b) or with
625 mg TiO»/kg (c-f) for 18 weeks. H&E stained sections were viewed with a light microscope under bright
field illumination. Squares and dotted arrows in (a) and (c) indicate magnified areas shown in (b) and (d-f),
respectively. Complete arrows point out selected TiO; patticle clusters (brown/datk) in PPs. Representative

images are shown. Scale bat = 100 um (a, ¢)/20 pm (b, d-f). L = intestinal lumen.
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Figure 3.14 Reflectance confocal microscopy images of PP cross-sections from WT mice fed a diet with or without TiO..

Reflectance confocal microscopy images of PP cross-sections from WT mice on AIN-76A rodent diet without
TiO:z (a, b) or with 625 mg TiOz/kg (¢, d) for 6 weeks. Unstained sections wete excited at 488 nm. TiO;
particle reflection (red) was detected from 485 nm to 490 nm; tissue autofluorescence (green) was detected
from 505 nm to 550 nm. (a, ¢) Overview of SED area. Line indicates SED area that was cropped with image
analysis software. (b, d) Cropped images used for reflection spot analysis. Lines in (a) and (c) indicate cropped

SEDs. Representative images are shown. Scale bar = 75 um. L. = intestinal lumen.
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Figure 3.15 Reflectance confocal microscopy images of the SED area from a WT mouse fed a diet with TiO.

Reflectance confocal microscopy images of a PP cross-section from a WT mouse on AIN-76A rodent diet with
625 mg TiO2/kg for 6 weeks. Unstained sections were excited at 488 nm. Reflection from TiO; particles (red)
was detected from 485 nm to 490 nm; tissue autofluorescence (green) was detected from 505 nm to 550 nm.
(a) Overview of SED area. (b) TiO: particles-containing autofluorescent cells in SED. (c) Detail of an
autofluorescent cell with TiO; particles. Squares in (a) and (b) indicate magnified areas shown in (b) and (c),
respectively. Representative images are shown. Scale bar = 75 pum (a)/25 pm (b)/10 pm (c).

L = intestinal lumen.
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samples depending on the threshold. With a threshold of ‘20 significantly more (p < 0.05)
spots were detected by the image analysis software compared to the other thresholds
(Figure 3.16a). With this threshold there was also a relatively large standard deviation between
the samples from the individual mice. In contrast, the number of detected reflection spots
was not significantly different between the other threshold settings, and the standard
deviations were also comparable. A threshold setting of ‘60’ was then used to compare the
number of reflection spots between the treatment groups (Figure 3.16b). There was a
significant interaction effect (p < 0.05) between the treatment groups. The results of this
pairwise comparison are reported in Table 3.9 for an easier comparison of the statistical

results of the pairwise comparisons.

Statistical comparison of the surface areas of the SEDs showed that there was no significant
interaction difference. The impact of the diet on SED areas was also not significant
(Figure 3.17). However, there was a significant effect (» < 0.001) on larger SED areas in all
PP sections from mice that were sampled after 6 weeks compared to the SEDs from PPs

collected at 12 or 18 weeks.

3.4.7 Titanium dioxide particle uptake by Peyer’s patch

dendritic cells

Immunofluorescence staining with a marker specific for DCs and confocal microscopy
confirmed that the particle-containing cells were DCs. In overview images that were taken
at 10X magnification, it was confirmed that CD11c" cells were mainly located in the SED
(Figure 3.18). When focusing on this area, it was obsetved that most of the CD11c" cells
from the SED contained particles (Figure 3.19), and TiO; particles in the SED were always

detected in co-localisation with CD11c-expressing cells.

3.5 Discussion

3.5.1 Reassessment of the hypothesis

The results presented in this chapter supported the hypothesis that accumulation of TiO,
particles in PPs is due to dietary exposure. The TiO, particles were also detected in MLN,
supporting the assumption that particle-containing cells from PPs translocate to other tissues

via efferent lymphatics.
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Figure 3.16 Ti0; particle nptake in SED areas from WT mice fed a diet with or without TiO,.

WT mice wete fed an AIN-76A rodent diet without TiO; (control) ot with 6.25 mg TiO»/kg, 62.5 mg TiO»/kg,
or 625 mg TiO»/kg for 6 weeks, 12 weeks or 18 weeks. Unstained PP cross-sections wete analysed by
reflectance confocal microscopy. The number of reflection spots in SED areas was assessed with image analysis
software. (a) Detected reflection spots from mice on diet with 625 mg TiO/kg for 18 weeks using different
red thresholds. (b) Number of reflection spots detected with “Threshold 60’. Shown are means = SD; » = 7-12.
Results were compared with Kruskal-Wallis test (a) or two-way ANOVA (b). Pairwise group comparisons with

Tukey’s HSD test. (a) Significant differences between “Threshold 20’ and other thresholds are indicated,;

*p < 0.05, **p < 0.01. (b) p-values reported in Table 3.9.
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Table 3.9 P-value results for pairwise group mean comparisons of the number of TiO; particles in SED areas with Tukey’s HSD fest.

Diet Control 6.25 62.5 625
Weeks 6 12 18 6 12 18 6 12 18 6 12
Control 12 1.00
18 1.00 1.00
6.25 6 1.00 1.00 1.00
12 1.00 1.00 1.00 1.00
18 1.00 1.00 1.00 1.00 1.00
62.5 6 1.00 1.00 1.00 1.00 1.00 1.00
12 1.00 1.00 1.00 1.00 1.00 1.00 1.00
18 0.60 0.42 0.52 0.50 0.45 0.56 0.90 0.81
625 6 <0.001 <0001 <0.001 <0.001 <0001 <0.001 <0.001 <0001 <005
12 <0.001 <0.001 <0.001 <0.001 <0001 <0.001 <0.001 <0001 <005 1.00
18 <0.001 <0001 <0.001 <0.001 <0001 <0.001 <0.001 <0001 <0.001 <001 <0.05

TAIN-76A rodent diet without (control) ot with the tespective amount of TiO» (mg/kg diet).
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Figure 3.17 Sizes of SED areas used for TiO; particle uptake assessment from WT mice fed a diet with or without TiO».

WT mice were fed an AIN-76A rodent diet without TiO; (control) or with 6.25 mg TiO»/kg, 62.5 mg TiO»/kg,
or 625 mg TiOz/kg for 6 weeks, 12 weeks or 18 weeks. Unstained PP cross-sections were analysed by
reflectance confocal microscopy. The sizes of SED areas used for the assessment of detected TiO> particles
were measured with image analysis software. Shown are means £ SDj; #» = 7-12. Results were compared with

two-way ANOVA.
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Figure 3.18 Immunofluorescence confocal microscopy image of a PP cross-section from a WT mouse fed a diet with TiO.

Fluorescence confocal microscopy image of a cross-section through the ileum with a PP from a WT mouse on
AIN-76A rodent diet with 625 mg TiO2/kg for 6 weeks. PPs were incubated with Alexa Fluor 488-labelled
CD11c (green) and DAPI to stain nuclei (blue). (a) DAPI was excited at 405 nm and the emission detected
from 405 nm to 475 nm. (b) Alexa Fluor 488 was excited at 488 nm and the emission detected from 505 nm

to 595 nm. (c) Overlay image. Representative images are shown. Scale bar = 250 um. L. = intestinal lumen.
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Figure 3.19 Immunofluorescence confocal microscopy image of the SED area from a monse fed a diet with TiO».
Fluorescence and reflectance confocal microscopy images of the SED area of a PP cross-section from a WT mouse on AIN-76A rodent diet with 625 mg TiO»/kg for 6 weeks. PPs were incubated with
Alexa Fluor 488-labelled CD11c (green) and DAPI to stain nuclei (blue). (a, €) DAPI was excited at 405 nm and the emission detected from 405 nm to 475 nm. (b, f) Sections were excited at 488 nm

and the reflection from TiO; particles (red) was detected from 485 nm to 490 nm. (c, g) Alexa Fluor 488 was excited at 488 nm and the emission detected from 505 nm to 595 nm. (d, h) Overlay image.

Representative images are shown. Scale bar = 50 um (a-d)/25 pm (e-h). Squate in (d) indicates magnified area shown in (e-h). L. = intestinal lumen.
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3.5.2 Titanium dioxide incorporation into the diet

When preparing TiO;-containing diets it is important that the TiO; particles are distributed
homogenously throughout the diet. This is difficult to achieve if the diets are prepared
in-house [202]. Therefore, it was decided to obtain the diets from Research Diets,
a commercial supplier of custom-made animal diets. This company specialises in adding
substances to basic animal diets. To check the incorporation of TiO, particles, the diet
containing 625 mg TiO,/kg was analysed by SEM and EDS (Figure 3.3), a method that has
been used previously to characterise TiO, particles [56, 301]. The obtained EDS spectrum
showed the characteristic titanium double peak at approximately 4.5 keV (Figure 3.3b) that

was also observed in these previous studies.

The presence of TiO; particles in the other two TiO,-containing diets could not be examined
because the TiO, concentration in these samples was below the detection threshold for
particle detection with SEM (personal communication with Mr Douglas Hopcroft, formerly
Manawata Microscopy and Imaging Centre, Massey University, Palmerston North, NZ). An
alternative method that allows the detection of trace amounts of TiO; in various samples is
inductively coupled plasma atomic emission spectroscopy. This method has been widely used
to confirm the presence of TiO; in biological samples [154, 172, 208, 231]. However, this

equipment was not available at AgResearch or Massey University, Palmerston North.

3.5.3 Effects of oral exposure to titanium dioxide on

body weights

The body weights observed in this study were in line with the expected body weights for
C57BL/6 WT mice as reported in the Mouse Phenome Database created by the Jackson
Laboratory [293]. For example, Duriancik and colleagues reported that female and male
C57BL/6 mice fed a solid pellets diet had body weights of 19.03 g and 24.77 g,
respectively [302]. There were no body weight differences between mice on a control diet
compared to mice fed a TiO,-containing diet for the various exposure durations, except for
male mice on a diet containing 625 mg TiO,/kg for 18 weeks (Table 3.3). The animals from
this diet group had higher final body weights compared to mice on a control diet or a diet
containing 62.5 mg TiO,/kg (Figure 3.6). However, it seems unlikely that this result is of
biological relevance. Although the mice were assigned randomly to a diet, the male mice on
the 62.5 mg TiO,/kg diet of the 18 weeks sampling time point had the lowest average initial
body weight of all groups, and the male mice on the 625 mg TiO,/kg diet of the 18 weeks
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sampling time point had one of the highest. One reason why it is unlikely that the observed
body weight differences between male mice of the 18 weeks sampling time point are of
biological relevance is that there were no differences between the body weights of male mice
from the other two sampling time points (Table 3.3). Furthermore, the body weights of
female mice of the 18 weeks sampling time point were similar between the diet groups

(Table 3.2).

Moreover, in previous studies in which effects of oral TiO, administration were studied with
animal models no differences on body weight were observed. For instance, Bu and
co-workers conducted a study in which rats received daily doses of TiO, from 160 pg/kg to
1,000 pg/kg body weight for 14 d days [209]. Despite the high TiO: doses, thete were no
differences in body weight between the TiO-exposed groups and the control group.
However, the duration of the study by Bu and co-workers was much shorter than the
exposure time in the current study, and effects of TiO; particles on the body weights of rats
and mice might not be directly comparable. There has also been a long term study with rats
and mice that were exposed to TiO: in the diet for 103 weeks [202]. The TiO, concentrations
in the diets were 2.5 % and 5 % which corresponded to 25 g and 50 g TiO./kg diet,
respectively. There were no body weight differences between both rats and mice of either

sex on the TiO»-containing diets compared to animals on a control diet.

3.5.4 Daily titanium dioxide intake in this study

As described in Section 3.3.2, the concentrations of 6.25 mg, 62.5 mg, and 625 mg TiO,/kg
diet were chosen to ensure approximate daily TiO, doses of 1 mg/kg, 10 mg/kg, and
100 mg/kg body weight, respectively. These daily doses were comparable to the range of
concentrations used in previous oral TiO, administration studies [172, 208, 291]. It was
observed that the calculated daily doses were slightly lower than the anticipated daily intakes
for both females and males on all three TiO»-containing diets (Tables 3.4 & 3.5).
Furthermore, for females on all TiO,-containg diets and for males on the diet with
625 mg TiO,/kg the calculated daily doses decreased with increasing exposure time. The
reason for this was that although the body weights of the mice increased throughout the
study, the daily food intake (and therefore also the daily TiO, intake) remained more or less
constant. It was not considered as an issue for this study that the actual daily TiO- doses
were below the anticipated daily doses and that they were not exactly 1 mg/kg, 10 mg/kg,
and 100 mg/kg.
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The daily TiO, doses were higher for females than for males. While the absolute food intake
for female mice was lower compared to male mice, the relative food intake in comparison to
body weight was actually higher for females. For example, females on a control diet for
18 weeks had a relative daily food intake of 126.4 mg/kg whereas the corresponding group
of male mice had a relative daily food intake of 110.2 mg/kg.

3.5.5 Immune cell populations of murine Peyet’s patches

The impact of TiO, administration on immune cell populations of PPs and MLNs has been
examined. A reason behind the assumption that there could be changes in immune cell
subsets after dietary TiO, exposure was that uptake of TiO, particles by a certain subset
could have led to increased apoptosis of these particular cells [215]. Alternatively, as it was
expected that APCs would be exposed to TiO, and their regulatory function for intestinal
homeostasis would be disrupted, their ability to imprint lymphocytes to return to the small
intestinal mucosa from the blood might have been impaired [303]. Therefore, TiO; exposure
of intestinal APCs could have indirectly affected lymphocyte cell populations. However,
there were no differences in the examined immune cell subsets between the diet groups even
after prolonged dietary administration of TiO, (Table 3.6). There were differences between
the sampling groups in several of the investigated subsets, but this was most likely caused by

natural variation in tissue immune cell populations over time.

The percentages of the cell populations investigated in this study corresponded to those from
previous studies. For example, Barreau and co-workers investigated several immune cell
populations of PPs in healthy WT mice [304]. Their results showed that PPs comprised
approximately 70 % CD45R" B cells, 20 % CD3" T cells, and less than 10 % CD11c¢" DCs.
CD3 is a cell surface molecule which is specifically expressed only by mature T cells. It was
decided not to include a CD3 antibody in this study because of limitations in the number of
antibodies that could be detected at the same time with the FACSCalibur flow cytometer.
Instead lymphocytes were selected based on their FSC and SSC values (Figure 3.1), and
T cells distinguished directly according to their expression of CD4 or CD8. In the study by
Barreau and colleagues the frequency of CD4" and CD8"T cells is given as a percentage of
CD3" cells therefore it was not possible to compare the results from their study directly with
the results from this study. However, Barreau and colleagues also reported that the number
of CD4" T cells was approximately twice as high as the number of CD8" T cells, which was

similar to the results from this study (Figure 3.8). Similarly, the number of B cells observed
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in this study corresponded to results reported by Duriancik and colleagues who described

that B cells represented approximately 80 % of all PPs immune cells [302].

For the comparison of monocytes and their sub-populations, the flow cytometry acquisition
parameters were changed to be able to better select monocytes that have higher FSC and
SSC values compared to lymphocytes (Figure 3.2). Monocytes that expressed the cell surface
marker CD11b but not the DC-specific antigen CD11c were defined as macrophages. It was
not possible to use the F4/80 antibody, which was used in the flow cytometry experiments
with BMDMs (Section 2.3.6), because it has been shown that F4/80 is not expressed by PPs
macrophages [305]. However, immunohistochemistry of mouse PPs has shown that
CD11b" CD11¢”*" cells are present in PPs and are most likely macrophages [306]. The
DC subsets found in PPs have been described in detail by Iwasaki and Kelsall with
immunohistochemistry and flow cytometry [307, 308]. Based on their results, the frequencies
of the three PP DC populations CD8" DCs, CD11b" DCs, and double-negative DCs were
analysed in this study. According to Iwasaki and Kelsall, the relative frequencies of the three
subsets from the total DC population were approximately 30 % in both PPs and MILNs [308].
This corresponded to the frequencies detected in this study for both types of

tissue (Figure 3.10).

3.5.6 Titanium dioxide particle uptake in Peyer’s patches

The uptake of TiO, particles by cells of PPs and MLNs was examined by dark field
microscopy. Other studies have used this method before to investigate TiO, particle uptake
in cells or tissues. For example, Powell and colleagues have employed this technique to
visualise TiO; particles in histological sections of human PPs [161, 162]. In PPs from mice
on the diet that contained 625 mg TiO,/kg, large numbers of TiO, particles were visible in
the SED regions, but reflectance spots were also observed dispersed throughout the follicle
and along the base (Figure 3.11). Many TiO, particles were also present in MLLNs from these
mice (Figure 3.12). In contrast, no TiO, was detected in PPs and MLNs from mice on the
diet containing 6.25 mg TiO,/kg, and only some TiO, particles were visible in the SEDs and
MLNSs of mice fed a diet containing 62.5 mg TiO,/kg. This result is comparable to an i vitro
study, in which intracellular TiO, uptake was also investigated by dark field microscopy [266].
The amount of TiO; taken up by the cells increased according to the particle concentration
to which the cells were exposed in the TCM. Translocation of TiO; particles to from PPs to

MLNSs after oral administration has also been demonstrated previously for rats [172].
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To investigate the distribution of the TiO, particles in PPs after dietary exposure in more
detail, tissue sections from mice fed the diet containing 625 mg TiO,/kg were stained with
H&E and compared to stained sections from mice on control diet. The H&E stained sections
were then observed under bright field illumination. Previous studies have shown that with
this method aggregates of TiO, particles could be detected as granular brown pigment [56,
161]. This analysis confirmed the presence of TiO; particles in PPs as observed by dark field
microscopy. Again, most particles were detected in the SEDs of TiO;-exposed mice, whereas
mice on a control diet had no granular pigment in the corresponding PP

locations (Figure 3.13).

TiO; particles can also be detected by confocal microscopy using reflectance. This method
has been employed by Powell and colleagues in their studies of TiO, particles in human
PPs [147, 161, 162]. This detection method was also used in an 7z vitro study that investigated
the uptake of TiO; particles by intestinal epithelial cells [189]. The advantage of detecting
TiO; particles in tissues by reflectance confocal microscopy over dark field and bright field
microscopy lies in the different way that images are acquired in confocal microscopy. The
details of confocal microscopy images are all obtained from one plane within the tissue
section [299]. The simultaneous detection of reflectance spots and tissue autofluorescence
by confocal microscopy indicated that the TiO, particles were indeed localised within the
tissue (Figure 3.15). In the dark field and bright field images it would have been possible that
the detected particles were artefacts, e.g. dust particles, introduced during sample
preparation. However, the abundant presence of particles in PPs from mice fed a diet
containing 625 mg TiO,/kg already indicated that the observed particles were not

contaminants but indeed TiO, particles located within the tissue.

The observation that the TiO, particles accumulated primarily in the SED area was in
contrast to previous studies that investigated the occurrence of TiO; particles in human
PPs [56, 161, 219]. In these studies TiO, particles were consistently detected exclusively at
the base of PPs. Furthermore, the particle-containing cells in humans were characterised by
immunohistochemistry as mature macrophages [162]. In contrast, the immunofluorescence
results from this study indicated that the particles were mainly taken up by DCs (Figure 3.19).
This discrepancy could be explained by the different locations in which the TiO, particles
were observed in human PPs compared to murine PPs. Immunohistochemistry has shown
that the SED area contains large numbers of CD11¢” DCs, but no F4/80" macrophages [306,
307]. Moreover, preliminary data from Powell and colleagues indicated that also in humans

TiO; particles can be detected in DCs in the SED area (personal communication with
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Dr Jonathan Powell, Medical Research Council Human Nutrition Research,

Cambridge, UK).

It has been shown that the three PP DC subsets have different locations within the PP [307].
DCs that are present in the SED are usually either CD11b" DCs ot double-negative DCs.
The IFRs also contain DCs which are mainly CD8" DCs or double-negative DCs. As most
TiO; particles were detected in the SED area it is probable that the DC subsets that contain
the particles are either CD11b™ DCs or double-negative DCs. It has been reported that the
three DC subsets differed in their capacities to stimulate immune responses [308, 309].
Although the subsets expressed similar levels of major histocompatibility complex class 11
and the co-stimulatory molecules CD80 and CD806, they secreted different cytokines as a
reaction to antigen exposure [308]. CD11b" DCs sectreted mostly the anti-inflammatory and
regulatory T' cell-associated cytokine IL.-10 whereas CD8" DCs and double-negative DCs
secreted predominantly the pro-inflaimmatory and Th 1 T cell-associated cytokine IL-12.
Uptake of TiO, particles by these DCs could disturb their inherent response to intestinal
antigens, and this could lead to disturbances in intestinal immune homeostasis. It would be
of interest to investigate whether TiO, particles were taken up specifically by one of the
DC subset, or if all subsets contained TiO, particles equally. A previous study showed that
fluorescent thiol-organosilica particles with diameters from 100 nm to 925 nm accumulated
in CD11b" DCs in the SED areas after oral administration in C57BL/6 WT mice [310].
These findings imply that it is also the CD11b™ DC subset that would be mostly affected by
TiO, particles. This could impair the capacity of these cells to induce immune tolerance to
innocuous antigens derived from the diet or commensal microbiota. The consequence could
be an exacerbated pro-inflammatory reaction in response to otherwise harmless antigens. In
cases with a genetic predisposition to develop intestinal inflammation, e.g. in people with
mutations in the NODZ2 gene, this could represent the environmental component which

triggers the development of CD.

