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Abstract

Air pollution and Alzheimer’s disease (AD) are two of the largest global health issues faced by
society today; air pollution is a recognised risk factor for AD. Particulate matter (PM) is a major
component of air pollution and refers to the solid and liquid particulates of varying sizes and
compositions that are resuspended in the air. Of these particles, metallic particles in the
nanometre range (ultrafine, UFPs; < 0.1 um) are particularly hazardous due to their
pervasiveness, ability to penetrate all major organs in the human body, and ability to generate
both inflammatory and oxidative stress responses in humans. Magnetite (Fes04) nanoparticles
(MNPs) and related iron oxides may be of relevance to neurodegeneration. MNPs are found
within PM, typically in association with toxic metals, and have been found throughout the
human brain, including in association with senile plaques (a key pathological hallmark of AD).
MNPs have also been shown to accelerate amyloid beta (AB) toxicity and aggregation. MNPs
have previously been quantified in a handful of studies to compare AD and control tissue, with
mixed results. Improved understanding of the development of AD, the toxic effects of air
pollution (especially magnetite and metals), and the relationship between these two

phenomena would be highly beneficial to global health.

In order to explore the potential causal link between air pollution and AD, two approaches
were taken; metallic and magnetic quantification of post-mortem human brain tissue via
superconducting quantum interference device (SQUID) magnetometry and inductively couple
plasma mass spectrometry (ICP-MS), and exploration of the cytotoxic effects of ultrafine
roadside dust particles (UF-RDPs) on human lung epithelial cells (Calu-3) using different in vitro

assays.

The concentration of magnetite (measured as magnetic remanence, SIRM) in human brain
tissue was not statistically different when comparing AD cases to aged-matched controls.
Similarly, there were no differences in metal content between the two groups. Principal
component analysis grouped the metals into four components, which are potentially
indicators of pollution sources: (1) traffic-related and crustal, (2) fuel oil combustion, (3)
biological and tyre/brake wear, and (4) catalytic converters and dental alloys. The distributions
of magnetite and metals were heterogenous across different individuals. Significantly lower
concentrations of both MNPs and metals were reported in UK samples, compared to
previously reported Mexico City samples. Differences were also seen when comparing the in
vitro response to UF-RDPs from three contrasting cities; Lancaster UF-RDPs increased cell

viability, whilst Mexico City UF-RDPs were the most toxic and induced the highest amount of



oxidative stress (ROS production), and Birmingham UF-RDPs were the most pro-inflammatory.
These responses are not fully reflected in conventional mass metrics like PMyo, as although
the greatest cytotoxicity and ROS production was seen with Mexico City UF-RDPs (highest
PMio exposure), the strongest pro-inflammatory responses were seen in response to
Birmingham UF-RDPs and a potentially tumorigenic or fibrosis related increase in cell viability
was seen in response to Lancaster UF-RDPs despite the lower PMjo and PM, s exposures in the
UK cities. There is a need for localised air pollution limits which use biologically relevant
metrics that address particle size and cover non-exhaust emission sources of PM like road dust

to minimize the health risks of air pollution exposure.

Overall, this work demonstrates the presence of exogenous, pollution-derived metals and
magnetic nanoparticles within the human brain. Highly reactive and toxic metals and MNPs
may exert toxic effects in the brain and have been causally linked to neurodegeneration and
AD. The geriatric blood-brain barrier is likely compromised allowing for universal incursion in
both AD and age-matched controls, so the use of younger highly exposed individuals such as
Mexico City urbanites is critical to identify any changes in metal/magnetic content in the brain
decades prior to the presentation of AD. Clear differences were seen across geographical
locations when looking at absolute concentrations of MNPs, as well as the composition and
induced biological effects of UF-RDPs from different cities. It is thus important to focus on

highly localised air pollution regulations to mitigate risk to human health.
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Chapter 1 Introduction

1.1 Alzheimer’s disease

Alzheimer’s disease (AD) is the most common form of dementia, accounting for 60-70% of
cases worldwide (WHO, 2021b). In 2015, there were an estimated 46.8 million AD patients
worldwide, with this figure expected to increase to 131.5 million by 2050 (Prince et al., 2015).
AD has both great personal and financial costs; family and friends experience emotional
distress as caregivers and the estimated global cost of AD in 2015 was $818 billion (Prince et

al., 2015).

AD is a progressive neurodegenerative disease characterised initially by short term memory
loss (a stage known as mild cognitive impairment, MCI), gradually worsening to aphasia
(inability to understand and form speech), agnosia (inability to recognise objects and people)
and apraxia (inability to carry out voluntary movements) amongst other behavioural and
memory issues (Blennow et al., 2006). Up to 15% of people presenting with MCl will go on to
develop AD (Petersen, 2004). Clinically, disease stage is determined via psychological tests
such as the mini mental state examination (MMSE), during which patients answer a series of

guestions designed to test their cognitive functions (Folstein et al., 1975).

Life expectancy following an AD diagnosis is 3-10 years, and onset typically occurs after the
age of 65 years but can be much earlier in cases with a clear genetic link (Zanetti et al., 2009).
Fewer than 5% of AD cases are genetic or ‘familial’ (FAD) with the remaining 95% being
sporadic in nature (SAD). An underlying cause or causes have not been identified for SAD;
however, several risk factors have been identified including age, head trauma, vascular

conditions (e.g., hypertension) and, more recently, environmental factors.

There is a clear unmet medical need with regards to treatment for AD as current therapeutics
only provide symptomatic relief rather than addressing the underlying disease causation.
There are two classes of AD therapeutics currently in use - acetylcholinesterase (AChE)
inhibitors and glutamate antagonists. Acetylcholinesterase inhibitors, such as rivastigmine
and donepezil, target the enzyme acetylcholinesterase, which is responsible for degrading the
neurotransmitter acetylcholine (ACh) at the post-synaptic cleft (Everitt and Robbins, 1997).
Increased ACh is associated with improved cognitive function (Barnes et al., 2000). Glutamate
antagonists target the overstimulation of glutamate, thought to occur in AD (Wang and Reddy,

2017). Memantine (the only current glutamate antagonist used in clinical practice) targets



NDMA (N-methyl-D-aspartate) receptors (Johnson and Kotermanski, 2006, Blanpied et al.,
1997). In the unstimulated (resting) state, NDMA receptors are blocked by magnesium ions
(Mg*), however they are voltage-gated cation channels that become active when Mg?" is
displaced, which allows for calcium influx and activation (Rogawski and Wenk, 2003). To
reduce the overstimulation of NDMA receptors in AD, memantine binds the NDMA receptors
with a higher affinity than Mg?*, acting as an uncompetitive antagonist (Johnson and
Kotermanski, 2006, Blanpied et al., 1997).Unfortunately, these treatments are only effective

in a small subset of patients, with 50% of patients showing no response (Kumar et al., 2015).

In response to the need for effective treatments numerous strategies are being employed to
develop therapeutics including immunotherapies (Sevigny et al., 2016), peptide inhibitors of
amyloid beta aggregation (Gregori et al., 2017), and repurposing of existing drugs for other
conditions such as diabetes (Batista et al., 2018). However, there have been no new
therapeutics for AD approved for use in the UK since Memantine in 2011. Controversially, in
the US the Food and Drug administration (FDA) recently approved the use of Aducanumab, a
monoclonal antibody that targets senile plaques, a key pathological feature of AD (FDA, 2020).
It has sparked controversy primarily due to the (re)interpretation of clinical trial data;
additional data was collected after phase Il trials were stopped due to <20% chance of a
positive finding and submitted to the FDA for re-evaluation (FDA, 2020). The FDA approved
the treatment despite two identical phase Il trials showing opposite results, and without

much evidence to show that removal of plaques would slow cognitive decline.

The identification of modifiable risk factors and prevention of disease onset is likely a better
approach to minimising disease burden than development of novel drugs. The focus of this
study is exploration of a modifiable risk factor which may contribute to the risk of developing

dementia — air pollution.

1.1.1 Neuropathology

The two key pathological hallmarks of AD in the brain are senile plaques (extracellular deposits
of amyloid beta, AP) and neurofibrillary tangles (NFTs) (intracellular aggregates of
hyperphosphorylated tau protein (Braak and Braak, 1991). The result of these lesions is a loss
of synaptic connections (~45%) and a decrease in the number of neurons in the regions
affected (Masliah et al., 1989). In addition to being abundant in AD brains, these structures
are also present in the normal ageing brain at significantly lower levels (Knopman et al., 2003).
This raises the question as to at what point does plague/NFT load constitute AD and how is

this different to normal ageing? It has even been proposed that AD is a consequence of normal



ageing (Fjell et al., 2014), however there are individuals who live to be very old (>100) with
the same pathological changes and no clinical presentation of dementia (Takao et al., 2016),
so whilst some of the pathological changes may be part of typical ageing, development of AD
itself is unlikely to be a typical ageing process. In addition to plaques and tangles, activated
microglia and reactive astrocytes are often observed as well as Hirano bodies (actin-rich
inclusions) and cerebral amyloid angiopathy (the accumulation of AB concentrating in small
arteries and small arteriole walls) (Glenner et al., 1981). Other changes to brain structure are
also observed, such as a decrease in brain weight (due to loss of grey matter), decreased
cortical thickness (Salat et al., 2004), and increase in ventricle size (due to cerebral spinal fluid

build-up) (Nestor et al., 2008).

1.1.2 Braak staging

Neuropathologists Eva and Heiko Braak devised a system for staging the progression of AD
based on the histopathological evaluation of human brain tissue, referred to as Braak staging
(Braak and Braak, 1991). The Braak staging system follows the topographical pattern of
neurofibrillary tau lesions and neuronal loss throughout the brain, which is consistent by area,
lamina, and cell type (Braak and Braak, 1985). Stages I-l start in the transentorhinal region,
before progressing to the limbic regions (Stages IlI-1V) and finally the isocortical region (stages
V-VI) (Braak and Braak, 1991). Revisions to the initial staging have been suggested; NFTs may

appear in the (lower) brainstem prior to the transentorhinal region (Braak et al., 2011).

The distribution of AP occurs in 5 phases, AB plaques are located in the following regions:
phase 1 (at least 1 of basal, temporal, or orbitofrontal neocortex), phase 2 (allocortex,
amygdala, higher order areas of the neocortex), phase 3 (secondary neocortical fields,
striatum), phase 4 (nearly all of the neocortex, midbrain, inferior colliculi) and phase 5 (lower

brainstem and cerebellum) (Thal et al., 2002).

1.1.3 Brain regions affected by AD

One of the first brain regions affected by AD is the medial temporal lobe, which encompasses
the entorhinal cortex, hippocampus, and amygdala. The medial temporal lobe is associated
with memory, so it is unsurprising that atrophy in this region, coupled with the loss of
functional neurons, results in the cognitive decline observed in AD (Squire et al., 2004). The
brainstem is also an early site of AD neuropathology, in particular the locus coeruleus and
dorsal raphe nucleus (Ji et al., 2021). The limbic system is affected in stages Ill-IV of Braak
staging; this encompasses the medial temporal lobe regions along with the hypothalamus,

orbitofrontal cortex, piriform cortex, and olfactory bulbs. The largest decrease in mass is seen



in the cerebral cortex and cortical regions (cortical atrophy) (Perl, 2010), resulting in changes
to regions involved in language and reasoning which manifest as difficulties in processing and

understanding speech (Wenk, 2003).

1.1.4 Causation hypotheses

Numerous theories exist as to the cause of AD including the cholinergic hypothesis, the
amyloid cascade hypothesis, the tau hypothesis, the metal theory, inflammation and oxidative
stress-based theories, the mitochondrial hypothesis, or a combination of the aforementioned
(Breijyeh and Karaman, 2020). A brief overview of some of the biochemical pathways and key

proteins involved in AD are summarised below.

1.1.4.1 The amyloid cascade hypothesis

The amyloid cascade hypothesis (Fig. 1.1.) states that AR might accumulate due to genetic
predisposition or, in the case of sporadic AD, factors such as ageing and APOE allelic
composition. If not sufficiently cleared, these AP monomers aggregate to form oligomers,
which eventually mature into fibrils and deposit into senile plaques. Soluble oligomers
increase the production of reactive oxygen species (ROS), leading to oxidative damage and
mitochondrial dysfunction which ultimately leads to cell death. Excess AP also leads to the
hyperphosphorylation of tau, excitotoxicity, and inflammation. The ‘stage’ or conformation of
Ap is related to its toxicity with the smaller oligomers (e.g., trimers, pentamers) thought to be

more toxic than monomers and mature fibrils (Walsh et al., 2002, Sakono and Zako, 2010).
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Figure 1.1 The amyloid cascade. Amyloid beta (AB) is liberated from the amyloid precursor protein (APP). The generation
of AB can be influenced by mutations (familial) or other factors such as ageing or environmental factors (sporadic). An
increase in AP generation, combined with a decrease in its clearance leads to a series of neurotoxic mechanisms such as
excitotoxicity and neuroinflammation. In addition to soluble AP, aggregates can form which also have neurotoxic effects.
These factors as well as the key pathological features of AD (neurofibrillary tangles and senile plaques) lead to neuronal cell
death and impairment of neurotransmitter signalling resulting in the cognitive and behavioural defects seen in AD.

AP is proteolytically generated from the amyloid precursor protein (APP) (Hardy and Allsop,
1991). Mutations in the APP gene are associated with FAD, as well as mutations in genes
encoding enzymes involved in APP proteolysis; PSEN1 and/or PSEN2 which encode presenilin
proteins (Goate et al., 1991, Scheuner et al., 1996). The amyloid cascade hypothesis is further
supported by the high incidence of AD in Down’s syndrome individuals; the condition is
associated with trisomy of chromosome 21 on which the APP gene is located (Wiseman et al.,

2015).

APP is a type | transmembrane protein which can undergo cleavage via two main pathways:
the amyloidogenic and non-amyloidogenic pathways (Fig. 1.2). Approximately 90% of APP is
cleaved via the non-amyloidogenic pathway (Octave et al., 2013), liberating extracellular
soluble APP alpha (sAPPa), leaving the C83 fragment anchored to the membrane, which
precludes AP formation. The remaining 10% is cleaved via the amyloidogenic pathway,
resulting in the liberation of extracellular soluble APP beta (sAPPB), leaving the C99 fragment

anchored to the membrane which undergoes further cleavage to generate A (Hampel et al.,



2021). The APP proteolytic fragments are involved in different signalling pathways, for

example sAPPa is involved in neurite outgrowth (Hasebe et al., 2013).
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Figure 1.2 APP proteolysis. APP is a transmembrane protein which is cleaved sequentially by secretase enzymes
to generate extracellular fragments. In the non-amyloidogenic pathway, soluble APP alpha (sAPPa) is liberated when
APP is cleaved by an a-secretase, leaving a C-terminal fragment anchored to the membrane (C83). C83 is then
cleaved by y-secretase to release P3. Alternatively, APP can follow the amyloidogenic pathway; APP is first cleaved
by B-secretase (BACE1) to generate soluble APP beta (sAPPB) and a C-terminal fragment (C99). C99 is then cleaved
by y-secretase to liberate AB-peptides. A soluble APP intracellular domain (AICD) fragment is also generated
following cleavage of C83 and C99 by y-secretase. Adapted from (Nicolas and Hassan, 2014).

The enzymes involved in APP proteolysis are collectively referred to as secretases (Zhao et al.,
2020). The a-secretase is one of the ADAM (a disintegrin and metalloprotease domain) family
of zinc metalloproteinases; primarily ADAM10 but can also be ADAM17 or ADAM9 (Kuhn et
al., 2010, Hitschler and Lang, 2022). The B-secretase was identified as BACE1 (beta-site APP
cleaving enzyme 1), and it competes with ADAM10 for the APP substrate (Cole and Vassar,
2008). The y-secretase is a complex of proteins, consisting of presenilin-1 (or presenilin-2),
nicastrin, APH-1 (anterior-pharynx defective 1) and PEN-2 (presenilin enhancer 2). Presenilin-
1 is the catalytically active subunit, which cleaves APP C-terminal fragments as well as those
generated from other transmembrane proteins including Notch, E-Cadherin and Jagged-1
(LaVoie and Selkoe, 2003, Giiner and Lichtenthaler, 2020). Amyloid beta is generated when y-
secretase cleaves C99, but this can result in Ap of varying lengths depending on the site at
which C99 was cleaved. AB40 is the predominant species in the brain (Zou et al., 2002), but
other forms exist between 34 and 50 amino acids in length, including the more toxic AB42

(which is predominantly found in senile plagues and promotes aggregation of A monomers)

and APB38 (which is not related to AD pathology) (Page et al., 2008). Aggregation of the Ap42



peptide occurs more rapidly than the more common AB40 form (Jarrett et al., 1993). AB is
cleared by enzymatic and non-enzymatic pathways. In the enzymatic pathway, AP is cleared
by a group of proteolytic enzymes known as AB-degrading enzymes such as insulin-degrading
enzyme (IDE), endothelin-converting enzyme, plasmin, matrix metalloproteinase-9 (MMP-9),
and neprilysin (Baranello et al., 2015). There are several non-enzymatic methods of Ap
clearance from the brain including transcytosis across the BBB, phagocytosis by microglia, and
clearance via the glymphatic system. Soluble A is transcytosed across the BBB through brain
endothelial cells via the low-density lipoprotein receptor-related protein 1 (LRP-1) and ABC
transporter sub-family A and B member 1 (ABCA1 and ABCB1 respectively) (Hampel et al.,
2021). Once AB has crossed the BBB, it is sequestered by soluble transporters (e.g., soluble
LRP1) which prevent it from being transported out of free circulation into the interstitium.
Microglia, the resident immune cells of the brain, are activated in response to AB, engulfing
soluble and fibrillar forms of AP and degrading them (Wyss-Coray et al., 2003, Ries and Sastre,
2016). Microglia (astrocytes specifically) are an important part of the glymphatic system, a
clearance network which removes macroscopic waste (i.e., proteins and metabolites) from
the central nervous system (Jessen et al., 2015) via a system of perivascular channels on
astrocytes (aquaporin 4, AQP4) which allow CSF to move into the brain parenchyma, driving
interstitial fluid towards perivenous space for drainage (lliff et al., 2012). Degradation of these
clearance mechanisms in conjunction with elevated A levels may lead to a toxic build-up of
AB, however there is contrasting evidence such as mixed reports of increases or decreases in
AB clearance mechanisms e.g. IDE activity with disease severity (Zhang et al., 2018, Miners et

al., 2009).

1.1.4.2 The tau hypothesis

AD can be considered a tauopathy; a neurodegenerative disease in which the microtubule
associated protein, tau, aggregates into neurofibrillary tangles (NFTs). Encoded by the MAPT
gene, tau is found predominantly in neurons where it plays an important role in the
cytoskeleton by binding to and stabilising microtubules (Johnson and Stoothoff, 2004). Unlike
APP, there are no known mutations of MAPT associated with FAD, but mutations in MAPT are

associated with other dementias like frontotemporal dementia (Shafei et al., 2020).

There are six isoforms of tau which are subject to post translational modification, such as
phosphorylation. Phosphorylation of tau can interfere with microtubule dynamics and, in AD,
hyperphosphorylation of the protein is observed which is thought to cause aggregation and
the formation of insoluble aggregates (Johnson and Stoothoff, 2004). Hyperphosphorylated

tau is arranged in paired helical filament and straight filament structures, which aggregate to
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form the NFTs deposited intracellularly in neurons and which, ultimately, lead to neuronal
death. To initiate aggregation, a tau ‘seed’ is needed; tau is believed to spread in a prion-like
manner between networks of connected cells (DeVos et al., 2018). In addition, tau can
propagate AP toxicity by increasing cleavage of APP to liberate the peptides (Bright et al.,
2015) and/or by trapping them in endosomes (Arnsten et al., 2021).

As the progression of AD is more closely aligned with tau pathology than with AB (Braak and
Braak, 1991), it may be a more appropriate therapeutic target. Furthermore, decline in
cognition and loss in brain weight are more closely related to NFTs than AB, again suggesting
that the role of tau may be more important than that of AB in AD pathogenesis
(Giannakopoulos et al., 2003). However, phosphorylated tau (p-tau) is also found in the brains
of young children and chimpanzees. Chimpanzees do not develop neurodegenerative AD, so
the presence of p-tau may be a marker of ageing rather than AD itself (Finch and Austad,
2012). Conversely, young children with p-tau have been shown to have cognitive deficits at an
early stage of life (Calderén-Garciduefias et al., 2016a) (see section 1.2.3), which could be a

consequence of early ageing or very early development of AD.

1.1.4.3 The metal theory of AD

Within the AD brain, alterations to several essential and non-essential metals have been
reported including copper, zinc, iron, aluminium, lead, and mercury (Bonda et al., 2011). Of
these, the essential transition metals copper, iron and zinc are studied most often, and all
three are found in high concentrations in and around senile plaques (James et al., 2017). The
distribution of copper, iron, and zinc also varies across senile plaques; the rim has elevated
copper, iron and zinc compared to the neuropil, and the plaque core has elevated iron and
zinc compared to the neuropil, with the total concentration in senile plaques and AD neuropils
higher than control neuropil from aged-matched controls (Lovell et al., 1998). Aside from
being found in plaques, copper, iron, and zinc have been implicated in AB oligomerization and
aggregation, as well as the generation of ROS (in the case of copper and iron) (Mutter et al.,
2018, Dorlet et al., 2009). For example, Zinc (300 nM and above) has been shown to induce
AB aggregation in vitro (Bush et al., 1994). There are several high-affinity metal binding sites
in the N-terminal region of AP e.g. His-rich residues 1-16, which mediate aggregation.
Expression of APP, which would impact AB levels, is also influenced by copper, zinc and iron
with various metal binding sites present on the APP gene (Gerber et al., 2017, Rogers et al.,
2008). The focus here will be on iron; however, copper and zinc also play important roles in

the AD and non-AD brain.



Zinc is an important cofactor for over 200 enzymes throughout the body (Jan et al., 2002) and
plays an essential role in the brain as a neuromodulator, regulating several functions such as
cell proliferation (including neurogenesis) and the release of inflammatory cytokines (Choi et
al., 2020, Corniola et al., 2008, Jarosz et al., 2017). Along with copper, zinc is vital for the
antioxidant enzyme Cu/Zn superoxide dismutase (SOD) and further acts as an antioxidant by
upregulating metallothionein expression (Prasad, 2014). Zinc is an important component of
ADAM zinc metalloproteinases, which cleave APP in a way that precludes liberation of AB
(Figure 1.2), as well as IDE, an AP clearance enzyme (Gough et al., 2011). Abnormal zinc
homeostasis has been linked to AD, so zinc has been explored as a potential therapeutic
intervention for AD. For example, PBT2 is a compound that increases the cellular uptake of
zing, thus reducing extracellular zinc with the aim of reducing AB aggregation and deposition.
PBT2 has been shown to be safe in phase Il clinical trials, with initial promising results from
small clinical trials (improved cognition and reduction of AB levels in serum) (Faux et al., 2010,
Lannfelt et al., 2008), however larger clinical trials concluded there was no significant benefit
over the placebo (Summers et al., 2022). There is not a clear consensus on whether zinc
concentrations are altered in the AD brain (at the regional level), with reports of no change
(Plantin et al., 1987, Szabo et al., 2015, Scholefield et al., 2020, Cornett et al., 19983, Rulon et
al., 2000, Stedman and Spyrou, 1997, Srivastava and Jain, 2002, Akatsu et al., 2011), increases
(Andrasi et al., 2000, Samudralwar et al., 1995, Deibel et al., 1996, Xu et al., 2017, Schrag et
al., 20114, Lovell et al., 1998, Rao et al., 1999, Religa et al., 2006, Danscher et al., 1997) , or
decreases in zinc levels compared to age matched controls (Ward and Mason, 1987, Wenstrup
et al., 1990, Andrasi et al., 2000, Andrasi et al., 1995, Xu et al., 2017, Panayi et al., 2002,
Corrigan et al., 1993). These studies have been conducted across different decades, using a
variety of analytical methods on tissue samples originating from different geographic
locations, which could explain the discrepancy in results reported. Plaque counts could also
account for some of the variation seen, as accumulation of zinc (as high as 1mM) in senile
plaques is a recognised phenomenon (Dong et al., 2003, Miller et al., 2006). High (*mM)
concentrations of zinc promote toxicity, whilst low concentrations (<50 uM) have been shown
to be neuroprotective (Lovell et al., 1999). The concentration of zinc (as well as other
conditions like pH and form of AB) also alters the impact it has on AB aggregation, with low
zinc concentrations preventing AB aggregation and promoting aggregation at higher
concentrations (Danielsson et al., 2007), which could explain the toxicity seen at high
concentrations. Zinc deficiency is linked to cognitive deficits and is a suspected risk factor for

developing AD (Sun et al., 2022). Recently, zinc deficiency has been shown to induce



inflammatory responses in microglia of APP/PS1 mice via the NLRP3 (NACHT, LRR, and PYD
domains-containing protein 3) inflammasome (Rivers-Auty et al., 2021), which has been
implicated in AD pathogenesis through the release of cytokines, AB deposition and NFTs (Bai
and Zhang, 2021, Ising et al., 2019). Zinc levels must be tightly regulated in the brain to prevent

AD-related pathological changes.

Copper is an essential element that is critical for development of the central nervous system
as it is necessary for several key processes including formation of myelin, antioxidant defence
(e.g. Cu/Zn SOD), adenosine triphosphate (ATP) synthesis (part of cytochrome c oxidase), and
synthesis of neurotransmitters (Scheiber et al., 2014). Copper participates in biochemical
reactions, often as part of cuproenzymes, by donating and receiving electrons, cycling
between Cu* and Cu?*, with a small pool of copper as free or ‘labile’ copper. Unlike zinc, copper
is redox active; labile copper reacts with O, to generate damaging ROS via the Fenton reaction
(Figure 1.3) (Kanti Das et al., 2015). Oxidative stress is a key feature of AD, and copper
dyshomeostasis may contribute to oxidative stress/damage (see 1.1.4.4). Hydrogen peroxide
is generated when Ab is complexed to copper ions, and the morphology of the resulting
aggregates changes from fibrillar to amorphous depending on the ratio of copper to
peptide(Mayes et al., 2014). The dyshomeostasis of copper has been implicated in several
neurodegenerative diseases including Huntington’s disease (HD), amyotrophic lateral
sclerosis (ALS), Parkinson’s disease (PD) and AD (Fox et al., 2007, Sheykhansari et al., 2018,
Scholefield et al., 2021). As with zinc, there are conflicting reports on the concentration of
copper inthe AD brain compared to age-matched controls. Some studies have shown elevated
copper in the AD brain (Lovell et al., 1998, Rao et al., 1999), no change (Yoshimasu et al., 1980,
Ward and Mason, 1987, Szabo et al., 2015, Corrigan et al., 1993, Religa et al., 2006), or
widespread copper deficiencies (Plantin et al., 1987, Scholefield et al., 2020, Andrasi et al.,
1995, Deibel et al., 1996, Xu et al., 2017, Schrag et al., 2011a, Magaki et al., 2007, Akatsu et
al., 2011). However, a recent meta-analysis of 56 studies concluded copper levels decreased
in AD brain samples and increased in AD serum/plasma samples relative to healthy age
matched controls (Squitti et al., 2021). A deficiency in copper could promote the generation
of AB, by altering APP proteolysis (Gerber et al., 2017, Cater et al., 2008). Despite an apparent
decrease in copper levels, high concentrations (mM) of copper have been found in association
with AD senile plaques (Miller et al., 2006, Lovell et al., 1998, Rembach et al., 2013). This
abnormal distribution of copper likely leaves other brain regions deficient in copper, and
therapeutic interventions to restore a normal copper distribution have been explored, for

example PBT2 targets copper as well as modulating zinc (Faux et al., 2010). Both APP and AB
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have copper binding sites, and the binding of copper to either protein can have pathological
consequences (Atwood et al.,, 2000). When copper binds to APP or AB, it is catalytically
reduced to Cu®, and Cu? ions have been shown to enhance AP fibril formation and
aggregation under physiological conditions (Faller et al., 2013, Barritt and Viles, 2015). The
reduction of copper generates ROS, which could contribute to AB oligomer toxicity and
neuronal damage (Ejaz et al., 2020). Removal of Cu?* from AR prevents the aggregation of AR
in vitro, promotes the degradation of AP and precludes the formation of H,0,(Wu et al., 2008).
Thus chelation of copper is a potential therapeutic intervention, but a targeted approach
focusing on copper in senile plaques would be advantageous in order to not further deplete

the already low copper levels in the AD brain.

Iron is the most abundant transition metal in the brain and is involved in important processes
throughout the body, most notably as a key component of haemoglobin necessary for oxygen
transport in red blood cells (Abbaspour et al., 2014) and as a cofactor for enzymes involved in
ATP generation, but also has crucial functions in the brain including the synthesis of
neurotransmitters (dopamine and serotonin) (Kuhn et al., 1980, Kaladhar and Narasinga Rao,
1982) and production of myelin (Connor and Menzies, 1996). Iron exists in two states; Fe3*
(ferric) iron and Fe?* (ferrous) iron and the ability to transition between the two states makes
it an incredibly versatile element. Ferric iron can be reduced to the more toxic ferrous iron
which then takes part in Fenton chemistry to generate hydroxyl radicals (Winterbourn, 1995)
(Fig.1.3). This is only possible in the case of unbound iron, which is part of the labile iron pool
thus levels of free iron must be tightly regulated to prevent toxicity induced by the resulting
ROS generation. Excess ROS generation leads to oxidative stress, which if not sufficiently dealt
with via antioxidant defences leads to oxidative damage to lipids, nucleic acids, and proteins,
eventually leading to a specialised form of cell death known as ferroptosis (Dixon et al., 2012).
To prevent this, iron is typically stored in ferritin, haemosiderin, or transferrin iron storage
proteins as well as utilised in haemoglobin and neuromelanin (Chiancone et al., 2004). Most
iron in the brain is non-heme iron; metalloproteins, low molecular weight complexes, storage
proteins, ionic iron, and iron oxides (Haacke et al., 2005). Iron oxide exists in the brain in
different forms; ferrihydrite, goethite, hematite, magnetite, maghemite, and widstite
(Collingwood and Telling, 2016). The dyshomeostasis of iron has been implicated in

neurodegenerative disease, and iron is a key element in the pathogenesis of AD.
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Figure 1.3 Fenton reaction. Ferrous iron reacts with hydrogen peroxide in Fenton’s reaction to form a hydroxyl
radical (a reactive oxygen species). The Haber-Weiss reaction is catalysed by iron and Fenton’s reaction is the
intermediate step of the reaction. Both are a source of oxidative stress in cells.

Free iron cannot diffuse across the hydrophobic blood brain barrier (BBB) and, instead, enters
the brain via endocytosis into brain capillary endothelial cells using the glycoprotein
transferrin (Fishman et al., 1987). Once in the brain, homeostasis of iron is tightly controlled
to prevent toxic accumulation of free iron (Fig. 1.4). Ferritin, the primary iron storage protein,
is a globular protein composed of 24 subunits (either heavy, H-ferritin or light, L-ferritin)
arranged to form an inner core of approximately 8 nm in dimeter (Collingwood and Dobson,
2006). One molecule of ferritin can store 4500 iron atoms, and 90% of non-heme iron is stored
as ferritin (Morris et al., 1992). The ferroxidase activity (conversion from Fe?* to Fe®*) of ferritin
is conducted via the H-ferritin subunits. The expression of ferritin is controlled by iron
regulatory proteins 1 and 2 (IRP1 and IRP2), which are sensitive to cellular iron levels (Zhou
and Tan, 2017). IRPs control the expression of ferritin, ferroportin and transferrin receptor
mMRNA by binding to iron-response elements (IREs) in the untranslated regions of mRNA
transcripts, either supressing or enhancing translation in response to iron levels (Rogers et al.,
2008). The amyloid precursor protein also possesses an iron response element (IRE), so levels
of APP and AP are also influenced by iron levels (Rogers et al., 2002). Accumulation of iron
may arise as a result of alterations to key proteins involved in iron homeostasis, such as
decreased expression of ferritin (Faucheux et al., 2002), dysfunction of ferritin (Cozzi et al.,

2010) and/or reduced iron capacity of transferrin (Hare et al., 2015b).
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Figure 1.4. Iron homeostasis in the brain. Iron (Fe (111)) and transferrin (Tf) form a complex (1) which then enters
the brain via endocytosis, through transferrin receptors (TfR). The Fe-TfR complex passes across the endosomal
membrane (2), where iron is released from the complex due to progressive acidification. Fe (lll) is reduced to Fe (ll)
via the ferrireductase six-transmembrane epithelial antigen of the prostate 3 (STEAP3) (Ohgami et al., 2005). Fe (II)
passes across the endosomal membrane through DMT1 (divalent metal transporter 1). Fe (ll) also enters cells in the
form of lactoferrin, which enters via lactoferrin receptors (3). Fe (II) once inside associates with neuromelanin (4)
and binds to ferritin (5). Within the ferritin core, Fe (ll) is reduced to the less toxic Fe (llIl) (5). Fe (Il) is exported from
the neuron via ferroportin (Fpn) (6) where ceruloplasmin oxidises it to Fe (llI) (Batista-Nascimento et al., 2012). This
Fe (lll) is then ready to re-enter the cell associated with Tf (7).

Disrupted iron homeostasis is associated with a number of diseases; iron deficiency
(particularly in early age) has been associated with cognitive and developmental delays (Hare
et al., 2015a), and anaemia, whilst iron overload has been suggested to play a role in several
neurodegenerative diseases (NDDs) including AD and PD (Ashraf et al., 2020, Myhre et al.,
2013, Salazar et al., 2006) and is the primary pathological cause of a rare group of inherited
neurological disorders known as neurodegeneration with brain iron accumulation (NBIA)
(lankova et al., 2021). Iron levels increase with age, usually plateauing between 40 and 60, but
may continue to accumulate in the case of NDD (Hallgren and Sourander, 1958, Bartzokis et

al., 1997).

There is a lack of consensus on whether iron levels are altered in the AD brain, with studies
reporting increases (Andrasi et al., 2000, Andrasi et al., 1995, Szabo et al., 2015, Samudralwar
et al., 1995, Deibel et al., 1996, Hare et al., 2016, Xu et al., 2017, Schrag et al., 20114, Lovell et
al., 1998, Srivastava and Jain, 2002, Rao et al., 1999), decreases (Ward and Mason, 1987,
Andrasi et al., 1995, Andrasi et al., 2000, Corrigan et al., 1993, Magaki et al., 2007), or no
change (Plantin et al., 1987, Wenstrup et al., 1990, Scholefield et al., 2020, Cornett et al.,
1998a, Stedman and Spyrou, 1997, Griffiths and Crossman, 1993, Religa et al., 2006, Akatsu
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et al.,, 2011) across different populations using a range of brain regions and methods of
analysis. A 2010 meta-analysis of studies comparing iron in AD and control brains noted that
the putamen was the only region where iron levels were consistently elevated and that there
was a citation bias favouring studies reporting increases in iron in AD (Schrag et al., 2011b). A
further meta-analysis in 2014 incorporated additional studies and found iron was elevated in
8 brain regions in AD without any publication bias: frontal lobe, parietal lobe, temporal lobe,

amygdala, putamen, globus pallidus, cingulate cortex, and caudate nucleus (Tao et al., 2014).

Dysregulation of metal ions in AD may arise due to a failure of metal transport, leading to
increased levels of redox-active metals which induce oxidative stress, a key feature of AD. The
failure of metal transport may be due to mutations or functional problems with the APP
pathway; presenilins import ~50% of copper and zinc into cells (Bush, 2013) and APP facilitates
the export of iron from cells (Duce et al., 2010) so changes in APP cell biology could result in
metal imbalances. The brains of AD patients are deficient in copper enzymes (Maynard et al.,
2005), and the metal promotes the neuroprotective non-amyloidogenic pathway (Cater et al.,

2008), so its deficiency may lead to reciprocally increased Ap generation.

Metal ions also facilitate the generation of reactive oxygen species in vivo (Stohs and Bagchi,
1995) and influence AP aggregation. AB40 and AB42 aggregation is accelerated by aluminium,
iron, and zinc but not copper, magnesium, or calcium (Mantyh et al., 1993). AB42 is more toxic
than AB40 due to its greater tendency to aggregate, this is because AP42 has a stronger
reducing potential, and A toxicity is mediated by the reduction of Cu** and Fe*" (Bonda et al.,
2011). AB, a-synuclein and prion protein have also been found to generate hydrogen peroxide
when bound to redox-active metal ions, leading to oxidative stress (Allsop et al., 2008, Mayes
et al.,, 2014, Cheignon et al.,, 2017, Cheignon et al., 2018). The dysregulation of metal
homeostasis may be influenced by the incursion of metals from the environment, such as from

metal-rich particulate matter (see section 1.2) (Cory-Slechta et al., 2020).

1.1.4.4 Inflammation and oxidative stress in AD

Oxidative stress is the result of an imbalance between the generation of ROS, free radicals,
and reactive nitrogen species, and the effectiveness of the cellular antioxidant defence
mechanisms. It is a common feature of NDDs and is also increased in association with normal
ageing (Harman, 1992). Reactive oxygen species are produced as part of normal metabolism

as a by-product of oxygen and are chemically reactive species containing oxygen such as the
hydroxyl radical (OH.). As the name suggests, they are highly reactive and cause damage to

different cellular components by oxidising them such that electrons are taken from the target
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molecule to form a more stable oxygen species. Oxidation of macromolecules disrupts their
function and can activate antioxidant response mechanisms. Molecular markers of oxidative
damage include 4-hydroxynonenal (lipid peroxidation), carbonyl adducts (protein oxidation),
8 hydroxyguanine (DNA oxidation) and mitochondrial dysfunction (Berlett and Stadtman,
1997, Mylonas and Kouretas, 1999, Markesbery and Lovell, 2006). Oxidative stressin AD arises
due to metal dyshomeostasis, AR generation and aggregation, and neuroinflammation
(microglia generate ROS and reactive nitrogen species) (Mhatre et al., 2004). It is this stress
that causes damage to neurons and other cells ultimately resulting in cell death and the

cognitive/behavioural symptoms of AD.

1.1.5 AD risk factors

The greatest risk factor for the development of AD is ageing (Kawas et al., 2000). Other risk
factors include genetic factors, cardiovascular conditions such as type 2 diabetes, stroke and
hypertension, head injury (e.g., from boxing), APOE (apolipoprotein E allelic composition), and
environmental factors (Plassman et al., 2000, Mayeux et al., 1995, Kivipelto et al., 2001, Bekris
et al., 2010, Chen et al., 2017b). Women are approximately 2-3 times more likely than males
to develop AD (Niu et al., 2017). The extent to which risk factors influence the development
of AD differs depending on age; some factors like education are important from early life,
whilst other factors such as hypertension can be more important in middle age (Anstey et al.,
2021, Lennon et al., 2019), or from development to old age such air pollution. Air pollution
exposure may begin in utero(Finch and Morgan, 2020), oocytes are formed in the
grandmaternal uterus which can be exposed to ultrafine particles (UFP) (Finch and Morgan,
2020) across the placenta (Liu et al., 2021, Bongaerts et al., 2022) . It is possible that this
exposure at a vital time of development could predispose individuals to the development of
AD, however this needs to be explored further. Conversely, air pollution exposure in later life

has also been attributed to 2% of dementia cases (Livingston et al., 2020).

Fully penetrative gene mutations are associated with FAD and occur in three genes involved
in the generation of AB: APP, PS1 and PS2. A series of such mutations were identified in
families with FAD, such as the Swedish double mutation in APP in which the lysine and
methionine immediately upstream of the B-secretase cleavage site are substituted with

asparagine and leucine resulting in enhanced generation of AB (40 and 42) (Haass et al., 1995).

Genetic risk factors are also associated with SAD, with a heritability estimate of 58-70% for
both males and females (Gatz et al., 2006). The apolipoprotein E €4 allele is a well-

characterised risk factor. The €4 form aids AP deposition as it promotes fibrilization and plaque
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formation (Corder et al., 1993, Kim et al., 2009) whereas the normal function of apolipoprotein
is to transport lipids between cells and tissues (Mahley and Rall, 2000). The risk of developing
AD increases 3-fold in APOE €4 heterozygotes and 15-fold in homozygotes (Farrer et al., 1997).
The search for other risk genes associated with SAD has identified other candidates from
genome wide associated studies (GWAS), such as triggering receptor expressed on myeloid
cells (TREM2) (Liu and Yu, 2019). TREM?2 in the central nervous system (CNS) is primarily
expressed by microglia and plays a role in immunological signalling cascades to stimulate
proliferation, phagocytosis, pro-inflammatory responses, and rearrangement of the
cytoskeleton amongst other functions. Mutations in TREM2 such as the rare R47H variant
have been associated with a loss of protein function and a 3-fold increased risk of developing

AD (Jonsson et al., 2013).

AD rarely occurs without another co-morbidity, the majority of which are vascular related such
as stroke. The brain is highly vascularised with cerebral blood flow (CBF) tightly regulated to
meet a high oxygen demand. A decrease in CBF is associated with AD and many other
neurodegenerative diseases, along with disruption to the BBB (Korte et al., 2020). In AD, these
vascular changes may arise as a consequence of neuronal death but may also contribute to
cognitive decline and disease progression as they promote AP aggregation (Rius-Pérez et al.,

2018).

AD has also been described as ‘Type 3 diabetes’ due to the dysregulation of glucose
metabolism and insulin signalling seen in the afflicted brain (de la Monte and Wands, 2008).
Obesity and Type 2 diabetes are both risk factors for AD, probably due to the role that altered
insulin signalling may play in AB aggregation and toxicity, coupled with insulin-resistance in
the brain leading to disruption of glucose metabolism and energy provision (Nguyen et al.,

2020).

Social and environmental factors are also thought to contribute to the risk of developing AD.
A lack of education, depression and social isolation have all been suggested as risk factors,
stemming from a reduction in cognitive challenges which increases the risk of cognitive
decline (Dotson et al., 2010, Sharp and Gatz, 2011). Various environmental factors such as
exposure to air pollution, exposure to environmental toxins (e.g., pesticides), or smoking have
also been linked to an increased risk of developing AD (Livingston et al., 2020). Environmental
toxins such as air pollution that accelerate the ageing processes have been termed gerogens
(Finch and Morgan, 2020). Exposure to hazardous chemicals/compounds may increase

oxidative stress in the brain, or act via other toxic mechanisms to accelerate ageing and/or
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cause neuronal damage as seen in AD (Chin-Chan et al., 2015). For example, magnetite (an
iron oxide which is released from diesel exhaust engines, amongst other sources) has been
found in the brains of individuals with AD (Maher et al., 2016), inside senile plaques (Everett
et al., 2018), and can accelerate the aggregation of AB (Mir et al., 2012). The interplay of
genetics and the environment (G X E) influence a person’s risk of developing AD (Finch and
Morgan, 2020). For example, epidemiological studies have demonstrated that APOE ¢4
carriers/homozygotes are more susceptible to air pollution-associated AD risk enhancements

(Cacciottolo et al., 2017, Kulick et al., 2020).

The Lancet commission recently reported three new modifiable risk factors for dementia
(Livingston et al., 2020); excessive alcohol consumption (1%), traumatic brain injury (3%) and
air pollution (2%), in addition to the 9 previous factors they reported in 2017; lower education
attainment (7%), hypertension (2%), hearing impairment (8%), smoking (5%), obesity (1%),
depression (4%), physical inactivity (2%), diabetes (1%) and low social contact (4%)
(percentages shown refer to the reduction in dementia prevalence if the risk factor was
eliminated) (Livingston et al., 2017). Collectively, these modifiable risk factors account for 40%

of dementia worldwide (Livingston et al., 2020)

1.2 Air pollution and AD

Air pollution is a complex mixture of pollutants of varying size in both the gaseous and
particulate states. Components of air pollution include but are not limited to; particulate
matter (PM), black/elemental carbon (BC) carbon monoxide (CO), ozone (Os), sulphur dioxide
(50,) and nitrogen dioxide (NO,). Both indoor air and outdoor (ambient) air can be polluted,
though typically from different sources. Indoor air pollution is often associated with cooking
and heating, such as the use of indoor fires whilst ambient air pollution is primarily a
representation of anthropogenic activities in the wider world such as transport and industry.
Chronic and acute exposure to both indoor and ambient air pollution is linked to negative
cardiovascular, neurological, and pulmonary outcomes, but the focus in the current study will

be on ambient air pollution and PM.

Over 99% of the world’s population are exposed to ambient air pollution levels above the
World Health Organisation’s (WHO) recommended annual limits, with an estimated 4.6
million premature deaths attributed to such exposure in 2016 (WHO, 2021a). The impact of
air pollution on health is not limited to mortality; a wealth of pre-existing conditions such as

asthma and allergies are exacerbated by exposure to such high levels of air pollution.
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Epidemiological studies have suggested a link between exposure to air pollution (particularly
traffic-related pollution) and the incidence of neurodegenerative diseases including AD (see
1.2.2). Furthermore, air pollution is known to exacerbate many of the risk factors associated
with AD such as cardiovascular disease, so may act to increase risk of AD both directly and
indirectly (Livingston et al., 2020). This is particularly relevant in relation to our changing
climate; the incidence of AD in Europe attributed to air pollution could rise from 4.8% at
present, to 9.7% by 2050 (Guzman et al., 2022). Air pollution is estimated to cost NHS England
£5.56 billion between 2017 and 2035, with an estimated annual cost of over £7000 per case
of dementia across health and social care (Pimpin et al., 2018). Reduction of air pollution could
reduce this financial and social care burden; it has been estimated that a reduction in air
pollution exposure by 1 pg/m? in Sweden could reduce the financial burden of dementia in
the country by 13-15% as a result of a 12% decrease in dementia cases attributed to the

phenomenon (Kriit et al., 2021).

1.2.1 Particulate matter (PM)

The solid and liquid droplets suspended in air pollution are collectively termed particulate
matter (PM). PM can be divided by the aerodynamic particle diameter; coarse particles with
a diameter 2.5—10 um (PMyo), fine particles with a diameter 0.1 - 2.5 um (PM,s), and ultrafine
particles with a diameter <0.1 um (PMoi). PM is a consequence of the natural and
anthropogenic activities in the surrounding environment. Natural contributors include soil,
windblown dust, pollen, endotoxins (bacteria), viruses, volcanic eruptions, sea water spray,
and forest fires. Anthropogenic sources of ambient PM include burning of fossil fuels, vehicle
exhaust fumes, aviation, smoking, brake wear, tyre/road surface debris, resuspension of road
dust, and industrial/manufacturing processes. In terms of chemical composition, metals are
major components of PM, e.g., Fe, Cr, Cu, Mn, Ni, Pb, Al, Zn, and V have been reported in PM
from different sources (Gonet et al., 2021a, Wiseman et al., 2021, Osornio-Vargas et al., 2003).
The presence of Ca, Na, Al, Fe, and/or K is often attributed to soil/natural sources (Yatkin and
Bayram, 2007). Elements like Fe are present in the natural environment and produced from
anthropogenic sources, so it is challenging to specify the origin or source apportionment of
each element within the complex PM mixture. Volatile organic compounds such as
polyaromatic hydrocarbons (PAHs) are also often present in PM, adsorbed to particles. The
composition of PM varies by location on a local, national, and international scale due to
differences in geography (affecting natural components of PM) and differences in human
activity. PM composition is also influenced by season and climate. Collectively, these factors

alter PM composition, which in turn alters the resultant toxic effects (see 1.5) (Osornio-Vargas
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et al., 2003, Gustafsson et al., 2019, Gualtieri et al., 2009, Johansson et al., 2007, He et al.,
2020).

Safe levels of PM (quantified in terms of pg/m?3air) are conventionally regulated according to
the PM mass concerned. The current WHO recommended annual mean limits are 5 pg/m? for
PM,s and 15 pg/m3for PMy (WHO, 2021a). These recommendations are routinely exceeded
on a global scale and are rarely enshrined in law. In the UK, the Air Quality Standards
Regulations 2010 set the legal limits to 25 pg/m3 for PM,s and 40 pg/m3 for PMyo
(Environmental Protection Agency, 2010). However, mass-based regulations do not take in to
account the number of particles to which a person is exposed. In this respect, UFPs represent
the vast majority of particles within PM (estimated 90-99.9% of total particles (Meng et al.,
2013, Johansson et al., 2007)). However, due to their small density, they contribute the least
in terms of mass; a PM mass of 10 pg m3 could correspond to 2.4 x10° 20 nm particles or just
a single 2.5 um particle/m? (Oberdorster et al., 1995). UFPs can also penetrate further into
tissue (see 1.3) and have been reported to have higher toxicity than their larger counterparts,

due to their high surface area reactivity (Oberdorster et al., 1994).

When referring to UFPs, particle number counts (PNCs) are typically reported instead of mass-
based exposures. However, there is a poor relationship between PM,.s and PNC; reducing one
does not necessarily reduce the other (de Jesus et al., 2019). Using PM1o and PM> s to monitor
pollution levels and estimate health risks is, therefore, an outdated set of metrics and newer
metrics are needed to account for UFP exposure and to account for other pollution sources
such as non-exhaust emissions (NEE) and road-deposited dust. Furthermore, as PM is
heterogenous, blanket regulations for a country are also inappropriate given that PM

composition can vary dramatically, so a more regional approach would also be beneficial.
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PM (particularly UFP) can cause damage to virtually any part of the cell resulting in DNA
damage, oxidative stress, compromised membrane integrity, and altered mitochondrial

metabolism (Figure 1.5).
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Figure 1.5 Cellular mechanisms of nanoparticle-induced damage. Ultrafine particles (UFPs) or
nanoparticles enter cells via endocytic mechanisms and/or interact with cell surface receptors. Once taken up by
the cell, UFPs can cause oxidative damage to lipids, proteins, and DNA either through direct interaction or by
generation of reactive oxygen species (ROS). Damaged proteins and lipids alter the integrity of the cell membrane
and damage organelles such as the mitochondria. When in a state of oxidative stress, the cell can release cytokines
as part of a pro-inflammatory response. At high and/or persistent exposure levels, UFPs can change tissue function,
cause damage, and potentially lead to cell death. Figure taken from (Colognato et al., 2012)

1.2.2 Epidemiological studies

The effect of air pollution exposure on the risk of dementia and AD has been examined in
numerous epidemiological studies across the world, including the UK (Carey et al., 2018,
Pimpin et al., 2018, Dimakakou et al., 2020, Tonne et al., 2014), US (Shi et al., 2021, Shi et al.,
2020, Wang et al., 2021, Chen et al., 2015, laccarino et al., 2021, Shaffer et al., 2021, Kulick et
al., 2020, Wilker et al., 2015, Younan et al., 2019, Cacciottolo et al., 2017, Rhew et al., 2021),
Germany (Ranft et al., 2009), Taiwan (Chang et al., 2014, Jung et al., 2015), Canada (Chen et
al., 20174, Yuchi et al., 2020), Mexico (Salinas-Rodriguez et al., 2018), Hong Kong (Ran et al.,
2021), Sweden (Grande et al., 2020, Oudin et al., 2016, Astrom et al., 2021, Oudin et al., 2017,
Oudin et al., 2019), Spain (Sunyer et al., 2015), and France (Mortamais et al., 2021), with the

majority of studies reporting increased risk of dementia with increasing exposure to air
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pollution. However, a meta-analysis of 66 articles published up until 31 December 2020
concluded that there was substantial heterogeneity in the findings of air pollution and
dementia studies, with several methodological limitations across the studies, including poor
spatial resolution of air pollution exposure, single measurements at one moment in time
rather than longitudinal studies over time, limited residential data or not accounting for
migration, relying on medical records rather than clinically validated dementia diagnoses, and
potential selection bias (Weuve et al., 2021). The authors concluded that on balance there
was some suggestion of a connection between dementia risk and air pollution with the
strongest evidence pertaining to PM,s and cognitive decline (Weuve et al., 2021). The findings
of some of these studies, which focus on AD/dementia risk and PM,s or NO,, are summarised
in Table 1.1.

Table 1.1 Air pollution and associated hazard ratio (HR) of developing Alzheimer’s disease (AD) or
unspecified dementia (DU).

Country N Dementia HR Pollutant | Mean conc. Reference

us 12,456,447 | AD 1.08 PM2s 9.3 pug/m? (Shietal., 2021)

us 12,456,447 | AD 1.03 NO: 17.1 ppb (Shietal., 2021)

us 4,166 AD 1.11 PMa.s 10.1 ug/m3 (Shaffer et al., 2021)
us 4,166 DU 1.16 PMzs 10.1 pg/m3 (Shaffer et al., 2021)
Hong Kong | 57,775 DU 1.20 PMa2s 35 pg/m? (Ran et al., 2021)

UK 130,978 AD 1.10 | PMas 15.7 pg/m? (Carey et al., 2018)
UK 130,978 AD 1.23 NO2 37.1 ppb (Carey et al., 2018)
France 7,066 AD 1.20 PMaz.s 15-36 pg/m?3 (Mortamais et al., 2021)
Sweden 2,927 DU 1.54 PMzs 8.4 ug/m?3 (Grande et al., 2020)
Sweden 2,927 DU 1.14 NOx 25.9 ug/m?3 (Grande et al., 2020)
Sweden 1,806 AD 1.38 NOx 26 ug/m? (Oudin et al., 2016)
Sweden 1,567 AD 1.53 NOx 26 ug/m?3 (Oudin et al., 2019)

Aside from dementia risk, other metrics have been used to explore the relationship between
air pollution and AD, such as measures of cognition, brain volume and AB plaque
counts/locations. A US study reported that for each increase in 3.27 pg/m3exposure to PMys,
there was a 0.11 year faster decline in episodic memory in individuals who typically have a
slow decline in episodic memory (Wang et al., 2021). Similarly, another US study reported that
each increase of 2.81 pg/m3PM, s was associated with an acceleration of 19.3% in the annual

decline rate for trials 1-3, and 14.8% for list B (types of memory tests) (Younan et al., 2019),
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whilst a UK study reported that a 1.1 pg/m3increase in PM,s was associated with a decline of

0.03 over 5 years in standardised memory scores (Tonne et al., 2014).