3.5.7 Conclusion

In conclusion, the results from the first 7z vivo study supported the hypothesis that the
observed TiO, particle uptake in PPs in humans can be mimicked in mice by feeding the
animals a TiO,-containg diet. The results showed for the first time that ingestion of TiO»
particles with the diet results in particle uptake in small intestinal lymphoid tissues. Therefore,
the hypothesis that TiO, particles accumulate in human PPs because of dietary TiO, particles

that have been added to processed foods, toothpastes, and pharmaceuticals seems to be valid.
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Furthermore, in this study it has been shown that most TiO, particles in murine PPs were
located in DCs in the SED area. This observation could be expected for dietary particles in

human PPs as well, but it has not yet been reported.

The accumulation of TiO; particles in DCs in the SED area and translocation to MLNs
might affect intestinal homeostasis. Although WT mice did not show any adverse reaction
based on performance, it is possible that Nod2”” mice develop CD-like intestinal

inflammation after prolonged exposure to TiO; particles with the diet.
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Chapter 4 Exposure of wild-type mice
and mice with a Crohn’s disease-like
Nod2 gene variant to dietary

titanium dioxide
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4.1 Introduction

Since the discovery that the exogenous particles TiO; and aluminium-containing silicates
accumulate in human PPs, there has been speculation about potential detrimental effects of
these dietary particles on intestinal homeostasis [56]. Specifically, a connection between
intestinal uptake of exogenous dietary particles and the development of CD has been
suggested. This hypothesis has been based on the observation that dietary particles
accumulate in the same region of the small intestine which is mostly affected by CD, namely
the terminal ileum [56, 147]. The cells that contained the dietary particles were identified as

macrophages [147, 161, 162].

Intestinal macrophages isolated from patients with IBD showed a higher rate of apoptosis
and secreted more pro-inflammatory IL-13 upon stimulation with a TiO,-LPS conjugate
compared to macrophages obtained from patients without IBD [217]. Furthermore,
macrophages derived 7 vitro from PBMCs from patients with CD released increased amounts
of the pro-inflammatory cytokine TNF-u after co-stimulation with TiO, + LPS compared to

cultured cells from healthy controls [21§].

However, a connection between reduced oral intake of exogenous particles and disease
remission in CD patients was not confirmed in a dietary intervention study [233]. Therefore,
a possible connection between exogenous dietary particle intake and CD seems to be more
complex than initially anticipated. For example, exogenous dietary particles might only be
involved in the initiation of disease, but their presence or absence would not have an impact
on disease progression once intestinal inflammation has been established [143]. Moreover,
intestinal uptake of exogenous dietary particles might only affect people with a genetic

susceptibility for the development of CD [55, 233].

The most common genetic risk factors that are associated with CD are mutations in the
NOD2 gene, and the most common NOD2Z variant is a frameshift mutation that leads to a
truncated protein [59, 60]. A mouse model with a homologous mutation in the Nod2 gene
has been created, and these Nod2”'” mice can be used to study effects of this CD-associated
mutation iz vivo [131]. Nod2"”"” mice did not develop spontaneous intestinal inflammation if
kept under conventional conditions. However, they were more susceptible to chemically-
induced colitis with DSS than WT mice which indicated that the presence of a truncated

Nod2 protein had a negative effect on intestinal homeostasis.
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4.2 Hypothesis and aims

The hypothesis to be tested in this chapter was that dietary exposure to TiO, leads to the
development of intestinal inflammation in Nod2”” mice due to an increased

i/ m

pro-inflammatory response of the Nod2”” mice to TiO; particles and adsorbed antigens from

the intestinal lumen.

The aims of the second 7# vivo study were to investigate TiO; particle uptake in PPs from WT
and Nod2”” mice after feeding a TiO»-containing diet. Furthermore, the development of
intestinal inflammation was assessed with histology. In addition, possible mucosal uptake of

TiO; particles in non-PPs regions of the small intestine was evaluated.

4.3 Materials and methods

4.3.1 Study considerations

The experimental design of the second 7z vivo study had to be modified compared to the first
in vivo study (Chapter 3) because only a limited number of Nod2”” mice were available. This
was due to breeding difficulties, which is a common problem in genetically modified mice,
especially on the C57BL/6 background [311]. Only female mice were included in the second
study.

The TiO, concentration of the diet for the second 7z vive study was selected based on the
results from Chapter 3. At a concentration of 625 mg TiO,/kg diet, a significant
accumulation of TiO, was observed in PPs (Table 3.9 & Figure 3.16). The animals which
were fed this diet showed no adverse effects based on daily health monitoring and their

performance compared to mice on the control diet (Table 3.2 & Figure 3.6).

As a consequence of the limited availability of female Nod2”” mice with similar age for the
second 7z vivo study, only one sampling time point after 18 weeks was chosen for consistency

with the maximum TiO»-feeding period in the first iz vivo study.

4.3.2 Experimental design, diets, and animals

All animal experiments were approved by the Grasslands Animal Ethics Committee

according to the New Zealand Animal Welfare Act 1999.
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The second study had a 2 X 2 factorial design in which the first factor represented the Nod2
genotype (WT or Nod2”” mice) and the second factor the diet (control or TiO, diet). In this
context, the term ‘group’ was used to refer to a group of mice that had the same genotype
and were fed the same diet, i.e. either WT or Nod2”” mice on either control or TiO, diet.
Thus, there were four groups in the second 7 vivo study. The term ‘genotype’ was used to
specify either WT or Nod2”” mice irrespective of the type of diet they were fed, and the term
‘diet group’ was used for WT and Nod2”” mice together receiving either the control or TiO,
diet. The study design and the required minimum number of animals per group were

discussed with senior statistician Dr John Koolaard.

The TiO, particles for the TiO»-containing diet came from the same batch obtained from
Sensient Colors as those particles used for the  wvitro and first n wvivo studies
(Sections 2.3.1 & 3.3.2). The AIN-76A control diet without TiO, and AIN-76A diet with
625 mg TiO,/kg were again prepared by Research Diets according to the previous
specifications (Table 3.1).

Ten female WT and Nod2”/” mice were transferred from the AgResearch Ruakura Small
Animal Colony to the AgResearch Grasslands Small Animal Unit. The mice were kept under
the same conditions as described previously (Section 3.3.3). Five mice of each genotype were
randomly assigned to either the control or TiO, diet. The animals were housed individually
to monitor health, body weight, and food intake. The health of the mice was checked daily.

Body weight and food intake were measured twice weekly.

In addition to the second 7 vivo study, several characteristics were also recorded from the
mice that were used for bone marrow cell collection (Chapter 2). This data provided
information about intrinsic differences between WT and Nod2”” mice on a standard rodent
diet. The recorded characteristics included body weight immediately prior to euthanasia,
number of PPs along the small intestine, and lengths of ileum and colon. The housing

conditions of these mice were described in Section 2.3.2.

In addition, ten female WT and Nod2”” mice, respectively, were acquired from the
AgResearch Ruakura Small Animal Colony in two batches. The mice were fed a standard
rodent diet (LabDiet), so they were not exposed to TiO» with the diet. The animals were
housed in groups up to five as described in Section 2.3.3. These TiO»-unexposed mice were
used for the assessment of monocytes, monocyte populations, and DC subsets from PPs
with flow cytometry because no spare PP samples were available from the mice of the second

in vivo study.
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4.3.3 Tissue collection and sample preparation

At the end of the study after 18 weeks the mice were sacrificed with CO; asphyxiation and
cervical dislocation. The intestinal tract was transferred to cold PBS (Life Technologies) in a
Petri dish, and approximately 3 mm long pieces of the distal ileum and proximal colon were
collected in 10 % formalin (Thermo Fisher Scientific). These tissues were used for the

preparation of H&E stained cross-sections for histology.

At least three approximately 3 mm long ileum sections containing a PP and one 3 mm section
of the distal ileum were embedded for cryosectioning (see Section 3.3.4) to assess TiO»

particle uptake.

For the cell population assessment, all PPs were obtained from the unexposed WT and
Nod2”"” mice. The PP samples were collected in cold RPMI 1640 medium with 100 pg/mL.
DNasel and 100 pg/mL LiberaseTL until the samples were processed for flow cytometry

staining (Section 4.3.5).

4.3.4 Histology of ileum and colon

The formalin-fixed ileum and colon sections were processed for histology by Ms Evelyn
Lupton (Massey University, Palmerston North, NZ). Briefly, the sections were embedded in
paraffin, and 10 um thick cross-sections were obtained by cutting the embedded tissues with
microtome. Three cross-sections from the central part of each sample were transferred to a

microscopy slide and stained with H&E.

The stained tissue sections were analysed under bright field illumination with an
Olympus BX50 microscope (Olympus Corporation, Tokyo, Japan). A histology score was
assigned to each sample based on a scoring system developed by Mrs Kelly Armstrong
(AgResearch, Palmerston North, NZ). According to this system, a score of ‘0’ was assigned
when the section had a completely normal appearance. A higher score, up to a maximum of
‘10°, could be given when aberrant characteristics and tissue damage were observed in the
tissue sections. A score from ‘1’ to ‘3’ would indicate only slight changes from a normal
appearance, a score from ‘4’ to ‘6’ would signify moderate changes, a score from 7’ to 9’
would be given when high deviations from the normal appearance were observed, and finally
a score of ‘10’ could mean that the whole section would be distorted. To make the scoring
system more robust against personal interpretations, the final score was based on the
systematic observation of several characteristics. Tissue sections were always examined for

the following characteristics: crypt hyperplasia, aberrant crypts, crypt injury, crypt loss,
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goblet cell loss, presence of lymphoid aggregates, crypt abscesses, submucosal thickening,
and loss of surface enterocytes. The first three characteristics were useful to assess the
morphology of the crypts in detail, whereas the remaining characteristics applied to the
appearance of the tissue sections in general. A separate score from ‘1’ to ‘10" was given for
each characteristic. The final histology score was obtained by dividing the sum of the
individual scores by the number of characteristics. The ileum and colon sections were scored

separately for each mouse. The sections were scored blindly.

As any scoring system is inevitably subjective a more objective approach to assess tissue
injury was additionally undertaken. For this purpose, images were recorded at 40X
magnification with a ColorView III camera (Olympus Soft Imaging Solutions) and the
analySIS® image acquisition software version 5.0 (Olympus Soft Imaging Solutions). These
images were then used to measure the lengths of the intestinal crypts of the ileum and colon
and of the villi in the ileum with Image] version 1.45. Crypt and villi lengths can be correlated
to intestinal injury [249]. Five randomly selected crypts or villi from one section per slide
were measured, and the average crypt length for each mouse was calculated from these
measurements. In addition, images were also recorded for presentation purposes as described
above. All images were saved with a resolution of 2,576 pixels X 1,932 pixels. The quality of
the images that were selected for presentation in this chapter were enhanced by performing

histogram stretching with Corel PaintShop Pro version 11.20 as described in Section 3.3.7.

4.3.5 Dark field and reflectance confocal microscopy

Unstained, 10 pm PP cross-sections were prepared as described in Section 3.3.6. These
sections were used to assess TiO, particle uptake with dark field microscopy and reflectance

confocal microscopy as described previously (Sections 3.3.7 & 3.3.9).

In addition, 10 pm cross-sections of the embedded ileal tissues were prepared as described
in Section 3.3.6. The sections were observed with dark field microscopy as described in

Section 3.3.7 to assess the presence of TiO; particles in the small intestinal mucosa.

4.3.6 Flow cytometry analysis

Single cell suspensions were prepared from the PPs of WT and Nod2”” mice on a standard
rodent diet. The cells were stained with fluorescently labelled antibodies and analysed with
flow cytometry as described previously (Section 3.3.5). To analyse monocyte populations and

DC subsets, the cells were stained with 1.25 pg/mlL fluorescein isothiocyanate-labelled rat
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anti-mouse CD11b, 0.5 pg/ml phycoerythrin-labelled Armenian hamster anti-mouse
CD11c, and 0.5 pg/mL allophycocyanin-labelled rat anti-mouse CD8a. For the assessment
of cell viability, 0.8 pg/mL PI was added to each sample before analysis.

The samples were analysed with a FACS Calibur flow cytometer using the CellQuest Pro
software version 6.0. At least 40,000 events were acquired from each sample. FlowJo
version 9.4.3 was used to analyse the data as previously described for monocytes (see

Figure 3.2).

4.3.7 Statistical analysis

All statistical calculations were performed with R version 3.0.0. The normality of the data
was checked with the Shapiro-Wilk test. The variance homogeneity for comparisons between
two sets of samples or the four groups was checked with the F-test or Bartlett’s test,
respectively (Appendix D). SigmaPlot version 12.5 was used to create the graphs for all

figures.

All parameters that were obtained from WT and Nod2”” mice used for bone marrow cell
collection had equal variances. The average age and number of PPs were not normally
distributed, so the results for these two parameters were compared with the nonparametric
Wilcoxon test. The results for body weight and lengths of small intestine and colon were
normally distributed, and the two-sample comparisons were performed with Student’s #test.
In addition, the Pearson correlation coefficient between age and either body weight, small

intestine length, or colon length was assessed separately for WT and Nod2”” mice.

For the parameters of the TiO, exposure study there were no significant differences between
the variances of all groups, except for the age of the mice. All results were distributed
normally. The means of the four groups were compared with two-way ANOVA, except for
the average final body weight which were compared by a modified two-way ANOVA using
the initial body weight as a co-variate. The data for daily TiO; intake and TiO, dose, which
were normally distributed and had equal variances, were compared with Student’s Atest

between the genotypes of the mice on TiO; diet.

The results between the groups from the histology analyses and TiO, uptake assessment were
also compared by two-way ANOVA. The data for the ileum and colon histology scores had
equal variances, but were not normally distributed. The data for the lengths of villi and crypts
of the ileum were distributed normally and the variances were equal. However, the variances

for colon crypt length were different between the groups, and the data did not to follow a
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normal distribution. The data for the number of reflection spots in the PP SEDs neither
followed a normal distribution nor showed variance equality between the groups. In contrast,
the data for SED areas were both normally distributed, and all groups had equal variances.
As mentioned in Section 2.3.9, there was no alternative for conducting two-way ANOVAs
in these cases. As long as the data is interpreted carefully within the biological context, it is

possible to perform parametric analysis even if some requirements are not fulfilled [273].

The variances of the data from the flow cytometry analysis were distributed equally with the
exception of monocytes and DCs. However, only the data for monocytes and CD11b"
macrophages were normally distributed. The results for monocytes were compared with

Student’s ~test and all other results with the Wilcoxon rank sum test.

Dot density plots were used for the figures to show the distribution of the individual results
and the means, except in the graphs showing the body weight and body weight changes over

time in which the results were plotted as means = SE.

4.4 Results

4.4.1 Body weight and intestinal characteristics of wild-type
mice and mice with a Crohn’s disease-like NodZ2 gene

variant on a standard diet

Several characteristics were recorded from the WT and Nod2”'” mice that were used for bone
marrow cell collection (see Section 2.3.2). The average age at tissue sampling was not
significantly different, with 94 d * 18 d and 95 d * 17 d for WT and Nod2”” mice,
respectively. The body weight of WT mice was 20.29 g £ 1.36 g, and the body weight of
Nod2”'" mice was 18.11 g + 1.74 g (Figure 4.1a). These averages were significantly different
(p < 0.001). The number of PPs was not significantly different between the two groups
(Figure 4.1b).

The average lengths of the small intestines were also similar between the two groups, with
32.5 cm * 3.3 cm for WT mice and 32.7 cm * 3.9 cm for Nod2”” mice (Figure 4.2a). In
contrast, the average lengths of the colons were significantly different (p < 0.05), with

6.8 cm £ 0.7 cm for WT mice and 6.4 cm £ 0.9 cm for Nod2”'” mice (Figure 4.2b).

An increase in body weight was positively correlated with older age for both WT and Nod2””

mice (Figure 4.1a). The Pearson correlation coefficients were 0.65 and 0.77 for WT and
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Figure 4.1 Body weights and numbers of PPs of WT and Nod2™/™ yice fed a standard rodent diet.

The body weights and numbers of PPs of female WT and Nod2”/” (m/m) mice that were used for bone marrow
cell collection (see Section 2.3.3) were recorded at sampling. (a) Live body weight of each individual mouse
were plotted against age; regression lines are indicated for WT (dashed) and Nod2”” mice (dotted). (b) Number
of PPs of each individual mouse were plotted according to genotype; means are indicated by red lines. 7 = 29.

Results for the number of PPs per genotype were compared with Wilcoxon rank sum test.
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Figure 4.2 Small intestine and colon lengths of WT and Nod2™/™ mice fed a standard rodent diet.
The lengths of the small intestines and colons of female WT and Nod2”/” (m/m) mice that were used for bone
marrow cell collection (see Section 2.3.3) were recorded at sampling. Small intestine length (a) and colon

length (b) of each individual mouse were plotted against age. Regression lines are indicated for WT' (dashed)
and Nod2""” mice (dotted); # = 29.
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Nod2"” mice, respectively. These increases were significantly different from zero (p < 0.001).
The correlation coefficients for age and small intestine length or colon length were 0.15 and
0.14, respectively, for WT mice (Figure 4.2) which indicates that there was no correlation
between older age and increasing intestinal length for WT mice. However, there was a
positive correlation between age and both intestinal lengths for Nod2”” mice (Figure 4.2)
with Pearson correlation coefficients of 0.60 for small intestine length and 0.52 for colon

length. In both cases, the slopes of the corresponding regression lines were significantly

different from zero (p < 0.01).

4.4.2 Performance and titanium dioxide intake

The age and initial body weight of the mice in all four groups was similar at the start of the
study (Table 4.1). The body weight of all groups increased over the course of the study, and
there were no significant interaction effects for both overall body weight and relative change

in body weight at the final recording time point (Table 4.1 & Figure 4.3).

The average daily body weight gain was also similar between all groups (Table 4.1). However,
the final body weight, overall body weight change and daily body weight gain was significantly
(p < 0.05) higher for WT mice compared to Nod2”” mice when the results between the

genotypes were compared independently of the diet (Table 4.1).

There was no significant difference for the average daily food intake between the groups or
between genotypes. However, mice on a TiO,-containing diet regardless of the genotype had
a significantly lower (p < 0.01) average daily food intake. The average daily TiO, intake and
TiO, dose were not significantly different between the groups (Table 4.2).

The number of PPs, and lengths of the small intestine and colon were also recorded at
sampling, and the results of the statistical analysis are presented in Table 4.3. There were no
significant differences regarding the number of PPs (Figure 4.4a). The effect of diet on the
lengths of the small intestines was significant (p < 0.05) with longer small intestines in mice
on the control diet compared to mice on the TiO, diet, but there was no significant
interaction effect (Figure 4.4b). In contrast, a significant interaction effect (p < 0.05) was
observed for the colon lengths (Figure 4.4c). However, after a pairwise comparison with
Tukey’s HSD post-hoc test was carried out no significant differences between any two groups
could be detected. Nevertheless, there was a trend to a significant difference (p = 0.06)
between the colon lengths of WT and Nod2”” mice on a control diet because of the longer

colon lengths of WT mice.
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Table 4.1 Means (+ SD) for age, initial and final body weight, body weight change, daily weight gain, and daily food intake of female WT and Nod2"'" mice fed a diet with or without TiO,.

Control diet T70; diet p-valuée’
Parameter - -

wT Nod2™/™ wT Nod2™/™ Genotype  Diet  Interaction
Age (d) 45+ 3 48+ 4 446 46£6 0.29 0.48 0.74
Initial body weight (g) 16.9 £ 1.0 152+£1.2 155+ 1.8 158 £ 1.5 0.30 0.55 0.14
Final body weight (3)’ 21.7£1.0 19.0 £ 1.6 203+ 1.6 183+ 1.6 <0.01 0.14 0.62
Body weight change (7o) 128.8 £ 6.4 125.2 £12.6 131.8 £11.3 1159 £33 <0.05 0.46 0.16
Daily weight gain (g) 0.04 £ 0.007 0.03 £ 0.014 0.04 £ 0.010 0.02 £ 0.004 <0.01 0.25 0.25
Daily food intake (g) 2.77 £ 0.18 2.57 £0.20 246 £ 0.14 241 £0.16 0.14 <0.01 0.35

TAIN-76A rodent diet without (control) or with 625 mg TiO»/kg. 2Statistical comparison with two-way ANOVA with Nod? genotype (WT/Nod2”” and

diet (control/625 mg TiOz/kg) as factors. *For statistical compatison of “final body weight” results ‘initial body weight’ was used as co-vatiate.
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Figure 4.3 Body weights and weight changes relative to initial body weight of WT and Nod2™/™ pice fed a diet with or without
TiO; for 18 weeks.
Female WT and Nod2”” (m/m) mice were fed AIN-76A rodent diet without (control) or with 625 mg TiO2/kg
for 18 weeks. The body weights were recorded twice weekly for 122 d. (a) Changes in body weight over time.
(b) Changes in body weight relative to initial body weight over time. Shown are means + SE; #» = 5. Results

from the last time point were compared with two-way ANOVA (Table 4.1).
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Table 4.2 Means (* SD) for daily TiO; intake and daily TiO; dose of female WT and Nod2"'" mice fed a diet with
625 mg TiO;/ kg.