The apparent changes in memory and cognition associated with air pollution may be due to
structural changes in the brain. Schikowski (2015) found that air pollution measurements were
cross-sectionally associated with lower cognitive scores in semantic memory and visual
processing tests, suggesting that visuospatial regions of the brain are affected by traffic-
related air pollution. Furthermore, a decrease in white matter volume in the total brain, and
association areas (average 6.23 and 4.47 cm® respectively) was reported with each cumulative
exposure to 3.49 pg/m3PM, s in a study of 1403 US residents, roughly equivalent to 1-2 years
of brain ageing (Chen et al., 2015). In addition to gross pathological changes, amyloid positron
emission topography (PET) scans for AB plagues have been used to explore the relationship
between AD and air pollution; the odds ratio (OR) for a positive scan with each increase of 4
pg/m3increase in PMy.s was 1.10 (1.05-1.15) for the 2002-2003 period and 1.15 (1.05-1.26) for
the period 2015-2016 (laccarino et al., 2021).

Although many studies look at air pollution or PM; s in general, there has also been a focus on
traffic-related air pollution (TRAP) and AD, particularly through examining the risk of living in
close proximity to major roads. A large population-based study of over 2 million Ontario
residents found a 7-11% increased risk of developing dementia for those living near (<50m)
major roads (Chen et al., 2017b). Another Canadian study reported a 3-15% increase in
dementia risk depending on road type, with a 9% increase in non-Alzheimer’s dementia for
every additional 1.5 pg/m3PM,s exposure (Yuchi et al., 2020). Taken together, these studies
suggest a potential increase in risk of dementia with increasing exposure to air pollution (in
particular PM3s) which can manifest as structural changes in the brain and be observed with

brain imaging and cognitive tests.

An individual’s risk of developing AD is likely to be mitigated by the interaction between their
environment (e.g., traffic exposure) and other genetic risk factors. APOE has been suggested
to play a role in gene-environment interactions for dementia (Finch and Morgan, 2020),
particularly in regions with high levels of pollution such as Mexico City (Calderén-Garciduefias
and de la Monte, 2017). The mechanism by which these interactions result in the
neuropathological changes seen in dementia is unknown but has been suggested to involve a
shared inflammatory mechanism between air pollution exposure and APOE €4 (Kulick et al.,
2020). Female carriers of APOE €4 alleles have been reported to be more susceptible to the

air pollution related risk of developing dementia, and cognitive decline (Schikowski et al.,
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2015, Cacciottolo et al., 2017, Kulick et al., 2020). Schikowski et al. (2015) demonstrated that
the detrimental effects of traffic load and PM;.s on cognitive function were only observed in
women with at least one APOE €4 allele, suggesting APOE genotype may regulate vulnerability
to environmental exposures. Associations between cognitive decline, APOE €4 alleles, and air
pollution exposure were also reported in a US study of 3647 women (Cacciottolo et al., 2017).
A 21% acceleration in cognitive decline and dementia was attributed to high residential PMs
exposure (above 12 pg/m® US EPA, environmental protection agency, standard), and the
incidence of both dementia and global cognitive decline varied significantly by APOE
genotype; APOE €4 homozygotes (4/4) > APOE €4 heterozygotes (3/4) > non-carrier of APOE
€4 (3/3). Similarly, a study of 4821 Manhattan residents found a faster rate of cognitive decline
in residents with at least one APOE €4 allele, with increasing exposure to air pollution (median
PM2s exposure 15 pg/m?3) (Kulick et al., 2020). There were no differences when stratifying by
sex, but race-ethnicity did have a significant impact with no effect of APOE €4 on cognitive
decline in non-Hispanic Black residents. In contrast to these three studies, Oudin et al. (2019)
found no effect of the APOE €4 allele on dementia risk in a Swedish cohort of 1567
participants. Like the Manhattan study, both male and female participants were included, and
when stratifying by sex there was no difference in the outcome. The authors suggest their
results may be specific to their studied cohort, as the distribution of APOE €4 varies across
populations (Oudin et al., 2019). Furthermore, Kulick et al reported difference in air-pollution
related APOE €4 risk of cognitive decline varied with race-ethnicity (Kulick et al., 2020), so the
Swedish population may be less susceptible to the risks. Ambient air pollution levels varied
significantly across the studies, with the Swedish cohort being exposed to the lowest level of
pollution (<8 ug/m3) (Oudin et al., 2019), the US studies mid-range (>12 ug/m?3) (Cacciottolo
et al., 2017, Kulick et al., 2020), and the German cohort being exposed to the highest levels of
pollution (33.3 pg/m3 1995 baseline, 17.4 ug/m?3 2007 follow-up) (Schikowski et al., 2015). It
is therefore possible that the modifying effect of APOE €4 on air pollution-related dementia
risk and/or cognitive decline is only present with high exposure scenarios, as seen in Ruhr
(Schikowski et al., 2015) and Mexico City (Calderén-Garciduefias and de la Monte, 2017).
Caution must be taken when comparing these works, as different statistical approaches were
used, different modelling and spatial resolution of pollutant exposures, different measures of
impact (i.e., dementia risk or cognitive decline), different cognitive testing approaches, and
they were conducted in different locations so may be subject to different sociocultural

backgrounds. However, there is some emerging evidence suggesting a link between APOE
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genotype and risk of dementia/ cognitive decline in areas of high air pollution exposure, which

warrant further investigation.

The majority of epidemiological studies focus on mainly white populations, and higher income
countries, ignoring lower- and middle-income countries (LMIC) which are home to
approximately two thirds of people living with dementia globally (Patterson, 2018). The higher
prevalence of dementia in LMICs may be due to genetic and race-ethnicity susceptibility
factors but is also likely due to the higher prevalence of modifiable risk factors in these
countries, such as lack of secondary education and exposure to the highest levels of air
pollution globally. For example, a 2021 study found that in 2015, 55% of Latin American sub-
cities had a mean PM, s exposure above the WHO limit (10 pg/m?3at the time of study) and, in
Mexico in particular, 65% of those aged <5, 70% >65 and 67% of the population of any age
were exposed to PM, s above the WHO limit (10 pg/m3at the time, now 5 pg/m?3) (Gouveia et
al., 2021). A cross-sectional study of elderly residents in Mexico found that those in areas of
high PM. s exposure had decreased cognitive functioning and, for every 10 pug/m? increase in
PM;, the likelihood of a lower score on the three-word memory test significantly increased

(Salinas-Rodriguez et al., 2018).

Although air pollution regulations in Latin America and the Caribbean (LAC) are generally lax,
with little data acquired from ground site monitoring, it has been estimated that the
improvement of air quality in the region together with the elimination of other risk factors like
obesity and hypertension could eliminate up to 56% of dementia cases (Dos Santos et al.,

2021).

1.2.3 Exposure to Mexico City air pollution and AD

Mexico City is a so-called megacity with a dense urban population of over 9 million (within the
Mexico City Metropolitan area of over 20 million residents) (INEGI, 2020), which has served
as a site of interest in AD and air pollution studies due to the historically high levels of air
pollution in the city. In 1992, Mexico City was declared the most polluted city in the world by
the United Nations and WHO (World Health and Global Environment Monitoring, 1992) but
since then levels of air pollution have slowly declined in response to significant mitigation
measures (Molina et al., 2019, Molina, 2021). However, Mexico City remains one of the most
polluted cities in the world and, in fact, levels of lead in Mexico City street dust have not
declined in the past decade, despite the introduction of unleaded petrol over 30 years ago
(Morales et al., 2020). Although petrol in Mexico City no longer contains lead, the number of

vehicles in use had increased by 159% in 2015. In addition, another source of vehicle-derived
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lead, brake pads, could be responsible for the high levels of the metal, particularly in road
dust, and its increased environmental persistence (Morales et al., 2020). Average annual PMs
and PMy levels for Mexico City in 2018 were 22 and 47 pg/m?3 respectively, over twice the

WHO guidelines at that time (10 and 20 pg/m?3 respectively) (SEDEMA, 2021).

Magnetite nanoparticles (MNPs) are one component of PM which have been identified as
potentially hazardous and associated with NDD (see section 1.4). MNPs which bear a striking
similarity to environmental combustion and friction derived NPs (CDNPs), have been reported
in frontal lobe tissue from Mexico City residents (ages 3-85) and elderly Manchester (UK)
residents (ages 62-92) (Maher et al.,, 2016) (Figure 1.6). The study showed that younger
Mexico City residents (<40 years) had high concentrations of MNPs, often comparable to or
even exceeding those observed in the elderly Manchester cohort. The authors also reported
that the rounded particles originated from the environment and, potentially, entered the
brain via the olfactory bulb (Maher et al., 2016) (see 1.3.1). CDNPs have also been found in
heart tissue, primarily the left ventricle, from children, dogs, and young adult Mexico City
residents exposed to high levels of PM (Calderén-Garciduefias et al., 2019b). Higher
concentrations (up to 22 billion NPs/g ventricular tissue) were reported in Mexico City samples
(~2-10x) than control tissue samples. Structural abnormalities were observed in the
mitochondria, associated with 10-30 nm MNPs, along with up-regulation of left ventricle
cellular prion protein (PrP) levels, a marker of oxidative stress (Calderdn-Garciduefias et al.,

2019b). As such, exposure to high levels of MNPs could contribute to the pathogenesis of

cardiovascular disease, as well as AD.

Figure 1.6 Magnetite nanoparticle morphologies in human brain tissue. Magnetite nanoparticles
(MNPs) are strongly magnetic mixed Fe2*/Fe3* iron oxide particles with diameters <100 nm. Transmission
electron micrographs of thin sections of frontal tissue from Manchester, UK and Mexico City, Mexico
residents highlight two different morphologies of particles; rounded particles (A, higher magnification B)
thought to have originated from combustion and friction processes under high temperature, and angular
or euhedral particles (C, higher magnification D) thought to form in situ. The identification of magnetite as
the iron oxide species was confirmed by EELS spectra. Adapted from (Maher et al., 2016).
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Key pathological hallmarks of AD and PD have been found in lifelong residents of Mexico City,
as young as 11 months of age (Calderén-Garciduefias et al., 2018a, Calderdn-Garciduefias et
al., 2018b). Hyperphosphorylated tau was observed in the brainstem of an 11-month-old baby
estimated to have been exposed to 20 pg/m? cumulative PM, s (Calderdn-Garciduefias et al.,
2018a). The estimate of cumulative PM includes intrauterine life, as air pollution nanoparticles
have been identified in macrophage-enriched placental cells isolated from human placenta
(Liu et al., 2021), and in cord blood (Bongaerts et al., 2022), indicating exposure to PM begins
in utero(Liu et al., 2021). However, the 11-month-old child is a single case i.e., n=1, so it is
important to examine further cases at this early stage of life to see if the presence of AD
hallmarks (following high PM exposure) is a population-wide phenomenon. AR 17-24 and p-
tau were present in 202 of 203 forensic autopsies of young Mexico City residents (age 25.36
19.23y), as were inflammatory markers (e.g., IL1, NF-kB, TNFa, IFN, and TLRs) and a-synuclein
(Calderén-Garciduenas et al.,, 2018a, Calderdon-Garciduefias et al., 2018b, Calderdn-
Garcidueas et al., 2012). Decreased levels of ABi42 and brain derived neurotropic factor
(BDNF) in cerebrospinal fluid (CSF) of Mexico City residents (Calderén-Garciduefas et al.,
2016a) mirrors a study by Forlenza et al. (2015) where lower levels of BDNF were reported in
CSF from AD patients compared to healthy controls, and disease progression was associated
with lower CSF BDNF levels, lower CSF AB1.4; levels, and with lower MMSE scores (Forlenza et

al., 2015).

Epigenetic gene regulation is one proposed mechanism linking air pollution to AD; lower levels
of H3K9me2/me3 (repressive post-translational modifications observed in AD patients
(Mansuroglu et al., 2016)) were found in the brains of Mexico City residents compared to low-
exposure control brains, along with the presence of hyperphosphorylated tau, AB plaques,
and CDNPs (Calderén-Garciduefias et al., 2020b). Neither AR nor p-tau were observed in

control samples.

Cognitive, behavioural, and pathological hallmarks of AD have been recorded in young Mexico
City urbanites exposed to high levels of air pollution (Calderén-Garciduefias et al., 2020d). The
authors demonstrated that approximately 75% of otherwise clinically healthy lifelong
residents (age 21.03 £ 5.76 y) of Mexico City, Villahermosa or Reynosa exhibited gait and
balance dysfunction as measured by Berg and Tinetti tests (Calderén-Garcidueiias et al.,
2020d). Gait and balance are functions co-ordinated by the brainstem, and are also altered in
NDD (Wennberg et al., 2017). The brainstem is a site of AD/PD pathology (Grinberg et al.,
2011), and markers of NDD pathology (e.g., p-Tau, AB, a-synuclein) have been extensively

reported in the brainstems of Mexico City residents (Calderén-Garcidueas et al., 2012,
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Calderdén-Garciduenas et al., 2016a, Calderén-Garciduefias et al., 2011, Calderén-Garciduefias
et al., 2021a). Impaired cognition has also been reported in Mexico City urbanites (age 21.6 +
5.88 y) with 55% of participants exhibiting Montreal Cognitive assessment scores indicative of

MCI or dementia (Calderéon-Garciduefias, 2019 #1180}.

Post-traumatic stress disorder (PTSD) is thought to increase the risk of developing dementia,
whilst rapid eye movement sleep behaviour disorder (RBD) has been documented in dementia
patients (Nilaweera et al., 2020). Mexico City residents with PTSD have been shown to be at
anincreased risk of RBD (Calderdn-Garciduefias et al., 2021a). The olfactory bulb is a proposed
route of entry to the brain for environmental NPs, and olfaction is altered in AD patients
(Attems et al., 2014) (see 1.3.1.). Reduced olfactory function was reported in Mexico City
residents; 12% of controls had olfaction deficits in comparison to 35.5% of Mexico City
residents who scored significantly lower on a smell test (University of Pennsylvania Smell

Identification Test, UPSIT) (Calderén-Garciduefias et al., 2010).

Whilst there is a growing body of evidence suggesting a connection between air pollution
exposure in Mexico City residents, and development of NDD, many of the pathological studies
have relatively small case numbers, suffer from a lack of suitable ‘controls,” and would benefit
from comparisons with studies of young urban and rural residents from other cities around
the world. It is virtually impossible to have a control for these types of exposure studies owing
to the number of potentially confounding genetic and environmental differences between

subjects, so a compromise is reached by using subjects from areas with lower PM exposures.

1.3 Entry of environmental nanoparticles into the brain

The brain is protected by the BBB, a protective cellular barrier that isolates the brain from the
rest of the body and regulates the passage of substances in and out of the brain (Zhou et al.,
2018). The BBB is a highly impermeable barrier, composed primarily of specialised endothelial
cells that form blood vessels in the brain, so transport of NPs directly across the BBB is perhaps
not the most likely route of entry into the brain, although this has been shown to be possible
for particles <200 nm (Smith et al., 2016). UFPs administered intravenously failed to cross the
BBB of rats (Gulyaev et al., 1999), and the modification of NPs to facilitate crossing of the BBB
is one of the major technical challenges within nanomedicine (Zhou et al., 2018). However, it
is worth noting that, with age and disease, the integrity of the BBB is compromised (Montagne
et al., 2015, Erdd et al., 2017, Sweeney et al., 2018) and air pollution NPs may increase
permeability (Oppenheim et al., 2013, Calderén-Garciduefias et al., 2008) facilitating their

transit across the BBB (Oberdorster et al., 2004). Alternatively, NPs may avoid the BBB by
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directly penetrating the olfactory bulb following inhalation (1.3.1). Other pathways linking NP
exposure to their presence in the brain include the lung-brain axis (section 1.3.2) and gut-
brain axis. In addition to physical translocation of NPs to the brain, the release of biological
factors (such as cytokines) and interaction with the autonomic nervous system (ANS) in
response to pollutants also play key roles in mediating the resulting neurological effects (Show

et al., 2018, Liao et al., 2020, Chen et al., 2018).

1.3.1 Nose to brain transport

The nasal mucosa is the first cellular barrier to NP incursion following inhalation and is
composed of respiratory epithelium and olfactory epithelium which is directly linked to the
olfactory bulb in the brain through the trigeminal and occipital nerves (Figure 1.7). In addition
to the physical barrier, mucociliary clearance mechanisms are in place to clear inhaled NPs
from the respiratory tract e.g., cilia, mucus, and sneeze/coughing reflexes (Kirch et al., 2012),
as well as innate and adaptive immune responses which can be induced by the release of
signalling molecules from the nasal epithelium such as cytokines and growth factors (Parker
and Prince, 2011). A decline in the function of these protective mechanisms as seen with age,
disease and/or air pollution exposure (Chason et al., 2018, Calderén-Garciduefias et al., 2001,
Steelant et al., 2016), can result in greater penetration of particles into tissue, and fewer
clearance or antioxidant mechanisms can result in large numbers of (toxic) particles in

sustained contact with cells of the respiratory tract.
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Figure 1.7 Structure of the olfactory pathway. Sagittal view of the human nasal cavity which is composed of
respiratory epithelium (green) and olfactory epithelium (orange), which connect to the olfactory bulb (brown).
Major cell types in the epithelial tissue are shown. The sustentacular cells play a key role in detoxification of inhaled
toxicants and may act in a phagocytic capacity to remove cell debris (Doty, 2015). The olfactory bulb is connected
to the nasal cavity environment via olfactory sensory neurons. Adapted from (Brann et al., 2020).

The olfactory bulb (OB) is in contact with the external environment, providing a direct entry
route to the brain for environmental particles including viruses, bacteria and UFPs. Smaller
particles (<1-2 nm) deposit more efficiently in the olfactory region than larger particles
(23 nm) (Garcia et al., 2015). Transport pathways from the nose to the brain include axonal
transport via olfactory neurons (Oberdorster et al., 2004, De Lorenzo, 1970), axonal transport
via the trigeminal nerve (Lewis et al., 2005), paracellular or transcellular transport via olfactory
sustentacular epithelial cells (Calderdn-Garciduefias et al., 2003, Gartziandia et al., 2016) and
travelling in systemic circulation and penetrating the BBB (Wallenborn et al., 2007). For
example, 50 nm gold particles (De Lorenzo, 1970), 36 nm carbon NPs (Oberdorster et al.,
2004), and 15 nm CdSe/ZnS quantum dots have been detected in the OB or olfactory nerves,
thought to have occurred as a result of axonal transport (Hopkins et al., 2014). Particles up to
200 nm in size can undergo transcellular transport following nasal inhalation (Madane and
Mahajan, 2016). The method of transport is likely highly dependent on the physicochemical
composition of the particles; graphene oxide (GO) nanosheets (large, 1-35 um; small, 29 nm
— 1.9 um; ultrasmall, 10 — 550 nm) translocated from the nose to the brain in mice, in a size-
dependent manner, with translocation of ultrasmall GO detected in all regions measured

(cortex, hippocampus, striatum, OB, cerebellum, pons, medulla), with a gradient of particle
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concentration from the OB to distal sites (Newman et al., 2020). Translocation happened
within 3h, which the authors suggest may have occurred via transcellular or paracellular

transport via the sustentacular olfactory cells (Newman et al., 2020).

The OB has been proposed as a portal of entry into the brain for environmental NPs (MNPs
and CDNPs) (Maher, 2019, Maher et al., 2016, Calderdn-Garciduenas et al., 2010, Calderén-
Garciduefias et al., 2019a). NPs in the brain, particularly metal NPs, may exert toxic effects via
inducing protein misfolding, activating pro-inflammatory responses and/or causing oxidative
stress/damage to cells. UFPs have been found in the OB of children and young adults (< 25 y)
in Mexico City, accompanied by the presence of a-synuclein in OB neurons and up-regulation
of antioxidant and pro-inflammatory markers (COX2, IL-1B and CD14) (Calderén-Garciduefias
et al., 2008). AB42 was detected in the OB or olfactory nerve neurons in 83% of Mexico City
residents and was not detected in any control OBs taken from residents of less polluted cities
(Calderdén-Garcidueias et al., 2010). The authors proposed the OB as a portal of entry, with
PM accumulating in areas of the respiratory tract (nasal epithelium, olfactory epithelium,
bowman glands and OB neurons). Assuming a typical breathing rate of 7.5 L/min and a
deposition rate of 0.1% for ~20 nm particles Garcia et al. (2015) estimated that an individual
could be exposed to an estimated 150,000 MNPs per hour (Maher, 2019). MNPs with a
morphology that bears a striking resemblance to environmental particles formed under high
temperature (Figure 1.6) have been found in human brain tissue from the UK and Mexico City,
and similar particles have also been identified in the OB of Mexico City residents (Maher et
al., 2016, Calderdn-Garciduefias et al., 2008, Calderdn-Garciduefias et al., 2010). In contrast,
Gilder et al. (2018) argued that, if the OB were the portal of entry for MNPs, one would expect
a decreasing gradient of magnetic material centred around the OB region. The authors
demonstrated that, in formalin-fixed brain, whilst the OB was an order of magnitude more
magnetic than the cerebral cortex, so too were the pineal gland and choroid plexus which are
distal to the OB, with the highest concentrations of MNPs in the brainstem (Gilder et al., 2018).

The authors subsequently posited that the MNPs were biogenic in origin.

Olfaction refers to the detection, identification, discrimination, and memory of different
odours (smells). Olfactory dysfunction is a consequence of normal ageing (Dan et al., 2021),
but is even more prevalent in NDD (90-100% of AD cases) (Attems et al., 2014), and has also
been reported in response to occupational exposure to various chemicals (Gobba, 2006),
including air pollution (Ranft et al., 2009, Ajmani et al., 2016, Calderén-Garcidueiias et al.,
2010).The APOE €4 allele modifies the risk of developing AD, but is also thought to increase

the susceptibility to olfactory dysfunction; APOE €4 carriers with olfactory deficits have a
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higher risk of cognitive decline (Calhoun-Haney and Murphy, 2005, Josefsson et al., 2017). The
extent of pathological changes in the OB has also been linked to olfactory dysfunction and the
exacerbation of AD symptoms (Wilson et al., 2009). Olfactory dysfunction seen in response to
air pollution exposure could, therefore, increase the risk of developing NDD, particularly for
APOE €4 carriers. Exposure to air pollution also appears to influence protein mis-folding in the
OB and has been proposed to initiate a prion-like propagation of NDD (Rey et al., 2018). The
authors proposed that air pollutants could gain access to the brain via the olfactory
epithelium/OB where the integrity of cellular and immunological responses has weakened
(e.g., with age or in response to chronic pollutant exposure), as well as induce local misfolding
of proteins (e.g., AB) within the olfactory epithelium/OB which go on to propagate protein

misfolding elsewhere in the brain via the olfactory pathway.

1.3.2 Lung-brain axis

The extent to which inhaled NPs penetrate the respiratory tract is dependent on their
physicochemical properties; particles with a diameter greater than 10 um become trapped in
the nose and throat and do not penetrate to the lung, whilst particles in the range 2-10 um
enter the upper respiratory tract (tracheobronchial tree) and are subject to mucociliary
clearance (Leikauf et al., 2020, Lee et al., 2021). Particles in the nanometre range penetrate
furthest into the lungs, reaching the alveoli, but are also capable of depositing in several
regions; ~30% of 10-100 nm particles deposit in the alveolar region (Oberdorster, 1989) but
for particles around 30 nm and below, a shift is seen towards tracheobronchial deposition.
Particles can then translocate to extrapulmonary organs via the circulatory system (Kreyling
et al., 2002, Oberdorster et al., 2004, Oberdorster et al., 2002, Wallenborn et al., 2007, Geiser,
2010, Lu et al., 2020). Additionally, the lung can influence the brain via the release of
inflammatory mediators into circulation, changes in metabolism, interaction via the
hypothalamus pituitary adrenal axis (HPA) and stimulation of nervous impulses (Figure
1.8)(Bajinka et al., 2021). These mechanisms are common to PM, bacteria, and viruses, and
collectively form the bidirectional pathways between the lung and the brain, known as the

lung-brain axis.
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Figure 1.8 Pathways involved in lung-brain axis. Several pathways are co-ordinated to form the lung-brain
axis, which can trigger responses in the brain to particulate matter (PM) exposure in the lung. The same
pathways are also utilised in response to pathogens. Particulate matter can translocate to the brain via systemic
circulation. Metabolites, neurotransmitters, and immune modulators such as cytokines and chemokines can also
travel via the systemic circulation and travel across the blood brain barrier. Nervous impulses such as stimulation
of the vagus nerve are also involved in the lung’s response to PM. Hormonal responses to PM are regulated by
the hypothalamus-pituitary-adrenal axis (HPA), causing metabolic and immunological responses. Adapted from
(Bajinka et al., 2021).

The lung epithelium forms an important barrier between the external environment and
deeper tissue layers. This barrier is maintained by specialised cellular connections known as
tight junctions (TJ) and adherens junctions (Als) junctions which anchor cells together
(Anderson et al., 2004). TJs form a semi-permeable barrier which facilitates the (regulated)
paracellular transport of ions, small molecules, and water (Xian et al., 2020). TJs and Als are
involved in a host of signalling pathways, regulating cell proliferation and differentiation
(Gonzalez-Mariscal et al., 2020) as well as stimulating the production of chemoattractants,
cytokines, and chemokines to recruit an immune response to pathogens and foreign particles
like PM (lwasaki et al., 2017). The integrity of the pulmonary epithelium is known to become
damaged with pulmonary disease and/or with exposure to respiratory irritants like PM
(Calderén-Garcidueiias et al., 2007). This damage allows for greater incursion and retention
of PM, production of ROS and pro-inflammatory responses which affect the lung and

extrapulmonary organs, as well as pathogenic changes in the lung such as pulmonary fibrosis
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(Conti et al., 2018, Manke et al., 2013), smooth muscle cell hyperplasia, peribronchiolar

fibrosis, and the presence of hyperplastic epithelium (Calderdn-Garciduefias et al., 2007)

Lung burden with UFPs is typically quite low but can be overwhelmed if particles are not
cleared (Oberdorster et al., 2002). Phagocytic cells in the lungs (e.g., neutrophils,
macrophages) engulf PM and travel up the mucociliary escalator where they are swallowed
and enter the gastrointestinal (Gl) tract for clearance (Leikauf et al., 2020). Larger particles or
agglomerates (>1 um) are more readily phagocytosed than smaller particles (Oberdorster et
al., 2005), and the clearance of nanoparticles is less efficient, resulting in longer contact times
between nanoparticles and epithelial cells and more opportunity to translocate through the
lung epithelial barrier (Braakhuis et al., 2014, Geiser et al., 2005). Cells that have phagocytosed
PM can evade the mucociliary clearance mechanisms if such mechanisms are
impaired/overwhelmed and can travel in circulation to the brain or re-enter the interstitium
and travel to lymph nodes (Geiser, 2010). The proportion of nanoparticles translocated to
extrapulmonary organs in in vivo studies is typically low; <1% iridium particles in rats (Kreyling
et al., 2002) and ~0.2% gold particles in healthy human volunteers (Miller et al., 2017). In
contrast, Oberdorster et al. (2002) found a significant increase in 3C particle number in the
livers of male Fischer 344 rats. The authors propose rapid clearance occurs in the lungs, with
particles moving to the Gl tract via mucociliary clearance, and from circulation after moving
from interstitial sites via the lymphatic system or endothelium exposure (Oberdorster et al.,
2002). The physicochemical composition of PM is likely critical in determining the fate of

particles in the body.

Particles do not need to physically translocate to the brain to induce pathogenic changes
which can also arise in response to cytokine release, metabolic changes, and nervous signals
(Fig 1.8). Inhalation of air pollutants triggers a stress response in autonomic sensory nerves
relayed to the hypothalamus via the brainstem, which in turn activates by the hypothalamus
pituitary adrenal (HPA) and sympathetic adrenal medullary (SAM) axes (Hodge et al., 2021).
The HPA and SMA axes are important mediators of the neuroendocrine stress response to air
pollutants, resulting in metabolic and innate immune responses, coupled with oxidative and
physiological stress which, if prolonged, may contribute to allostatic overload and pathogenic
changes observed in AD (Thomson, 2019). Thus, chronic inflammation in the lung can affect

the inflammatory state of the brain.
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1.4 Magnetite

Magnetite (Fes0,) is a ferromagnetic complex of oxide (0,.), Fe?, and Fe3* ions which is found
as natural mineral deposits but is also present in the environment as a consequence of
anthropogenic activities such as fuel combustion, aviation, and frictional brake wear (Maher,
2019). Other sources of magnetite include synthesised products such as ink toner (Ataeefard
et al., 2014) and cosmetics (Khan and Cohen, 2019), and in the future magnetite could be
released in to the environment following medical uses of (bio)engineered products such as
magnetic resonance imaging (MRI) contrast agents (Avasthi et al., 2020) and anti-neoplastic
agents (Mandriota et al.,, 2019). Magnetite nanoparticles (<100 nm) are abundant in
particulate matter (Gonet et al., 2021a), brake wear (Gonet et al., 2021b), tyre wear (Thorpe
and Harrison, 2008), and the underground (Moreno et al., 2015, Loxham et al., 2015, Loxham
et al., 2020), and typically have partial surface oxidation to another iron oxide, maghemite

(Collingwood and Telling, 2016).

In humans, MNPs have been detected in all major organs of the body (Liu et al.,, 2021,
Sant'Ovaia et al., 2015, Calderén-Garcidueifias et al., 2019b, Murros et al., 2019, Maher et al.,
2016) and, within the brain, have been reported in the brainstem (Gilder et al., 2018,
Sant'Ovaia et al., 2015), frontal lobe (Maher et al., 2016, Calderéon-Garciduefias et al., 2019b,
Sant'Ovaia et al., 2015), temporal lobe (Sant'Ovaia et al., 2015, Brem et al., 2005a, Bulk et al.,
2018), temporal gyrus (van der Weerd et al., 2020, Hautot et al., 2003, Pankhurst et al., 2008),
hippocampus (Dobson, 2002, Dobson and Grassi, 1996, Dunn et al., 1995, Quintana et al.,
2006, Hirt et al., 2006, Sant'Ovaia et al., 2015, Khan and Cohen, 2019, Brem et al., 2006),
cerebellum (Gilder et al., 2018, Kirschvink et al., 1992a, Sant'Ovaia et al., 2015) , globus
pallidus (Sant'Ovaia et al., 2015, Svobodova et al., 2019) and olfactory bulb (Gilder et al., 2018,
Sant'Ovaia et al., 2015). Biogenic MNPs in the human brain have been suggested to have a
similar function to MNPs in birds (Heyers et al., 2010) i.e., magnetoreception/navigation
(Wang et al., 2019a) and/or are thought to be involved in formation and long-term storage of

memory (Banaclocha et al., 2010, Alfsen et al., 2018).

MNPs can be grouped in to three categories: biogenic, exogenous, and plaque associated.
Biogenic MNPs may form within ferritin via in situ crystallisation, as a result of incomplete
oxidation or overloading of the 8 nm ferritin core and may explain some of the iron elevation
seen with age/AD (Quintana et al., 2004). Biogenic magnetite has an angular or euhedral
structure (see Fig 1.6) and closely resembles MNPs found in magnetotactic bacteria (formed
through biomineralization of magnetite within magnetosomes) (Baumgartner et al., 2013,

Mann, 1993, Mann et al., 1984, Gorobets et al., 2017). In contrast, exogenous MNPs formed
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under high temperatures (~300 °C) generally have a more rounded/spherical structure
(Kukutschova et al., 2011, Maher et al., 2016). Plaque-associated MNPs with a dominantly
rounded morphology have been found co-localised to A fibres, within senile plaque cores
(Everett et al.,, 2018, Plascencia-Villa et al., 2016). Plascencia-Villa et al. (2016) propose
biogenic formation of plaque associated MNPs is a two-step process; smaller MNPs (2-7 nm)
form as a result of ferritin core overload, whilst larger MNPs (~¥80 nm but also up to 200-600

nm (Everett et al., 2018) are a consequence of aggregation.

Particles bearing a striking similarity to combustion and friction derived exogenous MNPs have
been found in the human brain and are thought to enter the organ via the OB (Maher et al.,
2016) (see 1.3.1.). Exogenous pollution derived MNPs have been implicated in the
development NDD; elevated levels of magnetite have been reported in the AD-afflicted brain
(Hautot et al., 2003, Pankhurst et al., 2008), the Fe?* ions in these particles can participate in
Fenton chemistry (Fig 1.3), MNPs have been found within senile plaques (Plascencia-Villa et
al.,, 2016) and can accelerate AB aggregation (Mir et al.,, 2012) (Mirsadeghi et al., 2016)
(Mahmoudi et al., 2013), enhance AB toxicity and reduce spontaneous activity in in vitro
neural network models (Teller et al., 2015). Furthermore, epidemiological, magnetic, in vitro,
and in vivo studies collectively suggest that the entry of environmental MNPs to the brain may
result in ROS generation, neuroinflammation and alterations to AP and tau levels and
conformations (Maher et al., 2016, Dadras et al., 2013, Mir et al., 2012, Calderén-Garciduefias
and de la Monte, 2017, Coccini et al., 2017, Fahmy et al., 2020, Kim et al., 2006, Veranth et al.,
2007, Yarjanli et al., 2017, Chen et al., 2017b). Thus, exposure to MNPs (and iron-rich NPs in
general) may be an important environmental risk factor in the development of AD and other

NDDs, though further work is needed to establish any causal link.

1.4.1 Measuring magnetite in the brain

Identification and quantification of iron (in its various forms) within the brain utilises a variety
of spectroscopic, microscopic, histological, magnetic, and analytical techniques. The two
primary analytical techniques used in the current study are inductively couple plasma mass
spectrometry (ICP-MS) and superconducting quantum interference device (SQUID)
magnetometry. These techniques are utilised for the study of post-mortem tissue which has
the disadvantage of representing a fixed moment in time, i.e., a snapshot of the iron levels

after death.
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1.4.1.1 SQUID magnetometry

The ferromagnetic properties of iron can be exploited to quantify the iron oxide nanoparticle
content of a material such as brain tissue. Magnetic methods are also gaining traction as a
form of quantifying and examining PM (Gonet et al., 2021a). Quantification is reliant on
measuring the remanence of the material; remanence is the magnetisation remaining in a
ferromagnetic material once the external magnetic field is removed. Magnetic fields cause
changes in electrical current which are detected by the SQUIDs and translated to a
numerical/computer output. There are several types of remanences including natural,
isothermal, saturated and anhysteretic remanences. Natural remanence magnetisation
(NRM) is the baseline remanence of a material which is present without any external
experimental field applied; it exists due to exposure to the earth’s magnetic field. All materials

have an NRM but not all have a measurable NRM.

Isothermal remanence (IRM) simply refers to the measurement of remanence at a constant
temperature. Saturation isothermal remanence magnetisation (SIRM) is the IRM measured
when the material is fully saturated and can be used to approximate the magnetite
concentration of the tissue. Saturation occurs when a maximal field (~1T in this case) is applied
and no further magnetisation occurs. Estimations of magnetite/maghemite concentrations
are made by comparing experimental SIRM values with empirically determined SIRM values
for pure magnetite/maghemite samples of known sizes (Maher, 1988). IRM acquisition is the
measurement of IRM using incrementally larger applied fields until saturation, with
remanence measured following removal of each new field. This acquisition shows the
coercivity of the material; a measure of how magnetically ‘hard’ or ‘soft’ a material is.
Materials have their own coercivity of remanence values; for magnetite, the coercivity value

is around 300 mT, making it a relatively soft magnetic material.

IRM measurements are typically conducted at either room temperature (300 K) or at very low
temperatures (5 K). The choice of temperature depends on the predicted mineral composition
of the sample, or the mineral of interest, as magnetic properties of materials can change at
different temperatures. For example, 8 nm oleic acid coated magnetite nanoparticles have a
blocking temperature of 130 K (Chesnel et al., 2014), this is the temperature below which all
the particles are superparamagnetic. Blocking temperature is a narrow range of temperature
change which causes a change from the superparamagnetic state to a stable state (Neel,
1949). When a material is superparamagnetic, the electrons give fields in opposite directions
and cancel each other out, so when trying to measure the remanence of such a material, the

overall signal is zero. Whether a material is superparamagnetic or not can be altered by
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changing the temperature as this increases the energy available to electrons changing their
configuration such that the opposing moments no longer cancel each other out. The blocking
temperature is specific to minerals e.g., 8 K for ferrihydrite (Dubiel et al., 1999) compared to
130 K for magnetite (Chesnel et al., 2014), but also specific for the particle or grain size e.g.,
130 K for 8 nm magnetite vs 150K for 19.4 nm magnetite (Cullity and Graham, 2008). Particles
of magnetite smaller than ~20-30 nm are superparamagnetic at room temperature (~293 K)
and so do not have detectable remanence magnetisation but, when the temperature is
lowered, they are no longer superparamagnetic and, therefore, measurable (Dunlop and
Ozdemir, 1997). Typically, a mixed approach to magnetic measurements is taken, by either
using different temperatures (van der Weerd et al., 2020), or using different measurement

techniques that will capture the profile of (primarily) one material at a time.

The importance of utilising different magnetic and spectroscopic analyses is clear when
comparing magnetite and maghemite (the oxidised from of magnetite). Both compounds are
similar in their magnetic properties and chemical composition such that it is often not possible
to distinguish between the two. For instance, maghemite usually saturates at 300 mT and so
does magnetite and the experimentally derived values for single domain non interacting
particles of magnetite and maghemite are very close (46 Am*Kg™ and 41 Am?Kg?, respectively)
(Moskowitz et al., 1993). Therefore, it is best practice to use a variety of techniques (magnetic,
spectroscopic, and microscopic) to definitively identify the species of magnetic material

present in tissue.

1.4.1.2 ICP-MS

ICP-MS identifies elemental composition; the sample is ionised via inductively couple plasma
and then mass spectrometry is used to detect the ions. lons can be detected as low as 1 part
per billion (1x10°) (Grochowski et al., 2019). Trace metals in the brain are present in the parts
per million (ppm) range whilst ultra-trace elements are present in the parts per billion (ppb)
range (Brown and Milton, 2005). The most frequently used techniques in recent years for
trace/ultra-trace analysis of human tissue are ICP based; ICP-MS and ICP-OES (inductively
coupled plasma optical emission spectroscopy). ICP-MS, used in the current study, is a
spectrometry method which relies on ionisation of the sample to give single-positive ions via
the medium of inductively coupled plasma. Once generated, the ions pass through ionic cones
and travel to quadrupoles (mass spectrometer) where they are separated by their
mass/charge ratios before passing to the detector (photomultiplier). The elements measured
are compared to elemental standards and, ideally, to a suitable (certified, or standard)

reference sample. However, in the case of human tissue no such standards are available and
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so alternative standards such as bovine liver SRM 1577b may be used. An obvious advantage
of ICP-MS is low detection limits (nmol/L) which is crucial for trace and ultra-trace element
analysis. However, ICP-MS analysis is not without its challenges; samples must be liquid and,
as such, the processing of samples is prone to the induction of artefacts. Use of laser ablation
(LA-ICP-MS) to study materials in their solid state, and without destruction of the tissue is an
advantageous alternative (Hare et al.,, 2017). In addition to measuring the elemental
composition of human brain tissue, ICP-MS has been used extensively to profile the
composition of PM samples including roadside dust (Wiseman et al., 2021, He et al., 2018,

Miguel et al., 1997, Dyttow and Gérka-Kostrubiec, 2021).

1.4.2 Magnetite in brain tissue

Magnetite (as well as maghemite) was first detected in human brain tissue in 1992 using
SQUID magnetometry (Kirschvink et al., 1992a). The particles were thought to form in situ,
and resemble biogenic particles formed in magnetotactic bacteria due to their similar
morphology and crystallographic properties (Kirschvink et al., 1992a, Dunn et al., 1995, Mann
et al.,, 1984, Moskowitz et al., 1993). Subsequent magnetometry, spectroscopic and
microscopy studies have confirmed the presence of MNPs in brain tissue (Collingwood et al.,
2008, Maher et al., 2016, Sant'Ovaia et al., 2015, van der Weerd et al., 2020, Bulk et al., 2018,
Dobson, 2002, Schultheiss-Grassi et al., 1999).

The concentration of MNPs in human hippocampus has been shown to increase with age in
males but not females (Dobson, 2002). Similarly, the mass of magnetite/maghemite particles
(primarily 30 - 300 nm diameter) increased in the brains of male subjects (aged 19- 89 years)
as measured in vivo by magnetoencephalogram (Khan and Cohen, 2019). A study of fixed
whole brains, however, showed no difference in MNP concentration with age, possibly due to
the joint analysis of female and male data and small number of subjects but also to the fact
that the SIRM signals were several magnitudes lower than other studies and may not have

accurately reflect MNP concentrations (Gilder et al., 2018).

Biogenic MNPs could explain the elevated levels of iron seen in AD as these increased levels
do not correlate to an increase in ferritin or transferrin (Fischer et al., 1997), and transferrin is
decreased in several AD brain regions. A limited number of studies have compared the levels
of magnetite in AD brain tissue to controls, finding either an elevation of MNPs in AD tissue,
or no significant differences (though often these studies employ small sample sizes due to the
difficulty of obtaining human brain tissue). Elevated magnetite concentrations were reported

in the superior temporal gyrus of female AD cases (n=3) compared to controls (n=3) (Hautot
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et al., 2003). An expansion of this study combined this data with an additional 16 samples and
confirmed the original findings (Pankhurst et al., 2008). In contrast, when comparing 22 AD
temporal cortex samples to 14 age and sex-matched controls, no difference in magnetite
concentration was found, but larger particles were present in AD tissue (Bulk et al., 2018). This
is similar to a study of medial temporal gyrus tissue where, again, no difference was found in
magnetite concentration (n=9 for each group) but two populations of particles were present,
one of which dominated in the AD group (van der Weerd et al., 2020). Comparison of four
normal brains (cerebellum and cerebral cortex) to two AD brains also failed to demonstrate a
difference in magnetite concentration (Kirschvink et al., 1992a). Another study measured
MNP concentrations in cervical (neck) skin from 10 PD patients to 10 healthy controls and

found no difference in MNP concentrations between the groups (Murros et al., 2019).

Biogenic MNPs are thought to be the products of biological processes, produced within ferritin
via in situ crystallisation (Quintana et al., 2004) (Quintana and Gutiérrez, 2010). Excess iron in
AD may be found as increased iron atoms in the 8 nm ferritin core but, if there is an overload
of the core or loss of function, then magnetite may form as a result (Dobson, 2001), accounting
for the excess iron levels observed in AD. However, the presence of particles greater than
8 nm in diameter suggests other mechanisms must be involved in MNP presence in the brain
(see 1.4.3). Additionally, Murros et al. (2019) reported the presence of non-biogenic MNPs
(neither spherical nor euhedral in shape) in the cervical (neck) skin of PD patients and controls
thought to originate from the Gl tract possible from ingestion of MNPs within food, bacteria

and/or drinking water.

Environmentally derived MNPs are another potential origin of the excess iron observed in the
AD-afflicted brain, and a possible explanation for the presence of particles greater than 8 nm
in diameter (Figure 1.9). The presence of biogenic and exogenous MNPs in the brain may be
reflected in the two different populations of particles observed in the temporal gyrus (van der
Weerd et al., 2020). Examination of human frontal lobe tissue from Mexico City residents and
Manchester Brain Bank samples via SQUID magnetometry, electron energy loss spectra (EELS)
and transmission electron microscopy (TEM) found magnetite and maghemite NPs ranging
from 10-150 nm (median diameter 18 nm) (Maher et al., 2016). The morphology of some of
the MNPs (uniform spherical particles with a resemblance to pollution derived particles
formed under high temperature and pressure) (Chen et al., 2006, Liati et al., 2015) (Fig 1.6)
was in stark contrast to the euhedral biogenic particles reported previously (Kirschvink et al.,
1992a, Schultheiss-Grassi et al., 1999). The authors suggest the olfactory bulb as the route of

entry into the brain (see 1.3). Other studies of Mexico City brain tissue found particles
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resembling combustion and friction derived nanoparticles (CFDNPs) in the olfactory nerve
(Calderdon-Garciduenas et al., 2018b), and in frontal lobe tissue (Calderéon-Garciduefias et al.,
2019b). Such cases display AD pathology (‘AD continuum’) from 11 months to 40 years of age
(Calderén-Garciduenas et al.,, 2018a). Thus, inhalation of environmental MNPs likely

contribute to MNP levels in the brain, alongside biogenic MNPs.
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Figure 1.9 Environmental magnetite nanoparticles in the human brain. Magnetite nanoparticles (MNPs) are
produced from diesel engines in cars and planes and from industrial sources. The MNPs are released into the air

and are inhaled from the environment. The olfactory bulb, a nerve that bridges the connection between the nasal
passage and the brain, is a proposed route for environmental MNPs to reach the brain following inhalation.

In contrast, Gilder et al. (2018) proposed that the distribution of MNPs is genetically
determined, as evidenced by the uniform distribution of MNPs across seven whole brains
(divided into cerebellum, cerebellar cortex, and brainstem) stored in formalin for several
decades. The highest concentrations of MNPs were found in the brainstem, followed by the
cerebellum and cerebellar cortex, suggesting that the inhalation of MNPs and incursion via
the OB is unlikely as a gradient of magnetic material would be expected from the OB
decreasing towards distal sites which was not observed in the tissue samples (Gilder et al.,
2018). The argument that a gradient of magnetic material would be expected from the point
of incursion assumes that the material moves through the tissue via diffusion and does not
consider brain fluid dynamics. Magnetic material may travel through brain tissue via other
mechanisms of movement such as bulk flow (e.g., of interstitial fluid) (Hladky and Barrand,

2014, Ray et al., 2019) which could partially explain the distribution patterns observed.
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The dissolution and re-precipitation of MNPs inside human mesenchymal stem cells (MSCs)
following exposure to engineered MNPs has been observed (Van de Walle et al.,, 2019);
deposition and accumulation of MNPs is likely a dynamic process so analysis of post-mortem
tissue may only reflect the most recent exposure(s) prior to dissolution. Similarly, exposing
the same MSCs to magnetosomes from bacteria (composed of a magnetite core surrounded
by a phospholipid bilayer) resulted in the same phenomenon; re-precipitation as ~8 nm MNPs
(Curcio et al., 2020). Clearance of iron oxide nanoparticles is also seen in MSCs, with 50% of

cell-associated iron lost after 3 days and ~90% lost after 27 days (Mazuel et al., 2016).

In vivo clearance of iron oxide nanoparticles and biodegradation of a magnetite-based
ferrofluid in rat brain has also been reported (Wang et al.,, 2011, Polikarpov et al., 2014,
Gabbasov et al., 2016), with degradation likely taking place in the endosomal system (Soenen
et al., 2010). Therefore, it is possible that the concentration and distribution of exogenous

magnetite in the brain may reflect only the most recent exposure(s) (Maher, 2019).

1.4.3 Magnetite, AD pathology and toxicity

The presence of exogenous MNPs in the brain and apparently elevated magnetite levels in AD
tissue are not sufficient to prove a causal link with the disease. However, there is a growing
body of evidence to suggest a role for MNPs in AD progression. Iron is known to accumulate
in senile plaques, with elevations seen in the rim and core of the structures compared to
surrounding neuropils (Lovell et al., 1998). Characterisation of plaque-associated iron has
revealed the presence of several iron oxides including magnetite/maghemite, ferrihydrite and
wiistite, as well as free iron ions (Fe?*, Fe3*) and, more recently, zero valence iron (Fe®) (Everett
et al., 2018, Collingwood et al., 2008, Everett et al.,, 2021b, Plascencia-Villa et al., 2016).
Isolated amyloid plaque cores (APCs) have been shown to contain predominantly 2-7 nm
MNPs, with a smaller number of 8 — 40 nm particles observed (Collingwood et al., 2008). The
authors posited that the smaller particles likely formed within the ferritin core, following
incomplete oxidation, whilst the larger particles likely represented aggregates of the smaller
ferritin-core sized MNPs or breakdown of the ferritin protein core allowing for larger particles
(Collingwood et al., 2008). A further study also looking at APCs isolated from AD brains
demonstrated the presence of ~8 to 50 nm particles with spectral and crystallographic
properties consistent with magnetite (Plascencia-Villa et al., 2016). These MNPs were
associated with the plaques but not bound to fibrils and their size (greater than the ferritin
core) was attributed to the formation of aggregates (Plascencia-Villa et al.,, 2016).
Alternatively, incursion of environmentally derived MNPs e.g., via the OB, could explain the

presence of particles larger than 8 nm in diameter (Maher et al., 2016). The dominant cubic

41



iron oxide in AD ferritin cores is thought to be magnetite/maghemite, in contrast to
physiological ferritin which predominantly consists of ferrihydrite (Quintana et al., 2004).
Formation of ~8 nm iron particles is thought to be a preventative measure to avoid iron
cytotoxicity, as evidenced by the precipitation of ~¥8.4 nm biosynthesised NPs within human

stem cells exposed to maghemite nanoparticles (Van de Walle et al., 2019).

The binding of free iron to AP represents an additional/alternative pathway for the generation
of MNPs. At pH 7.4, Fe* ions were reduced to Fe?" in the presence of aggregating AB42 in vitro
(Khan et al., 2006). The formation of redox-active Fe?* and MNPs following AR aggregation in
the presence of different forms of Fe® further supports the hypothesis that AR mediates
reduction of Fe** (from e.g., ferrihydrite) to the more toxic Fe?*, generating ROS in the process
(Everett et al., 20144, Everett et al., 2014b). A similar phenomenon is thought to take place in
vivo within APCs of APP/PS1 transgenic mice; iron bearing fibrillar aggregates with similarity
to human AD APC fibrils were identified, with an increase in Fe?* phases in AD mice compared
to wild-type mice (Telling et al., 2017). Iron is stored as Fe3* phases and, as such, there are
many available sources of Fe3* available to be reduced to Fe?* such as labile iron, hemosiderin
at microbleeds, external pollution derived MNPs, and ferrihydrite (within ferritin), providing a
rich and constant source of ROS to induce oxidative damage in neurons (Everett et al., 2018).
Redox cycling of iron may explain the presence of ferritin-core sized magnetite within APC; AB
can cycle iron from ferrihydrite to magnetite and to wistite (the oxidation product of

magnetite) (Everett et al., 2014a, Everett et al., 2018).

The formation of the MNP-AB complex could precede the formation of free MNPs as the
attraction between iron and iron binding sites on AP is usually weak, and crystallisation of
MNPs may stabilise the interaction between iron and AB (Mir et al., 2012). Mir et al. (2012)
suggested that Fe?* and Fe* bind AB42, bringing the ions together to facilitate the formation
of MNPs which in turn entrap AP in a fibrillar structure resulting in stabilisation. Pre-formed
MNPs incubated with AB42 had a very minimal attraction, possibly due to the neutral surface
charge of the particles (Mir et al., 2012). Further studies from the same group support this
hypothesis; iron bound to oligomeric AB42 structures which self-assembled into fibrils
initiating MNP precipitation and concentration of iron hydroxides within a ‘woolly ball’
structure of fibrils (Tahirbegi et al., 2016). In both experiments (Mir et al., 2012, Tahirbegi et
al., 2016), the resulting MNPs were consistent with MNPs isolated from amyloid plaque cores
taken from AD brains (Collingwood et al., 2008), so precipitation of MNPs from iron ions via
an amyloid intermediate is another suggested mechanism for the generation of MNPs seen

within AD tissue.

42



The MNP-AB complex is thought to have toxic consequences and may play a role in AD
progression. Exposing PC12 cells to a complex of SiO,-coated MNPs and AB40 for 48 h
decreased cell viability by ~20% whereas no significant decrease was observed for either
MNPs or AB40 alone (Jia et al., 2017). A complex of MNP-AB42 caused deterioration of an in
vitro rat neuronal network model of AD, affecting the connections between cells (functional
organisation) and diminishing the activity of individual neurons leading to neuronal apoptosis;
effects that were not seen with MNP or AB42 only under the same conditions (Teller et al.,

2015).

Ultrafine particulate matter (UFPM) can enhance the fibrillation of proteins (i.e., AB42,a-
synuclein), which accumulate in the OB along with neuroinflammation, similar to the prion
hypothesis (Rey et al., 2018). MNPs in particular have been shown to enhance the fibrillation
and aggregation of AP in vitro; incubation of 20 nm superparamagnetic iron oxide
nanoparticles (SPIONs) (a term which encompasses magnetite) accelerated AB42 fibrillation
at high concentrations (and positive charge) whilst inhibiting fibrillation at low concentrations
(Mirsadeghi et al., 2016). Fibrillation was enhanced further when the SPIONs were subjected
to a magnetic field (Mirsadeghi et al., 2016). Similarly, dextran coated SPIONs with a 5 nm iron
oxide core (~15 nm diameter with coating) also inhibited AB42 fibrillation at a low
concentration but accelerated fibrillation at higher concentrations (and positive surface
charge) (Mahmoudi et al., 2013). Incubation of 15 — 45 nm SiO,-coated MNPs with AB40
accelerated AP40 aggregation, possibly due to the fact that MNPs tend to aggregate due to
ferrimagnetic attractions (Jia et al., 2017). A shift towards larger aggregates was also observed

i.e., high molecular weight oligomers rather than dimers (Jia et al., 2017).

Conversely, MNPs might also prevent amyloid aggregation; 26 nm MNPs inhibited lysozyme
aggregation at high concentrations (Bellova et al., 2010) and, interestingly, 4.5 nm MNPs
incubated for 24h with CSF from 19 AD patients and 9 age-matched controls eliminated
amyloid (AB42, tau) pre-aggregated in vivo, with AD proteins more resistant to the anti-
aggregation effects (Gazova et al., 2010). MNPs had no effect on the aggregation of insulin
fibrils (Chen et al., 2016b), whilst high concentrations of 50 — 100 nm MNPs interfered with
microtubule dynamics (tau and tubulin binding) and altered the structure of tubulin (Dadras
etal., 2013). Protein-capped iron oxide (Fe304) nanoparticles reduced tau aggregation by 49%

in vitro (Sonawane et al., 2019).