Parameter wT Nod2™/™ p-value’
Daily TiO; intake (mg) 1.538 £ 0.087 1.509 £ 0.102 0.64
Daily TiO: dose (mg/ kg) 75.821 + 4.650 82.891 £ 5.930 0.08

IStatistical comparison with Student’s #test.
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Table 4.3 Two-way ANOV A results for comparisons of intestinal parameters of female WT and Nod2"'" mice fed a diet with

or without TiO;
p-value’
Parameter
Genotype Diet Interaction
Nuniber of PPs 0.42 0.42 0.63
Small intestine length 0.30 < 0.05 0.13
Colon length 0.10 0.30 < 0.05
Lleum histology score 0.25 0.77 1.00
Colon histology score 0.30 < 0.01 0.42
Lienm crypt length 0.72 0.06 0.26
Llenm villi length 0.12 0.68 0.54
Colon crypt length 0.36 <0.05 0.06
Reflection spots analysis group comparison <0.01 < 0.001 <0.01
SED areas comparison <0.01 0.23 <0.05

IStatistical comparison with two-way ANOVA with Nod2 genotype (WT/Nod2””) and diet (AIN-76A diet
with/without 625 mg TiO2/kg) as factors.
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Figure 4.4 Numbers of PPs and small intestine and colon lengths of WT and Nod2™/™ mice fed a diet with or without TiO>
Sfor 18 weeks.

Female WT and Nod2”” (m/m) mice were fed AIN-76A rodent diet without (control) or with 625 mg TiO2/kg
for 18 weeks. Number of PPs (a), small intestine length (b), and colon length (c) of each individual mouse were
plotted according to group; means are indicated by red lines; #» = 5. Results were compared with two-way

ANOVA (Table 4.3).

186



4.4.3 Bright-field microscopy and histology of ileum and colon

cross-sections

Representative images of H&E stained ileum and colon cross-sections are shown in
Figures 4.5 and 4.6, respectively. The overall appearance of the tissue sections between the

four groups was similar.

This was confirmed by the respective histology scores for ileum and colon for which no
significant interaction effects were observed (Table 4.3 & Figure 4.7). However, the colon
histology scores were significantly higher (» < 0.01) for mice on TiO, diet irrespective of

genotype (Figure 4.7b).

There were no significant differences for ileum crypt and villi lengths (Table 4.3 & Figure 4.8)
and no significant interaction difference for colon crypt length (Table 4.3 & Figure 4.9). Of
note, the colon crypt lengths of mice on the TiO; diet were significantly (p < 0.05) increased

compared to mice on control diet.

4.4.4 Assessment of titanium dioxide particle uptake in Peyer’s

patches and the ileal mucosa

TiO; particle uptake in PPs was confirmed with dark field microscopy. Both WT and Nod2””

mice contained TiO, particles as shown in the representative images (Figure 4.10).

Statistical analysis of the number of TiO, particles in PPs, as determined from the reflection
spot analysis with confocal microscopy, and the SED areas indicated that there were
significant interaction differences between the groups for both (Table 4.3). Pairwise group
comparisons of the number of reflection spots showed that the SED of WT mice on the
TiO, diet contained significantly more (p < 0.01) TiO, particles than all other groups
(Figure 4.11). The number of reflection spots in the SED of Nod2”/” mice on the TiO; diet
was also significantly higher (p < 0.05) compared to the control groups. The SED area that
was analysed for reflection spots was significantly larger (p < 0.05) in WT mice exposed to
TiO, compared to both Nod2”” mice groups (Figure 4.12). However, there was no difference

between the SED areas of Nod2”” mice on the TiO, diet and the control diet.

In addition, unstained ileal tissue cross-sections from mice on the TiO, diet were also
observed with dark field illumination. Many TiO; particles were observed in the intestinal
lumen (Figure 4.13). However, only few TiO, particles were detected in the mucosa of WT

and Nod2”"” mice.
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Figure 4.5 Bright field microscopy images of ileum cross-sections from WT and Nod2™/™ mice fed a diet with or without TiO,
Jor 18 weeks.

Images of ileum cross-sections from female WT and Nod2”” mice on AIN-76A rodent diet without (a, b) or
with 625 mg TiO»/kg (c d) for 18 weeks. H&E stained sections were viewed with a light microscope under
bright field illumination to determine the histology score (Figure 4.7), and the villi and crypt lengths (Figure 4.8).

Representative images from WT (a, ¢) and Nod2”” mice (b, d) are shown. Scale bar = 200 pum.
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Figure 4.6 Bright field microscopy images of colon cross-sections from WT and Nod2™™ smice fed a diet with or without TiO;
Jor 18 weeks.

Images of colon cross-sections from female WT and Nod2”” mice on AIN-76A rodent diet without (a, b) or
with 625 mg TiOz/kg (c d) for 18 weeks. H&E stained sections were viewed with a light microscope under
bright field illumination to determine the histology score (Figure 4.7). Representative images from WT (a, c)

and Nod2"'” mice (b, d) are shown. Scale bar = 200 um.
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Figure 4.7 lenm and colon histology scores of WT and Nod2™/™ mice fed a diet with or withont TiO: for 18 weeks.

Female WT and Nod2”” (m/m) mice were fed AIN-76A rodent diet without (control) or with 625 mg TiO/kg
for 18 weeks. Histology scores were determined from H&E stained cross-sections. Histology scores of ileum (a)
and colon (b) of each individual mouse were plotted according to group; means are indicated by red lines; # = 5.

Results were compared with two-way ANOVA (Table 4.3).
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Figure 4.8 Lengths of crypts and villi in the ilenm from WT and Nod2™/™ mice fed a diet with or without TiO; for 18 weekes.
Female WT and Nod2”” (m/m) mice were fed AIN-76A rodent diet without (control) or with 625 mg TiO,/kg
for 18 weeks. Images of H&E stained ileum cross-sections were acquired with a light microscope. Lengths of
crypts (a) and villi (b) of each individual mouse were measured with image analysis software and plotted
according to group; means are indicated by red lines; » = 5. Results were compared with two-way

ANOVA (Table 4.3).
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Figure 4.9 Lengths of crypts in the colon from WT and Nod2™/™ yice fed a diet with or without TiO; for 18 weeks.

Female WT and Nod2”” (m/m) mice were fed AIN-76A rodent diet without (control) or with 625 mg TiO,/kg
for 18 weeks. Images of H&E stained colon cross-sections were acquired with a light microscope. Length of
crypts of each individual mouse were measured with image analysis software and plotted according to group;

means are indicated by red line; # = 5. Results were compared with two-way ANOVA (Table 4.3).
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Figure 4.10 Dark field microscopy images of PP cross-sections from WT and Nod2™'™ wice fed a diet with or without TiO;
Sor 18 weeks.

Images of PP cross-sections from female WT and Nod2”” mice on AIN-76A rodent diet without (a, b) or with

625 mg TiO2/kg (c, d) for 18 weeks. Unstained sections wete viewed with a light microscope under datk field
illumination. Lines indicate FAE. Arrows point out selected TiO; particle clusters in SEDs (white).
Representative images from WT (a, ¢) and Nod2”” mice (b, d) are shown. Scale bar = 200 um.

L = intestinal lumen.
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Figure 4.11 TiO; particle nptake in SED areas from WT and Nod2™/™ mice fed a diet with or without TiO; for 18 weeks.
Female WT and Nod2”” (m/m) mice were fed an AIN-76A rodent diet without (control) or with
625 mg TiO,/kg for 18 weeks. Unstained 10 um thick PP sections were analysed by reflectance confocal
microscopy. The number of reflection spots in PP SEDs was assessed with image analysis software. Shown are

means £ SD; # = 5. Results were compared with two-way ANOVA. P-values were calculated with Tukey’s HSD

test and significant differences between groups are indicated; *p < 0.05, *¥p < 0.01, ***p < 0.001.
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Figure 4.12 Sizes of SED areas used for TiO; particle uptake assessment from WT and Nod2™/™ mice fed a diet with or
without TiO; for 18 weeks.

Female WT and Nod2”” (m/m) mice were fed an AIN-76A rodent diet without (control) or with
625 mg TiO»/kg diet for 18 weeks. Unstained 10 um thick PP sections wete analysed by reflectance confocal
microscopy. The area of SEDs used for red spot counting was measured with image analysis software. Shown

are means = SD; # = 5. Results were compared with two-way ANOVA. P-values were calculated with

Tukey’s HSD test and significant differences between groups are indicated; *p < 0.05, **p < 0.01.
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Figure 4.13 Dark field microscopy images of ilenm cross-sections from WT and Nod2™/™ mice fed a diet with or withont TiO;
Sfor 18 weeks.

Images of ileum cross-sections from female WT and Nod2”” mice on AIN-76A rodent diet with
625 mg TiOz/kg for 18 weeks. Unstained sections were viewed with a light microscope under dark field
illumination. Lines indicate villi. Arrows point out TiO3 particles (white spots) in lumen. Representative images

from WT (a) and Nod2”” mice (b) are shown. Scale bar = 200 um. I. = lumen, M = mucosa.
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4.4.5 Monocyte populations of Peyer’s patches from wild-type
mice and mice with a Crohn’s disease-like NodZ gene

variant on a standard diet

The frequencies of monocytes and monocyte populations, including DC subsets, in PPs from
WT and Nod2”” mice are shown in Figures 4.14 and 4.15. There were no significant

differences between WT and Nod2”” mice on a standard rodent diet.

4.5 Discussion

4.5.1 Reassessment of the hypothesis

The results presented in this chapter did not support the hypothesis that Nod2”” mice
develop intestinal inflammation as a consequence of TiO, particle accumulation in PPs.
Furthermore, the uptake of TiO; particles was lower in Nod2”/” mice compared to WT mice.

Possible reasons for this observation will be discussed in Section 4.5.3.

4.5.2 Considerations about the performance of mice with a

Crohn’s disease-like Nod2 gene variant

The Nod2”” mice on the TiO; diet had the lowest average body weight of all groups and
showed the lowest body weight increase over the course of the study (Figure 4.3). However,
the mean final body weight, body weight change, and daily weight gain of Nod2”” mice on
the control diet were not different from the other three groups (Table 4.1). Nevertheless,
there was a genotype effect for these three parameters which indicated that Nod2”” mice had

i) m

a lower body weight performance than WT mice. The body weights of Nod2”” mice on a
standard rodent diet, which were used for 7# vitro experiments (see Chapter 2), were also
lower compared to age matched WT mice (Figure 4.1a). Taken together, these findings
suggest that Nod2"”” mice have a lower average body weight than WT mice. In addition, the
Nod2”'" mice from the in vitro studies also had shorter colons than age matched WT

mice (Figure 4.2b). These observations could be interpreted as indicators of a disturbed

intestinal homeostasis in Nod2”” mice.

However, if the intestinal function was impaired in Nod2”"” mice, this was not obvious from
aberrances in the intestinal tract. No differences in histological parameters that would have

indicated the presence of intestinal inflammation were observed between the groups from
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Figure 4.14 Frequencies of monocytes and monocyte populations in PPs from WT and Nod2™/™ mice on a standard rodent diet.
Single cell suspensions of PPs from female WT and Nod2”/” (m/m) mice on standard rodent diet were stained
with fluorescently labelled antibodies and analysed by flow cytometry. Percentages of monocytes from all live
cells (a) and of CD11b* CD11c¢ /¥ macrophages (b) or CD11chsh DCs (c) from all live monocytes wete
determined. Results of each individual mouse were plotted according to genotype; means are indicated by red
lines; shown are combined results of two independent experiments; # = 10. Results were compared with

Student’s ~test (a) or Wilcoxon rank sum test (b, c).
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Figure 4.15 Frequencies of DC subsets in PPs from WT and Nod2™'™ sice on a standard rodent diet.

Single cell suspensions of PPs from female WT and Nod2”” (m/m) mice on standard rodent diet were stained
with fluorescently labelled antibodies and analysed by flow cytometry. Percentages of CD8* CD11b DCs (a),
CD8 CD11b* DCs (b), and CD8 CD11b DCs (c) from all live DCs were determined. Results of each

individual mouse were plotted according to genotype; means are indicated by red lines; shown are combined

results of two independent experiments; # = 10. Results were compared with Wilcoxon rank sum test.
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the second 7 vive study (Figure 4.7). The lengths of crypts in the ileum and colon and of the
villi in the ileum were also similar between the groups (Figures 4.8 & 4.9). In case of
inflammation in the intestine, it would be expected that the histology scores would be higher
and crypt lengths would be increased in affected mice compared to control mice without

intestinal inflammation [249].

Although statistical analysis of the colon lengths showed an interaction effect between
genotype and diet in the second 7z vivo study (Table 4.3), the subsequently performed pairwise
group comparison did not reveal significant differences between any two groups. There was
only a trend to a significant difference between WT and Nod2”” mice both on control diet.
The reason why the significant difference observed with ANOVA was not confirmed with
pairwise group comparison could be that the Tukey’s HSD method, which was used for
pairwise group comparison, is a more conservative statistical method [272]. If a more liberal
pairwise group comparison test would have been used, e.g. Fisher’s Least Significant
Difference test, the difference between WT and Nod2”” mice both on control diet might
have been statistically significantly different (personal communication with Ms Catherine
Lloyd-West). This assumption was supported by the finding that colon lengths between WT

and Nod2”"” on a standard rodent diet were significantly different (Figure 4.2b).

In contrast to the colon lengths, there was no interaction effect regarding the small intestine
lengths. However, there was a diet effect for the latter. Mice on the control diet had longer
small intestines than mice on the TiO; diet (Figure 4.4b). This result was likely a statistical
effect, rather than a ‘real’ diet effect, which might have been caused by an outlier value in the
group of WT mice on a control diet. Correspondingly, WT and Nod2”” on a standard rodent

diet had similar small intestine lengths (Figure 4.2a).

There was also a diet effect on the daily food intake in the second 7 vivo study. Animals that
were fed a TiOs-containing diet had a lower food intake than mice on a control
diet (Table 4.1). This result was in contrast to the first zz vzvo study in which no differences
were observed between the diet groups of the respective sampling time points (Section 3.4.2;
Table 3.2). These contradictory results could potentially be clarified through another 7z vivo
study.

) m

In the original study in which the generation of the Nod2”” mice had been described, it was
mentioned that conventionally housed Nod2”” mice did not develop intestinal inflammation
spontaneously [131]. The other available mouse model with a modification of the Nod2 gene,

the Nod2”/~ mouse model, also did not show spontaneous intestinal abnormalities [98, 125].
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In contrast to Nod2”/~ mice, however, Nod2”” mice had an increased susceptibility to
DSS-induced colitis compared to WT mice [131]. Therefore, it was expected that the
Nod2”'” mouse model would be better suited to investigate the influence of dietary TiO>

particles on the development of intestinal inflammation in the presence of a Nod2 mutation.

4.5.3 Titanium dioxide particle uptake in Peyer’s patches of

mice with a Crohn’s disease-like Nod2 gene variant

The number of PPs was similar between both WT and Nod2”” mice kept under conventional
conditions for the 7z witro studies as well as all the groups in the second iz wvive
study (Figures 4.1b & 4.4a). In their report about the generation of Nod2”” mice, Maeda and
colleagues have not indicated if they observed different numbers of PPs in Nod2”” mice.
However, Barreau and colleagues have investigated the numbers of PPs in N 0d2”~ mice and

found that they had more PPs compared to WT mice [304].

The uptake of TiO, particles in PPs was investigated by dark field microscopy and reflectance
confocal microscopy. The results showed that most TiO; particles were located in the SED
areas in both WT and Nod2”” mice (Figure 4.10). This observation was similar to the results
from the first iz vivo study (Sections 3.4.4 & 3.4.6; Figures 3.11 & 3.16). However, in the

)

second 7z vivo study the total amount of TiO; particles was lower in PPs from Nod2"" mice
compared to WT mice (Figure 4.11). This finding was unexpected because it has been
reported that the transcellular permeability of PPs and the translocation of microorganisms
from the lumen into PPs was increased in Nod2™/~ mice compared to WT mice [304, 312].
Furthermore, Nod2™/~ mice contained more M cells in the FAE compared to WT mice [304].

If this was also the case in Nod2”” mice, it would be expected to detect an increased amount

of TiO; particles in PPs of Nod2”"” mice compared to WT mice.

Taken together, the findings that N 0d2""" mice had equal number of PPs and fewer particles
in the SED area compared to WT mice indicate that there are fundamental differences in
intestinal function between Nod2”” and Nod2”'~ mice. This would also explain why
Nod2”"" mice showed increased susceptibility to DSS-induced colitis [131] whereas there was

no difference between Nod2”/~ and WT mice after treatment with DSS [125].

Several possibilities could explain the reduced amount of TiO, particles in PPs of
Nod2”"” mice. For instance, there might be a difference in the number of M cells between

Nod2"” and WT mice. Unlike for Nod2 ™/~ mice, however, the amount of M cells in the FAE

of Nod2”"” mice would be reduced compared to WT mice. It has been shown that the number
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of M cells decreased with increasing age in mice [313]. The uptake of fluorescent latex
particles with a diameter of 200 nm in PPs was impaired in older mice. However, in the
second i vivo study the age of Nod2”” and WT mice was similar, so a reduced number of

M cells because of an older age of Nod2”/” mice seems to be an unlikely explanation.

Another possibility could be that the function of M cells in the FAE of Nod2”” mice is
reduced compared to WT mice. It has been reported that the transport capacity of M cells
could be up-regulated by the presence of bacteria in the intestinal lumen [314]. This result
suggested that disturbances in the intestinal microbiota could affect M cell function. Indeed,
it has been reported that the intestinal microbial profile of Nod2”~ mice differed from W'T
mice [315-317]. However, the intestinal microbiota of Nod2”” mice has not yet been

investigated.

A third possibility could be that there are differences in PPs immune cells, specifically DCs,
between Nod2”” and WT mice. As shown previously (Section 3.4.7), TiO, particles were
taken up by DCs in the SED area. Differences in PP immune cells have been reported for
WT and Nod2”~ mice, e.g. an increased frequency of CD4" T cells Nod2™~~ mice [304, 312].
It is possible that the number of DCs in the SED area of Nod2”” mice was reduced compared
to WT mice. Therefore, less phagocytic cells that can take up TiO, particles would be
available. A reduced number of cells in the SED area of Nod2”” mice was also suggested by
the smaller SED area in these mice compared to WT mice. To further investigate the
possibility of a reduced number of APCs in the SED area of Nod2”” mice compared to WT
mice, the frequencies of PP monocyte populations were compared between healthy
Nod2”"” and W'T mice on a conventional diet. It was necessary to obtain further animals for
this investigation because no spare PPs were available from the second 77 vivo study. The
results from this additional investigation indicated that the frequencies of PP monocytes,
macrophages, DCs, or DC subsets did not differ between Nod2”"” and WT mice kept under

conventional conditions.

Lelouard and colleagues have recently investigated DC subsets from the SED area in more
detail [182, 183]. They showed that lysozyme-expressing CD11¢” CD11b" DCs from the
SED had a higher phagocytic activity 7z vitro compated to CD11c¢" cells that did not express
lysozyme [182]. Moreover, lysozyme-expressing DCs were able to extend dendrites through
pores in M cells, and this enabled them to sample particulate antigens directly in the intestinal
lumen [183]. The formation of the transepithelial dendrites was mediated through a particular
cell adhesion molecule. Therefore, another possible explanation for the decreased amount

of TiO; particles in the SED of Nod2”” mice compared to WT mice that was observed in
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this study would be that the formation of these dendrites is reduced in Nod2”” mice,

e.g. through impaired expression of the necessary adhesion molecule.

A recent study examined the amount of exogenous particles in PPs from children with
IBD [292]. Overall, 42 % of the children showed accumulation of exogenous particles in
PPs. However, less children with CD had exogenous particles in their PPs compared to
children with UC or non-IBD patients. This result is in line with the observation from the
second 7n vivo study that Nod2”” mice had less TiO; particles in PPs. Hummel and colleagues
hypothesised that the numbers of cells containing exogenous particles in children affected
by CD might be reduced because these cells became activated and migrated from PPs to

MLNSs or the LP where they initiated a pro-inflammatory immune response.

4.5.4 Titanium dioxide particle uptake across the intestinal
epithelium

Increased translocation of TiO, particle-containing DCs from PPs to other sites of the
gastrointestinal tract would be another explanation why there were less TiO; particles in the
SED of Nod2""” mice. Unfortunately, ML.Ns were not collected during the sampling of the
second iz vivo study to investigate the translocation of TiO, particles in Nod2”” mice.
However, a section of the ileum adjacent to a PPs was collected to investigate the presence
of TiO, in the intestinal mucosa. Although many studies have examined intestinal particle
uptake across PPs (reviewed in [318]), some studies also showed that particles could be taken
up across the intestinal epithelium. For example, Desai and colleagues compared the uptake
of biodegradable particles with a size of approximately 100 nm between ileal PPs and non-PP
tissues 7z sitn with an intestinal loop model in rats [319]. Although this model showed that
more particles were taken up in PPs, a considerable amount of particles was also present in
non-PP tissues. Theoretically, TiO; particles could cross the intestinal epithelial barrier by
transcytosis through enterocytes [189], or by persorption through gaps created in the
intestinal epithelium by apoptotic enterocytes [169]. The latter case has been demonstrated
for gold nanoparticles of various sizes after oral administration in the small intestine of

mice [170].

Analysis of the samples obtained during the second iz wvivo study from mice fed a
TiO,-containing diet showed that some TiO, particles were present in the mucosa of WT
and Nod2”” mice (Figure 4.13). However, in both cases the number of particles in the LP

was much smaller compared to the amount of TiO, observed in the SED areas of
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PPs (Figure 4.10). Therefore, particle uptake across the epithelium of the small intestine
seems to be a less important way for particulate substances to gain access to the intestinal

mucosa compared to uptake across the FAE.

Although relative particle uptake across the non-PP intestinal epithelium might be low, the
absolute uptake could however be of biological relevance [219]. The intestinal epithelium has
a much larger surface area compared to the combined surface areas of FAE in the small
intestine. Nevertheless, it cannot be excluded that the particle-containing cells observed in
the intestinal mucosa were originally located in PPs and migrated to the LP after uptake of

TiO; particles in the SED area.

4.5.5 Conclusion

To summarize, the results presented in this chapter suggest that a mutation in the Nod2 gene
did not increase the susceptibility to develop intestinal inflammation in response to TiO»
particle uptake in PPs. However, limitations in using models to investigate human diseases,
in general, or in the Nod2”” mouse model, in particular, might have masked potential
negative effects of TiO, particles on intestinal function. Using additional mouse models for
CD or conducting another human dietary intervention study might be options to continue
research on this topic in the future. The limitations and possibilities for further research will

be discussed in more detail in Chapter 6.

In addition, more investigations could be carried out with Nod2”” mice exposed to dietary
TiO; as a consequence of the results from the second 7 vivo study. For instance, it should be
clarified why the uptake of TiO; particles in PPs from Nod2”” mice was lower compared to
WT mice. Immunofluorescence staining with M cell specific markers, e.g. Ulex europaens
agglutinin-1 [182], could be used to clarify whether this was the consequence of a reduced
number of M cell in the FAE. Furthermore, the intestinal permeability of Nod2”/” mice could
be assessed by measuring the FITC-labelled dextran flux z witro using an Ussing
chamber [304]. Moreover, the composition of the intestinal microbiota could be compared
between Nod2”” and WT mice by sequencing microbial ribosomal ribonucleic acid genes of

intestinal content samples [317].

Although WT and Nod2”” mice on a TiO,-containing diet did not develop intestinal
inflammation according to histological assessment, exposed mice might nevertheless be
affected on the molecular level. Thus, dietary TiO; intake might be reflected in changes of

urine metabolite concentrations of exposed individuals.
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Chapter 5 Effects of dietary titanium
dioxide on urine metabolite profiles of
wild-type mice and mice with a Crohn’s

disease-like NodZ2 gene variant
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5.1 Introduction

Currently, the precise diagnosis of CD and UC is complicated and requires invasive clinical
procedures that can cause discomfort for the patients. Therefore, the use of biomarkers that
can be measured in samples that can be obtained with no or minimal discomfort, e.g. urine,
serum, plasma or faeces, would be useful for the diagnosis of IBD [320]. Biomarkers are
parameters that are associated with specific biological processes, e.g. the development or

progression of diseases, and that can be objectively measured [321].

There is increasing interest to use metabolomics, also known as metabolic profiling, for the
study of disease-associated biomarkers [321, 322], including IBD [320]. Metabolomics has
been defined as the study of metabolites, i.e. small molecules with a molecular weight less
than 1 kDa, in a biological sample [320-322]. The term ‘metabolome’ refers to all metabolites

that are present in a specific sample [322].

For diagnostic purposes, metabolites are usually measured in urine, serum, plasma, or faeces.
Vatious biomarkers that distinguish CD and/or UC patients from healthy controls have been
identified in all of these sample types with metabolomics [323-328]. For example, the amount
of formate was increased and the levels of p-cresol and hippurate decreased in urine samples

from CD patients compared to healthy controls [327].

Urine samples are useful for IBD diagnostics because the sample collection is non-invasive
and consecutive samples can be obtained from the same patient without great difficulties to
monitor disease progression and response to treatment [320]. An advantage of using
metabolomics for the identification of disease-associated biomarkers in clinical diagnostics
is the possibility to perform high-throughput analyses with low associated costs per

sample [321].

The most common analytical methods to detect metabolites in biological samples are nuclear
magnetic resonance spectroscopy (NMR) and mass spectrometry [320]. The latter is usually
used together with sample separation methods, such as gas chromatography mass
spectrometry (GC-MS) or liquid chromatography mass spectrometry (LC-MS). The
metabolite analysis can be targeted, when defined metabolites are investigated in a specific
sample, or untargeted, when a profile of all detectable metabolites in a given sample is
obtained. Untargeted metabolomics can be useful to identify metabolic pathways that are

affected by specific disorders like IBD [320, 329].
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Metabolomics has been applied to studies with animal models of IBD. For instance, mice
that developed colitis after treatment with DSS showed differences in serum metabolites
compared to untreated mice [330]. Another commonly used mouse model for CD is the
1/10”~ mouse strain, which does not express the anti-inflammatory cytokine I1.-10 [50, 331].
Differences in urine metabolites of I/70~/~ mice with active colitis were detected by NMR
and GC-MS analysis compared to WT mice without inflammation. For example, the levels
of trimethylamine, fucose, xanthurenic acid and 5-aminovaleric acid were increased in urine

of 1/10”~ mice compared to WT controls [332-334].

Further analysis of urine samples from I/70”~ and WT mice with LC-MS by Otter and
colleagues confirmed the association between an elevated level of xanthurenic acid, which is
a product of the tryptophan catabolism, and CD-like inflammation in I/70~/~ mice [335]. The
level of xanthurenic acid glucuronide, a precursor of xanthurenic acid, was correspondingly
decreased in urine samples from /707~ mice with colitis. Furthermore, the amount of
2,5,7,8-tetramethyl-2-(2’-carboxyethyl)-6-hydroxychroman, a vitamin E degradation

product, was increased in urine samples from these mice.

The studies with animal models showed that metabolomics can successfully be used to
differentiate mice with colonic inflaimmation from healthy control animals based on their
urine metabolite profiles. The biomarkers discovered in these animal studies highlighted new
metabolic pathways that are affected by the presence of colon inflammation and which might

be of relevance for the clinical diagnostics of IBD in the future.

Metabolomics is also a useful tool in toxicology, and it has been used extensively to study
drug toxicity [336]. One metabolomics study investigated the impact of oral TiO»
administration to rats for 14 d [209]. Analysis of urine and serum metabolites by NMR
showed changes in energy and amino acid metabolism after TiO, exposure. Increased
concentrations of phenylacetylglycine and hippurate in urine of TiO, exposed rats also
indicated impacts of TiO, on the intestinal microbiota as the precursors to these two
metabolites are produced by commensal bacteria. So far, effects of exposure to dietary TiO»

particles on metabolic pathways has been investigated neither in humans nor in mice.

5.2 Hypothesis and aims

The hypothesis to be tested in this chapter was that intake of a diet containing TiO, particles
leads to systemic metabolic changes, and the urine metabolite profiles of mice on TiO»-

containing diets will be different compared to mice on a TiO; particle-free diet. Furthermore,

209



it was expected that Nod2”’” mice will show differences in their urine metabolite profiles
compared to WT mice, regardless of dietary TiO, intake, due to effects on metabolic

pathways as a result of the introduced frameshift mutation in the Nod2 gene.

The aims of this chapter were to analyse urine samples collected during the first and second
in vivo studies with LC-MS and to compare the results statistically. If differences exist,
metabolites that discriminate the respective groups should be identified based on database

searches and comparisons with previous metabolomics studies.

5.3 Materials and methods

5.3.1 Metabolomics analysis workflow

A diagram about the workflow for metabolomics analysis, which highlights the main steps
in general [320, 329] and the corresponding steps for the studies from this dissertation in

particular, is presented in Figure 5.1.

5.3.2 Animals and urine collection

The animal studies, including the procedure for spot urine collection, were approved by the
Grasslands Animal Ethics Committee in compliance with the New Zealand Animal Welfare

Act 1999.

Spot urine samples were collected from the mice during the course of the two animal studies.
Urine was chosen as the sample type to assess potential metabolic changes after feeding
TiO;-containing diets. The advantage of urine samples compared to other potential sample
types, e.g. plasma, was that the sample collection could be performed non-invasively. Thus,
several samples could be obtained from the same animal over the course of the study, which
was of relevance for the second 7 vivo study. All samples were collected at 10 am £ 1 h on

the respective collection days.

During the first 7z vivo study (Chapter 3), urine samples were obtained from female and male
WT mice after they were fed one of three TiO»-containing diets or a control diet for 6 weeks,
12 weeks, and 18 weeks just before the mice were sacrificed for tissue collection (see
Section 3.3.3). During the second 7 vivo study (Chapter 4), urine samples were collected from
female WT and Nod2”” mice on a TiO,-containing or control diet on the first day of the

study and then every four weeks until the end of the study after 18 weeks (see Section 4.3.2).
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General workflow

Step 1 Study design
Step 2 Sample collection
Step 3 Sample preparation
Stop 4 Untargét.ed data
acquisition
Step 5 Statistical comparison
Swp 6 Database and
Vg literature searches
Stp 7 Target.e('i'data
acquisition
Comparisons with
Stp 8 standard spectrum

Figure 5.1 Overview of the workflow for metabolomics studes.

This diagram shows the main steps of an untargeted metabolomics analysis workflow and highlights the

Corresponding steps

Feeding of TiO,-containing diet to
WT and Nod2”” mice

Terminal or serial urine
sample collection

Dilution of urine samples

LC-MS analysis

Data analysis with
R and MetaboAnalyst

Data compatisons with 7/ z values
reported in METLIN and literature

Not done

Not done

corresponding steps for the metabolomics analysis of the mouse urine samples from this dissertation.
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In total, five sets of samples were taken in week 1, 5, 9, 13, and 18 during this second

in vivo study.

For the spot urine collection, the mice were placed with their back over a clean Petri dish lid.
The mice were held at the tail with one hand while gentle pressure was exerted on their lower
back with the other hand to stimulate urination. Released urine was taken up from the Petri
dish with a 100 pl. volume pipette and transferred to a 1.7 ml microcentrifuge tube. The
samples were immediately frozen in liquid nitrogen, and they were subsequently transferred

to a —80 °C freezer for long term storage.

5.3.3 Sample preparation

The samples were defrosted and centrifuged at 12,000 g for 10 s to precipitate particulate
substances, if present. A 4 uL aliquot from each sample was transferred to a glass insert for
mass spectrometry vials with a capacity of 250 pl. and diluted with 200 uL 0.1 %
(volume/volume) formic acid (Thermo Fisher Scientific) in distilled water. The insert was
placed into a 2 mlL mass spectrometry vial and sealed with a specific membranous cap for
mass spectrometry vials. All samples were kept on ice until the sample preparation

was finished.

In addition, a combined urine sample of all mice from each study was prepared as a LC-MS
analysis quality control sample. For this, 4 pL. urine from each mouse was added to a 2 mL
mass spectrometry vial. The pooled urine sample was mixed by pipetting, and 4 pl. were

transferred to a glass insert and diluted with 200 uL. 0.1 % formic acid. The samples were

stored at —20 °C until they were required for LC-MS analysis.

5.3.4 Liquid chromatography mass spectrometry analysis

The samples of the two studies were analysed by LC-MS on a (Q Exactive Mass Spectrometer
(Thermo Fischer Scientific). It has been suggested that LC-MS represents the best analysis
method to investigate changes in urine metabolites, especially in the case of spot urine
samples collected from mice where only a small volume is available for analysis [337]. For
analysis by LC-MS, the molecules in liquid samples are first separated by high-performance
liquid chromatography before they are analysed on the mass spectrometer. Mass
spectrometry is a measurement of the mass-to-charge (7/3) ratio of charged molecules, so
the molecules have to be ionised before analysis. For LC-MS, this is commonly performed

by electrospray ionisation If the molecules are analysed with this method in negative mode
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the resulting molecular ions usually lack a proton ([M-H] ion), and if the analysis is
performed in positive mode molecular ions are usually formed by addition of a proton
(IM+H]" ion). Otter and colleagues have developed a method to analyse diluted mouse urine
samples by direct infusion LC-MS, and this method was used to analyse the samples from

both animal studies of this dissertation [335].

All samples belonging to the same study were analysed together at the same time. The
samples were first analysed in negative electrospray ionisation mode followed by analysis in
positive ionisation mode. The run order of the samples was randomised. A pooled urine
sample was run after approximately every 11% to 14" sample, so that the performance of the
instrument over the whole run could be checked later by comparing the ion spectra of the
combined urine samples. A Luna C18 column (Phenomenex, Torrence, CA, USA) with a
size of 150 mm X 2 mm (5 um particle size) was used to separate the metabolites. At the
beginning of each run, at least five samples of distilled water were run to remove any residuals

left in the LC-MS column from the previous run.

For the analysis, 5 uL. of sample was injected using a Thermo Surveyor pump (Thermo Fisher
Scientific) and auto-sampler (Thermo Fisher Scientific). Initially, the flow from the column
was diverted to a waste container for 30 s, and after this the sample was directed to the mass
spectrometer electrospray source. First, the samples were loaded onto the column with 0.1 %
formic acid in distilled water for 1.5 min at 300 pul./min. The metabolites were then eluted
off the column with a linear gradient of 0 % to 70 % acetonitrile (Merck,
Palmerston North, NZ) containing 0.1 % formic acid. The initial solvent was then restored

with a linear gradient over 30 s, and the column re-equilibrated. The source ion voltage was
—4,000 V, and the capillaty temperature was 275 °C. The spectra of ions from 50 /3 to

2,000 7/ z wete recorded with the Xcalibur software (Thermo Fisher Scientific).

5.3.5 Data analysis

The original LC-MS data files were in the proprietary ‘raw’ file format. To analyse the data
with open source software, they had to be converted to ‘mzXML’’ files. This file conversion
was performed with the MSConvert program, which is integrated in the open source software
ProteoWizard version 3.0 [338, 339] using the filter setting ‘Peak Picking’ with ‘MS Level’ set
to ‘1’. The ‘mzXML’ files were subsequently analysed in R version 3.0.3 with the xcms
package version 1.38.0 [340]. The commands used for this analysis were provided by
Dr Wayne Young (AgResearch, Palmerston North, NZ) and are listed in Appendix E.
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Briefly, the first step was to pre-process the data files with the function ‘xcmsSet’. This
function identified ion peaks according to default settings for low resolution LC-MS data.
Next, the peaks from the different samples were grouped across the samples with the ‘group’
function using default settings. Then, the function ‘retcor’ was used to align the peaks by
correcting for the drift in retention time from sample to sample. After the retention time
correction the peaks were grouped again with the ‘group’ function. Finally, missing peaks
were filled with the function ‘fillPeaks’. A peak intensity table, which is a list of all detected
ions with their peak values for the respective samples, was created with the ‘peakTable’

function, and the list was exported as a ‘csv’ file.

The statistical data analysis was also carried out in R, and the code is given in Appendix E.
First, the data was normalised using the median fold change method to account for
differences in sample concentration. The concentrations of metabolites in urine can vary
depending on the volume. It has been shown that normalisation of the data according to the
median fold change is the preferred normalisation method for urine samples to reduce
concentration-induced variation between samples [341]. Because metabolomics data has a
large dynamic range, it was also necessary to perform a logarithmic transformation. The
statistical comparison was then carried out using a non-parametric multivariate
ANOVA (MANOVA) provided by the R package vegan version 2.0-10 [342]. The statistical
comparison for the first 7z vivo study was performed as a three-way MANOVA with ‘sex’,
‘urine collection time point’, and ‘diet’ as factors. For the second 7z vivo study, the groups
were also compared with a three-way MANOVA this time with ‘Nod2 genotype’, ‘urine

collection time point’, and ‘diet’ as factors.

Further statistical analysis was carried out online with MetaboAnalyst 2.0 [343-345]. The
LC-MS peak intensity tables in ‘csv’ file format were uploaded on the website, and the
MetaboAnalyst program provided several data processing and analysis options which were
all based on R packages [346]. The first step was to filter the data to remove non-informative
values. The ‘interquantile range’ method was used to identify peaks that had similar intensities
for all samples, and these peaks were excluded from the dataset for further analysis. Then
the data were normalised by median and transformed logarithmically. Furthermore, the
‘Pareto’ data scaling option was selected to adjust the highly variable mass spectrometry data

for a more accurate comparison.

Next, the clustering of samples into the respective groups in those cases in which the
statistical analysis indicated the presence of significant differences between groups was

visualised with partial least squares discriminant analysis (PLS-DA). This method is a
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multivariate analysis method that is commonly used for metabolomics data [320]. Another
multivariate analysis method is principal component analysis. Both methods can be used to
display variations in large datasets with many variables by transforming the data and plotting
the samples according to the components that represent the largest possible variability within
the data. In contrast to principal component analysis, PLS-DA is a supervised method in
which prior information about the sample groups is considered for the data transformation
and the plotting of the components [345]. Three-dimensional PLS-DA plots, which show
the three components that contribute most to the variability of the dataset, were selected to

visualise the relationships between significantly different groups.

A list of discriminant ions that were responsible for the separation of the specified groups

were obtained by selecting the ‘“ANOVA’ entry under the ‘Statistics’ menu.

MetaboAnalyst also provided an option for pairwise group comparisons between individual
ions with significant differences. Tukey’s HSD post-hoc analysis was selected, and the

significance level was set to less than 0.05.

5.3.6 Database searching and comparison with literature

The list of discriminant ions included all metabolites with a significant (p < 0.05) p-value that
had been calculated by one-way ANOVA. An additional p-value that was adjusted for
multiple comparisons with the false discovery rate (FDR) method was also listed for each
ion. Only discriminant ions with FDR adjusted p-value less than 0.05 were considered for
further analysis. Potential metabolites for these ions were identified by database searching
and comparisons with previously described urine metabolites affected by various conditions.
When isotopes were detected those with the larger /% value were excluded from the

database and literature comparisons.

The METLIN metabolite database [347, 348] was used to compare the /3 values for
statistically significant ions with /% values of metabolites available on this database. The
METLIN database is currently the most comprehensive database available for metabolomics
studies, and it contains information to more than 10,000 distinct metabolites [329]. A mass
tolerance of 0.01 Da was selected for the database search, so that only [M-H]| ions or
[M+H]" ions with a mass that closely matched the experimentally determined 72/ 5 value were
shown. The 7/z values of the metabolites obtained with these settings were then compared

to the /% values of the significantly different positive and negative disctiminant ions,
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respectively. Ions with expected /% values * 0.005 to the detected 7/z values were

considered as potential metabolites.

More information about their nature was obtained by checking for information on these
metabolites in another comprehensive metabolomics database, the human metabolome
database [349, 350], and/or by conducting internet searches with the web search engine

Google (www.google.com; Google, Mountain View, CA, USA).

Statistically significant ions were also compared to previously described discriminating
metabolites from studies that compared urine samples from either CD patients and healthy
controls [327, 328], I/10~~ mice displaying colonic inflammation and healthy WT mice [332,
333, 335], or rats orally exposed to TiO, and unexposed controls [209].

5.4 Results

5.4.1 Urine metabolite profile comparisons of wild-type mice

exposed to dietary titanium dioxide

The number of urine samples per group collected from mice during the first zz vivo study is
given in Table 5.1. In eight instances it was not possible to collect urine samples from mice

even after repeated attempts.

Statistical analysis of the LC-MS results from the first iz vivo study with a three-way
MANOVA showed that there was no significant interaction between the three factors ‘sex’,
‘sampling group’, and ‘diet’ (Table 5.2). However, if the samples were grouped according to
‘sex” alone there was a significant difference (p < 0.01 for both negative and positive mode),

which could also be seen in the PLS-DA plots (Figure 5.2).

There was also a significant interaction effect (p < 0.05 for both negative and positive mode)
between ‘sex’ and ‘sampling group’. The PLS-DA plots showed that the samples from the
6 weeks sampling group did not overlap with the samples from the 18 weeks sampling group
(Figure 5.3). Only samples from female mice were selected to be analysed with PLS-DA for

this because in the subsequent study with WT and Nod2”” mice only female mice were used.
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Table 5.1 Number of urine samples per respective group collected from mice for metabolomics studies at different time points.

Samples per group collected in week

Study Sex Genotype  Diet 17 5 6 9 12 13 18

17 Female wrT control 6 6 5
6.25 6 6 4

62.5 6 6 4

625 6 6 6

Male wr control 6 6 6

6.25 6 6 6

62.5 6 6 4

625 5 6 6

2 Female wr control 5 4 5 4 5
625 5 5 5 5 5

Female Nod2™/™ control 5 5 5 5 5

625 5 5 5 5 5

TAIN-76A rodent diet without (control) or with the respective amount of TiO; (mg/kg diet). 2Terminal
urine samples collected once from the indicated number of animal per group prior to euthanasia. 3Serial
urine samples collected repeatedly from the indicated number of animals per groups over the course of

the study.
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Table 5.2 MANOLV'A results for comparisons of nrine metabolite profiles from WT mice fed a diet with or without TiO>.

LC-MS analysis mode Statistical factor(s) p-value'
Negative Sex <0.01
Weeks < 0.05
Diet 0.26
Sex X weeks < 0.05
Sex X diet 0.39
Weeks X diet 0.17
Sex X weeks X diet 0.42
Positive Sex < 0.01
Weeks 0.16
Diet 0.23
Sex X weeks < 0.05
Sex X diet 0.20
Weeks X diet 0.20
Sex X weeks X diet 0.38

1Statistical comparison with non-parametric MANOVA with sex (female/male), urine collection time point

(6/12/18 weeks), and diet (AIN-76A diet without TiO; or with 6.25/62.5/625 mg TiO,/kg) as factots.
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Figure 5.2 PLS-DA plots of negative and positive ion profiles detected in urine samples from WT mice fed a diet with or without
T70; analysed according to sex.