MNPs have been shown to possess a peroxidase-like activity catalysing the oxidation of

peroxidase substrates including H,O, (Gao et al., 2007, He et al., 2015). In contrast,
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Gumpelmayer et al. (2018) stated that MNPs possess no intrinsic peroxidase activity but,
notably, the authors used the AB1-16 fragment which is non-toxic, lacks the ability to
aggregate and is not typically redox-active (Gumpelmayer et al., 2018, Maher, 2019). Ferrous
iron can decompose H,0; to free radicals (Fig.1.3) rather than to water and oxygen. It is
possible that MNPs may exert a toxic effect on cells by generating ROS through the oxidation
of H,0,, causing oxidative damage (Maher, 2019). Toxicity from MNPs and MNP-AB complexes
may arise as a consequence of the magnetic fields generated by MNPs; magnetite/maghemite
crystals can produce free radicals via triplet state stabilisation (Scaiano et al., 2008) and alter
biochemical reaction rates (Timmel et al., 1998) due to the presence of strong magnetic fields

(Collingwood et al., 2008).

The MNP-AB complex is a proposed therapeutic target in AD. Proton irradiation of an MNP-
AB42 complex increased the proportion of redox-inactive Fe¥, included fibrinolysis and B-
amyloidosis in silico and in the presence of rat cortical neurons (Choi and Kim, 2018). A similar
effect has been observed in vivo; in APP/PS1 and 5xFAD mice, Fe®* was the predominant iron
form in proton stimulation-treated brains and was accompanied by the degradation of MNP-
A fibrils (Seo et al., 2021). Proton stimulation is thought to induce a conformational change
in MNPs by transfer of electrons, causing them to dissociate from the AR fibrils and
subsequently be engulfed and degraded by microglia (Seo et al., 2021). The treatment does
not appear to damage neuronal cells, however, as magnetite is thought to have a biological
function in the formation of long-term memory (Alfsen et al., 2018, Banaclocha et al., 2010),
manipulation of MNP and MNP complexes would need to be carefully considered to avoid

potentially detrimental effects

1.5 Environmental air pollution toxicity

Modelling of chronic and acute exposures to PM in vitro and in vivo is not without challenges.
The typical paradigm for cell culture is a liquid-based culture in which cells are either
suspended in nutrient medium or adhered to a support and bathed in medium. Exposure to
airborne PM does not occur in a liquid environment, so modelling exposure to PM in this way
may not accurately reflect the fluid dynamics of an environmental exposure. Alternative
approaches include the use of cultures at the air-liquid interface (ALl), and the utilisation of
aerosol dosing systems (He et al., 2020, Cooney and Hickey, 2011), which may be more
representative of the inhalation of PM (Lacroix et al., 2018). One advantage of choosing a
liquid culture is a greater bank of established studies and characterisation of cell lines grown
in this manner, making the comparison of different studies easier. However, the comparison

of PM studies is highly challenging; different doses, timepoints, endpoints, assays, culture
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methods, cell types and sensitivities, different PM compositions/sources, and sampling of PM

at various times of the year all render the comparison of studies difficult.

Particle size is critical to toxicity; particles with a smaller diameter (i.e., nano, ultrafine) can
penetrate further into tissue and have a larger surface area to volume ratio, allowing for a
greater number of chemical interactions than larger particles of the same mass (see 1.2.1).
The focus in the current study will be on the in vitro toxicity of airborne PM, particularly the
effects of (ultrafine) PM and roadside dust on lung epithelial cells. Lung epithelial cells are the
first contact point for inhaled particles, so have been widely used to characterise the in vitro
response to inhaled pollutants (Puisney et al., 2018, He et al., 2020, Alfaro-Moreno et al.,
2009, Cooney and Hickey, 2011, Gualtieri et al., 2009, Wang et al., 20203, Sun et al., 2021,
Yang et al., 2016a). The immortalised cell lines used for these experiments include the tumour-
derived human bronchial epithelial cell line, Calu-3, the non-tumour derived human bronchial
epithelial cell line, BEAS-2B, and the tumour-derived human alveolar basal epithelial cell line,

A549.

1.5.1 Roadside PM

Cytotoxicity studies of PM are commonly used to explore the spatial, temporal, and
physicochemical nature of PM in relation to toxic effects in human cell models. Different
biological responses have been reported when comparing airborne pollution particles from
different cities (Tung et al., 2021, Sun et al., 2021, Yang et al., 2016a) and when comparing
regions or zones from the same city (Chen et al., 2019, De Vizcaya-Ruiz et al., 2006, Osornio-
Vargas et al., 2003). These differences likely arise from differing composition of the pollutants
in each area, reflecting the surrounding sampling environment, such as transport activities (He
et al., 2020, Loxham et al., 2015, Loxham et al., 2020, Chen et al., 2019, Moreno et al., 2015,
Pant et al., 2015, Zhang et al., 2019). The roadside environment is particularly rich in metals,
including iron-rich particles like magnetite, from vehicle emissions and other traffic-derived
sources including road-deposited dust, brake wear, tyre wear, road paint, road wear/abrasion
(Wang et al., 2017, Gonet et al., 2021a, Gonet et al., 2021b). Heavily-trafficked roads are a
key feature of highly-polluted megacities, such as Mexico City, and TRAP (traffic related air
pollution) is a significant source of (ultrafine) pollution to which residents in those cities are
exposed; TRAP forms 66% of PMg (Habre et al., 2021). Pollution at the roadside is not limited
to the immediate vicinity; a recent estimation of the zone of influence roads have on the
surrounding land covers at least 70% of Great Britain (Phillips et al., 2021), so the effects of
road pollution (consisting of light, noise, NO,, heavy metals, PM,.s and PM1o) and roadside dust

may extend further than currently anticipated. One method of minimising the impact of PM
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is the use of trees at the roadside; trees capture particles and have reduced indoor air PM1g
by >50% in Lancaster (Maher et al., 2013), and reduced cadmium and lead exposure by >50%
in Istanbul (Ozdemir, 2019).

PM collected at the roadside has been associated with cardio, pulmonary and NDD (see 1.2.2).
In vitro and in vivo toxicology models often look at the effects of exposure on cell survival
(viability), oxidative stress/damage, and inflammatory responses. Generation of ROS, e.g., in
response to PAHs or redox active transition metals present in PM, are key to determining the
fate of exposed cells. Excess ROS can induce oxidative stress in the cell if antioxidant defences
like glutathione (GSH) are unable to restore oxidative balance (see 1.2.1). Direct oxidation of
macromolecules can also occur e.g., lipid peroxidation. If this oxidative damage/stress is
persistent, and overcomes antioxidant defences, the cell can activate signalling cascades
ending in the ROS-sensitive transcription factors or activator protein 1 (AP-1), to recruit the
immune system (Baeza-Squiban et al.,, 1999, Dagher et al., 2007). If the immune and
antioxidant defences are overwhelmed, the cell instead may start the process of cell death via
apoptosis or necrosis (Figure 1.10). PM is also known to induce proliferation in cells (Bayram
et al., 2006), which may be a compensatory mechanism in response to the damage (Abbas et

al., 2010), or be a pathogenic process i.e., fibrosis (Churg et al., 2003) or tumorigenesis.
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Figure 1.10 Pathways involved in particulate matter cytotoxicity. Particulate matter (PM) can trigger cell
death via apoptosis in a reactive oxygen species (ROS)-dependent pathway (pink area) or ROS-independent
pathway (blue area). Polyaromatic hydrocarbons (PAHs) and metals are key components of PM that are strong
inducers of ROS. Generation of ROS stimulates antioxidant defences in the cell, however, if the balance between
ROS and antioxidant defences is tipped towards ROS, the cell is in a state of oxidative stress (1). PAHs can activate
the aryl hydrocarbon receptor (AhR), which in turn has been suggested to induce H202 and O2.- production in
mitochondria (2). ROS damage mitochondrial DNA (3), cause lipid peroxidation in the mitochondrial membrane,
and cause the permeability transition pore (PTP) complex to open (4). Diesel particles can directly permeate the
mitochondrial membrane and open the PTP complex (5). The apoptogenic activity of apoptosis inducing factor (AIF)
can be enhanced in response to xenobiotics, air pollutants or ROS induced by air pollutants (6). Alternatively,
independent of ROS, apoptosis may be triggered following a decrease in survival proteins of the BCI-2 family of
proteins following PM exposure (7). The remodelling of lipid rafts in the plasma membrane by PAHs has also been
shown to trigger apoptosis (8). Figure taken from (Andreau et al., 2012).

Rather than looking at PM samples in their entirety, some toxicity studies focus on individual
components, such as specific elements or organic compounds, to identify the most toxic

components of PM. However, this neglects any synergistic effects that may be present with
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total PM and is a rather time-consuming and impractical process to isolate and test hundreds
to thousands of individual components (Park et al., 2018). A more efficient approach is to look
at components by their source of origin. This is typical when looking at the composition of PM
via source apportionment analysis (Gonet et al., 2021a, Gustafsson et al., 2008, Harrison et

al., 2003, Men et al., 2018).

The combination of source apportionment studies and cytotoxicity studies could give an
indication as to which sources of PM are most toxic, e.g., diesel exhaust particles (DEP), brake
wear particles (BWP), tyre wear particles (Sun et al., 2021, Xu et al., 2020a). Exposing Calu-3
cells to BWPs (nano- and micro-scale) caused increased (~2 x) ROS generation, decreased cell
viability (35% decrease for nano- and 81% decrease for micro-particles at 300 pg/ml) and a
dose-dependent increase (for micro- but not for nanoparticles) in release of the pro-
inflammatory cytokine, interleukin 6 (IL-6) (Puisney et al., 2018). Similarly, exposure of Calu-3
cells to diesel exhaust particles (DEP) caused a dose-dependent increase in ROS generation
(up to ~30%) and interleukin 8 (IL-8) release (up to 115%), albeit with no change in cell viability.
Exposing A549 cells to the same DEPs decreased IL-8 release (non-significantly), did not alter
ROS production, and decreased cell viability (up to ~20%) for media suspension treatments
(Cooney and Hickey, 2011). Road-deposited dust is another ‘source’ of PM, which both derives

from and contributes to airborne PM.

1.5.2 Road-deposited dust

Road-deposited dust or roadside dust (RD) is the deposition of airborne PM on or near road
surfaces. RD can be aerosolised following disturbances by the wind or passing vehicles and
contribute to PM. However, RD also acts as a sink for pollutants and can accumulate additional
particles or compounds in situ, including heavy metals (Duong and Lee, 2011), various non-
exhaust emission (NEE) sources like tyre and road wear (Gonet et al., 2021a), volatile organic
compounds (i.e., PAHs) (Mon et al., 2020), and phthalic esters (Li et al., 2020a). Although
natural and anthropogenic sources contribute to RD composition, anthropogenic sources are
thought to be the most significant contributors (Morales et al., 2020). Due to the pervasive
nature of RD, the toxic composition, frequency of exposure (growing urbanisation), ability to
penetrate the lungs and reach all major organs (in the case of UFPs), it is potentially a major

hazard to human health. Unlike PM, there are no regulations on the exposure to RD at present.

Despite the potential hazard, there are limited studies of the toxicity of RD, with the majority

of researchers taking a statistical approach (i.e., hazard modelling), following physicochemical
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investigation of samples. A study of RD in 10 megacities in China identified positive
correlations between vehicle emissions and coal combustion with ROS production and lactate
dehydrogenase (LDH) release in A549 cells (Sun et al., 2021). Metal content in RD was
heterogenous; northern cities contained higher concentrations of heavy metals (Cr, Mn, Cu,
Zn, Ni, Pb) and PAHs than southern cities, with the ROS production and cytotoxicity more
pronounced in cells exposed to northern city RD. In general, the northern Chinese cities are
more industrial and consume more energy (coal combustion) (Sun et al., 2021). Positive matrix
factorisation (PMF) (similar to principal component analysis) of the chemical composition
indicated four contributing components: industrial emissions (PAHs and heavy metals),
crustal/natural sources (Al, Si, Ca, Ti, Fe), coal combustion (Ti, Fe, Zn, Pb) and vehicle emissions
(Pb, Zn, subset of specific PAHs) (Sun et al., 2021). Thus, the observed differences in
cytotoxicity and oxidative stress between the cities are thought to be reflective of the
anthropogenic activities surrounding them, primarily due to differences in vehicle, industrial
and coal emissions (Sun et al., 2021). A similar study focused on the effects of 50 ug/ml RD on
tight junctions in human pharyngeal epithelial cells (FaDu) (Tung et al., 2021). Similar to the
previous study, LDH release increased, in general, with oxidative stress induced by ROS a
possible mechanism of this cytotoxicity. Proinflammatory responses (increase in IL-6) were
reported in response to Wuhan, Shanghai and Beijing RD. Key proteins involved in the
maintenance of epithelial barriers, occludin and E-cadherin, were reduced following exposure
to RD, with an up-regulation in expression and activation of epidermal growth factor receptor
(EGFR) (Tung et al., 2021). When active, EGFR is phosphorylated, and can activate signalling
pathways (e.g., MAPK) that trigger NF-kB activation and a decrease in expression of proteins
needed for tight junctions (Jeong et al., 2017). A similar phenomenon was reported in human
nasal epithelial cells in response to PM;s (Xian et al., 2020), and disrupted epithelial barriers
are key features of Mexico City residents exposed to high levels of pollution (see 1.2.3). Total
metal concentrations in RD were correlated with cell viability, occludin and E-cadherin levels,
suggesting the metal components of RD (which likely derive from traffic sources) are critical
to the observed cytotoxic response and changes to barrier integrity (Tung et al., 2021). The
changes to adhesion proteins may arise in response to ROS; ROS can cause internalisation of
occludin in endosomes and can also reduce E-cadherin levels by hypermethylation of the E-
cadherin promoter (Wu et al., 2012, Caraballo et al., 2011). As such, metals, particularly redox
active transition metals, appear to be key components of RD with respect to pathological

changes such as weakening of epithelial barriers.
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A decrease in viability was also seen in response to RD from South Korea in human adherent
lung fibroblasts (WI-38) and human foreskin fibroblasts (BJ) (Kim and Koh, 2020, Koh and Kim,
2019). In an initial study of 100 um RD particles from 7 sites in South Korea, 1 mg/ml exposure
for 72 h decreased viability by 50% for 3 of the sites, and by less than 25% from the remaining
sites in both cell lines (Koh and Kim, 2019). The summed metal contents, and specifically Ni,
Cr and Zn content correlated with the cytotoxic response. Metal content of the samples had
a close relationship with the organic carbon content from industrial or traffic emissions, and
to a lesser extent the organic content also correlated to cytotoxicity (Koh and Kim, 2019). The
authors then expanded their work to look at 28 different city sampling sites in South Korea
(Kim and Koh, 2020). Cytotoxic responses were observed using the same cell lines and
methods (aside from the choice of viability assay); 15 out of 28 samples induced less than a
20% decrease in viability at the highest dose (2 mg/ml), whilst 3 samples induced over 50%
decrease in viability at the highest dose. As with the previous study, metal content and organic
(hydrocarbon) content (from industrial and traffic sources) was correlated to cytotoxicity (Kim
and Koh, 2020). The difference in magnitude of cytotoxic response across the two studies
could be a consequence of using different viability assays; there are numerous challenges to
conducting in vitro studies of particles due to their optical and physical properties (particularly
UFPs) causing interference with traditional biological assays (Ong et al.,, 2014). Such
differences can also result from differing composition of RD at each sample site, typically
heterogenous responses are observed in multi-site studies of RD and PM due to the
heterogenous composition of the samples studied (Tung et al., 2021, Sun et al., 2021, Yang et

al., 2016a).

Exposing multiple cell types to a range of PM from different sources (exhaust, biomass
burning, coal combustion, road dust, ammonium sulphate and ammonium nitrate, and
secondary organic aerosols), Park et al. (2018) suggested that traffic is a key factor in
determining the toxic effects of PM, s, with combustion sources overall being more toxic than
non-combustion derived sources. The oxidative potential of the RD sample was in the mid-
range of the samples tested, and ROS generation in A549 cells increased by ~50% in response

to 60 pug/ml RD for 24 h (Park et al., 2018).

Human corneal epithelial cells (2.040 pRSV-T), human liver (HepG2), and human skin cell lines
(KERTr) have also been used for RD toxicity testing to model other routes of RD entry into the
body - ocular (eye), dermal (skin) and ingestion (liver) (Yoon et al., 2018, Huang et al., 2015).
Exposing 2.030 pRSV-T cells to RD (Seoul, Korea) which had been re-aerosolised to PM,s and

PMio, Yoon and colleagues found that the soluble fraction affected cell membrane integrity
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and had a higher metal and ion content, whilst the insoluble fraction altered mitochondrial
activity (Yoon et al., 2018). A typical exposure would encompass both soluble and insoluble
fractions of RD and PM, but the soluble fraction is perhaps of greater concern due to transport
in biological fluids. The viability of HepG2 and KERTr cells decreased by up to 52.9% and 71.4%
respectively, following a 72h exposure to the water-soluble fraction of RD from Guangzhou,
China (Huang et al., 2015). The metal(loid) content of the RD was identified as critical to
cytotoxicity, but experiments using specific metals in isolation did not fully explain the
cytotoxic effects seen, suggesting a synergistic effect of the metal(loids) present and/or other

components of RD such as the organic content may also be responsible for cytotoxicity.

Whilst the cytotoxicity of fine (0.1 - 2.5 um) RD has been explored in a limited number of
studies, the effects of the ultrafine (<0.1 um) fraction of RD, which is most abundant (by
particle number) and potentially most toxic (due to high surface area reactivity and capacity

to penetrate deeper into tissues), are poorly understood.

1.6. Project Aims

The aim of the current research was to explore the relationship between environmental air
pollution nanoparticles, particularly magnetite, in relation to Alzheimer’s disease and human
health. Further understanding of any causal link between air pollution and AD is essential to
mitigate negative health effects through strict and accurate legislative limits on air pollution.
This was explored through magnetic investigations and metallic profiling of post-mortem
human brain tissue and investigation of the cytotoxic, biological effects of ultrafine roadside

dust particles from different cities on human lung epithelial cells. Detailed aims are as follows:

e Develop a method for the magnetic characterisation of human brain tissue,
accounting for potential sources of contamination (Chapter 2)

e Quantify the magnetic nanoparticle content of human brain tissue (Manchester, UK)
from different regions of the brain (Cerebellum, Entorhinal Cortex, Frontal lobe,
Occipital lobe, and Temporal lobe) to look at the distribution of magnetic
nanoparticles throughout the brain (Chapter 2)

e  Compare the magnetic nanoparticle content of human brain tissue (Manchester, UK)
of Alzheimer’s disease cases compared to non-demented elderly controls (Chapter 2)

e Examine the concentrations of metals in human brain tissue (Manchester, UK),
looking at regional distributions and relationships between metals as possible
indicators of specific air pollution sources and/or portals of entry into the brain

(Chapter 3)
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e Quantify the magnetic nanoparticle content of human brainstem tissue from forensic
cases from Mexico City, Mexico to look at nanoparticle portal of entry into the brain
(Appendix D)

e Extract ultrafine (nano) particles from roadside dust from Lancaster, UK, Birmingham,
UK, and Mexico City, Mexico, and examine the cytotoxic, oxidative stress and pro-
inflammatory responses in Calu3 (human lung epithelial cells) (Chapter 4)

e Compare the responses of human lung epithelial cells to ultrafine roadside dust
particles from different cities and suggest which component(s) of the samples are

responsible for the observed biological effects (Chapter 4)

Each data chapter (Chapters 2-4) of this thesis was written as a publication. Details of the
publication status and journal destination are presented at the beginning of each chapter,

alongside an explanation of the author’s contribution to the work.
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Chapter 2 (Paper 1) Variation in the concentration and regional
distribution of magnetic nanoparticles in human brains

(Alzheimer’s disease and controls), from the UK

2.1 Abstract

The presence of magnetite nanoparticles (MNPs) in the human brain was attributed until
recently to endogenous formation; associated with a putative navigational sense, or with
pathological mishandling of brain iron within senile plaques. Conversely, an exogenous, high-
temperature source of brain MNPs has been newly identified, based on their variable
sizes/concentrations, rounded shapes/surface crystallites, and co-association with non-
physiological metals (e.g., platinum, cobalt). Here, we examined the concentration and
regional distribution of brain magnetite/maghemite, by magnetic remanence measurements
of 146 samples of fresh/frozen tissues, from Alzheimer’s disease (AD) and pathologically
unremarkable brains (80-98 years at death) from the Manchester Brain Bank (MBB), UK. The
magnetite concentrations varied between individuals, and across different brain regions, with
no significant difference between AD and non-AD samples. Similarly, all the elderly MBB brains
contain varying concentrations of non-physiological metals (e.g., lead, cerium), indicating
universal incursion of environmentally sourced particles, likely across the geriatric blood-brain
barrier (BBB). Cerebellar Manchester samples contained significantly lower (~9 x)
ferrimagnetic content compared with those from a young (29 yrs ave.), neurologically
damaged Mexico City cohort. Investigation of younger cohorts, prior to loss of BBB integrity,
seems essential to understand early brain impacts of exposure to exogenous

magnetite/maghemite and other metal-rich pollution particles.

Published: Hammond, J., Maher, B.A., Ahmed, |.A.M. and Allsop, D. Variation in the
concentration and regional distribution of magnetic nanoparticles in human brains, with and
without Alzheimer’s disease, from the UK. Sci Rep 11, 9363 (2021).
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2.2 Introduction

Iron is an essential and versatile element present in various forms throughout the brain, and
its most abundant transition metal. Its ubiquity reflects its ease in changing solubility via
valence state; gaining an electron to convert from insoluble ferric (Fe3*) to soluble ferrous
state (Fe?*) and vice versa. Iron not only participates in biochemical reactions, such as the
generation of ATP in mitochondria and transport of oxygen via haemoglobin, but is also a
crucial part of brain-specific functions such as axon myelination (Connor and Menzies, 1996)
and synthesis of various neurotransmitters, like dopamine (Youdim and Green, 1978). This
versatility comes at a price; the ease of valence change can have detrimental effects if, for
example, free (unbound) iron becomes available to react with oxygen and produce damaging
free radicals. To protect the body from the ‘darker’ side of iron reactivity, iron levels and
compounds are tightly regulated. Excess labile (free) iron is sequestered and stored, and

ferrous iron oxidised to less reactive ferric forms.

Regional accumulation of iron and of magnetite in the brain during normal ageing has been
reported (Zecca et al., 2004, Xu et al., 2008, Khan and Cohen, 2019) but is also evident in
several neurodegenerative diseases (NDD) including Alzheimer’s disease (AD)(Ward et al.,
2014), Parkinson’s disease (PD) (Jellinger et al., 1990) and amyotrophic lateral sclerosis
(ALS)(Kwan et al., 2012). Meta-analysis of published data (up to 2014) indicates elevated iron
in several regions of AD brains: the caudate nucleus; globus pallidus; cingulate cortex;
putamen; amygdala; temporal lobe; parietal lobe; and frontal lobe (Tao et al.,, 2014). A
common theme amongst NDD is evidence of oxidative damage and dyshomeostasis of metals
including iron, copper, and zinc (Myhre et al., 2013, Sheykhansari et al., 2018, Trist et al.,
2018). Iron (particularly Fe?*) can cause oxidative damage (stress) by generating reactive
oxygen species (ROS) via the Fenton reaction (Allsop et al., 2008). ROS, including superoxide
anion (0y), peroxide (0,%) and hydroxyl radicals (HO®), are highly reactive, interacting
indiscriminately with different cellular components including DNA, lipids, and proteins leading
to altered enzyme activity, mutations, and membrane permeability. These interactions may
ultimately lead to cell death via apoptosis, autophagy, necrosis or ferroptosis (Dixon et al.,

2012).

To protect the brain from ROS-induced damage, iron is tightly regulated by two key proteins:
the iron transporter protein, transferrin; and the iron storage protein, ferritin. Ferritin
comprises a protein cage, approximately 12 nm in diameter, with an 8 nm hollow core. The
protein cage contains 3-fold and 4-fold ion transporter channels that facilitate iron transport

into the core, which can hold up to 4500 atoms of iron (Rouault and Cooperman, 2006). Fe?*
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is oxidised within this core to the less toxic Fe** and stored as ferrihydrite (Fe,03.0.5(H,0)).
Interruptions to this process may be pathological; reduced iron capacity of transferrin (Hare
et al., 2015b), impaired functioning of ferritin (Cozzi et al., 2010) or decreased expression of
ferritin (Faucheux et al.,, 2002) are all proposed mechanisms for the iron accumulation

observed in NDD (Friedman et al., 2011).

Another suspected cause of reportedly increased iron in the ageing brain is the presence of
discrete particles of iron oxides, including magnetite (Kirschvink et al., 1992a, Maher et al.,
2016, Brem et al., 2006), maghemite (Kirschvink et al., 1992a, Maher et al., 2016, Brem et al.,
2006), ferrihydrite (Quintana and Gutiérrez, 2010), goethite (Quintana and Gutiérrez, 2010),
haematite (Brem et al., 2006, Quintana et al., 2004) and widistite (Quintana and Gutiérrez,
2010). Of these iron oxides, magnetite may be of particular importance due to its Fe?* content
(Fe?* can participate in Fenton chemistry), and its reported direct associations with amyloid
plaques (Teller et al., 2015, Plascencia-Villa et al., 2016) and NDD (Dobson, 2001). Magnetite
(Fes04) is a strongly magnetic material, comprising a close-packed array of oxide (0%) ions;
Fe® ions occupy tetrahedral holes and both Fe** and Fe?* occupy octahedral holes. Magnetite
nanoparticles often display some degree of surface oxidation towards their oxic counterpart,

maghemite (Maher et al., 2016).

Three different forms of magnetite/maghemite nanoparticles (MNPs) have been reported to
occur in the human brain: biogenic MNPs (with a suggested role in magnetic field sensing);
plague-associated MNPs (reportedly arising from iron mishandling); and exogenous MNPs
(displaying high-temperature morphologies and co-associated with other metals, including
non-physiological species). Those biogenic MNPs which have been linked with sensing of the
Earth’s magnetic field are well-formed, euhedral particles (i.e., with sharp, well-defined crystal
faces), and mostly around 10-70 nm (Kirschvink et al., 1992a). Such well-formed MNPs
strongly resemble MNPs formed in other organisms, such as magnetotactic bacteria; their
‘bio-engineered’ size optimises the torque sensed from the geomagnetic field (Kirschvink et
al., 1992a). In magnetotactic bacteria, formation of such well-formed magnetite crystals, with
optimised particle sizes, occurs through biomineralization of magnetite, possibly via a
ferrihydrite precursor, within membrane-bound organelles (‘magnetosomes’)(Mann et al.,

1984).

More recently, in contrast to these euhedral endogenous MNPs, dominantly-rounded MNPs
have been observed directly associated with senile plaques, key pathological hallmarks of AD

(Plascencia-Villa et al., 2016, Everett et al., 2018). These plaque-associated MNPs were 8 - ~80
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nm in diameter, co-localised with B-amyloid (AB) fibres and comprised a mixture of magnetite
and maghemite (the oxidised form of magnetite), with Fe?* and zero-valent iron also present
within the plaque cores (Plascencia-Villa et al., 2016, Everett et al., 2018). MNPs in the 2-7 nm
range were also reported, consistent with formation inside the ferritin core (Plascencia-Villa
et al., 2016). Conversely, those plaque-associated MNPs of several 10s of nm (Plascencia-Villa
et al., 2016) greatly exceed ferritin core dimensions. Plascencia-Villa et al. thus suggest a two-
stage formation process; smaller MNPs formed via in situ transformation of ferrihydrite within
ferritin cores, which then somehow agglomerate to form the much larger, often rounded
magnetite particles observed, up to ~ 80 nm diameter (Plascencia-Villa et al., 2016) and
sometimes up to 200-600 nm (Everett et al., 2018). A role for AB in the biosynthesis of MNPs
has also been proposed. Isolated amyloid plaque cores from AD patients were found to
contain iron in a range of oxidation states; and AP suggested to cycle iron from ferrihydrite to
magnetite to wustite, resulting in generation of a constant stream of ROS-producing iron
species (Everett et al., 2018). Hence, these plaque-associated magnetite and co-occurring iron
oxide particles are suggested to be endogenous, resulting from iron dyshomeostasis related
to NDD (Everett et al., 2018).The proposed precipitation of pathological MNPs in human brain
ferritin (Quintana and Gutiérrez, 2010, Quintana et al., 2004) might reflect failure to complete
Fe?* oxidation, or an overload of ferritin, possibly accounting for the elevated iron levels

observed in AD (Dobson, 2001).