Female and male WT mice were fed AIN-76A rodent diet without or with 6.25 mg, 62.5 mg, or
625 mg TiO/kg. Terminal urine samples wete collected after 6 weeks, 12 weeks, or 18 weeks immediately prior
to euthanasia. Metabolite profiles were obtained with LC-MS. Data analysis was performed with R and
MetaboAnalyst. Shown are three-dimensional PLS-DA plots of negative (a) and positive (b) discriminant ions

with samples grouped according to sex; 7 = 67/69 (females/males).
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Figure 5.3 PLS-DA plots of negative and positive ion profiles detected in urine samples from female WT mice fed a diet with
or without TiO; analysed according to urine collection time point.

Female WT mice were fed AIN-76A rodent diet without or with 6.25 mg, 62.5 mg, or 625 mg TiO,/kg.
Terminal urine samples were collected after 6 weeks, 12 weeks, or 18 weeks immediately prior to euthanasia.
Metabolite profiles were obtained with LC-MS. Data analysis was performed with R and MetaboAnalyst. Shown
are three-dimensional PLS-DA plots of negative (a) and positive (b) discriminant ions with samples grouped

according to utine collection time point; # = 24/24/19 (6/12/18 weeks).
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5.4.2 Urine metabolite profile comparisons of wild-type mice
and mice with a Crohn’s disease-like NodZ2 gene variant

exposed dietary titanium dioxide

The number of urine samples per group obtained during the second 7 vive study is given in
Table 5.1. Except for two instances, it was possible to collect samples from all mice of the

four different groups at each urine collection.

The LC-MS results from the second z vivo study were analysed with a three-way MANOVA,
and there was a significant interaction (p < 0.01 for negative mode, p < 0.05 for positive
mode) between the three factors ‘Nod2 genotype’, ‘urine collection time point’, and ‘diet’
(Table 5.3). There were also significant differences when the samples were compared
between genotypes (p < 0.01 for both negative and positive mode), time points (p < 0.01 for

negative mode, p < 0.05 for positive mode), or diets (p < 0.05 for positive mode) alone.

Correspondingly, the PLS-DA plots according to genotype alone showed that the two groups
were separated based on their urine metabolites, irrespective of urine collection time points
and diets (Figure 5.4). When the samples were plotted with PLS-DA according to urine
collection time points alone, the samples that were collected in week 1 appeared distinct from
all others (Figure 5.5). However, the separation between the samples collected at the other

time points was less pronounced.

The significant differences between the control and TiO; diet groups alone in positive mode
could also be visualised by PLS-DA (Figure 5.6). However, there was no significant diet

effect in negative mode, so no PLS-DA plot was generated for this factor alone.

The urine metabolite profiles of the last time point at week 18 were selected for further
analysis with PLS-DA to visualise differences between the groups that were expected based
on the significant interaction between all three factors. The PLS-DA plots showed that
samples from Nod2”” mice on control diet were separated from the other three groups in
both ionisation modes (Figure 5.7). In contrast, samples from WT mice on control diet could

not be distinguished from the TiO; groups according to their PLS-DA scores.
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Table 5.3 MANOV A results for comparisons of urine metabolite profiles from female W'T and Nod2"'" mice fed a diet with

or without TiO,.

LC-MS analysis mode Statistical factor(s) p-value'
Negative Genotype <0.01
Week <0.01
Diet 0.06
Genotype X week 0.54
Genotype X diet 0.13
Week X diet 0.24
Genotype X week X diet <0.01
Positive Genotype <0.01
Week < 0.05
Diet <0.05
Genotype X week 0.70
Genotype X diet 0.24
Week X diet 0.16
Genotype X week X diet < 0.05

IStatistical comparison with non-parametric MANOVA with Nod2 genotype (WT/Nod2”"), urine
collection time point (week 1/5/9/13/18), and diet (AIN-76A diet with/without 625 mg TiOz/kg)

as factors.
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Figure 5.4 PLS-DA plots of negative and positive ion profiles detected in nrine samples from W1T and Nod2™/™ mice fed a

Female WT and Nod2”/” (m/m) mice were fed AIN-76A rodent diet without or with 625 mg TiO/kg for
18 weeks. Serial urine samples were collected throughout the study from the same animals. Metabolite profiles
were obtained with LC-MS. Data analysis was performed with R and MetaboAnalyst. Shown are
three-dimensional PLS-DA plots of negative (a) and positive (b) discriminant ions with samples grouped

according to Nod?2 genotype; #n = 48/50 (WT/Nod2”'” mice).
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Component 1 ( 23.9 %)

diet with or without TiO; analysed according to urine collection time point.

Female WT and Nod2”” (m/m) mice were fed AIN-76A rodent diet without or with 625 mg TiO,/kg for
18 weeks. Serial urine samples were collected throughout the study from the same animals. Metabolite profiles
were obtained with LC-MS. Data analysis was performed with R and MetaboAnalyst. Shown are
three-dimensional PLS-DA plots of negative (a) and positive (b) discriminant ions with samples grouped

according to utine collection time point; » = 20/19/20/19/20 (week 1/5/9/13/18).
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Figure 5.6 PLS-DA plot of positive ion profiles detected in urine samples from WT and Nod2™/'™ mice fed a diet with or
without TiO, analysed according to diet.

Female WT and Nod2”” (m/m) mice were fed AIN-76A rodent diet without (control) or with 625 mg TiO,/kg
for 18 weeks. Serial urine samples were collected throughout the study from the same animals. Metabolite
profiles were obtained with LC-MS. Data analysis was performed with R and MetaboAnalyst. Shown is a
three-dimensional PLS-DA plot of positive discriminant ions with samples grouped according to diet;

7 = 48/50 (control/TiO: diet).
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Figure 5.7 PLS-D.A plots of negative and positive ion profiles detected in urine samples from WT and Nod2™™ mice fed a
diet with or without TiO; for 18 weeks analysed according to Nod2 genotype and diet.

Female WT and Nod2”” (m/m) mice were fed AIN-76A rodent diet without (control) or with 625 mg TiO»/kg
for 18 weeks. Serial urine samples were collected throughout the study from the same animals. Metabolite
profiles were obtained with LC-MS. Data analysis of samples collected in week 18 was performed with R and
MetaboAnalyst. Shown are three-dimensional PLS-DA plots of negative (a) and positive (b) discriminant ions

with samples grouped according to Nod2 genotype and diet; #» = 5.
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5.4.3 Discriminant ions in urine samples from wild-type mice
and mice with a Crohn’s disease-like NodZ2 gene variant

exposed dietary titanium dioxide

The lists of discriminant ions that were responsible for the significant differences between
Nod2""” and WT mice after 18 weeks feeding of a control or TiO»-containing diet comprised
177 negative ions and 283 positive ions. However, the number of ions from these lists that
were significantly different, i.e. with an FDR less than 0.05, between the groups was much

lower with 20 negative ions and 13 positive ions (Tables 5.4 and 5.5).

Pairwise comparisons showed how the levels of individual ions varied between two groups
at a time. The ions detected in negative mode were affected differently by genotype and diet
(Table 5.4). However, one trend was that the levels of the negative ions in urine samples
from Nod2”’” mice on a control diet were significantly lower (p < 0.05) compared to both
Nod2"” and WT mice on a TiO»-containing diet. In contrast, positive ions were affected
more similarly by genotype and diet, and their levels were mostly significantly higher
(p < 0.05) in urine samples from WT mice on a control diet compared to the other three
groups (Table 5.5). Urine samples from WT and Nod2”” mice on a TiO»-containing diet had

similar metabolite levels.

The results of comparisons of the detected 7/z values from the significantly different
discriminant ions with expected 72/ values of [M-H] ™ metabolites and [M+H]" metabolites
listed in the METLIN database are presented in Tables 5.6 and 5.7, respectively. Additionally,
the detected 72/ values of the significantly different discriminant ions were compated to

reported 7/ z values of urine metabolites from the literature (Table 5.8).

Two corresponding significantly different discriminant ions were the negative ion
m/ % 204.0662 (Table 5.6) and the positive ion 7/z 206.0811 (Table 5.7). The results of a
METLIN database search suggested the same seven metabolites with close 7/3 values for
both ions. Of those metabolites, the only two possible ones were 3-indolelactic acid and
5-methoxyindolacetic acid, both of which had expected values of /3 204.0666 and
m/ % 206.0812 for the [M-H] ™ ion and [M+H]" ion, respectively. The reason why these two
metabolites were likely candidates was that both have been previously detected in urine
samples of WT mice and humans [351, 352]. Both ions are end products of tryptophan
catabolism (Figure 5.8).
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Table 5.4 Significantly different negative discriminant ions in nrine samples from female WT and Nod2"'" mice fed a diet with

or without TiO; for 18 weeks and pairwise group comparisons.

wT wT wT wT wT Nod2™/™
[M -H] Time €O trol control control T10:; Ti0; control
ion - - - - - -
(m/z) ) Nod2™/™ WT  Nod2™™ Nod2™™ Nod2™™ Nod2™™
control T10; T10; control Ti0; Ti0;
180.0296  309.2 M n.s. i n.s. n.s. n.s.
198.0666  348.0 ! ! ! n.s. n.s. n.s.
202.0674  430.7 ! n.s ! i} n.s. n.s.
204.0662" 390.5 i 1 i n.s. n.s. n.s.
205.0695* 389.8 1 1 i n.s. n.s. n.s.
210.0770  400.0 l l n.s. n.s. n.s. n.s.
230.0570  429.5 1 n.s. n.s. i n.s. l
275.0963  434.7 n.s. l l i n.s. l
291.0912 387.8 n.s. n.s. i i n.s. l
298.0504  333.0 l n.s. l l n.s. n.s.
312.0663  361.0 l n.s. l l n.s. n.s.
320.0962  283.1 n.s. l l i n.s. l
351.2180  420.5 1 n.s. n.s. i n.s. l
380.1751 3414 n.s. l l i n.s. l
433.2079  349.6 n.s. l l i n.s. l
439.1613" 391.1 1 1 n.s. l n.s. n.s.
440.1646" 391.1 1 1 n.s. l n.s. n.s.
461.1096  456.1 1 n.s. n.s. 1 1 n.s.
507.2239  422.3 1 n.s. n.s. 1 n.s. l
514.2343  373.2 i 1 n.s. n.s. n.s. l

1Significant differences obtained by pairwise comparisons of respective groups with Tukey’s HSD post-hoc
test with a significance level of p < 0.05; arrows indicate changes in metabolite levels of first group compared
to second group of the respective pairwise comparisons: T = increase; | = decrease; n.s. = not significant.

2Same uppercase letters indicate ions are isotopes.
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Table 5.5 Significantly different positive discriminant ions in nrine samples from female WT and Nod2"'" mice fed a diet with

or without TiO; for 18 weeks and pairwise group comparisons.

wT wT wT wT wT Nod2™/™
[M +H]" Time control  control  control Ti0; Ti0; control
ion - - - - - -
(m/z) ) Nod2™/™ WTI  Nod2™™ Nod2™™ Nod2™™ Nod2™™
control T10; T10; control Ti0; T10;
105.0701  182.8 M i i n.s. n.s. n.s.
130.0647 311.4 i i 1 n.s. n.s. n.s.
176.0705  371.9 i i 1 n.s. n.s. n.s.
206.0447  232.8 i i 1 n.s. n.s. n.s.
206.0811  331.5 i i i n.s. n.s. n.s.
218.0929  347.3 1 1 i 1 n.s. !
233.0919* 311.3 i i i n.s. n.s. n.s.
234.0952" 311.3 i i i n.s. n.s. n.s.
250.1224  372.8 i n.s. i n.s. n.s. n.s.
263.1330 255.5 i i i n.s. n.s. n.s.
322.1104 2379 1 l l 1 n.s. !
384.1146 188.6 i i i n.s. n.s. n.s.
526.2928  610.8 i n.s. n.s. 1 n.s. !

ISignificant differences obtained by pairwise comparisons of respective groups with Tukey’s HSD post-hoc
test with a significance level of p < 0.05; arrows indicate changes in metabolite levels of first group compared
to second group of the respective pairwise comparisons: T = increase; | = decrease; n.s. = not significant.

2Same uppercase letter indicates ions are isotopes.
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Table 5.6 Results of the METIIN database gueries for potential metabolites of negative discriminant ions.

Detected  Number Expected ions Expected
m/z of ions' (m/z * 0.0005 to detected m/z) m/z

180.0296 5 -

198.0666 2 -

202.0674 5 -

204.0662> 7 Cinnamoylglycine 204.0666
Gentianamine 204.0666
N-(3-hydroxypropyl)phthalamide 204.0666
3-Indolelactic acid 204.0666
5-Methoxyindoleacetic acid 204.0666
Methyl 1-methoxy-1H-indole-3-carboxylic acid ~ 204.0666
Swietendin B 204.0666

210.0770 8 Enicoflavine 210.0772
3-O-Methyl-L-DOPA’ 210.0772
Methyldopa 210.0772
3-Methoxytyrosine 210.0772
6-Maleimidocaproic acid 210.0772

230.0570 0 n/a’

275.0963 29 -

291.0912 7 -

298.0504 1 -

312.0663 7 Albendazole (II) 312.0660
Albendazole-B-hydroxysulphone 312.0660
Albendazole-y-hydorxysulphone 312.0660

320.0962 17 -

351.2180 134 All 134 jons with 7/ 351.2177 351.2177

380.1751 20 -

433.2079 222 -

439.1613 119 -

461.1096 72 -

507.2239 161 Acetyl-T2 toxin 507.2236
Cafamarine 507.2236
Gibberllin A37 glucosyl ester 507.2236
Mozambioside 507.2236

514.2343 72 -

"Number of [M-H]~ ions returned by the METLIN database after searching for ions with similar 7/ z values
by entering the detected /3 value with a tolerance of 0.01 Da. 2Ion in boldface is discussed in the text.

3Abbreviations specific for this table: DOPA = dihydroxyphenylalanine, n/a = not applicable.
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Table 5.7 Results of the METLIN database queries for potential metabolites of positive discriminant ions.

Detected  Number Expected ions Expected
m/z ofions’ (m/z * 0.0005 to detectedm/z) m/z
105.0701 9 Styrene 105.0699
130.0647 6 Isoquinoline 130.0651
3-Methylene-indolenine 130.0651
Quinoline 130.0651
176.0705* 13 N-Acetylindoxyl 176.0706
7-Amino-4-methylcoumarin 176.0706
Gentianine 176.0706
5-Hydroxyindoleacetaldehyde 176.0706
Hydroxymethyl indol-3-yl keton 176.0706
3-Hydroxy-2-methyl-1H-quinolin-4-one 176.0706
3-Indoleacetic acid 176.0706
3-Indoleglycolaldehyde 176.0706
1-Methoxy-1H-indole-3-carboxaldehyde 176.0706
2-Methylquinoline-3,4-diol 176.0706
3-Methyl-quinolin-2,8-diol 176.0706
206.0447 2 6-Hydroxykynurenic acid 206.0448
Xanthurenic acid 206.0448
206.0811 7 Cinnamoylglycine 206.0812
Gentianamine 206.0812
N-(3-hydroxypropyl)phthalamide 206.0812
3-Indolelactic acid 206.0812
5-Methoxyindoleacetic acid 206.0812
Methyl 1-methoxy-1H-indole-3-carboxylic acid ~ 206.0812
Swietendin B 206.0812
218.0929 6 Acetylhydrazinopthalazinone 218.0924
233.0919 6 Nalidixic acid 233.0921
Oxabetrinil 233.0921
Phenobarbital 233.0921
50,1224 5 Cystf?ine lysine/ lysine~ cysteine/lysyl- 9501220
cysteine/ cysteinyl-lysine
Lansiumamide A 250.1226
263.1330 33 -
322.1104 17 -
384.1146 17 Succinoadenosine 384.1150
526.2928 54 LysoPE*(22:6(47.,77.,102.,137.,167.,197) / 0:0) 526.2928
LysoPE(0:0/22:6(472.,72,102,137.,1672,197)) 526.2928
PE(22:6(47.,72,102,137.,167.,197)/0:0) 526.2928

"Number of [M+H]" ions returned by the METLIN database after searching for ions with similar

m/ % values by entering the detected 7/ value with a tolerance of 0.01 Da. 3lons in boldface are discussed

in the text. *Abbreviations specific for this table: PE = phosphoethanolamine.
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Table 5.8 Significantly different metabolites identified in studies comparing urine samples from CD patients and healthy controls,
1107/~ nice with intestinal inflammation and healthy WT control niice, or rats orally exposed to TiOz and unexposed rats.
[M-H]- [M+H]"

Comparison Metabolite Change’ ion ion References

(m/z)* _ (m/z)

CD patients p-Cresol ! 107.0502  109.0648  [327]
versus Formate 1 449982  47.0128 [327]
healthy Hippurate ! 178.0510  180.0655  [327]
controls N-Methylhistamine 1 124.0880  126.1026  [328]
010" mice 5-Aminovaleric acid i) 116.0717  118.0863  [333]
with colitis «-CEHC glucoronide’ l 453.1761° * [335]
versus Fucose i) 163.0669  165.0757  [332-334]
healthy Trimethylamine i) 58.0662  60.0808  [334]
WT mice Xanthurenic acid’ 7 204.0302  2006.0448 %35?’ 333,
gﬁiﬁgi?ﬁc acid l 380° 382.0774° [335]
Rats after Acetate i) 59.0139  61.0284  [209]
oral Ti0: Betaine ! 16.1717  118.0863  [209]
exposire Choline l 102.0924  104.1070  [209]
versus Citrate 7 191.0197  193.0343  [209]
unexposed rats  Citrulline 1 174.0884  176.1030  [209]
Hippurate i) 178.0510  180.0655  [209]
Histidine i) 154.0622  156.0768  [209]
D-3-Hydroxybutyrate ! 103.0401  105.0546  [209]
a-Ketoglutarate 1 145.0142  147.0288  [209]
Lactate ! 89.0244  91.0390  [209]
Leucine ! 130.0874 132.1019  [209]
Methionine ! 148.0438  150.0583  [209]
Phenylacetylglycine 1 192.0666  194.0812  [209]
Pyruvate ! 87.0088  89.0233  [209]
Taurine 7 124.0074  126.0219  [209]
Threonine ! 118.0510  120.0655  [209]
Trimethylamine-N- 1 740611 76.0757  [209]

oxide

!Arrows indicate changes in metabolite levels of first group compared to second group: 1 = increase;
| = decrease. 2Expected 72/ g values according to METLIN database. *Metabolite not in METLIN database,
n/ % value according to [335]. “No [M+H]* ion repotted. "Metabolite in boldface is discussed in the text.
®Abbreviations specific for this table: «-CEHC glucoronide = 2,5,7,8-Tetramethyl-2-(2’-carboxyethyl)-

6-hydroxychroman glucuronide.
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Figure 5.8 Overview of selected tryptophan catabolism pathways.
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This diagram shows selected metabolites of several tryptophan catabolism pathways and highlights metabolites

potentially corresponding to detected ions. Putative candidates for the negative ion 7/3 204.0662 and the

positive ion 7/% 206.0811 are shaded green; putative candidates for the negative ion /3 174.0554 and the

positive ion 7/z 176.0705 are shaded yellow; putative candidates of the negative ion 7/% 204.0297 and the

positive ion 7/% 206.0447 are shaded blue. Single arrows indicate enzyme-mediated metabolite conversions;

double arrows indicate enzyme-mediated metabolite conversions viaz intermediate metabolites. Pathways

adapted from the Kyoto Encyclopedia of Genes and Genomes [353].
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In contrast, even though the other five closely matched metabolites have the same expected
m/ 7 values as 3-indolelactic acid and 5-methoxyindolacetic acid they are not associated with
the urine metabolome. Cinnamoylglycine, gentianamine, methyl 1-methoxy-1H-indole-3-
carboxylic acid, and swietendin B are all phytochemical compounds derived from cinnamon
(Cinnamomum verum), gentian (Gentiana turkestanorum), Japanese horseradish (Wasabia japonica),
and  mahogany  (Swietenia  macrophylla),  respectively. The seventh metabolite,
N-(3-Hydroxypropyl)phthalamide, is a synthetic chemical compound. Pairwise comparison
of the groups showed that the levels of both the negative ion and the positive ion were
significantly (p < 0.05) higher in WT mice on a control diet compared to the other three

groups (Figure 5.9).

Another significantly different discriminant ion detected in positive mode with the 72/ value
176.0705 (Table 5.7) had a corresponding negative ion at /3 174.0554. However, the FDR
of the negative ion was greater than 0.05, therefore it does not appear in the list of
discriminant ions obtained in negative mode (Table 5.4). The same list of 13 metabolites was
obtained after conducting a search in the METLIN database with these two detected
m/ % values, which indicated that both ions could indeed correspond to the same metabolite.
Four of the matching [M+H]" metabolites, namely  N-acetylindoxyl,
5-hydroxyindoleacetaldehyde, 3-indoleacetic acid, and 3-indoleglycolaldehyde had expected
m/ z values of 176.0706, and they were all metabolites of tryptophan catabolism (Figure 5.8).

Seven other [M+H]" metabolites also had expected values of 7/3 176.0706. These were
7-amino-4-methylcoumarin, an antibacterial and antifungal compound isolated from the
fungus Xylaria sp., hydroxymethyl indol-3-yl ketone, an alkaloid produced by the fungus
Lactarius deliciosus, 3-hydroxy-2-methyl-1H-quinolin-4-one, a microbial quinoline derivate,
and 1-methoxy-1H-indole-3-carboxaldehyde and gentianine, which are phytochemical
compounds found in root vegetables and blue gentian (Gentiana acanlis), respectively. It was
not possible to find out the source for two metabolites, 3-methyl-quinolin-2,8-diol and
2-methylquinoline-3,4-diol, but queries of the human metabolome database indicated that
these two metabolites have not been detected in urine samples before. The remaining two
metabolites obtained by the database search had expected 7/ % values that differed by more
than 0.0005 from the /g values of the detected ions. The level of the positive ion
m/ % 176.0705 was significantly higher (» < 0.05) in urine samples from W'T mice on a control
diet compared to all other groups, and urine samples from WT mice on a control diet had a
significantly increased (p < 0.05) level of the negative ion 72/5 174.0554 compared to Nod2"”

mice on a control diet (Figure 5.10).
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Figure 5.9 Comparisons of the levels for the negative ion m/z 204.0662 and the positive ion m/z 206.0811 detected in urine
samples from WT and Nod2™™ yice fed a diet with or without TiO:.

Female WT and Nod2”'” (m/m) mice were fed a diet without (control) or with TiO, for 18 weeks. Urine samples
were collected in week 18. Metabolite profiles were obtained with LC-MS. Data analysis was performed with R
and discriminant ions were identified with MetaboAnalyst. Data were normalised by median and transformed
logarithmically. Levels of the negative ion /z 204.0662 (a) and the positive ion 7/ 206.0811 (b) of each
individual mouse were plotted according to group; means are indicated by red lines; # = 5. Results were

compared with one-way ANOVA. Pairwise group comparisons with Tukey’s HSD test; *p < 0.05.
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Figure 5.10 Comparisons of the levels for the negative ion m/z 174.0554 and the positive ion m/z 176.0705 detected in nrine
samples from WT and Nod2™/™ yice fed a diet with or without TiO..

Female WT and Nod2”/” (m/m) mice were fed a diet without (control) or with TiO, for 18 weeks. Urine samples
were collected in week 18. Metabolite profiles were obtained with LC-MS. Data analysis was performed with R
and discriminant ions were identified with MetaboAnalyst. Data were normalised by median and transformed
logarithmically. Levels of the negative ion /3 174.0554 (a) and the positive ion #/z 176.0705 (b) of each
individual mouse were plotted according to group; means are indicated by red lines; # = 5. Results were

compared with one-way ANOVA. Pairwise group comparisons with Tukey’s HSD test; *p < 0.05.
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A query of the METLIN database for the positive ion 7/z 206.0447 showed that only two
[M+H]" metabolites, namely xanthurenic acid and 6-hydroxykynurenic acid, had expected
m/ % values similar to the detected 72/ value that fitted the search criteria (Table 5.7). Both

compounds are products of tryptophan catabolism (Figure 5.8).

An elevated level of xanthurenic acid in urine was previously described for I/70™/~ mice with
intestinal inflammation (Table 5.8). However, in the present study the level of the positive
ion /% 206.0447 was significantly higher in urine samples from WT mice on a control diet
compared to all three other groups (Table 5.5 & Figure 5.11). A corresponding negative ion
with a detected 7/z value of 204.0297 was also present in the general list of discriminant
negative ions, but its FDR value was greater than 0.05. The corresponding
[M-H] ™ metabolites to this ion were again xanthurenic acid and 6-hydroxykynurenic acid,
both of which had expected /% values of 204.0302 according to the METLIN database.
Pairwise group comparison of this ion showed that its level was only significantly (p < 0.05)

higher in urine from WT mice on a control diet compared to N 0d2”"” mice on a control diet.

Several fragments of xanthurenic acid have been identified previously [335]. To narrow down
the choice between xanthurenic acid and 6-hydroxykynurenic acid further, the lists of
negative and positive discriminant ions have been screened for these xanthurenic acid
fragments. In the general list of negative discriminant ions one of the fragments was present.
Its m/% value was 160.0408 and it had the same retention time (285.4 s) as the potential
negative ion for xanthurenic acid with the /g value 204.0297. The level of this ion was
significantly (p < 0.05) higher in urine from WT mice compared to both groups of
Nod2"”” mice.

No further detailed metabolite comparisons were undertaken with the remaining
discriminant ions where the 7/ values of the matched metabolites had a difference greater
than 0.0005. In cases in which the 7/z values differed by less than 0.0005 from detected
m/ % values, but there were no corresponding molecules of the opposite ionisation mode in

the complete list of discriminant ions, no further comparisons were carried out either.

None of the identified metabolites in urine of rats that were orally exposed to TiO were
detected in this study based on the reported /3 values for the respective [M-H]™ ions or
[M+H]" ions (Table 5.8).
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Figure 5.11 Comparisons of the levels for the negative ions m/z 204.0297 and m/z 160.0408 and the positive ion
m/z 206.0447 detected in urine samples from WT and Nod2m™/™ yice fed a diet with or without TiO..

Female WT and Nod2”/” (m/m) mice were fed a diet without (control) or with TiO; for 18 weeks. Urine samples
were collected in week 18. Metabolite profiles were obtained with LC-MS. Data analysis was performed with R
and discriminant ions were identified with MetaboAnalyst. Data were normalised by median and transformed
logarithmically. Levels of the negative ions /3 204.0297 (a) and /3 160.0408 (b) and the positive ion
m/ % 206.0447 (c) of each individual mouse were plotted according to group; means are indicated by red lines;
7 = 5. Results were compared with one-way ANOVA. Pairwise group comparisons with Tukey’s HSD test;

% < 0.05.
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5.5 Discussion

5.5.1 Reassessment of the hypothesis

The results presented in this chapter support the hypothesis that dietary TiO, particle uptake
in the intestine leads to systemic metabolic changes. In the second zz vivo study, the urine
levels of several metabolites were different between WT mice on a control diet and W'T mice
on a TiOx-containing diet. The urine metabolite profiles were also distinct between Nod2””

mice regardless of the type of diet and WT mice on a control diet.

5.5.2 Considerations about the factors of the statistical analyses

The results of the first 7 vivo study showed that females and males can be clearly distinguished
based on their metabolite profiles, and this separation was irrespective of diet (Table 5.2).
This confirmed the results of a previous study in which urine samples from female and male
WT mice of the Alpk:ApfCD strain were analysed with LC-MS [354]. The observed
differences between urine metabolite profiles of female WT mice seemed to reflect
differences in the metabolism of mice over time. A difference between urine collection time
points was also noticed in the second 7 vive study in which the samples from the first urine
collection time point could be clearly distinguished from the samples collected at the other
time points (Figure 5.5). It should be stressed that the samples from the first 7z vivo study
represented terminal urine samples collected immediately before tissue collection whereas
the samples from the second 7z vive study were serial urine samples collected every four weeks
from the same animals. Differences between time points of serial urine samples have been
described in a metabolomics study with 1/707/~ and WT mice [332]. Previous studies have
shown that urine metabolic profiles could also be separated depending on the time of the
day at which they were collected [332, 354]. During both the first and second 7 vivo study,
the urine samples were collected at approximately the same time of the day in a randomised
order. Therefore, it is unlikely that variations in metabolite concentrations during the day had

any influence on observed variations in urine metabolite concentrations.

In the second 7 vivo study, the effects of a TiO,-containing diet on the urine metabolite
profiles of WT and Nod2”/” mice were investigated. Although no inflammation was observed
by histological assessment of ileum and colon tissue sections from WT and Nod2”” mice
after TiOz-administration (Figures 4.6-4.9), their urine metabolite profiles differed from the

respective groups on a control diet (Figure 5.7).This is consistent with the findings by Bu
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and colleagues who observed changes in urine and serum metabolite profiles of rats that
were orally exposed to TiO; despite a lack of histopathological changes in liver, heart, kidney,
and brain [209].

That the first iz vivo study did not indicate any statistical differences between metabolite
profiles of mice on a control diet compared to mice on TiO,-containing diets is not in
contrast to the findings from the second 7z vive study. It is likely that the strong influences of
the factors ‘sex’ and ‘urine collection time point’ on urine metabolites obscured the more

subtle effects of dietary TiO, particles in the first 7z vivo study.

It should be noted that metabolite concentrations in urine are variable and dependent on
many factors, e.g. hydration status and recent urine output [355]. To account for such
differences, in this study the data was normalised according to the median fold change
method, which has been shown to be the most relevant statistical normalisation method for
urine samples [341]. However, it has been suggested that several normalisation approaches
should be combined for studies that compare metabolite concentrations between urine
samples [355]. A commonly used method is normalisation according to creatinine levels,
which correlate well to the total urine volume [355, 356]. This additional normalisation
method could be applied in future metabolomics studies that compare urine metabolite

profiles between different groups.

5.5.3 Dietary titanium dioxide particles and tryptophan

metabolism

The urine levels of potential tryptophan metabolites were reduced in WT mice on a TiO»-
containing diet as well as in both groups of Nod2”” mice compared to WT mice on a control
diet (Figures 5.9-5.11). For animals, tryptophan is an essential amino acid which cannot be
synthesised de novo and thus has to be taken up with the diet [357]. Therefore, a possible
explanation for reduced urine levels of tryptophan metabolites would be a reduced food
intake by the groups with lower potential tryptophan metabolites. Indeed, WT and Nod2"”
mice on the TiO;-containing diet had lower food intakes than WT and Nod2”” mice on the
control diet (Table 4.1). There was no difference between the food intakes of WT and
Nod2"”" mice when the mice were compared according to ‘genotype’, yet the levels of the
investigated ions were always reduced in Nod2”” mice. Therefore, it seems unlikely that
reduced food intake is the reason for the observed decrease in potential tryptophan

metabolites. Another reason could be that the tryptophan metabolism was reduced in WT
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mice fed a TiO,-containing diet and both groups of Nod2”” mice because of either an
increased requirement of tryptophan for protein biosynthesis or malabsorption of
amino acids in the gastrointestinal tract [320]. Interestingly, it has been observed that
IBD patients had higher concentrations of amino acids in faecal extracts compared to

healthy controls [324, 325].

Apart from its function as an amino acid for protein biosynthesis, tryptophan is also the
precursor molecule for several metabolites, including the neurotransmitter serotonin
(Figure 5.8). Another tryptophan-derived metabolite is kynurenine, which is synthesised by
indoleamine 2,3-dioxygenase in many tissues in response to pro-inflammatory stimuli [358].
Kynurenine and several of its metabolites, including xanthurenic acid, have important
functions in the regulation of the immune response, e.g. induction of apoptosis in Th1 cells
and generation of regulatory T cells [357, 359, 360]. An increased urine level of
xanthurenic acid was positively correlated with an increased amount of kynurenine in the
plasma of /70~ mice [332]. Thus, a potential decrease in xanthurenic acid in WT mice on
a TiOs-containing diet or Nod2”” mice could indicate a decrease in kynurenine and
kynurenine metabolites. This decrease might disturb immune homeostasis, and specifically

the induction of immune tolerance, after pro-inflammatory stimuli in these cases.

Different mechanisms might be involved in TiO,-exposed WT and Nod2”” mice that would
lead to a reduction of the potential tryptophan metabolites. DCs are the main cell type
responsible for T cell tolerance induction »iz kynurenine metabolites [357]. As shown earlier
in this dissertation, DCs are also the cells that take up TiO, particles in PPs (Section 3.4.5;
Figure 3.19). It is possible that this uptake of TiO, particles has an impact on intracellular
biochemical pathways, including the tryptophan metabolism. Oral TiO, exposure affected
serum and urine levels of several amino acids in rats [209]. However, Bu and colleagues did
not observe an effect on tryptophan or tryptophan metabolites. A possible explanation for
the reduction of tryptophan metabolites in Nod2”” mice would be a defect in cellular
processes of APCs from these mice. For example, BMDM cells from Nod2”” mice produced
more IL-18 in response to MDP [131]. As mentioned in the paragraph above, kynurenine
and its metabolites are involved in the induction of regulatory T cells. Barreau and
co-workers have shown that Nod2”/~ mice have fewer CD4" T cells in PPs [304]. Although
this has not been investigated in detail by Barreau and colleagues, it is likely that these
CD4" T cells comprise regulatory T cells. Therefore, it can be speculated that a decrease in

regulatory T cells in the GALT is due to a decrease in tryptophan metabolites.
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5.5.4 Metabolomics studies of mouse models for inflammatory

bowel disease

Metabolomics studies with I/70~/~ mice with colonic inflammation have shown that the level
of xanthurenic acid was increased in the urine of this mouse model for IBD [332, 333, 335].
This finding is in line with observations that colonic gene expression of indoleamine 2,3-
dioxygenase and the plasma level of kynurenine were increased in patients with CD [361,
362]. In contrast, in this study the decrease of a metabolite that could be xanthurenic acid
was observed in the urine of Nod2”” mice compared to WT mice (Table 5.7 & Figure 5.11).
This finding would indicate that the metabolite profiles of Nod2”” mice do not correspond
to those of CD patients. However, no study has yet been carried out to compare the level of
xanthurenic acid in urine samples from CD patients and healthy controls, but it has been
reported that the plasma level of xanthurenic acid was similar between CD patients and

healthy controls [361].

Of note, there were no differences in the urine levels of the investigated discriminant ions
between Nod2"”” mice on a control diet compared to Nod2”” mice on a TiO,-containing
diet (Figures 5.9-5.11) although a separation based on genotype and diet was observed in the
PLS-DA plots (Figure 5.7). The separation of the two Nod2”/” mice groups in the PLS-DA
plots was due to discriminant ions that did not correspond to metabolites from the METLIN

database or previous metabolomics publications (Tables 5.4 & 5.5).

It has been shown that different WT mouse strains have differences in their urine metabolite
profiles [354]. Some of the observed differences in urine metabolites of I/70”/~ mice have
also been ascribed to differences between mouse strains rather than the effect of intestinal
inflammation [333]. Originally, I/70~'~ mice were created with embryonic stem cells from the
WT mouse strain 129P2, and they were backcrossed later with C57BL/6 WT mice. However,
the region flanking the modified /70 gene remained of 129P2 origin, and exerted influence
on the phenotype of I/70”/~ mice [363]. Several of the urine metabolites that discriminated
1/107~ from WT mice have been associated with genes from the flanking region of the
1770 gene [333]. It is unlikely that a similar strain influence might underline the observed
differences between urine metabolic profiles of WT and Nod2”” mice on a control diet

because Nod2”” mice have originally been created on a C57BL/6 background.
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5.5.5 Conclusion

Overall, the results from the second 7z vive study showed that uptake of dietary TiO, particles
can have an effect on the urine metabolomes of WT and Nod2”” mice, and these changes

can be assessed by metabolomics.

The next steps in the metabolomics analysis workflow would be to perform targeted tandem
mass spectrometry on selected samples from the second 7 vive study with high levels of the
metabolites of interest and of commercial standards for the respective
metabolites (Figure 5.1) [329]. The data from the samples could then be compared side-by
side with the mass spectra of the commercial standard samples, in this case the various
tryptophan catabolites. Thus, the investigated discriminant ions could be identified

unequivocally with this procedure.

Furthermore, the samples from these two studies or additional samples from future studies
in which mice were fed dietary TiO, could be analysed with additional metabolomics
platforms, e.g. GC-MS and NMR. The advantage of including more analytical techniques
would be to cover a wider range of metabolites that cannot be detected with

LC-MS, e.g. lipids [337].

In addition, the metabolites of other sample types, like plasma or faeces, could be investigated
in future studies to obtain a more complete picture of the metabolic pathways on the level
of the whole organism that might be affected by dietary TiO; intake. The results obtained
from such studies might be useful in the assessment of biomarkers that would be indicative

of metabolic changes as a reaction to intestinal uptake of dietary TiO, particles.
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Chapter 6 General discussion
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6.1 Summary of the main findings

The purpose of this dissertation was to elucidate a potential connection between exogenous
TiO, particles and the development of intestinal inflammation in WT and Nod2”” mice.
The Nod2”'” mouse model was used to investigate if such a connection would be relevant in
the presence of a Nod2 mutation that is similar to the most common NODZ2 variant

associated with CD.

In Chapter 2 it has been demonstrated that food-grade TiO, particles were taken up by
cultured BMDMs from WT and Nod2”” mice, and this led to macrophage activation and
secretion of pro-inflammatory IL.-18 in a concentration dependent manner. Moreover, TiO:
exposure together with the bacterial cell wall components MDP and PGN induced an
increased release of IL-183 compared to incubation with TiO; particles in TCM alone, but no
such effect on TNF-a secretion was observed. Therefore, food-grade TiO, particles seem to

specifically induce the production of 1L-18 7 vitro.

In the first iz vivo study, described in Chapter 3, the uptake of dietary TiO, particles in PPs
from the ileum of WT mice was examined. The immune cell composition of PPs was not
affected by feeding TiO; diets although a large number of particles could be observed in PPs
from mice exposed to the highest TiO, dose. The particles accumulated primarily in the SED
where they could be observed within DCs that are abundantly present in this PP area.
Furthermore, TiO, particles were also observed in MLNs. Therefore, intake of exogenous
dietary TiO, particles leads to the uptake of those particles in GALT by APCs, which are

crucial for the maintenance of intestinal homeostasis.

In the second iz vivo study, described in Chapter 4, it has been shown that Nod2”” mice did
not develop intestinal inflammation either spontaneously or in response to dietary TiO..
In line with the observations from WT mice, TiO, particles were present in the SED areas
of ileal PPs from Nod2”” mice, but not in the small intestinal mucosa. However, the number
of TiO; particles in PPs was lower in Nod2""” mice compared to WT mice. Therefore, TiO,
particles would have had less of an effect on intestinal homeostasis in No42”/” mice than in

WT mice on quantitative grounds.

In Chapter 5 the metabolite profiles of urine samples from WT and No#2”” mice collected
during the first and second z vivo studies were assessed with LC-MS. No differences between
the groups of female and male WT mice were observed in the first 7z vivo study. In the second

in vivo study, there was an effect of genotype, urine collection time point, and diet on the
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detected metabolite levels of female WT and Nod2”” mice. Specifically, potential products
of the tryptophan catabolism decreased in WT mice on a TiO»-containing diet compared to
WT mice. Therefore, gastrointestinal uptake of dietary TiO, particles has effects on the
metabolism of WT and Nod2”” mice that can be detected through the assessment of

metabolite profiles in urine samples.

6.2 General discussion

6.2.1 Exposure of cultured macrophages to titanium dioxide

The purpose of the experiments described in Chapter 2 with BMDMs from W'T and Nod2""”
mice was to determine how these phagocytic immune cells would respond to treatment with
food-grade TiO; particles with or without additional co-stimulation with the Nod2 ligands
MDP and PGN. Previous studies that examined the distribution of TiO, particles in human

intestinal tissues have shown that the cells which contained TiO; particles were macrophages

at the base of PPs in the ileum [56, 147, 162].

Effects of TiO, particles on cell line-derived human and murine macrophages have been
investigated in previous studies (see Table 1.5). Although the impact of TiO; particles on
primary murine macrophages has not yet been examined, the effects of TiO; particles on
cytokine production and phagocytosis of primary human macrophages derived from PBMCs
has been assessed. Butler and co-workers showed that TiO, particle uptake by PBMC-
derived macrophages was positively correlated with increasing TiO, concentration [218], and
this result was confirmed in this study (Figure 2.8). Butler and colleagues also detected
increased amounts of TNF-a after incubation with food-grade TiO; particles, but they did

not examine the expression of activation markers or the production of IL-18.

However, an earlier study by Powell and colleagues has shown that LPS-treated human
PBMC:s secreted increased amounts of 1L.-18 after TiO, incubation [2106]. Elevated intestinal
levels of IL-183 are a characteristic feature of CD [44, 45, 364]. In this study, it has been
shown that food-grade TiO; particles also induced the secretion of IL-13 by macrophages
nlm

from WT mice, which was even more pronounced in BMDMs derived from Nod?2

mice (Figure 2.13).
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6.2.2 Inflammasome-mediated secretion of interleukin-1§

The secretion of IL-1f is a tightly regulated multi-step process. Initially, a precursor form of
IL-18, pro-1L-18, is produced that is subsequently processed to mature IL-18 by
inflammasomes [365]. Inflammasomes are multi-protein complexes that are located in the
cytoplasm. Several types of inflammasomes have been characterised so far. Typically, they
consist of a protein belonging to the NLR family, the adaptor protein apoptosis-associated

speck-like protein containing a CARD (ASC), and caspase-1 [223].

One of the best characterised inflammasomes to date is the NLRP3 inflammasome. The
domain architecture of NLRP3 is similar to that of NOD2, which is also a member of the
NLR family, with a central nucleotide-binding oligomerisation domain and a carboxy-
terminal LRR. In contrast to NOD2, however, NLRP3 contains an amino-terminal pyrin
domain [366]. ASC interacts with NLRP3 #za its pyrin domain and links it to caspase-1, a
cysteine protease [367]. Activation of caspase-1 by inflaimmasome assembly is necessary for

the formation of mature I1L-13 from pro-1L-13 [221].