Additionally, or alternatively, inhalation of exogenous, airborne magnetite and maghemite
pollution particles can constitute another source of rounded brain MNPs, larger than those
formed within ferritin cores (Maher et al., 2016, Maher, 2019). The characteristic morphology
(e.g. often rounded shapes and interlocking surface crystallites), and size distribution (<10 to
> 100 nm) of MNPs found in the frontal cortex, and their association with other metals
(particularly metals not normally present in the body, such as platinum) mirror those of the
MNPs which occur in abundance in airborne particulate matter (PM) pollution (Maher et al.,
2016) - at heavily-trafficked roadsides, for example. Similarly distinctive MNPs and co-
associated metals have been found in the human brainstem (Calderdn-Garciduefas et al.,
2020a), heart (Calderéon-Garciduefias et al., 2019b, Maher et al., 2020), blood and pleural
effusions (Lu et al., 2020) and placenta (Liu et al., 2021). Magnetite and other iron-rich NPs
are formed readily at high temperatures (i.e. > 100 °C) as by-products of combustion and
friction (Gonet and Maher, 2019, Maher et al., 2013), occurring at particle number

concentrations of ~ 108/m3 air at the roadside, for example (Maher et al., 2016). Other prolific
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sources of airborne MNPs include coal-burning power plants, industrial sources, and indoor

emissions, e.g., from open fires (Maher et al., 2021) and office printers (Gminski et al., 2011).

The discovery of intact air pollution nanoparticles inside the frontal cortex indicates inhalation
as their portal of entry, followed by translocation via the olfactory bulb (Maher et al., 2016,
Oberdorster et al., 2004). In animal studies with male Fischer-344 rats exposed to high doses
of titanium dioxide, nanoparticles <200 nm in diameter accessed the olfactory bulb (OB)
directly (Oberdorster et al.,, 2004), evading the BBB. The presence of distinctive, acicular
titanium-rich nanoparticles in the brainstem and the neuroenteric system indicates
ingestion/swallowing of environmental particles as an additional nanoparticle portal of entry

(Calderén-Garcidueiias et al., 2020a).

MNPs have been the subject of numerous toxicity studies, with mixed results e.g., (Fahmy et
al., 2020, Ankamwar et al., 2010). Given the association of MNPs with senile plaques (Teller et
al., 2015, Plascencia-Villa et al., 2016, Everett et al., 2018), peroxidase-like activity (Borelli et
al., 2012), enhancement of AB aggregation (Mir et al., 2012) and reported ability to disrupt
microtubule dynamics (perhaps by binding to the microtubule protein tau) (Dadras et al.,
2013), exposure to airborne MNPs has been identified as a potential environmental risk factor
for NDD (Maher, 2019, Maher et al., 2016). Exposure to airborne particulate matter (PM) is
significantly associated with increased incidence of NDD. In the U.S., the risk of dementia in
older women almost doubled in places where exposure to PM; s (aerodynamic diameter < 2.5
um) was greater than the Environmental Protection Agency’s standard. A large-population
(2.2 million) study in Ontario, Canada found that residents living within 50 m of major roads
had up to 14% increased prevalence of dementia (Chen et al., 2017b). Although it is not yet
clear which specific component/s of PM are causally related to this increased risk, it seems
improbable that repeated inhalation of exogenous Fe* -bearing and other iron-rich
nanoparticles, and their uptake (and possible dissolution) within the brain, constitutes a

harmless exposure (Maher, 2019).

In counter-argument, a recent study of seven whole brains, divided into cerebral cortex,
cerebellum and brainstem (not from AD cases), reported a uniform distribution of magnetite
in each brain; highest concentrations localised in the brainstem, followed by the cerebellum
and the cerebral cortex (Gilder et al.,, 2018). These authors suggest that their observed
uniformity of magnetite distribution indicates a genetic, rather than environmental, control;
and that the OB pathway can be discounted as a potential entry portal for MNPs found within

the distal brainstem. However, the brain samples in this study had been stored for several
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decades in formalin; some evidence exists for magnetite dissolution in tissues exposed to

formalin (Dobson and Grassi, 1996).

Given that brain iron appears to be locally elevated in various NDDs, knowledge of the
distribution and forms of iron found in disease and non-disease states is important for
understanding whether iron perturbation is causally linked to NDD. The first identification of
magnetite/maghemite in human brains was made using superconducting quantum
interference device (SQUID) magnetometry (Kirschvink et al., 1992a), a powerful tool for
identifying the location and concentrations of magnetically-ordered iron in the brain. Few
studies so far have compared the concentration of MNPs in AD and control brains. Kirschvink
et al. (1992) found no difference between 4 normal and 2 AD brains (samples comprising
cerebral cortex & cerebellum) (Kirschvink et al., 1992a); Bulk et al. (2018) saw no difference
between 22 AD and 14 control samples (temporal cortex) (Bulk et al., 2018). A recent study
reported no difference in magnetite concentration (but higher ferrihydrite concentrations) in
the medial temporal gyrus of 9 AD patients compared to 9 controls (van der Weerd et al.,
2020). In contrast, when looking at females specifically, higher magnetite concentrations were
reported in the superior temporal gyrus of AD patients compared to controls (n=3 AD and 3
controls, with a subsequent study combining those samples with 16 new samples) (Pankhurst

et al., 2008).

Here, we used SQUID magnetometry to examine the concentration of magnetite/maghemite
in AD cases and age-matched controls (19 AD cases, 11 controls, aged 80-98 years from the
Manchester Brain Bank, UK), across five brain regions: the frontal, temporal, and occipital
lobes; the cerebellum; and the entorhinal cortex. This is the first investigation, to our
knowledge, of regional magnetite/maghemite variations in AD cases. Additionally, we
examined the concentration of some non-physiological, exogenous (i.e., pollution-derived)
metals - specifically, lead, cerium, platinum, and aluminium - in each brain region, in both AD

and non-AD samples.

Our new data identify marked variations in the concentration and distribution of
magnetite/maghemite throughout the different brain regions. Significantly higher
ferrimagnetic concentrations were found in the frontal lobe compared to the entorhinal
cortex. The highest magnetite/maghemite concentration of all Manchester samples analysed
was found in the frontal cortex of a 93-year-old female AD case. However, no significant
difference in ferrimagnetic concentration was found between our elderly AD cases compared

to controls. The Manchester brain magnetite/maghemite concentrations were on average 11
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x higher than those reported for formalin-stored brains. Cerebellar magnetic concentrations
for the Manchester samples were ~9 x lower than those measured by us for samples from a
much younger, neurologically damaged cohort, from the more highly polluted Mexico City
area (Calderdn-Garciduenas et al., 2020a). Unequivocally exogenous metal species (lead,
cerium, platinum, aluminium) were found in similar concentrations in both AD and control

Manchester samples.

2.3 Methods

2.3.1 Brainsamples

Institutional ethics approval was granted by the Faculty of Health and Medicine Research and
Ethics Committee (Lancaster University, FHMREC18101 and FHMREC18102). All samples were
obtained, processed, and stored in accordance with the Human Tissue Act and institutional

ethical guidelines.

2.3.1.1 Manchester Brain Bank samples

Tissue samples were supplied by the Manchester Brain Bank (MBB), U.K. (part of the Brains
for Dementia Research programme, jointly funded by Alzheimer’s Research UK and the
Alzheimer’s Society) with ethical review and approval by the MBB Management Committee
and the Newcastle and North Tyneside | Regional Ethics Committee. Individuals (or their
relatives) elect (with informed consent) to donate to the MBB, producing a self-selecting,

elderly study group. Group characteristics are summarized in Table 2.1.

A large (~30 g) sample of fresh/frozen tissue was obtained from the cerebellum, and frontal,
occipital, and temporal lobes, from 30 individuals (Supplementary Table A2). Of the 30
individuals, 17 were female (14 AD, 3 controls) and 13 male (5 AD, 8 controls), age range 80
to 98 years. For 27 of these individuals, the entorhinal cortex was sampled as a separate entity
(~0.5 g), whereas the ‘temporal lobe’ samples may or may not encompass entorhinal cortex
tissue. The entorhinal cortex was chosen as a region of interest as it is a site of early AD
pathology (Van Hoesen et al.,, 1991). All samples originated from the right hemisphere;
accompanying data including Braak staging, plaque, and tangle counts were from the
corresponding left hemisphere sample (provided by the MBB). Individuals were selected to
give broadly a group of individuals that were cognitively normal (controls, n=11) and a group
with AD/dementia pathology (n=19) ranging from Braak stage Ill to VI (Braak and Braak, 1991).
Individuals were classified as either control or AD based on their pathology (Supplementary

Table A2).
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Table 2.1 Summary of sample group characteristics, for Alzheimer’s disease (AD) and controls.
Significant p values are indicated in bold and are the result of Mann Whitney-U tests (aside from sex which was
determined via chi-squared test).

Variable Controls (n=11) AD (n=19) P value
Age (years) 90+3 88+5 0.112
Males (Females) 8(3) 5(14) 0.013
Post-mortem delay (PMD, 80+ 56 67 £ 32 0.701
hours)

Whole brain weight (g) 1197 £ 173 1125+ 112 0.291

2.3.1.2 Mexico City Brain samples

Mexico City brain samples were provided by Dr Lilian Calderén-Garciduenas, with ethical
approval from the University of Montana. Ethical approval for working with these samples
was also granted by the Faculty of Health and Medicine Research and Ethics Committee,
Lancaster University (FHMREC18102). Upon arrival at Lancaster University, the samples were
treated in the same manner as the MBB samples in terms of the preparation, measurement,
and analysis. These samples have been described previously (Calderén-Garciduefias et al.,
2020a) and were magnetically measured at the Centre for Environmental Magnetism and

Palaesomagnetism, Lancaster University.(Van Hoesen et al., 1991, Braak and Braak, 1991)

2.3.2 Subsampling and control for airborne contamination

The MBB samples were obtained and frozen between 6- and 156-hours post-mortem. Care was
taken to ensure minimum exposure of samples to potential sources of magnetic contamination,
and any such source was quantified (Supplementary Table Al). Sample external surfaces were
trimmed with a ceramic knife to remove any contamination incurred during autopsy (e.g.,
metal fragments from surgical instruments or the saw used to open the skull). Each trimmed
sample was divided into 3 approximately equal sub-samples, with an additional small
subsample (0.2 g) taken for metals analysis by ICP-MS. All sub-sampling and processing of
samples took place in a class Il biological safety cabinet inside a class Il biological laboratory.
Surfaces and the ceramic knife were treated with 70 % ethanol (with unmeasurable
magnetic content). The magnetic content of the safety cabinet air throughflow was
quantified, by saturation isothermal remanence magnetisation (SIRM) measurements of

pumped air samples, on magnetically- ‘clean’ polytetrafluoroethylene (PTFE) filters.

The tissue samples were freeze-dried for 48 hours using a Christ Alpha 2-4 LD plus freeze
drier. Freeze-dried massesrange from 0.125 to 3.054 g (average 0.781 g), except for the much

smaller entorhinal cortex samples (average 0.080 g). To preclude operator bias, samples were
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prepared, measured, and analysed blind. All magnetic values were mass-normalized for freeze-

dried brain weight (kg).

2.3.3 Magnetic Analyses

The SIRM can be used to approximate ferrimagnetic concentrations (Maher et al., 2016) . All
measurements were carried out at room temperature (293 K +0.5 K) using SQUID
magnetometry, with a RAPID 2G DC magnetometer (2G Enterprises, California USA; mean
background noise level ~1 x 102 Am?), at the Centre for Environmental Magnetism and
Palaeomagnetism, Lancaster University. The natural remanent magnetisation (NRM, i.e., the
sample magnetisation prior to artificial magnetisation in the lab) and/or SIRM of each
individual styrene sample pot (and clingfilm) was measured and subtracted, in order to isolate
the NRM and/or SIRM of the tissue sample. Sample NRMs were measured for the majority of
Manchester samples (83 of 146 samples) (Supplementary Figure Al). No a priori assumptions
were made with regards to sample NRM values; measurable NRMs might result from viscous
remanent magnetisation (VRM) acquired from prior, in situ magnetisation of tissue (e.g., via
environmental magnetic fields). Based on typical ‘background’ readings (holder, pot,
clingfilm), we determined an experimental cut-off value of 2 x 10! Am?; any values below this
were deemed unmeasurable. Similarly, van der Weerd et al report their noise floor as of the
order of 10! Am?(van der Weerd et al., 2020). On the basis of our cut-off value, 5 Manchester

samples were unmeasurable (for SIRM).

SIRMs were generated in a direct (DC) field of 1 Tesla (T), using a Newport 4” Electromagnet
Type A; demagnetisation steps of 5, 10, 15, 20, 25, 30, 40, 50, 75 and 100 milliTesla (mT)
utilised the 2G’s integrated AF demagnetiser. IRM acquisition curves were obtained for a sub-
set of samples, using stepwise DC fields of 10, 20, 50, 100, 200, 300 and 1000 mT using the 2G
IRM unit. Samples were measured immediately following acquisition of SIRM. Concentrations
of magnetite and of maghemite were calculated from the measured SIRM values, using
experimentally-derived values of 13.8 Am? kg™ for ~31 nm interacting, mixed, single domain
and superparamagnetic magnetite (Maher, 1988) and 12.0 Am? kg for ~31 nm interacting,

mixed, single domain and superparamagnetic maghemite (Maher, unpublished data).

2.3.4 Metals Analysis
A small (0.2 g) fresh frozen subsample was taken from each sample (not from the entorhinal
cortex due to the limited mass available). Samples were accurately weighed (wet-weight) in

acid-cleaned PTFE containers and digested at 60 °C for 6 hours in a digestion solution buffered
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at pH 7.0. The digestion solution comprised 20 units/ml purified papain (Sigma Aldrich), 0.5
mM EDTA and 0.5 mM cysteine. All solutions and reagents were prepared from MillliQ water
(218.2 MQ) in a metal-free laboratory. The digestion solution was then filtered using (< 0.1
um PTFE Omnipore membrane filter) to preclude any particulate contamination from the
papain. At the end of this enzymatic digestion, solutions were transferred to 50 ml acid-
washed Teflon centrifuge tubes and centrifuged at 4500 rpm for 45 min. The clear supernatant
was then filtered (<0.1 um PTFE membrane filter) and acidified using 2% ultrapure HNO;
(Optima, Fisher Scientific) for bioavailable trace metals analysis using a Perkin EImer NexION
350D inductively coupled plasma mass spectrometer (ICP-MS) with a reaction/collision cell.
Helium was used as a collision gas and ammonia used in the dynamic reaction cell to eliminate
polyatomic interferences. The instrument was calibrated with 31 elements of a working

standard and verified by SLRS-6 water Certified Reference Material.

2.3.5 Statistical Analysis

All statistical analysis was conducted using SPSS 24 software (IBM). Normality tests were
performed using the Shapiro-Wilk test. Data were log-transformed to reduce skewness.
Specific tests were either a one-way ANOVA (with Tukey’s post-hoc), Kruskal-Wallis test,
independent samples t test or independent samples Mann-Whitney U test, depending on the

degree of normality of the data. Significance level (a) was set to 0.05.

2.4 Results

Measurable amounts of ferrimagnetic material (as determined by SIRM) were detected in
most of the Manchester samples (141 measurable; 5 unmeasurable). As for previous brain
samples from Manchester, and Mexico City (Maher et al., 2016), the majority of magnetic
remanence is acquired by 100 mT (Figure 2.1), and close to saturation at 300 mT. Such
behaviour is typical of the presence of a magnetically-‘soft’, magnetite-like component, and
consistent with other studies of magnetite in human brain tissue (Kirschvink et al., 19923,

Maher et al., 2016).
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Figure 2.1 Room-temperature IRM acquisition of human brain tissue, Manchester Brain
Bank samples.

Mass-normalized SIRMs of the Manchester brain samples ranged from 0.06 to 13.69 x 10°°
Am?kg? (median 0.49 x 10® Am?kg™), equating to between ~4 and 992 ng of magnetite g
tissue (median 36 ng magnetite g*) and median of 0.44 x 10° MNPs g* or equating to between
~5 and 1140 ng of maghemite g* tissue (median 41 ng maghemite g) and median of 0.83 x
10° MNPs g* (Tables 1-2, Figure 2.2). These SIRM values are on average ~11 x higher than
those reported for formaldehyde-stored brains (at 293 K) (Gilder et al., 2018). They are similar
in magnitude (Supplementary Figure A4) to those obtained (at 5 K and 100 K) for fresh/frozen
brain samples, from the medial temporal gyrus (van der Weerd et al., 2020) (SIRMs measured
at temperatures below 293 K e.g. 77 K,100 K, are often higher, as they capture the additional
remanence of magnetic particles so small (<~30 nm) as to be magnetically unstable at room

temperature).
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Table 2.2 Magnetite concentration and particle number of human brain samples from AD and control
brains from Manchester Brain Bank, UK. Magnetite concentrations were calculated using an empirically-
derived value for SIRM SP/SD magnetite of 13.8 Am?2 kg-1, for interacting, mixed single domain (SD) and
superparamagnetic (SP) magnetite, of mean particle size 31 nm (Maher, 1988), rather than the ‘conventional’ SIRM
magnetite value of 46 Am2 kg1, which is applicable only to pure, non-interacting, single domain (50 nm) magnetite
particles. The number of magnetite particles/g dry tissue can then be estimated by dividing the mass of magnetite
(per 1g dry tissue wt.), by the mass of 1 magnetite particle (8.0722411 ug).

AD Control
Min SIRM (106 Am?kg?) 0.08 0.06
Max SIRM (10°® Am? kg™?) 13.69 [5.33
Median SIRM (105 Am? kg'%) 0.45 0.56
Min magnetite ng g 5.79 4.35
Max magnetite ng g! 992.03 386.23
Median magnetite ng g 32.68 40.58
Min particles 10° g* 0.07 0.05
Max particles 10° g 1229 4.78
Median particles 10° g* 0.40 0.50
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Figure 2.2 Regional distribution of mass normalised SIRM values for human Alzheimer’s disease (AD) and
control brains from Manchester Brain Bank, UK. Individuals are arranged in each panel by ascending age (80-98 years)
and split by sex (F = female, M= male).
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Critically, for the 5 brain regions (cerebellum, entorhinal cortex, frontal, occipital, and
temporal lobes) from the Manchester individuals (n=30), there is no evidence of homogeneity
of magnetite/maghemite distribution; the regional content of brain magnetite/maghemite
varies from one individual to another (Figure 2.2). Nor is there any evidence for increasing

brain ferrimagnetic content or iron content with age for persons aged 80 - 98 years.

Comparison of AD regions with their control region counterparts showed no significant
difference in magnetite concentration (Independent Mann Whitney-U test) (Figure 2.3, Table
2.2, Supplementary Table A3). Examination of all Manchester individuals showed higher
concentrations of magnetite/maghemite in the frontal lobe compared to the entorhinal cortex
(one-way ANOVA on log-transformed data with Tukey’s post hoc, p=0.021) (Figure 2.3,
Supplementary Figure A2). Higher magnetic concentrations were seen in the frontal lobe of
female AD cases compared to female controls; however, no statistical difference was seen
when comparing any region between AD and controls (as a whole or stratified by sex) (Kruskal-
Wallis test on untransformed data) (Supplementary Table A3). Analysis of the data excluding
the occipital sample from case 15/29, which has an unusually high NRM, shows higher
ferrimagnetic concentrations in both the frontal and temporal lobes compared to the
entorhinal cortex (one-way ANOVA on log-transformed data with Tukey’s post hoc, p=0.015
and p=0.049 respectively). Given the observed variability in magnetic content, a larger number

of AD and controls (approximately 93 in each group) is needed for robust statistical analysis.
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Figure 2.3 Mass-normalised SIRM values of human brain regions from AD and control brains from
Manchester, UK. Box plot represents room temperature (293K) measurements of freeze-dried human tissue from
AD or control brains from the cerebellum (n=17 AD, 11 Control), entorhinal cortex (n=17 AD, 11 control), frontal lobe
(n=19 AD, 11 control), occipital lobe (n=19 AD, 10 control), and temporal lobe (n=18 AD, 11 control). Outliers (o) are
more than 1.5x the interquartile range, extremes (*) are more than 3x the interquartile range.
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As with the magnetite/maghemite concentrations, no significant differences were seen when
comparing regional concentrations of exogenous metals in AD cases compared to controls

(Figures 2.4-2.5, Supplementary Tables A4-A7).
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Figure 2.4 Mass-normalised concentrations of exogenous metals in human brain regions from AD and
control brains from Manchester Brain Bank, UK. Box plots represent ICP-MS measurements of aluminium,
cerium, lead and platinum in freeze-dried human tissue from AD (n=19) or control (n=11) brains from the
cerebellum, frontal lobe, occipital lobe, and temporal lobe. Outliers (0) are more than 1.5x the interquartile range,
extremes (*) are more than 3x the interquartile range.
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Figure 2.5 Mass-normalised concentrations of exogenous metals in human brain regions from AD and
control brains from Manchester Brain Bank, UK. Scatter plots represent ICP-MS measurements of aluminium,
cerium, iron, lead and platinum in freeze-dried human tissue from AD (n=19) or control (n=11) brains from the
cerebellum, frontal lobe, occipital lobe, and temporal lobe.

We can usefully compare the concentration of cerebellar magnetite/maghemite in our elderly
Manchester cohort with previously reported data for a separate, much younger population,
with lifelong residence in Metropolitan Mexico City (MMC)(Calderdn-Garciduefias et al.,
2020a). The MMC samples were freeze-dried and measured, in Lancaster’s Centre for
Environmental Magnetism & Palaeomagnetism, in the same way as the Manchester samples
(Calderén-Garcidueiias et al., 2020a). Mass-normalized SIRMs of MMC cerebellum samples
ranged from 0.20 to 36.23 x 10 Am?kg?® with a median of 2.25 x 10°® Am?kg?, equating to
~14 to 2625 ng of magnetite g? tissue with a median of 163 ng of magnetite g tissue

(Calderén-Garciduefias et al., 2020a). This is equivalent to a range of 0.18 to 32.52 x 10°
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particles g with a median of 2.02 x 10° particles g*. Comparison of all cases from Mexico City
showed significant difference between the 3 regions measured (Kruskal-Wallis test p=0.0114),
specifically between the SN and cerebellum (Kruskal-Wallis, pairwise comparison with
Bonferroni correction p=0.008). The highest concentration of magnetite/maghemite was

found in the cerebellum, followed by the tectum/tegmentum and the substantia nigra.

In contrast to the Manchester samples, samples from Mexico City (Calderén-Garcidueias et
al., 2020a) were from forensic cases (sudden deaths, no brain injury), are a much younger
population (aged 12 - 85 years, mean age 29 years; compared to Manchester: aged 80 - 98
years, mean age 89 years), are primarily male, and display neurological damage, previously
linked with exposure to high levels of particulate air pollution (Calderén-Garciduefias et al.,
2019a). Both Manchester and Mexico City samples were prepared, measured, and analysed
in the same manner, using the same magnetometer. Significantly higher
magnetite/maghemite concentrations were found in the Mexico City samples compared to
the Manchester samples (Independent samples Mann- Whitney U test on untransformed
data, p<0.001). The ferrimagnetic concentrations in the Mexico City samples (all regions) are

on average ~5 x higher than those of their Manchester counterparts (Figure 2.6).
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Figure 2.6 Box plot of mass normalised SIRM values of human brain regions from Manchester, UK and

Mexico City, Mexico. Box plots depict the mass-normalised (freeze-dried weights) saturation isothermal
remanence magnetisations (SIRMs) of human braintissue samples measuredat293Kfrom the cerebellum, entorhinal
cortex , frontal lobe, occipital lobe and temporal lobe of individuals from Manchester, UK, (blue) along with the
cerebellum, substantia nigra (SN), and tectum/tegmentum from Mexico City, Mexico (green)(Calderdn-
Garciduefias et al., 2020a). Outliers (0) are more than 1.5x the interquartile range, extremes (*) are more than
3x the interquartile range.

2.5 Discussion

Discrete nanoparticles of the mixed Fe?*/Fe**iron oxide, magnetite, and maghemite have been
found in senile plagques e.g. (Plascencia-Villa et al., 2016) and within the frontal cortex (Maher
et al., 2016), globus pallidus (Svobodova et al., 2019), temporal lobe (Bulk et al., 2018),
superior temporal gyrus (Pankhurst et al., 2008), brainstem (Gilder et al., 2018, Calderdn-
Garciduefias et al.,, 2020a), cerebellum (Calderén-Garciduefias et al.,, 2020a), and
hippocampus (Schultheiss-Grassi et al.,, 1999) of the human brain, but any relationship
between these ferrimagnets and NDD is as yet poorly understood. Using SQUID
magnetometry on fresh-frozen human tissue samples, we find a heterogenous distribution of
magnetite/maghemite across the brain regions sampled from AD and controls from northern
England. Magnetite concentrations are significantly higher in the frontal and temporal lobes
(particularly affected in AD) compared to the entorhinal cortex. Conversely, no significant
difference either in brain magnetite/maghemite or in exogenous metal (Pb, Pt, Ce, Al)

concentrations was found between AD and controls in this elderly northern England cohort.

70



Notable is that significantly higher ferrimagnetic concentrations are present in the cerebellum
of younger forensic cases from Mexico City (Calderdn-Garciduefias et al., 2020a) compared to

the much older northern England brains.

Given the variability in regional distribution of magnetic particles, across elderly AD and
control groups from northern England (Figure 2.2), we find no evidence for genetic control of
the magnetite/maghemite distribution in the human brain. In contrast, a recent study of seven
whole brains found an identical distribution pattern of magnetic particles across seven studied
brains, thence attributed to endogenous, genetically controlled formation of magnetite
(Gilder et al., 2018). Their SIRMs are systematically much lower than those reported here (our
MBB samples are on average ~9 x more magnetic, and the Mexico City cerebellar samples are
on average ~61 x more magnetic (Calderén-Garcidueiias et al., 2020a)) (Supplementary Figure
A3). Gilder et al. (Gilder et al., 2018) further suggest that the maximum values they observe,
for the brainstem and cerebellum —i.e., distal from the OB - cannot be accounted for by intake
of exogenous ferrimagnetic particles via the nasal route. However, not only are nanoparticles
likely to be transported through the brain (Newman et al., 2020), but the brainstem may have
an additional entry portal via the gut wall and neuroenteric system (Calderén-Garciduefias et

al., 2020a).