In the context of this study, it is of interest that NILRP3 has recently been described as a
susceptibility gene for CD [368]. Unlike mutations in NOD2Z, however, the most prevalent
NIRP3 allele among humans has been described as a risk factor for the development of CD.
It has been hypothesised that the presence of SNPs in the NILRP3 gene were protective
factors because they lead to a decrease in NLRP3 inflammasome activity. Consistent with
this finding, it has been observed that NLLRP3 gene expression was increased in the mucosa
from CD patients and colons from mice with chemically induced colitis [368]. These findings
suggested that NLRP3 inflaimmasome activity and subsequent IL-13 release play an

important role in the development of intestinal inflammation.

The NLRP3 inflammasome can be activated by exogenous factors, such as microbial
products or viruses, or by endogenous signals that occur during injury and metabolic stress,
e.g. high concentrations of extracellular ATP or glucose [223, 369]. It also has been shown
that the NLRP3 inflammasome can be activated by various particulate substances, including
gout-associated uric acid crystals [370], silica [371-373], asbestos [371], and calcium
phosphate particles [374]. The secretion of IL-13 by human and mouse macrophages and
DCs after incubation with TiO, particles iz vitro has also been ascribed to NLRP3
activation [260, 373]. Additionally, intranasal administration of TiO, caused pulmonary
inflaimmation with elevated levels of pro-inflaimmatory cytokines, including II.-18 [373].

Therefore, it is likely that activation of the NLRP3 inflammasome also plays a part in the
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secretion of IL-13 by BMDMs after incubation with TiO, [222]. This possibility should be
investigated further in future studies, e.g. by measuring IL.-18 secretion of cells obtained from

mice deficient in either Nlrp3, Asc, or caspase-1 after stimulation with TiO, particles.

How the NLRP3 inflammasome is activated by so many different signals is currently still
unclear. Suggested mechanisms include potassium efflux through the purinergic receptor
P2X ligand-gated ion channel [375, 376], lysosomal damage [372], and generation of
ROS [371]. However, these mechanisms might not be mutually exclusive and several signals
might be required for NLRP3 activation [220, 223, 369]. It would be interesting to study the

mechanisms for TiOz-induced IL.-18 release in more detail in the future.

Furthermore, it has also shown that the NLRP3 inflaimmasome can be activated by
MDP [377]. Thus, MDP seems to have a dual role in regulating IL-13 synthesis. First,
detection of MDP by NOD2 initiates the transcription of pro-1L-18 »ia the NF-»B pathway,
and subsequently mature IL-1§ is produced upon MDP-mediated activation of NLRP3 [259,
378]. Moreover, it has been suggested that the expression of NLRP3 is dependent on
NF-»«B [379]. Therefore, NLRP3 inflammasome activity could additionally be regulated
indirectly by MDP and NOD?2. Thus, facilitated delivery of MDP that is conjugated to TiO»
particles might increase both pro-1L-18 and NLRP3 production through the activation of
the NOD2 and NF-xB pathway. As cells from Nod2”” mice show increased secretion of
IL-18 in response to MDP [131] and TiO. + MDP/PGN as demonstrated in this
study (Figure 2.13), it might be possible that the transcription of NLRP3 mRNA is increased
under these circumstances. This could be investigated with quantitative real-time polymerase

chain reaction in further studies.

In addition to NOD2 and NLRP3, it has been shown that MDP is also sensed by NLRP1,
another NLR family member that is involved in inflammasome formation [380]. In contrast
to NLRP3, NLRP1 contains an additional carboxy-terminal CARD domain in addition to
the amino-terminal pyrin domain. Therefore, it can activate caspase-1 independently of ASC.
Engagement of the NLRP1 inflaimmasome also leads to release of IL-1B, but the
physiological role of MDP-sensing by NLRP1 is still under debate [381]. It has also been
suggested that NLRP1 and NOD?2 can interact through their CARDs, and this activation is
responsible for MDP-induced IL-18 processing by the NLRP1 inflammasome [253]. These
studies suggest that intracellular MDP might be recognised by more proteins than just
NOD?2, and this could contribute to the increased pro-inflammatory response in conjunction

with TiO, exposure 7 vitro.
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6.2.3 Other cytokines and chemokines associated with

Crohn’s disease

TNF-a and I1.-17 are other important pro-inflammatory cytokines that are elevated in the
mucosa of CD patients [44, 251]. Secretion of TNF-a by murine BMDMs and IL-17 by
human PBMCs after exposure to food-grade TiO: particles with or without MDP/PGN
co-stimulation ~ was also investigated in the experiments described in
Chapter 2 (Figures 2.12 & 2.15). However, many more cytokines have been implicated in

CD that either enhance or suppress immune function [43, 382].

In addition to IL-18 and TNF-«, APCs secrete the pro-inflammatory cytokines 1L.-6, I1.-12,
IL-18 and IL-23. Effector T cells of the Thl lineage also produce TNF-a and IL-6, and
additionally IFN-y, which activates macrophages and induces epithelial cell death [31]. In
contrast, Th17 cells produce IL-17 and IL-21, which have mainly pro-inflaimmatory
effects [41, 383]. However, they also secrete IL-22 which may exert beneficial effects on the
epithelial barrier [384]. Furthermore, regulatory T cells are abundant in the intestinal mucosa
where they secrete the anti-inflammatory cytokine IL-10 [385]. They are also present in the
mucosa of CD patients [386]. However, it seems that the anti-inflammatory function of
regulatory T cells in the mucosa of CD patients is insufficient compared to the increased

activity of effector Th cells [382].

It would be of interest to study the secretion of additional cytokines with relevance for
intestinal homeostasis after stimulation of primary immune cells with TiO, particles 7 vitro.
Both pure cultures of primary APCs, like murine BMDMs, as well as mixed immune cell
populations, like human PBMCs, could be used for such experiments. For example,
Ashwood and colleagues have shown that co-stimulation of PBMCs with TiO; particles and
LPS enhanced the release of IL-6 [215].

Chemokines are another class of molecules that are important in the regulation of the
immune system by directing the recruitment of immune cells to specific sites in tissues [387].
Therefore, they play a crucial role in the maintenance of intestinal homeostasis in addition
to cytokines. Ashwood and colleagues have also investigated the release of two chemokines,
namely MIP-la and MCP-1, by TiOs-treated PBMCs with LPS co-stimulation [215].
The production of MIP-la was increased and the secretion of MCP-1 decreased after
TiO; + LPS stimulation. These somewhat contradictory results highlight the need for further
studies about the relationship between TiO, exposure, with or without additional

co-stimulation with bacterial antigens, and the induction of chemokines by immune cells.
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6.2.4 Advantages of research with animal models

Despite important insights that can be gained from 7 vitro and ex vivo TiO,-stimulation assays
of immune cells, there are nevertheless limitations in translating the results obtained from
these studies to the situation of exogenous dietary particle uptake by intestinal phagocytes

in humans [163].

On the other hand, it is problematic to conduct dietary intervention studies with humans to
study consequences of oral TiO; intake on intestinal health. For example, there are many
difficulties associated with the recruitment of a large number of suitable participants, like
CD patients with homozygous mutations in the NODZ2 gene and age and sex matched healthy
controls. Another limitation is the collection of tissue samples from participants especially if
this requires invasive procedures. Therefore, animal models provide an option to study the
basic principles of the effects of TiO, particles on intestinal health in a controlled

environment 7 vivo.

Mice were used as an animal model in the studies described in Chapters 3 and 4 because they
have been frequently used in studies that investigate gastrointestinal function [388, 389].
Other common animal models in nutritional research are rats, pigs, and dogs. Although all
animal models have a different structure of the gastrointestinal tract compared to humans,
each model can be of relevance for studying certain aspects of human gastrointestinal

biology [390].

It has been suggested that pigs are the most useful model in respect to studying the function
of PPs because the distribution of PPs along the small intestinal tract is more similar between

pigs and humans than for example between mice and humans [391].

However, mice have several advantages over pigs as animal models especially regarding
experimental costs when a large number of animals is required or the study is conducted over
a long period of time. Moreover, studies with mice are logistically easier to carry out, and the
handling of the animals and required manipulations, e.g. weighing, is more convenient.
A further advantage of mice over other animal models is that many genetically manipulated
strains are available that are deficient in specific genes or have mutations that are homologous
to human mutations, such as the Nod2”” mouse model [392]. Therefore, it is possible to
study effects of specific genes or gene variants during nutritional manipulation. This is
especially relevant in the context of IBD/CD in which both genetic and environmental

components are important for disease development [393].
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6.2.5 Limitations of mice with a Crohn’s disease-like Nod2gene

variant as a model for Crohn’s disease

It has been suggested that only people with a genetic predisposition that is associated with
an increased risk to develop CD, e.g. mutations in the NOD2 gene, are affected by the
exposure to exogenous dietary particles [163]. However, investigating a possible connection
between CD-susceptible genotypes and the uptake of exogenous dietary particle by intestinal
immune cells is difficult in humans. Therefore, the development of the Nod2”” mouse model
provided a good opportunity to study potential effects of TiO; particles on intestinal function

in more detail. Nevertheless, this genetically modified mouse model has some limitations.

Firstly, although mutations in the NODZ2 gene have shown the highest association with
CD [80, 80], only a small number of CD patients carry the 1,007fs mutations. It has been
estimated that between 2.5 % and 6.5 % are homozygous for this mutation and between
11 % and 19 % are heterozygous. The 1,007fs mutation is nevertheless the most common
NOD2 variant among CD patients, and it represents the highest genetic risk factor for the
development of CD. It has been estimated that the likelihood to develop CD is increased by
1.5 to 2.6 for heterozygous carriers and 17.6 to 42.1 for homozygous individuals [58, 60].
Furthermore, the presence of two alleles of this gene variant was only observed in

CD patients, but never in healthy controls [58-60].

Despite the well-documented connection between the 1,007fs mutation in humans and the
development of CD, Nod2”” mice failed to develop spontaneous intestinal
inflammation [131]. The results from this study have shown that dietary exposure to TiO,
particles for a prolonged time also did not lead to the development of intestinal inflammation

in this mouse model (Figures 4.5-4.9).

In a “‘Corrections and Clarifications’ letter published in 2011, Maeda and colleagues reported
that the mutation that was introduced in the Nod2 gene to create the Nod2”"” mouse model
might not accurately reflect the human 1,007fs variant [394]. In particular, the Nod2”” mouse
model contains a duplication of the 3’-end of the WT NodZ2 locus, which includes the region
that was targeted by the mutation. However, Maeda and co-workers were confident that the
results obtained with the Nod2”” mouse model are valid [394], and the main finding
concerning the control of IL-18 expression by Nod2 has been confirmed in two subsequent
studies [253, 395]. Nevertheless, in future studies that investigate the role of dietary TiO; in

intestinal function it might be useful to consider using other mouse models of CD instead

of, or in addition to the Nod2”” model.
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6.2.6 Alternative mouse models for Crohn’s disease

A possible alternative to the Nod2”” model would be the Nod2™/~ mouse model [98, 125].
In this model no functional Nod2 protein is expressed, and therefore this model might be
more representative of the situation that other mutations in the NODZ2 gene also contribute
to increased CD susceptibility [59]. This model could be useful for investigating the effects
of dietary TiO, on intestinal homeostasis in the absence of Nod2-regulated IL-1§3
production. Similar to Nod2”” mice, however, Nod2~/~ mice housed under conventional

conditions did not develop spontaneous intestinal inflammation [125].

In contrast, inoculation of Nod2”/~ mice with the opportunistic bacterial pathogen
Helicobacter hepaticus resulted in intestinal inflammation with a similar phenotype to CD [396].
Under these circumstances, Nod2™/~ mice developed inflaimmation primarily in the ileum
with Th1-like gene expression and cytokine production. Furthermore, Nod2™/~ mice that
were exposed to H. hepaticus had an increased number of PPs compared to similarly treated
WT mice. Moreover, the PPs and MLLNs were enlarged in Nod2™~ mice that were infected
with H. hepaticus. These observations suggest that this model could be suitable to investigate
whether dietary TiO, particles contribute to the initiation and progression of inflammation

in the gastrointestinal tract.

In this context, it is of interest that the background strain of the mouse model can affect
susceptibility to intestinal inflammation. For example, mice of the strain C3H/He were more
susceptible to DSS-induced colitis than C57BL/6 mice, which showed an intermediate
susceptibility compared to other strains [397]. As already mentioned before (Section 5.1),
another commonly used animal model for studying intestinal inflammation is the 1/707/~
mouse model [50]. I//0”/~ mice on a BALB/c background, which is another WT mouse
strain, developed more severe enterocolitis than on a C57BL/6 background [398]. The
Nod2”'” mice that were used in this study have been bred on a C57BL/6 background because
they were originally developed on this WT strain [131]. A project is currently in progress at
the AgResearch Ruakura Small Animal Colony to backcross the C57BL/6 Nod2”” mice onto
a BALB/c background to investigate whether the mice will develop spontaneous intestinal
inflammation on this background strain. If successful, these BALB/c Nod2”/” mice could be

used in future studies of dietary TiO, administration.

When the I//0”~ mouse model was originally described it was shown that these mice
developed spontaneous enterocolitis affecting also the crypts and villi of the ileum and

resulting in diminished GALT [50]. These changes in the intestinal tract occurred when the

253



animals were kept under conventional conditions, but no or only mild symptoms were
observed when /707~ mice were raised under specific pathogen free conditions [50, 399].
This highlights the role of the commensal intestinal microbiota in disease initiation in this
model [400]. Furthermore, colonisation with only one specific commensal intestinal
bacterium, namely Enterococcus faecalis, was sufficient to trigger colitis in germ-free I/70”/~ mice
[401]. Intestinal inflammation in /70~ mice that occurred under conventional conditions
was erratic and differed considerably between individual animals in terms of disease location
and severity [50]. In contrast, when 5 weeks old I/70”/~ mice were inoculated with cultures
of E. faecalis and Enterococcus faecium, the animals developed a more consistent intestinal
inflammation at 12 weeks of age [399]. These results might be of relevance for the Nod2””
mouse model, and it might be possible to elicit spontaneous inflammation in these mice after
challenging them with commensal microbes. However, in a preliminary study in which
Nod2"'" were inoculated with E. faecalis and E. faecium cultures no intestinal inflammation
could be established (personal communication with Dr Matthew Barnett, AgResearch,
Palmerston North, NZ). It would be worth to continue studies that aim to establish
spontaneous intestinal inflammation in Nod2”/” mice because if this was successful such a

modified Nod2”” mouse model could be used in further studies with dietary TiO; particles.

Alternatively, the effect of dietary TiO, on initiation and progression of intestinal
inflammation could be investigated in I//0”/~ mice housed under both conventional and
specific pathogen/germ-free conditions. However, the defect in the production of the
important regulatory cytokine IL-10 in this mouse model would make it difficult to
extrapolate findings from such studies to the situation observed in CD patients. It has been
shown that the number of IL-10-producing regulatory T cells was not diminished in the
intestinal mucosa of CD patients [386], and treatment of CD patients with recombinant
IL-10 had no positive effects on disease progression [402]. In fact, even detrimental effects

of IL-10 therapy have been reported [403].

Intestinal inflammation can also be induced with chemical agents [404]. The two substances
which are most commonly used for this type of studies are DSS polymers and the hapten
2,4,6-trinitrobenzenesulfonic acid (TNBS). Oral administration of DSS in drinking water to
mice for several days induces acute or chronic colitis, depending on the DSS concentration,
that is mediated by the immune system [405, 406]. Therefore, this model would be suitable
to investigate the role of intestinal macrophages and DCs to dietary TiO» in an inflammatory
milieu. Intrarectal instillation of TNBS in ethanol also induces colitis in susceptible mouse

strains [304, 407, 408]. This model is characterised by a T cell-mediated immune response
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with a Thl-associated cytokine signature, which would allow investigating the role of TiO:
particles in CD-like intestinal inflammation. It has been shown that Nod2”” mice are more
susceptible to DSS-induced colitis than WT mice [125], and Nod2~~ mice developed more
severe intestinal inflammation with TNBS compared to WT mice [304]. However, both
models affect primarily the colon and not the small intestine, which is the site where TiO»
particles are mainly taken up by intestinal cells in Peyer’s patches. Furthermore, both
chemicals supposedly lead to inflammation because of a disturbed epithelial barrier [407,
409]. Accordingly, studies in which these models were used to investigate the impact of TiO»
particles on intestinal function would not be representative for the situation encountered in
humans. The accumulation of TiO, particle in the intestinal mucosa of humans takes place

through uptake zia M cells in the FAE across an otherwise undamaged epithelium [56, 144].

Instead of chemically-induced colitis models, mouse models that develop spontaneous
inflaimmation in the small intestine, specifically the terminal ileum, could be used to
investigate potential effects of TiO, on the initiation and progression of the inflammation.
However, only few such models are available at the moment. For example, mice that do not
express X-box-binding protein 1 in epithelial cells develop spontaneous enteritis and have
increased susceptibility to DSS-induced colitis [410]. Another model is the senescence
accelerated mouse P1/Yit strain. These mice develop spontaneous inflammation in the ileum
and caecum after 10 weeks of age when kept under conventional or specific pathogen free
conditions [411]. It has been shown that these mice also develop disease symptoms under
germ-free conditions, which indicates that the inflaimmation occurs independently of
bacteria [412]. The inflammation in the senescence accelerated mouse P1/Yit strain
resembles CD with discontinuous, transmural lesions, increased numbers of T cells,
neutrophils, and macrophages in the inflamed mucosa, and a Th1 cytokine profile [411, 413].
Therefore, it has been suggested that this mouse model is ideally suited for studies specifically

investigating CD-like inflammation in the ileum [389].

6.3 Future perspectives

To sum up, the results presented in this dissertation showed that food-grade TiO; particles
accumulated in GALT as a consequence of intake with the diet (Chapter 3). Furthermore,
in vitro exposure to these exogenous dietary particles caused cell activation and led to the
secretion of the pro-inflaimmatory cytokine IL-18, which has important functions in the

regulation of intestinal homeostasis (Chapter 2). Despite the fact that Nod2”” mice did not
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develop spontaneous intestinal inflammation as a consequence of dietary TiO, exposure
(Chapter 4), cells from Nod2”'” mice were more susceptible to stimulation with TiO, particles
and bacterial antigens (Chapter 2). Furthermore, gastrointestinal TiO, particle uptake also
led to changes in the urine metabolome of WT and Nod2”” mice (Chapter 5). These results
highlight the need for further specific research about the effects of dietary TiO, particles on

intestinal homeostasis.

For example, it would be important to further investigate the mechanism of TiO,-induced
IL-18 release to assess the role of NOD2 and inflaimmasomes in this context. Furthermore,
the expression of cytokines and chemokines in the intestinal tract could be investigated 7# vivo
after feeding dietary TiO», e.g. by quantifying the mRNA expression of the respective genes
with real-time polymerase chain reaction. The Nod2”"” mouse model and/or other mouse
models for CD, e.g. the senescence accelerated mouse P1/Yit strain, could be used to

investigate these questions.

To assess potential influences of TiO, particles on intestinal homeostasis, several intestinal
samples from mice fed a TiO»-containing diet could be analysed with techniques from the
fields of systems biology, ie. genomics, proteomics, and metabolomics. With these
techniques it would be possible to obtain detailed information about regulatory pathways
and how these pathways would be affected in W mice or mouse models for CD after dietary

exposure to TiO, particles.

The results from the metabolomics study of urine samples presented in this dissertation
already indicated that gastrointestinal TiO, particle uptake has influences on metabolic
pathways, e.g. the tryptophan catabolism (Figures 5.8-5.11). Further studies could be carried
out to investigate if the observed reduction of potential tryptophan metabolite levels in urine
samples from WT and Nod2”” mice on a TiO,-containing diet are the consequence of
aberrant gene and/or protein expression of enzymes from the tryptophan catabolism
pathway. This question could be assessed in future 7z vivo experiments in which selected
enzymes would be investigated by targeted genomics and/or proteomics approaches. For
example, it has been shown that the gene expression of the enzyme indoleamine-
2,3-dioxygenase, which catabolises tryptophan to kynurenine sz formyl-kynurenine [353],
was up-regulated in inflamed colon tissues obtained from CD patients [362].
Correspondingly, it has been shown that the serum levels of kynurenine were elevated in
CD patients compared to healthy controls [361]. Moreover, the gene expression of
indoleamine-2,3-dioxygenase was also increased in colon tissues of I//07/~ mice with

colonic inflammation [414].
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Furthermore, a targeted metabolomics analysis could be carried out to assess of the levels of
tryptophan and its metabolites in plasma or serum from TiO-exposed WT and Nod2”” mice
or other CD mouse models. The data obtained from metabolomics could then be integrated
with genomics and proteomics data for a systems biology approach to assess effects of oral

TiO, exposure on intestinal homeostasis.

However, as there are inevitable drawbacks in using mouse models, ex vivo and in vitro
experiments should also be carried out using cells derived from CD patients. Ideally, the
NOD2 genotype and other CD-associated genes would be assessed in these patients, so that
the results obtained from such studies could be correlated to the respective genotypes. For
example, it might be worthwhile to conduct another dietary intervention study with
CD patients that have been genotyped for mutations in NODZ2 [233]. Such a study would be
useful to assess the effects of dietary TiO, intake on disease progression and other clinically
relevant measurements in CD patients with homozygous 1,007fs mutations in the

NOD?2 gene.