One explanation for Gilder et al.’s (2018) low SIRM values is their use of formalin-fixed tissue;
10% formaldehyde was replenished over a storage interval of several decades. Evidence exists
for magnetite dissolution by formalin in human tissue; e.g. ~50% reduction in SIRM after 1
week in formalin (Dobson and Grassi, 1996). The storage duration may be important. No
changes in magnetite concentration were reported for paired frozen and fixed tissue samples
after 5 months in formalin (van der Weerd et al., 2020). Storage for several years in formalin
caused transformation from ferritin-like iron to non-ferritin iron as observed by Mdssbauer
spectroscopy (Gatazka-Friedman et al., 1996), whereas storage for 1 week did not change the
magnetic particle size, as measured by SQUID magnetometry (Dobson and Grassi, 1996).
Gilder et al.’s (2018) SIRM values - of the order of 10%- 107Am? kg™ - may represent only the
remaining fraction of magnetite/maghemite resisting dissolution or transformation during the
decades-long period of brain storage in formalin (Gilder et al., 2018). In contrast, the tissue
samples here have been subjected only to freeze-drying; their measured, room-temperature

SIRMs (of the order of 10°- 10 Am? kg!) are equal to or less than other published SIRM data
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on human brain tissue (Supplementary Figure A4) (Kirschvink et al., 1992a, Maher et al., 2016,
Brem et al., 2005b, van der Weerd et al., 2020, Pankhurst et al., 2008).

A previous magnetic study reported higher magnetite concentrations in the temporal lobe of
female AD patients compared to controls (Pankhurst et al., 2008); similarly, a meta-analysis
found higher iron content in the temporal lobe of AD patients compared to controls (Tao et
al., 2014). Here, higher magnetite/maghemite concentrations were evident in the frontal and
temporal lobes. However, we found no significant difference in magnetite concentration
between the AD and control samples from northern England, U.K. Based on the variability in
ferrimagnetic content observed here, power analysis suggests that larger numbers of samples

(~100 per group) would be required for robust statistical analysis.

For the MBB cohort (i.e., AD + controls), higher magnetite/maghemite concentrations were
found in the frontal and temporal lobes compared to the entorhinal cortex (Figure 2.3,
Supplementary Figure A2), and highest magnetite concentrations in the frontal lobes of two
female AD cases. Magnetite content may be elevated in the frontal lobe due to its proximity
to the OB, a proposed entry route (Oberdorster et al., 2004, Maher et al., 2016, Kanninen et
al., 2020) of environmental/airborne magnetite(Kirschvink et al., 1992a). MNP concentrations
are also high in the temporal lobe, the cortical region which first shows AD pathology -
enriched in both senile plaques and neurofibrillary tangles, the two key pathological markers
of AD. Plaques also occur in normal ageing, and MNPs appear to associate with senile plaques

(Plascencia-Villa et al., 2016, Everett et al., 2018).

The entorhinal cortex is one of the first brain regions to show AD pathology (Braak and Braak,
1991), and receives input from the OB, also an early-affected region. Olfactory dysfunction is
a possible biomarker for AD development, with correlation to tau biomarkers and significant
olfactory dysfunction seen in population studies, e.g. (Murphy, 2019). Pollution NPs have been
reported in the OB (e.g.(Calderén-Garcidueiias et al., 2010)), and nasal mucosa, with the OB a
proposed entry route to the brain (Maher et al.,, 2016). Here, the higher magnetite
concentrations seen in temporal and frontal lobes, compared to the entorhinal cortex, may
reflect “nose to brain” transport pathways. Translocation of 10-550 nm graphene oxide (GO)
nanosheets from the OB to distal sites (including cerebellum, hippocampus, striatum,
midbrain, pons, and medulla) has recently been shown in mice, attributed to a combination
of transcellular and paracellular movement of particles through and/or between olfactory

epithelial cells (Newman et al., 2020). GO nanosheets were found in the OB 3 hrs. after
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administration, and in more distal structures (including cortex, hippocampus, cerebellum)

within 24 hrs.

It is notable that, in addition to variable ferrimagnet concentrations, brain samples from both
our AD and controls contain varying concentrations of metal species of unequivocally
exogenous origin (Pb, Al, Ce, Pt). As with the magnetite/maghemite concentrations, there is
no significant difference between the exogenous metal (Al, Pt, Pb, Ce) contents of our N.
England AD and control brain regions (Figures 2.4-2.5, Supplementary Tables A4-A7). Similarly
non-physiological metal species, including vanadium, nickel, manganese, chromium, and lead,
were reported in frontal lobe samples from Mexico City, with significantly higher manganese,
nickel and chromium in Mexico City brains compared to less-polluted controls (from Veracruz,

Mexico (Calderdn-Garciduefias et al., 2013b)).

The brain should be protected from incursion of such metals via the tight junctions of the
blood-brain barrier (BBB). That both the AD and non-AD brains here contain readily
measurable concentrations of exogenous metals (including traffic-derived Pt and Ce) indicates
both variable levels of pollution exposure, and, critically, suggests the likely loss of BBB
integrity across both of these elderly groups (aged 80 to 98 years at death). The timing of BBB
breakdown in the investigated individuals is unknown but may have occurred at a relatively
late life stage. BBB permeability is greater in older (aged 55 - 91yr) cognitively normal (CN)
individuals compared to young (aged 23 - 47 yr.) CN individuals, and even greater in the mildly
cognitively impaired (aged 55 - 85 yr.) compared to older CN individuals (Montagne et al.,
2015). Interestingly, the metal element, Ce, which is present in all our Manchester cohort,
only appeared in the urban particulate pollution ‘mix’ from 1998 onwards (i.e. when our
investigated individuals were ~ 60 yrs. or older), when it was introduced as an anti-knock fuel
additive (Maher, 2019). Lead was removed from vehicle fuel in the UK in 1999, but remains a
common component of airborne particulate pollution because it is widely used in vehicle
ignition systems, fuel tanks, spark plugs etc. (Maher et al., 2008). Critically, the loss of BBB
integrity suggested across all of our elderly Manchester cohort, i.e., both AD and ‘controls’,
would obscure any possible relationships between metal pollution exposures in earlier life and

subsequent development of neurological damage.

Ferrimagnetic concentrations are significantly lower (~9 x lower) in the cerebellar samples
from the MBB cohort compared with much younger Mexico City forensic cases (Calderén-
Garciduefias et al., 2020a). Given the possibility of particle dissolution and clearance by the

brain (Maher, 2019), the location/environment to which a young person is chronically exposed
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may be reflected - as a ‘snapshot’, at postmortem - by the composition and concentration of
exogenous metals present (Kirschvink et al., 1992a), such as platinum, cerium, and co-
associated MNPs. Mexico City is highly polluted (PM2s 32 pg/m?® on average for 2009)
compared to e.g., Manchester, U.K. (PM2s 12 pg/m? on average for 2009). Studies have shown
co-association between the abundant, intra-cellular presence of metal-rich nanoparticles and
neurodegeneration, including brain inflammation and markers of AD pathology, even in
children as young as 11 months e.g., (Calderdon-Garciduefias et al., 2020a, Calderdn-
Garciduefias et al., 2019a). As noted above, the integrity of the BBB is known to deteriorate
with age and NDD. Yet the Mexico City forensic cases, which comprise a much younger cohort
(mean age 29 years) than the Manchester cohort (mean age 89 years), have significantly
higher concentrations of brain magnetite/maghemite. In the absence of environmental insult,
the BBB integrity of young individuals should be relatively intact, or minimally altered
(Calderén-Garciduefias et al., 2008). The high concentrations of magnetite/maghemite and
metals seen in the young Mexico City brains thus most likely reflect their high lifelong and/or
recent exposure to air pollution via inhalation and/or ingestion (Calderén-Garciduefias et al.,
2020a). Age-matched controls from a less-polluted city (Veracruz, Mexico) show no such

neuropathology and much lower brain nanoparticle content.

Levels of exposure to airborne, iron-rich, and co-associated metal-rich pollution nanoparticles
will be spatially and temporally variable not only across different urban areas but also
between different cities worldwide, dependent on emission sources (traffic, domestic and
industrial) and population proximity to those sources. Annual mean concentrations of
airborne magnetite nanoparticles in Beijing, for example, have recently been reported as 75.5
+ 33.2 ng m3(~0.1% of PM,s mass), with strong seasonal variations (Zhang et al., 2020a).
Magnetite concentrations up to 0.8% of PM.smass have been reported in Thessaloniki, the
second largest city in Greece (Kermenidou et al., 2021). Given such reported variations, both
epidemiological and forensic analyses would be valuable in identifying any specific dose-
response associations between exposures to airborne magnetic nanoparticles and both

neurodegenerative and cardiovascular deficits (Maher, 2019, Maher et al., 2020).

In summary, given the high probability of BBB degradation in the very elderly, and the
possibility of at least some dissolution and clearance from the brain, it is improbable that
exogenous pollution particles merely accumulate with time/age. Hence, there may be little
correlation in the very elderly between brain magnetite/maghemite and metal content either
with age or AD status. Conversely, investigation of young, highly exposed individuals, with

relatively intact BBB, may provide the information key for understanding the sub-cellular
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impacts of air pollution particles on the brain in early life, and the neurological damage

manifested often decades later in the life course.

2.6 Conclusions

1.

We find a heterogenous distribution of magnetite/maghemite across AD and
cognitively normal brains from northern England, as determined by SQUID
magnetometry. The observed heterogeneity negates a previous suggestion of
universal, genetic control on the distribution of magnetite/maghemite within the
brain. Conversely, such variations are consistent with different levels of exposure to
and/or clearance of exogenous magnetic nanoparticles, which occur in abundance at
the roadside, for example, but are also emitted by industry, residential fires, some
occupational sources etc.

In the northern England cohort, highest magnetite concentrations were found in the
frontal lobe in both AD and controls.

There were no significant differences in either the ferrimagnetic content or the
concentrations of other metal pollutants (Al, Pb and unequivocally vehicle-derived
metals, e.g., Pt and Ce) between the AD and the controls from northern England.
These data suggest loss of BBB integrity in both elderly groups, with potentially
enhanced incursion of exogenous, metal-bearing particulates from a late life stage
(i.e., >~ 60 yrs.).

Compared to the elderly northern England cohort, magnetite/maghemite
concentrations were significantly higher in the much younger Mexico City forensic
cases, where BBB integrity would be expected. Common to the young Mexico City
cohort is their lifelong exposure to much higher levels of particulate air pollution
compared to their elderly northern England counterparts.

Investigation of any causal role of magnetite/maghemite and other metal-bearing air
pollution nanoparticles should focus on young, apparently healthy cohorts, in order
to identify any associations between early neuropathology and air pollution
exposures, especially regarding particulate composition, size distribution, portals of
entry (e.g., inhalation vs ingestion), and specific, sub-cellular biological targets. Such
information is essential in order to understand the initiation and early development

of neuropathology in the decades prior to clinical manifestation of NDD in later life.
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Chapter 3 (Paper 2) Trace and ultratrace metal concentrations in
human brain tissue from Alzheimer’s disease and controls

3.1 Abstract

Investigation of the metal content of various brain regions from Alzheimer’s disease patients
has shown perturbation in elements such as Fe, Cu, and Zn, relative to controls. Iron oxide
nanoparticles (magnetite) of both biogenic and anthropogenic origin have also been reported
in the brain and are often associated with other exogenous metals. We examined the
concentration and distribution of 22 metals and 3 metalloids in the cerebellum, frontal,
temporal, and occipital lobes of Alzheimer’s disease cases (n=19) and controls (n=11) using
inductively coupled plasma mass spectrometry. The metal concentrations varied between
individuals, with no difference in concentration between Alzheimer’s disease and controls.
The distribution of Cu, Mn, and Se varied significantly with region, with elevated
concentrations of these elements in the cerebellum compared to the frontal, temporal and
occipital lobes. Principal component analysis revealed 4 elemental groupings (and
inferred/likely environmental sources): component 1, Ce, Hg, Ti, Sb, Al, Co, W (traffic-related
and crustal); component 2, Mo, V, Ni, Ag, Sr, Cr, Sn (fuel oil combustion); component 3; Cu, Mn,
Fe, Se, Zn, Cd (biological and brake/tyre wear); and component 4, Ta, Pd, Pt (catalytic converters
and dental alloys). These results indicate universal incursion of exogenous particles, likely
traversing the compromised geriatric blood brain barrier. Monitoring of metals using post-
mortem bio-bank samples from different age groups and geographical locations seems key to
understanding the impacts of metals exposure on neurodegenerative disease pathogenesis,

which may start several decades prior to clinical manifestation.

Hammond, J., Ahmed, I.A.M. & Maher, B.A. Trace and ultratrace metal concentrations in
human brain tissue from Alzheimer’s disease and controls. In preparation for submission to
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3.2 Introduction

Many of the ~20 elements that are essential to human biology are metals (e.g., Cu, Co, Fe, Mn,
Mo, Zn) or metalloids (i.e., elements with properties intermediate to metals and nonmetals,
e.g., As, Sb, Se), typically present in bulk or trace amounts (ppm, 1-1000 pg/g) (Zoroddu et al.,
2019). Other metals such as Hg, Pb, Al and the metalloid, As, are not known to have any
physiological function in humans and typically occur in ultratrace (ppb, < 1ug/g) amounts
within tissue (Zoroddu et al., 2019). Humans are exposed to metals and metalloids in the
environment from a variety of natural and anthropogenic sources through water, air, food,

cosmetics, and medicines (Supplementary Table B1).

In the human brain, Fe, Cu and Zn are the most abundant metals; Fe is crucial in myelination
and neurotransmitter synthesis, Cu is needed for the antioxidant enzyme Cu/Zn superoxide
dismutase (SOD) and the vital respiratory chain enzyme cytochrome c, and Zn is a cofactor for
over 200 enzymes and a neuromodulator involved in neurotransmitter release (Ward et al.,
2014, Magaki et al., 2007, Jan et al., 2002). Although they play vital roles, levels of metals must
be tightly regulated to prevent deficiencies and/or to prevent neurotoxicity. Redox active
metal ions such as Fe(ll/111) and Cu(l/11) can mediate the generation of harmful reactive oxygen
species (ROS) such as superoxide (0,*) via the Fenton reaction. If cells are not able to deal with
excess ROS, cellular components (e.g., DNA, lipids, proteins) are oxidised, placing the cell in a
state of oxidative stress which if not resolved can lead to apoptosis (Kanti Das et al., 2015,
Winterbourn, 1995). As a highly oxidative organ, the brain is particularly susceptible to
oxidative damage, and has lower levels of cellular antioxidant defences (e.g., catalase,
glutathione) compared to other tissues (Halliwell, 2006, Cobley et al., 2018). Labile or ‘free’
metals are often highly reactive, so complexing these metals within metalloproteins (e.g., iron
storage in ferritin, copper in ceruloplasmin) reduces the amount of reactive labile metal
available to generate oxidative damage (Friedman et al., 2011). The brain is protected from
circulating metals by the blood brain barrier (BBB) and blood-cerebrospinal fluid barrier, both
of which are cellular barriers held together by tight junctions, with metal transporter proteins
to facilitate controlled passage of numerous metals into the brain (Skjgrringe et al., 2015).
However, nanoparticles are capable of penetrating the BBB, and so may interfere with metal
homeostasis in the brain by causing inactivation or breakdown of metalloenzymes responsible
for detoxifying ROS (Sokolova et al., 2020). The integrity of these protective barriers is
weakened with age, and with neurodegenerative disease, allowing for uncontrolled influx of

metals (Erdé et al., 2017, Sweeney et al., 2018).
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Dyshomeostasis of metals in the human brain has been associated with various neurological
and neurodegenerative diseases, including Alzheimer’s disease (AD), Parkinson’s disease,
multiple sclerosis, and schizophrenia (Cilliers, 2021, Cory-Slechta et al., 2020, Mealer et al.,
2020). AD is the most common form of dementia, characterised by two key pathological
hallmarks composed of aberrantly folded protein; extracellular deposits of amyloid beta (AB)
in senile plaques, and intracellular inclusions of hyperphosphorylated tau in neurofibrillary
tangles (NFTs)(Braak and Braak, 1991). There is currently no definitive known cause of
sporadic cases of AD; it is thought to arise due to a complex interplay between genetic and
environmental factors in the decades prior to clinical manifestation. Oxidative stress, metal
dyshomeostasis and air pollution have been suggested to play a role in AD pathogenesis (Bush,
2013, Kanti Das et al., 2015, Calderdon-Garciduerias et al.,, 2020c, Dos Santos et al., 2021,
Maher, 2019, Everett et al., 2021a). The essential metals, Fe, Cu, and Zn, have been implicated
in AD progression, promoting AB synthesis, depositing in senile plagues, enhancing
aggregation of AB and tau (both metal-binding proteins), and reducing their clearance (Lovell
et al., 1998, Bolognin et al., 2011, Kim and Lee, 2021, Sastre et al., 2015, Plascencia-Villa et al.,
2016). Toxic metals such as Pb, Cd, Al, As, and Hg have also been implicated in AD pathogenesis
due to their effects on cognition, ability to cross the BBB, ability to induce oxidative stress, and
pro-pathogenic effect on AR and tau (Rahman et al., 2021, Bakulski et al., 2020, Cory-Slechta
et al., 2020, Cornett et al., 1998b). Arsenic, for example, is an infamous poison; long term
exposure to this highly toxic metalloid resulted in cognitive deficits in an elderly Texan
population and has been shown to increase phosphorylation of tau, increase AB levels and

induce inflammation in vitro (O'Bryant et al., 2011, Zarazua et al., 2011).

Ex vivo studies have been conducted since the 1950s on post-mortem human brain tissue
samples to establish baseline concentrations of different elements in the normal human brain
for comparison with those measured in different disease states, e.g. (Harrison et al., 1968,
Wenstrup et al., 1990, Stedman and Spyrou, 1995, Cornett et al., 1998a, Rahil-Khazen et al.,
2002, Ramos et al., 2014b) (Supplementary Table B2). Advances in analytical techniques have
enabled greater sensitivity and spatial resolution than previous studies; inductively coupled
plasma (ICP) mass spectrometry (-MS) and optical emission spectrometry (-OES) are two of
the most common methods for measuring trace element concentrations in the human brain
(Grochowski et al., 2019, Scholefield et al., 2020, Szabo et al., 2015, Garcia et al., 2020, Ramos
et al., 2014a, Krebs et al., 2014, Hare et al., 2016, Xu et al., 2017, Cilliers and Muller, 2021).
However, consensus is poor regarding changes in metal and metalloid concentrations in AD

brain tissue, likely due to differences in analytical methods used, usage of fresh vs fixed tissue
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(some evidence of elemental leaching with long term storage in formalin), examination of
different regions, use of different hemispheres, inherent biological variation (limited further
by small sample sizes), comparison of dry weights to wet weights, geographical differences,
occupational differences and age differences between cases and ‘controls’ (Schrag et al.,
2010). Despite these challenges, a meta-analysis of studies published up to 2010 looking at
Fe, Cu and Zn in human brains reported that Cu is decreased in AD, Zn is either elevated (in
the parietal lobe) or unchanged, and that the putamen was the only region where Fe levels
were consistently reported to be elevated in AD cases (Schrag et al., 2011b). The authors
noted a citation bias favouring studies reporting increased Fe in AD (Schrag et al., 2011b). .
Conversely, a 2014 meta-analysis reported elevated Fe in eight brain regions within the AD
brain (Tao et al., 2014). Studies since 2014 have reported elevated Fe in the frontal cortex,
hippocampus, entorhinal cortex, and middle temporal gyrus of AD brains, widespread
decreases in Cu, and elevations of Zn in regions starkly affected by AD (entorhinal cortex and
middle temporal gyrus) and decreases in the cerebellum which is relatively spared from AD

pathology (Szabo et al., 2015, Hare et al., 2016, Xu et al., 2017).

Air pollution, in particular ultrafine particulate matter (UFPM, <100 nm aerodynamic
diameter), is a rich source of metals in the environment. Humans are exposed to air pollution
on a global scale; 99% of the global population is exposed to particulate matter in excess of
the (WHO) mean annual limits of 15 pg/m3and 5 pug/m? for PMy and PM, s (particulate matter
with a diameter of 10/2.5 um or less) respectively (WHO, 2021a). Exposure to high levels of
air pollution and living within close proximity to major roads have been identified as risk
factors for developing neurodegenerative disease (Maher, 2019, Chen et al., 2017b,
Mortamais et al., 2021). However, the specific component(s) of air pollution and mechanisms
by which they contribute to pathogenesis are imperfectly understood. UFPM exhibits high
penetration to major organs of the body including the brain; the olfactory bulb is a direct
portal of entry to the brain, but UFPs may also translocate in circulation following inhalation,
and/or travel to the brain via the neuroenteric system following ingestion (Maher et al., 2016,
Oberdorster et al., 2004, Calderén-Garciduefias et al., 2019b, Liu et al.,, 2021, Calderdn-
Garciduefias et al., 2020a, Hammond et al., 2021). Magnetitic nanoparticles (magnetite
(Fe304)/ maghemite (Fe,03)) thought to be of exogenous origin have been reported in the
frontal cortex of AD cases in association with non-physiological metals such as platinum
(Maher et al.,, 2016). (Calderén-Garciduefias et al., 2013b) Magnetite/maghemite
nanoparticles (MNPs) have also been reported in the brains of Mexico City residents, along

with AD pathology and AD-like cognitive deficits, even in the very young (Calderdn-
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Garciduerias et al., 2018a, Calderdon-Garciduerias et al., 2020a, Calderén-Garcidueias et al.,
2020d). MNPs have been implicated in AD; MNPs have been found associated with AP
plaques, are known to enhance aggregation of AB and tau, and have been reported to be toxic
to neurons (Plascencia-Villa et al., 2016, Mir et al., 2012, Dadras et al., 2013, Coccini et al.,
2017). It is not yet known if exogenous magnetite and other metal-bearing particles undergo
dissolution/re-formation and/or clearance in the brain rather than accumulate with age (Van
de Walle et al., 2019, Maher, 2019). In our previous study, for an elderly sample group, we
found variable brain MNP concentrations, and no significant difference between those in AD
brains and age-matched controls. The observed MNP variability identifies the need for larger
sample sizes, while the presence of non-physiological metals in both AD and controls indicates

universal geriatric loss of BBB integrity (Hammond et al., 2021).

To explore the relationship between essential and environmental metal(loid)s with AD, we
used ICP-MS to determine the concentration of 22 metals (Al, Cd, Ce, Cr, Co, Cu, Fe, Pb, Mn,
Hg, Mo, Ni, Pd, Pt, Ag, Sr, Ta, Sn, Ti, W, V, & Zn) and 3 metalloids (As, Sb, Se) in the cerebellum,
frontal, temporal and occipital lobes of AD cases and age-matched controls (19 AD cases, 11
controls) from the Manchester Brain Bank, UK. A three-way ANOVA was conducted to
examine the interaction between metal species, disease state, and brain region, on the
measured metal concentrations. As the elements do not exist in isolation, we explored the
relationship between metal(loid) species in the brain, and their magnetic content, via linear
modelling and principal component analysis (PCA). To our knowledge, we provide the first
reported concentrations of palladium (Pd), tantalum (Ta) and tungsten (W) in the human
brain, and the first reported concentrations of cerium (Ce) and platinum (Pt) in the AD brain.
These data complement and expand on our previous magnetic and metal (Pb, Ce, Pt, Al)

characterisation of these samples (Hammond et al., 2021).

3.3 Methods

3.3.1 Brain samples

Tissue samples were supplied by the Manchester Brain Bank (MBB), U.K. (part of the Brains
for Dementia Research programme, jointly funded by Alzheimer’'s Research UK and the
Alzheimer’s Society) with ethical review and approval by the MBB Management Committee
and the Newcastle and North Tyneside | Regional Ethics Committee. The Faculty of Health and
Medicine Research and Ethics Committee (Lancaster University) granted institutional ethics

approval. All samples were obtained, processed, and stored in accordance with the Human
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Tissue Act and institutional ethical guidelines. The samples used have been described
previously (Hammond et al.,, 2021). In summary, fresh frozen brain tissue samples
encompassing grey and white matter (right hemisphere) were obtained from the cerebellum,
and frontal, occipital, and temporal lobes, from 30 individuals (17 F, 13 M) (Table 3.1). Samples
were obtained and frozen between 6- and 156-hours post-mortem and were classified as AD
or control based on their pathology, as assessed by a neuropathologist (19 AD, 11 controls).
Individuals ranged from 80 to 98 years of age. Case information, including occupational data
is available in Supplementary Table B3, and have been reported previously (Hammond et al.,
2021).

Table 3.1 Summary of sample group characteristics, for Alzheimer’s disease (AD) and controls.
Significant p values are indicated in bold and are the result of Mann Whitney-U tests (aside from sex which was

determined via chi-squared test). Dry/wet ratios are averages of all samples, ratios on a regional basis are available
in Supplementary Table B4.

Variable Controls (n=11) AD (n=19) P value
Age (years) 90+3 88+5 0.112
Males (Females) 8(3) 5(14) 0.013
Post-mortem delay (PMD, 80+ 56 67 +32 0.701
hours)

Whole brain weight (g) 1197 +173 1125+ 112 0.291
Dry/wet ratio 0.189 £ 0.03 0.187+0.03 0.653

3.3.2 Subsampling and control for airborne contamination

All sub-sampling and processing of samples took place in a class Il biological safety cabinet
inside a class Il biological laboratory, as described previously (Hammond et al., 2021). A small
(~0.2g) subsample was removed from ~30 g samples of fresh frozen tissue, each of which had
been surface trimmed with a ceramic knife to remove any contamination incurred during

autopsy (e.g., metal fragments from surgical instruments or the saw used to open the skull).

3.3.3ICP-MS

Each fresh frozen subsample was analysed for 25 elements via ICP-MS as described previously
(Hammond et al., 2021). Samples were divided in two, accurately weighed (wet-weight) in
acid-cleaned PTFE containers and digested at 60 °C for 6 hours in a digestion solution (20
units/ml purified papain (Sigma Aldrich), 0.5 mM EDTA and 0.5 mM cysteine, pH 7.0). All
solutions and reagents were prepared from MillliQ water (218.2 MQ) in a metal-free
laboratory. To preclude particulate contamination from the papain, the digestion solution was

filtered using < 0.1 um PTFE Omnipore membrane filter. When enzymatic digestion had

82



concluded, solutions were transferred to 50 ml acid-washed Teflon centrifuge tubes and
centrifuged at 4500 rpm for 45 min. The resulting supernatant (clear) was filtered (<0.1 um
PTFE membrane filter) and acidified using 2% ultrapure HNO3 (Optima, Fisher Scientific) for
bioavailable trace metals analysis using a Perkin EImer NexION 350D inductively coupled
plasma mass spectrometer with a reaction/collision cell. Helium was used as a collision gas
and ammonia used in the dynamic reaction cell to eliminate polyatomic interferences. The
instrument was calibrated with 25 elements of a working standard and verified by SLRS-6
water Certified Reference Material. Samples were measured in duplicate and are reported as
averages (dry weight pg/g). The metal and metalloid species measured are as follows: Al, Cd,

Ce, Cr, Co, Cu, Fe, Pb, Mn, Hg, Mo, Ni, Pd, Pt, Ag, Sr, Ta, Sn, Ti, W, V, Zn, and Sb, As and Se.