Another possible dietary intervention study would be to examine the long-term effects of a
diet that does not contain any dietary particles on children with CD. Such a study with
paediatric CD patients could help to clarify the question whether dietary TiO, particles have
a role in the establishment phase of CD. However, any future dietary intervention study with
CD patients would require careful planning and potentially a large number of participants to

yield scientifically valuable results.

6.4 Conclusion

In conclusion, more than 20 years have passed since the initial discovery that TiO particles
accumulate in PP immune cells. Nevertheless, only little research has been carried out to date
to investigate the consequences of intestinal exposure to exogenous dietary particles.
The present dissertation addresses this gap and adds to the work carried out during the last
decade by Powell and colleagues. It lays the foundations for future investigations that will

further explore this topic by using mouse models with disturbances in intestinal function.

Although no direct connection between exposure to TiO, particles with the diet and the
development of intestinal inflammation in WT or Nod2”/” mice was observed, the results
from this dissertation warrant further investigations. In the 7z vifro experiments with murine
macrophages it has been shown that dietary TiO, particles can elicit pro-inflammatory

responses by these phagocytes. Furthermore, bacterial antigens that act as ligands for NOD2

257



augmented those effects, especially in the presence of a mutation in NodZ that has been

associated with increased susceptibility to CD in humans.

Furthermore, the 7z vivo studies presented in this dissertation showed for the first time that
TiO; particles accumulated in PP immune cells as a result of ingestion of these particles with
the diet. Since the initial discovery of exogenous particles in PPs it has been assumed that
this was the most likely route of exposure, but it was and remains almost impossible to
confirm such a direct connection between exogenous particle intake and accumulation of
TiO; in PPs in humans. Therefore, animal models are an invaluable tool in the study of the
effects of exogenous particles on intestinal function. However, more research with both
animal models and human dietary intervention studies will be required before final
conclusions about the role of exogenous particles in the development of intestinal

inflammation and CD can be drawn.

Should such future studies confirm concerns that dietary TiO, particles are not just
innocuous additives it will be important to reconsider its use as a whitening agent in
processed foods and other products that are ingested by humans. It will also be important
to raise awareness about potential risks associated with the consumption of TiO»-containing
products, so consumers will be able to make conscious decisions about their intake of

exogenous dietary particles.

Moreover, the food, dental hygiene, and pharmaceutical industries will have to be notified
about potential long-term adverse effects resulting from the intake of TiO, with processed
foods, toothpastes, and pharmaceuticals. Consequently, should it turn out that ingested TiO»
particles indeed negatively affect intestinal health and increase the risk to develop intestinal
inflammation/CD, the respective industries that are using TiO, as a whitening agent must

look for safer alternatives.
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Appendices

Appendix A Normality and variance equality analysis Chapter 2

Supplementary Table 1 Chapter 2 p-value results of Shapiro-Wilk normality test and Bartlett’s test for variance equality

as well as tests used for group comparisons and post-hoc pairwise comparisons of means if applicable.

Assay Time ‘ Co- ‘ Sbapf'fo- Bartlett’s Group Post-hoc
(h)  stimulation Wilk comparison test
wsT-1 3 - 0.10 0.22 Two-way ANOVA n/a’
MDP 0.20 <0.05 Two-way ANOVA n/a
PGN 0.38 0.14 Two-way ANOVA n/a
3+21 - 0.25 0.89 Two-way ANOVA n/a
MDP 0.39 0.90 Two-way ANOVA n/a
PGN 0.06 0.43 Two-way ANOVA n/a
FC 3 - <0.01 0.96 Two-way ANOVA n/a
- viability MDP 0.11 <0.05 Two-way ANOVA n/a
PGN < 0.01 0.67 Two-way ANOVA n/a
3+21 - 0.16 <0.05 Two-way ANOVA Tukey’s HSD
MDP <0.01 0.39 Two-way ANOVA n/a
PGN <0.01 0.49 Two-way ANOVA n/a
-F4/80 3 - < 0.05 0.12 Two-way ANOVA n/a
MDP 0.88 1.00 Two-way ANOVA n/a
PGN < 0.05 0.08 Two-way ANOVA n/a
3+21 - < 0.001 0.67 Two-way ANOVA n/a
MDP < 0.001 <0.05 Two-way ANOVA n/a
PGN < 0.001 0.99 Two-way ANOVA n/a

(continued on next page)
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Supplementary Table 1 Chapter 2 p-value results of Shapiro-Wilk normality test and Bartlett’s test for variance equality

as well as tests used for group comparisons and post-hoc pairwise comparisons of means if applicable (continued).

Assay Time ' Co- ' Sbapf'fo- Bartlett’s Group Post-hoc
(h)  stimulation Wilk comparison test

FC 3 - < 0.05 0.70 Two-way ANOVA n/a
-FSC MDP 0.09 0.79 Two-way ANOVA n/a
PGN 0.58 <0.05 Two-way ANOVA n/a

3+21 - < 0.05 <0.05 Two-way ANOVA n/a

MDP <0.01 <0.001 Two-way ANOVA n/a

PGN 0.15 0.19 Two-way ANOVA n/a

-85C 3 - < 0.001 0.94 Two-way ANOVA n/a
MDP < 0.01 0.83 Two-way ANOVA n/a

PGN < 0.001 0.86 Two-way ANOVA n/a

3+21 - < 0.01 0.94 Two-way ANOVA n/a

MDP <0.01 0.98 Two-way ANOVA n/a

PGN < 0.001 0.95 Two-way ANOVA n/a

-8585C 3 - <0.01 0.46 Two-way ANOVA n/a
relative MDP <0.01 0.59 Two-way ANOVA n/a
PGN < 0.001 0.77 Two-way ANOVA n/a

3+21 - < 0.01 0.94 Two-way ANOVA n/a

MDP <0.01 0.74 Two-way ANOVA n/a

PGN < 0.01 0.93 Two-way ANOVA n/a

(continued on next page)
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Supplementary Table 1 Chapter 2 p-value results of Shapiro-Wilk normality test and Bartlett’s test for variance equality

as well as tests used for group comparisons and post-hoc pairwise comparisons of means if applicable (continued).

Assay Time ‘ Co- ‘ Sbapf'fo- Bartett’s Group Post-hoc
(h)  stimulation Wilk comparison test
FC 3 - 0.06 0.69 Two-way ANOVA n/a
-CD80 MDP <0.001  <0.001 Two-way ANOVA Tukey’s HSD
PGN < 0.01 0.99 Two-way ANOVA n/a
3+21 - 0.10 0.11 Two-way ANOVA n/a
MDP 0.18 0.11 Two-way ANOVA n/a
PGN 0.77 0.46 Two-way ANOVA n/a
-CD86 3 - <0.01 0.11 Two-way ANOVA n/a
MDP <0.001  <0.001 Two-way ANOVA Tukey’s HSD
PGN < 0.001 <0.001 Two-way ANOVA n/a
3+21 - 0.11 0.22 Two-way ANOVA n/a
MDP <0.01 0.59 Two-way ANOVA n/a
PGN <0.01 0.22 Two-way ANOVA  Tukey’s HSD
ELISA 3 - <0.01 <0.001 Two-way ANOVA n/a
(monse) MDP <0.01 <0.01 Two-way ANOVA n/a
- TNF-a PGN 0.87 <0.05 Two-way ANOVA n/a
3+21 - <0.001  <0.001 Two-way ANOVA n/a
MDP 0.25 0.28 Two-way ANOVA n/a
PGN < 0.01 0.59 Two-way ANOVA n/a
SI-1603 - < 0.001 0.68 Two-way ANOVA n/a
MDP < 0.001 0.06 Two-way ANOVA n/a
PGN < 0.001 <0.01 Two-way ANOVA Tukey’s HSD
3+21 - < 0.001 0.78 Two-way ANOVA n/a
MDP < 0.001 0.33 Two-way ANOVA n/a
PGN 0.07 0.35 Two-way ANOVA Tukey’s HSD

(continued on next page)
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Supplementary Table 1 Chapter 2 p-value results of Shapiro-Wilk normality test and Bartlett’s test for variance equality

as well as tests used for group comparisons and post-hoc pairwise comparisons of means if applicable (continued).

Assay Time ' Co- ' Sbapf'fo- Bartlett’s Gtoup Post-hoc
(h)  stimulation Wilk comparison test
EILISA 3 - < 0.05 0.99 Kruskal-Wallis test n/a
(human) MDP 0.15 0.79 One-way ANOVA n/a
1118 PGN 0.10 0.47 One-way ANOVA n/a
3421 - 0.09 0.74 One-way ANOVA n/a
MDP <0.05 0.96 Kruskal-Wallis test 1n/a
PGN 0.22 0.72 One-way ANOVA n/a
S1L-16 3 - < 0.001 <0.001 Kruskal-Wallis n/a
relative MDP 0.09 < 0.001 Kruskal-Wallis n/a
PGN < 0.05 <0.001 Kruskal-Wallis n/a
3+21 - < 0.001 <0.001 Kruskal-Wallis n/a
MDP 0.19 <0.001 Kruskal-Wallis n/a
PGN 0.06 <0.001 Kruskal-Wallis Wilcoxon'
-1L-17 3+69 - 0.87 1.00 One-way ANOVA n/a
MDP 0.78 0.33 One-way ANOVA Tukey’s HSD
PGN 0.94 0.99 One-way ANOVA n/a
-1L-17 0 3+69 - <0.01 <0.001 Kruskal-Wallis n/a
relative MDP 0.20 < 0.001 Kruskal-Wallis Wilcoxon
PGN 0.41 < 0.001 Kruskal-Wallis Wilcoxon

"Wilcoxon rank sum test with Bonferroni correction for multiple comparisons. 2Abbreviations specific for this

table: n/a = not applicable.
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Appendix B Average number of bone marrow cells per mouse
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Supplementary Figure 1 Bone marrow cells per mouse.
Average number of bone marrow cells obtained per mouse from WT and Nod2”” (m/m) mice (see

Section 2.3.3). Each data point represents a separate tissue collection; # = 8. Results were compared with paired

Student’s ~test; **p < 0.01.
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Appendix C ~ Normality and variance equality analysis Chapter 3

Supplementary Table 2 Chapter 3 p-value results of Shapiro-Wilk normality test and Bartlett’s test for variance equality

as well as tests used for group comparisons and post-hoc pairwise comparisons of means if applicable.

Parameter Weeks pr%)'jljio- Bartlett’s Group comparison Post-hoc test
Females 6 < 0.001 0.95 Kruskal-Wallis n/a'
- Age 12 < 0.001 1.00 Kruskal-Wallis n/a

18 < 0.001 0.98 Kruskal-Wallis n/a
- Initial 6 0.05 0.06 One-way ANOVA n/a
body weight 12 0.17 < 0.05 Kruskal-Wallis n/a
18 0.38 0.98 One-way ANOVA n/a
- Final 6 0.29 0.14 One-way ANOVA n/a
body weight 12 0.42 0.19 One-way ANOVA n/a
18 0.29 0.23 One-way ANOVA  n/a
- Weight 6 0.81 0.30 One-way ANOVA  n/a
gain 12 0.96 0.69 One-way ANOVA n/a
18 0.09 0.54 One-way ANOVA n/a
- Daily food 6 0.88 0.12 One-way ANOVA n/a
intake 12 0.45 0.12 One-way ANOVA n/a
18 0.09 0.85 One-way ANOVA n/a

(continued on next page)
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Supplementary Table 2 Chapter 3 p-value results of Shapiro-Wilk normality test and Bartlett’s test for variance equality

as well as tests used for group comparisons and post-hoc pairwise comparisons of means if applicable (continued).

Parameter Weeks Sb‘aé;;]t(o- Bartlett’s Group comparison Post-hoc test
Males 6 < 0.001 0.97 Kruskal-Wallis n/a
- Age 12 < 0.001 0.96 Kruskal-Wallis n/a
18 < 0.001 0.99 Kruskal-Wallis n/a
- Initial 6 < 0.01 0.17 Kruskal-Wallis n/a
body weight 12 0.83 0.92 One-way ANOVA  n/a
18 < 0.05 0.12 Kruskal-Wallis n/a
- Final 6 0.17 0.73 One-way ANOVA  n/a
body weight 12 0.09 0.64 One-way ANOVA  n/a
18 0.56 0.40 One-way ANOVA  Tukey’s HSD
- Weight 6 < 0.001 < 0.05 Kruskal-Wallis n/a
gain 12 0.51 0.49 One-way ANOVA  n/a
18 0.75 0.78 One-way ANOVA  n/a
- Daily food 6 0.45 0.37 One-way ANOVA  n/a
intake 12 < 0.05 < 0.05 Kruskal-Wallis n/a
18 < 0.01 0.42 Kruskal-Wallis n/a

(continued on next page)
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Supplementary Table 2 Chapter 3 p-value results of Shapiro-Wilk normality test and Bartlett’s test for variance equality

as well as tests used for group comparisons and post-hoc pairwise comparisons of means if applicable (continued).

Parameter  Diet Sb‘zg;lllzo- Bartlett’s Group comparison Post-hoc test
Females 6.25 0.24 0.70 One-way ANOVA  n/a
- Daily T:O0,  62.5 0.28 0.66 One-way ANOVA  n/a
intake 625 < 0.05 0.58 Kruskal-Wallis n/a
- Daily T:O0,  6.25 < 0.05 0.10 Kruskal-Wallis Tukey’s HSD
dose 62.5 0.36 0.52 One-way ANOVA  Tukey’s HSD
625 0.80 0.67 One-way ANOVA  Tukey’s HSD
Males 6.25 0.11 0.85 One-way ANOVA n/a
- Daily TiO;  62.5 < 0.05 < 0.05 Kruskal-Wallis n/a
intake 625 < 0.05 0.75 Kruskal-Wallis n/a
- Daily T:0;  6.25 0.89 0.65 One-way ANOVA n/a
dose 62.5 <0.01 0.13 Kruskal-Wallis n/a
625 0.70 0.93 One-way ANOVA  Tukey’s HSD

(continued on next page)
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Supplementary Table 2 Chapter 3 p-value results of Shapiro-Wilk normality test and Bartlett’s test for variance equality

as well as tests used for group comparisons and post-hoc pairwise comparisons of means if applicable (continued).

Tissue Population Sbapfro- Bartlett’s GIOUP Post-hoc
Wilk comparison test

Lymphocytes  all < 0.05 <0.05 Two-way ANOVA n/a

- PP CD4" T cells 0.06 0.23 Two-way ANOVA n/a
CD8" T cells 0.73 0.42 Two-way ANOVA n/a
CD45R" B cells 0.35 0.10 Two-way ANOVA n/a

-MIN all < 0.001 <0.05 Two-way ANOVA n/a
CD4" T cells 0.49 0.06 Two-way ANOVA n/a
CD8" T cells 0.56 <0.01 Two-way ANOVA n/a
CD45R" B cells 0.28 <0.05 Two-way ANOVA n/a

Monocytes all < 0.001 <0.001 Two-way ANOVA n/a
CD11b"

- PP CD11c " M' < 0.01 0.25 Two-way ANOVA n/a
CD11c"" DCs 0.60 0.85 Two-way ANOVA n/a

-MI.N all < 0.001 <0.001 Two-way ANOVA n/a
CD11b"
CD11c " M 0.20 0.19 Two-way ANOVA n/a
CD11c"" DCs 0.13 0.25 Two-way ANOVA n/a

DCs g[éf CD1Ib: 0.74 0.09 Two-way ANOVA n/a

_pP IC)IC)? CD1b 078 <005 Two-way ANOVA n/a
CD8 Db 1001 <001 Two-way ANOVA n/a
DCs

-MLN IC)Ic)f CD1b 0.10 0.55 Two-way ANOVA n/a
g[éff CD1Ib 0.33 0.67 Two-way ANOVA n/a
IC)IC)? CDIb 012 <005 Two-way ANOVA n/a

(continued on next page)
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Supplementary Table 2 Chapter 3 p-value results of Shapiro-Wilk normality test and Bartlett’s test for variance equality

as well as tests used for group comparisons and post-hoc pairwise comparisons of means if applicable (continued).

Parameter Sb;zg;]io- Bartlett’s  Group comparison  Post-hoc test
Reflection spots
analysis  threshold < 0.001 < 0.001 Kruskal-Wallis Tukey’s HSD

comparison

Reflection spots
analysis group < 0.001 < 0.001 Two-way ANOVA Tukey’s HSD

comparison

SED areas

. < 0.001 0.70 Two-way ANOVA n/a
conparison

1Abbteviations specific for this table: n/a = not applicable; M® = mactrophages.
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Appendix D Normality and variance equality analysis Chapter 4

Supplementary Table 3 Chapter 4 p-value results of Shapiro-Wilk normality test and Bartlett’s test or F-test for
variance equality as well as tests used for group comparisons and post-hoc pairwise comparisons of means if applicable.

i puneer S P/ o T ot
Bone marrow  Age <0.01 0.77  Wilcoxon n/a’
collection Body weight 0.80 0.19 Student n/a

Number of PPs < 0.01 0.43 Wilcoxon n/a
Small intestine 0.23 0.34  Student
length n/a
Colon length 0.88 0.18 Student n/a
Dietary TiO, — Age < 0.05 0.76 Two-way ANOVA n/a
exposure Initial body weight 0.74 0.67 Two-way ANOVA n/a
Final body weight 0.46 0.92 Two-way ANOVA n/a
Body weight gain 0.54 0.39 Two-way ANOVA n/a
Daily food intake 0.30 0.70 Two-way ANOVA /s
Daily TiO; intake 0.52 0.76  Student n/a
Daily TiO; dose 0.98 0.65 Student n/a
Number of PPs 0.26 0.61 Two-way ANOVA /s
Small intestine 0.06 0.28 Two-way ANOVA a/a
length
Colon length 0.34 0.12 Two-way ANOVA n/a
Lleum: histology score < 0.05 0.06 Two-way ANOVA p/a
Colon histology score < 0.001 0.10 Two-way ANOVA n/a
Lleums crypt length 0.17 0.12 Two-way ANOVA n/a
Lleun villi length 0.53 0.40 Two-way ANOVA n/a
Colon crypt length < 0.001 <0.01 Two-way ANOVA n/a
Reflection spots < 0.001 <0.05 Two-way ANOVA Tukey’s
analysis group HSD
comparison
SED areas 0.52 0.82 Two-way ANOVA Tukey’s
comparison HSD

(continued on next page)
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Supplementary Table 3 Chapter 4 p-value results of Shapiro-Wilk normality test and Bartlett’s test or F-test for variance

equality as well as tests used for group comparisons and post-hoc pairwise comparisons of means if applicable (continued).

Study Parameter Sb&zﬁifa- Bartlett’s/ Group Post-hoc
1lk F-test comparison test
Monocyte Monocytes 0.19 0.59 Student n/a
Populations in - CD11b" 0.24 < 0.05 Wilcoxon n/a
PPs CD11¢"" M@?
CD11/% DCs < 0.01 0.09 Wilcoxon n/a
CcD8*  CD11b < 0.01 0.77 Wilcoxon n/a
DCs
CD8~ CD11b" < 0.01 0.71 Wilcoxon n/a
DCs
CD8 CD11b < 0.01 0.71 Wilcoxon n/a
DCs

"The F-test was used to compare the variances between two groups; Bartlett’s test was used to compare the
variances between more than two groups. ?Abbreviations specific for this table: n/a = not applicable;

M® = macrophages.
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Appendix E R code for metabolomics data analysis
library(xcms)

library(rgl)

library(gplots)

library(limma)

library(vegan)

library(mixOmics)

library(agricolae)

library(multtest)
setwd("Directory:/Path_to folder with _mzXML_files AnalysisX")
filenames <- read.delim(file=“SamplelList_AnalysisX.txt”, sep=“\t”,

stringsAsFactors=FALSE)

filenames$Filename <-
paste("Directory:/Path_to_folder with_mzXML_files_AnalysisX",

filenames$Filename, sep="")

library(xcms)

xset <- group(xset)

xset2 <- retcor(xset, method="loess", plottype="deviation")
xset2 <- group(xset2, bw = 10)

xset3 <- fillPeaks(xset2)

PeakTable <- peakTable(xset3)

write.csv(PeakTable, "PeakIntensityTable AnalysisX.csv")
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Appendix F R code for statistical analysis of metabolomics data
values.raw <- groupval(xset3, value="into",method="medret")

values.raw.trt <- values.raw[,filenames$Sample !="ref"]

filenames.trt <- filenames[filenames$Sample !="ref",]

par(mar=c(6,6,3,4))

boxplot(values.raw.trt,las=2)

normalize.medFC <- function(mat) {

# Perform median fold change normalisation

# X - data set [Variables & Samples]

medSam <- apply(mat, 1, median)

medSam[which(medSam==0)] <- 0.0001

mat <- apply(mat, 2, function(mat, medSam){
medFDiSmpl <- mat/medSam
vec<-mat/median(medFDiSmpl)
return(vec)

}, medSam)

return (mat) }

values.medFC <- normalize.medFC(values.raw.trt)
boxplot(values.medFC,las=2)

values.medFC.log <- log2(values.medFC+10)
boxplot(values.medFC.log,las=2, ylim=c(1,40))

library(vegan)
First in vivo study

adonis(t(values.medFC.log)~filenames.trt$Sex * filenames.trt$Group *

filenames.trt$Diet)
Second in vivo study

adonis(t(values.medFC.log)~filenames.trt$Genotype * filenames.trt$TimePoint *

filenames.trt$Diet)
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