3.3.4 Statistical Analysis

Each ICP-MS measurement was normalised by dry weight of the sample. Data are presented
as mean = standard deviation (SD) of two replicate measurements. The metal(loid)
concentrations were scaled from 0 -1 by dividing the mean concentration by the highest mean
concentration measured for that element. Statistical analyses were conducted using scaled
data. For Ni, Sr and Pt, the highest mean concentration was omitted from data analysis; these
data points were several orders of magnitude larger than other samples, as well as larger than
the vast majority of data previously reported in human tissues (Cilliers and Muller, 2021,
Stojsavljevi¢ et al., 2020, Rahil-Khazen et al., 2002, Corrigan et al., 1993, Ward and Mason,
1987, Szabo et al., 2015). Magnetic data (saturation isothermal remanence magnetism, SIRM),
as previously described, were scaled using the same approach (Hammond et al., 2021).
ANOVA analysis, Mann-Whitney U tests, chi-squared tests, and PCA was conducted using SPSS
28 software (IBM) (see B.1.1-B.1.1.2). Significance level (a) was set to 0.05 unless otherwise
stated. Statistical significance levels used are: #, p<0.05, A, p<0.01, MA, p<0.001 AAAA

p<0.0001. R studio 4.1.1 was utilized for linear modelling and the generation of heatmaps.
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3.4 Results and Discussion

Measurable amounts of each metal and metalloid species (for brevity, referred to hereafter
as ‘metals’) were detected in the vast majority of samples. Ta was unmeasurable in four
samples, Pt unmeasurable in five samples, As unmeasurable in seven samples, and Se (volatile,
possibly lost during sample drying) was unmeasurable in 64 samples, i.e., a total of 80 out of
3000 measurements (2.7%) (Bush et al., 1995). The abundance of metals in the samples is as
follows; Fe> Zn> Cu> Al> Hg> Mn> Ti> Pd> Sr> Pb> Cd> Mo> Ag> Cr> Ni> W> Se> As> V> Sb>
Sn> Co> Ce> Ta> Pt. The cerebellum, frontal, occipital, and temporal lobes (previously
characterized magnetically) were selected as they experience AD pathology to different
degrees (Hammond et al., 2021). The temporal and frontal lobes are severely affected in AD,
with the temporal lobe being one of the first regions affected; the occipital lobe is affected in
the latter stages of disease; the cerebellum is relatively spared by AD pathology (Braak and

Braak, 1991).

The absolute concentrations are in general agreement with previously published studies;
however, comparison is difficult due to differences in sample populations (e.g., age,
environment, male vs female) and analytical techniques. For example, our Pb levels are ~10 x
those reported by Szabo et al 2015 (Szabo et al., 2015), a study which also utilised ICP-MS to
measure Pb in the frontal cortex (fresh-frozen from the right hemisphere) of AD and controls,
but the tissue originated from USA residents, the average age of AD cases was 10 years
younger than our MBB cases, and the concentrations were reported as wet weight
concentrations whilst we report dry-weight values. (Szabo et al., 2015, Panayi et al., 2002,
Plantin et al., 1987, Ward and Mason, 1987, Wenstrup et al., 1990, Cornett et al., 19983,
Samudralwar et al., 1995). Zn concentrations measured here were the highest of studies
comparing Zn levels in AD and control tissue, which range from 7.9 to 102 pg/g, and use a
variety of different analytical methods and sample populations e.g. (Andrasi et al., 2000,
Andrasi et al., 1995, Szabo et al.,, 2015, Scholefield et al., 2020, Ramos et al.,, 20143,
Samudralwar et al., 1995, Plantin et al., 1987, Panayi et al., 2002, Ward and Mason, 1987,
Wenstrup et al., 1990, Cornett et al., 1998a). There is considerable variation in the absolute
concentrations reported in human brain tissue, which is likely due, at least in part, to the
environment to which individuals are exposed. For example, the levels of metals in brains from
young residents (average age 33.06 y) of the highly polluted Mexico City are several orders of
magnitude higher than other reported concentrations of metals in human brain tissue e.g.
67.28 pg/g Pb (ICP-MS, dry weight, frontal lobe) compared to 0.26 pug/g Pb (dry weight) in the

frontal lobes of our elderly controls (Calderén-Garcidueias et al., 2013b). Such high
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concentrations could reflect the highly polluted environment, although lead was removed
from vehicle fuel in the 1999 (in the UK), it still contributes to air pollution due to its usage in
vehicle ignition systems (Hammond et al., 2021). However, a biomonitoring study spanning 20
years following residents living near a hazardous waste incinerator in Tarragona, Spain, also a
polluted environment, found no increases in brain metal concentrations over time, and the
absolute concentrations were several magnitudes lower than the Mexico City values, e.g., 0.12
ug/g Pb (ICP-MS, wet weight)(Garcia et al., 2020). It is possible the extremely high
concentrations seen in the Mexico City samples reflect a failure to clear metals from the brain
and/or are an artefact of the measurements. Alternatively, these stark differences in absolute
concentrations may be due to a major disadvantage of post-mortem studies; they provide a
single measurement or ‘snapshot’ after death, which does not reflect the dynamic changes to
metals and magnetite/maghemite throughout life. Many reports of metal concentrations in
brain tissue are from several decades ago, use variable methodology, and lack appropriate
controls. Regular studies (e.g., using bio-bank samples) using well-characterised
methodologies are needed to accurately reflect changes in the diet and environment of

populations over time.

In the current study, we followed strict analytical procedures eliminating trace metal
contamination during sample preparation and rigorous ICP-MS routines with external/internal

controls and standards solutions, giving high confidence in our measurements.

3.4.1 Comparison of AD and controls

Differences in metal concentrations between AD and control tissue might shed light on
potential therapeutic targets and explain the increased risks for AD with exposure to air
pollution exposure, a rich source of metals (Maher, 2019, Chen et al., 2017b, Mortamais et al.,
2021). However, in this elderly group (average age at death 89 yrs.), there was no significant
interaction between disease state and brain region, or disease state and metal species
(regional data; Table 3.2, Supplementary Figures B1-B4, all samples; Supplementary Table B5)
and previously no significant difference in magnetite/maghemite concentrations observed in
the same individuals (Hammond et al., 2021). Marked variation was seen between individuals
of both groups, as reflected by the error bars/standard deviation. Dietary exposure could be
partially responsible for such variation, however dietary and dental records were unavailable
for the cohort studied Previous studies have demonstrated no difference in the concentration
of metals measured here between AD and control brains (note that some metals have not yet
been reported in AD brains) (Supplementary Table B2). However, significant changes in metal

concentrations have also been reported; elevations in Al, Cd, Cr, Cu, Fe, Mn, Hg, and Zn, and
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decreases in As, Cd, Cu, Fe, Mn, Se, V and Zn in various brain regions (Supplementary Table
B2). As stated previously, comparisons between different post-mortem studies are often
difficult due to differences in analytical techniques, experimental design, and fundamental
nature of biological diverse samples. Universal (and possibly late stage, i.e., > 60 yrs.) incursion
of metals due to likely diminished BBB integrity with AD and advanced age could explain why

no differences were seen between the metal concentrations here (Hammond et al., 2021).

Samples were broadly selected to give a range of disease and control tissues which were not
intended to be age-, sex- or PMD-matched. There were no significant differences in age, post-
mortem delay (PMD), dry/wet ratio or brain weight between the two groups (Table 3.1). PMD
here (average 67h AD, 80h control) is longer than many other studies (e.g., 10 hr PMD Szabo
et al 2015), and there is some evidence of a decline in As, Mn and Zn concentrations with
increasing PMD (Szabo et al., 2015). However, there is no circulating blood at post-mortem
and a halting of metabolism, so metals would not be transported away from the brain tissue
in the blood, and no significant impact of PMD (measured up to 72h) has been observed,
suggesting a minimal impact of PMD on metal concentrations (Varikasuvu et al., 2019,
Scholefield et al., 2020, Xu et al., 2017). There was a significant difference in the number of
male and female participants across the two groups; however, previous studies have reported
no effect of sex when comparing metals in AD and control brains (Stedman and Spyrou, 1997,
Panayi et al.,, 2002). There were no significant differences in metal concentrations when
comparing male and female tissue samples (adjusted for the number of comparisons)

(Supplementary Tables B6-B7).

Table 3.2 Regional distribution of metal elements in human brain tissue from Alzheimer’s disease
(n=19) and controls (n=11). Concentrations are reported as pg/g dry tissue.

Cerebellum Frontal Occipital Temporal
AD Control | AD Control | AD Control | AD Control
Al Mean 3.92 3.06 3.39 4.76 2.87 2.55 4.92 4.18
St. dev. | 5.67 4.09 4.26 4.83 2.51 2.29 7.71 2.82

Sb Mean 0.028 0.039 0.042 0.043 0.030 0.030 0.064 0.046

St. dev. | 0.020 0.043 0.056 0.039 0.023 0.040 0.108 0.057

As Mean 0.084 0.043 0.063 0.106 0.053 0.061 0.084 0.063

St. dev. | 0.118 0.053 0.039 0.198 0.038 0.066 0.079 0.090

Cd Mean 0.274 0.269 0.188 0.241 0.194 0.214 0.221 0.195

St. dev. | 0.195 0.130 0.089 0.131 0.115 0.123 0.104 0.099

Ce Mean 0.005 0.005 0.005 0.005 0.005 0.004 0.008 0.005
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St. dev. | 0.004 0.006 0.009 0.005 0.006 0.004 0.014 0.004
Cr Mean 0.071 0.047 0.042 0.210 0.042 0.115 0.081 0.053
St. dev. | 0.109 0.043 0.041 0.355 0.045 0.187 0.116 0.032
Co | Mean 0.025 0.016 0.018 0.017 0.018 0.017 0.025 0.016
St.dev. | 0.014 0.006 0.013 0.008 0.011 0.009 0.018 0.011
Cu Mean 46.84 44.38 23.75 27.78 27.11 28.94 25.90 24.87
St.dev. | 14.34 9.17 9.24 11.71 8.40 11.23 9.80 6.40
Fe Mean 279.88 | 315.60 | 237.08 | 263.05 | 296.17 | 274.47 | 316.03 | 224.86
St. dev. | 82.35 102.61 | 59.97 76.60 100.23 | 44.70 108.80 | 43.23
Pb Mean 0.419 0.379 0.241 0.260 0.164 0.119 0.125 0.233
St.dev. | 1.122 0.472 0.422 0.333 0.454 0.133 0.150 0.395
Mn | Mean 3.62 3.35 1.87 2.00 1.99 2.06 2.38 1.82
St. dev. | 0.85 0.71 0.66 0.33 0.50 0.41 0.95 0.34
Hg | Mean 3.25 3.06 3.44 3.33 3.05 2.46 4.70 3.32
St. dev. | 2.00 3.74 4.08 2.00 2.78 1.72 6.41 1.94
Mo | Mean 0.113 0.128 0.145 0.225 0.138 0.173 0.179 0.185
St. dev. | 0.034 0.106 0.045 0.164 0.042 0.079 0.107 0.133
Ni Mean 0.074 0.079 0.072 0.089 0.049 0.073 0.096 0.075
St. dev. | 0.075 0.148 0.062 0.082 0.040 0.075 0.089 0.070
Pd Mean 0.773 0.709 0.515 1.000 0.294 0.661 0.529 0.590
St. dev. | 1.536 0.607 0.444 0.854 0.275 0.544 0.600 0.493
Pt Mean 0.002 0.001 0.001 0.002 0.002 0.001 0.001 0.002
St. dev. | 0.002 0.001 0.001 0.001 0.002 0.001 0.001 0.002
Se Mean 0.172 0.239 0.009 0.035 0.053 0.042 0.036 0.017
St. dev. | 0.269 0.242 0.017 0.045 0.091 0.062 0.051 0.030
Ag | Mean 0.122 0.145 0.107 0.116 0.101 0.108 0.150 0.121
St. dev. | 0.062 0.226 0.090 0.074 0.082 0.075 0.147 0.049
Sr Mean 0.210 0.311 0.258 0.318 0.205 0.228 0.342 0.214
St. dev. | 0.144 0.400 0.136 0.193 0.154 0.146 0.323 0.088
Ta Mean 0.003 0.001 0.002 0.003 0.001 0.002 0.002 0.003
St. dev. | 0.003 0.001 0.002 0.002 0.002 0.001 0.001 0.004
Sn Mean 0.026 0.026 0.028 0.037 0.025 0.030 0.031 0.029
St. dev. | 0.018 0.016 0.021 0.030 0.020 0.019 0.023 0.016
Ti Mean 0.899 0.866 1.656 1.066 0.829 0.711 1.346 0.907
St. dev. | 0.345 0.750 3.300 0.711 0.485 0.396 1.347 0.469
w Mean 0.064 0.072 0.059 0.061 0.068 0.056 0.133 0.064
St. dev. | 0.028 0.086 0.048 0.037 0.094 0.038 0.222 0.029
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\Y% Mean 0.037 0.047 0.036 0.062 0.036 0.029 0.042 0.044

St. dev. | 0.022 0.075 0.027 0.076 0.033 0.015 0.035 0.022

Zn Mean 126.25 | 116.49 | 109.43 | 115.18 | 100.91 | 93.45 138.83 | 108.86

St. dev. | 28.85 22.71 30.38 24.57 23.95 13.10 35.92 24.11

Metallomic analysis of human brain tissue is often limited by tissue availability, making it
challenging to match controls and to have sufficient sample size for robust statistical analysis,
further complicated by the inherent nature of biological variability across samples and
populations. To our knowledge, there are no other published studies of Ta and Pd in human

brain tissue, and only two studies looking at Pt in ‘control’ brains..

3.4.2 Regional distribution

Heterogenous distributions of Fe, Zn, and Cu have been reported in the human brain thought
to reflect the structure function relationships of different brain regions (Popescu and Nichol,
2011). The distribution of exogenous metals within the brain could reflect the portal of entry
to the brain; for example, Ti-rich nanoparticles have been found in the brainstem of Mexico
City residents, thought to have entered the brain via the neuroenteric system (Calderdn-
Garciduefias et al.,, 2020a). Distribution patterns of physiological metals have also been
reported, such as the distribution of Fe along the olfactory pathway in AD cases (Samudralwar
etal., 1995). Here, we explored the regional distribution of metals; a three-way mixed ANOVA
was run to understand the effects of disease state, brain region and metal species on metal
concentration (Figure 3.1). There was a statistically significant interaction between metal
species and brain region, p< 0.001 (see B.1.1). All other two-way interactions were not
statistically significant (p > 0.05), meaning disease state does not influence metal
concentration. Data in Figure 3.1 represent all individuals combined (AD and controls). Mean
copper, manganese, and selenium levels were higher in the cerebellum compared to the

frontal, occipital, and temporal lobes, p = <0.001.

88



AAAA

AMAA
! 1
12 AAAA A
[ 1
1

1.0 0
0.8

0.6

Copper (pg/g)

0.4

0.2

0.0

Cerebellum Frontal Occipital Temporal

Region

AAAA
1.2 I 1
AAAA

AAAA
1.0 - .

0.8

0.6

Manganese (pg/g)

0.4

0.2

Cerebellum Frontal Occipital Temporal

Region

AAAA
[ 1
_1.2 AAAN ‘
[ 1

AAAA

1.0 0

0.8

0.6

Selenium (pg/g)

0.4

o

0.2
[s]
0.0 sl —

Cerebellum Frontal Occipital Temporal

Region

Figure 3.1 Regional distribution of copper, manganese, and selenium in human brain tissue. Box plots
depict the concentration of copper (A), manganese (B) and selenium (C) determined via ICP-MS in tissue samples
from the cerebellum, frontal, occipital, and temporal lobes from human brain tissue (n=30 per region). Statistical
analysis was conducted via a three-way mixed ANOVA with Sidak correction post-hoc comparing the different regions
measured (7). Outliers (0) are more than 1.5 x the interquartile range, extremes (*) are more than three times the
interquartile range.
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These regional distributions are consistent with other studies of post-mortem brains. Rajan et
al 1997 found the highest concentration of Cu in the cerebellum of normal brains, and Xu et
al 2017 found the highest concentrations of Mn in the cerebellum of controls, the highest Cu
in the cerebellum of AD cases and controls, and the highest Se in the cerebellum of AD cases
and controls (Xu et al.,, 2017, Rajan et al.,, 1997). Xu et al 2017 reported the highest
concentration of Mn in the entorhinal cortex of AD cases, followed closely by the cerebellum
(2.09 and 2.04 pg/g respectively)(Xu et al., 2017). Several studies also report preferential
regional distribution of Fe in both AD and control brains; however, we found no significant
between-region Fe differences here (Ramos et al., 2014b). The high concentrations of Mn, Cu,
and Se in the cerebellum may be related to the high mitochondrial density (Xu et al., 2017).
Future studies would usefully measure precisely neurologically mapped samples from each
region to account for intra-sample and intra-regional variations in metal concentrations and

look at samples from different disease stages.

3.4.3 Metal relationships

As there were no differences in metal content between AD and control cases, (nor, as reported
previously, in SIRM) or between females and males, the 2 sample groups were pooled
together to increase the statistical power (Hammond et al., 2021). Heatmaps of effect sizes
were generated to identify relationships between the different metals in the brain, with SIRM
and region as additional factors (Figure 3.2, Supplementary Figure B5). The SIRM did not
influence any of the metal concentrations measured, suggesting no direct relationship
between magnetite/maghemite concentrations and the metals measured here. Brain region
affected the concentrations of Ce (frontal, p=0.021 ; occipital, p=0.029 ), Cd (frontal, p 0.046),
Cu (cerebellum, p=0.042 ), Mn (cerebellum, p>0.0001) and Zn (frontal, p>0.0001 ; occipital,
p>0.0001; temporal, p>0.0001), however the regions studied represent relatively large areas
of the brain (entire lobes), so it is possible that such relationships exist for other metals in
more discrete regions, and/or at the cellular level as seen previously with Hg, Se, and Zn in
microsomes from AD temporal gyrus compared to age-matched controls (Wenstrup et al.,
1990). SIRM and region were omitted from the heatmap for simplicity (Figure 3.2) but can be

seen in Supplementary Figure B5.
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Figure 3.2 Relationship between metal elements in human brain tissue. The concentration of 25 metals
was measured in 120 human brain tissue samples via ICP-MS. The heatmap depicts a matrix of effect sizes. Only
significant effects are shown (p>0.05). Orange represents a positive effect (increase), whilst blue represents a
negative effect (decrease).

Linear modelling revealed numerous relationships between different metals (Figure 3.2).
Many metals have similar chemical properties and so can substitute for one another in
metalloproteins and biochemical reactions. Such substitutions are often antagonistic; toxic
metals compete with essential metals for binding sites but do not reproduce the desired
biological effects. This can lead to depletion of one metal in favour of another. The positive
association seen here between Zn and Mn could reflect the role of Mn in glutamate
metabolism and the fact that Zn co-localises with glutamate in the brain (Ramos et al., 2014a).
Se was positively associated with Fe, Pb, and Sn, which could indicate the presence of
protective mechanisms against toxic metals as Se is a key component of selenoproteins and
glutathione peroxidase (antioxidant defences) and is typically depleted in AD (Varikasuvu et
al., 2019). Sb was positively associated with Pb, potentially reflecting a common source of
origin as both exogenous metals are commonly alloyed together in antimonial lead, which is
used in lead-acid storage batteries (Supplementary Table B1). The negative correlation seen

between Mo and Hg could reflect the Hg detoxification properties of Mo, stimulating
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clearance of Hg from the brain and depleting Mo concurrently (Yamane and Koizumi, 1982).
The metals with the most relationships (Ag, Ce, and Ti) could be of particular interest when
investigating metals in AD and/or when looking at metals in air pollution as changes to the
levels of one of these exogenous metals could affect at least 8 other metals in the brain which
could cause a cascade of changes to different metal-involved biochemical pathways.
Conversely, W and Cd did not impact on the levels of any other metal, nor were they affected
by any other metal, which could indicate a unique source of origin or unique biochemical fate
in the brain, or may interact with other elements such as Ca, and Na which have not been

measured here.

3.4.4 Principal component analysis

To simplify the matrix of effect sizes, principal component analysis (PCA) was used to reduce
the 25 by 25 comparisons into 4 principal components (groups) of metals (Figure 3.3). PCA has
been used previously to identify possible sources of toxic element pollution in road dust and
was applied here to assess potential sources of metals (especially non-physiological species)
in the brain (Wiseman et al., 2021). Use of four components explained 64.4% of the total
variance (see B.1.2). The SIRM, As, and Pb, were excluded from analysis for failing to meet

inclusion criteria.
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Figure 3.3 Principal component analysis of metal elements in human brain tissue. Plots depict 2 components of
a 4-component analysis. A = component 2 and 3, B = component 2 and 4. Colours indicate each component;
component 1 (blue), component 2 (red), component 3 (green) and component 4 (purple).

Component 1 (Ce, Hg, Ti, Sb, Al, Co and W) was dominated by unequivocally exogenous metals,
Ce, Hg, Ti, and Sb, which likely represent traffic-related sources, as well as crustal materials
e.g., Al, Ti (Ashbaugh et al., 2003, Landis et al., 2017). Component 2 (Mo, V, Ni, Ag, Sr, Cr and
Sn) could represent metals from combustion; Mo, V and Ni which dominate this component
are tracers of fuel oil combustion (Saffari et al., 2014). Component 3 (Cu, Mn, Fe, Se, Zn and Cd)

is dominated by Cu, Mn, Fe and Zn which are arguably four of the most important metals in
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the brain but are also all released from brake and tyre wear (Gonet et al., 2021b, Gustafsson
et al., 2008). Component 4 contained three rare elements, Ta, Pd, and Pt which could
represent exposure to emissions from catalytic converters and/or dental alloys (Zhang et al.,
2016, Munker et al., 2016). The PCA groupings are indicative of different exogenous pollution
sources but could also represent common biological pathways/fates of these metals in the
brain. Knowledge of which metals group together, their source, and any biological effects of
their presence in brain tissue would be invaluable in the effort to reduce the risk of
neurodegenerative disease following exposure to high levels of air pollution. Of note, several
elements could belong to more than one component, Co (1 and 3), V (1 and 2), Ag (1 and 2),
Sn (1 and 2), Fe (1 and 3), and Zn (1 and 3) (Supplementary Table B8). Crossover between
multiple components may arise due to some metals having a known or suspected
physiological function but also being present in pollution, as is the case for Co, Fe, and Zn. The
duality of elements being both physiological and exogenous complicates the analysis; it is not
possible to distinguish between exogenous and physiological metals by measuring total metal
concentrations in the tissue. Complementary analysis, such as high-resolution transmission
electron microscopy, and electron energy loss spectroscopy (EELS) may allow for a partial
separation of exogenous and physiological species, as has been shown previously for
magnetite, which often has a spherical shape when formed under high temperatures, and an

angular/euhedral shape when formed biogenically (Maher et al., 2016).

3.5 Conclusion

Around 99% of the world’s population are exposed to levels of PM;s, a rich source of metals,
in excess of ‘safe’ WHO limits (WHO, 2021a). The brain is a highly oxidative organ with direct
ports of entry from the environment (olfactory bulb), as well as circulatory, pulmonary and
neuroenteric routes for exogenous metals to enter and induce oxidative stress. Disruption of
metal homeostasis has been proposed as a pathogenic mechanism for various
neurodegenerative diseases including AD, and exposure to high level of PM,s has been
identified as risk factor for AD. Here, we found no significant difference in metal
concentrations between AD and controls possibly due to the BBB being compromised with
advanced age, and neurodegenerative disease. Monitoring of metal concentrations at earlier
ages may be critical to the understanding of the impact of environmental exposure to metals
on AD pathogenesis, particularly as the disease is thought to develop decades prior to clinical
manifestation. Although no significant differences in absolute concentrations were found,

significant differences between the regional distributions of Cu, Mn and Se were found, with
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the cerebellum containing the highest concentrations of metals, potentially due to high
mitochondrial density. Linear modelling revealed several significant relationships between
metals, with Ag, Ce, and Ti potentially of key importance due to the large number of
relationships between these and other metals. The four components from PCA suggest four
potential sources of metals: crustal/traffic, fuel oil combustion, biological and brake/tyre
wear, and catalytic converters/dental alloys. We present regional metal concentrations to add
to existing data on AD and controls, and an exploration of the potential impacts of
environmental metals on these concentrations within the brain. Identification of toxic metals
key in AD pathogenesis, and their source origin would be invaluable in preventing the onset
of a progressive neurodegenerative disease which affects millions globally with no disease

modifying treatments currently available.
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Chapter 4 (Paper 3) Oxidative stress, cytotoxic, and
inflammatory effects of urban ultrafine road-deposited dust

from the UK and Mexico in human epithelial lung (Calu-3) cells

4.1 Abstract

Road-deposited dust (RD) is a pervasive form of particulate pollution identified (typically via
epidemiological or mathematical modelling) as hazardous to human health. Finer RD particle
sizes, the most abundant (by number, not mass), may pose greater risk as they can access all
major organs. Here, the first in vitro exposure of human lung epithelial (Calu-3) cells to 0 — 300
ug/ml of the ultrafine (<220 nm) fraction of road dust (UF-RDPs) from three contrasting cities
(Lancaster and Birmingham, UK, and Mexico City, Mexico) resulted in differential oxidative,
cytotoxic, and inflammatory responses. Except for Cd, Na and Pb, analysed metals were most
abundant in Mexico City UF-RDPs, which were most cytotoxic. Birmingham UF-RDPs provoked
greatest ROS release (only at 300 pg/ml) and greatest increase in proinflammatory cytokine
re-lease; Lancaster UF-RDPs increased cell viability. All three UF-RDPs stimulated ROS
production and proinflammatory cytokine release. Given these differing biological impacts,
exposure to a mass- or even number-based PM limit in one city may produce worse health
consequences than exposure to the same limit in a different city. A combination of new,
biologically relevant metrics and localised regulations appears critical to mitigating the global

pandemic of health impacts of particulate air pollution and road-deposited dust.
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4.2 Introduction

Human exposure to outdoor, fine-grained airborne particulate matter (PM.s, with an
aerodynamic diameter <2.5 um) was estimated to be responsible for 8.9 million deaths in
2015 (Burnett et al., 2018); 99% of the world’s population is exposed to high particulate
pollution levels, i.e., above the World Health Organisation annual mean limits of 15 ug/m? for
PMio (PM with an aerodynamic diameter <10 um), and 5 pg/m?3 for PM,s (WHO, 2021a).
Epidemiological studies demonstrate significant associations between PM exposure and
adverse health impacts, including pulmonary diseases (Mar et al., 2004, Zhang et al., 2020c),
cardiovascular diseases (CVD) (Feigin et al., 2016, Kim et al.,, 2020), brain tumours
(Weichenthal et al., 2020), and neurodegenerative diseases (Chen et al., 2017b, Mortamais et
al., 2021). Road-deposited dust (RD) occurs when airborne PM, a mixture of organic and
inorganic molecules from anthropogenic and natural sources, settles on/near road surfaces.
RD can pose a substantial potential hazard to human health since it comprises an
accumulating reservoir of deposited particulates, which can be re-suspended multiple times
(e.g., through traffic-induced turbulence), providing multiple opportunities for
inhalation/ingestion by all road-users and those living and/or working within close proximity
to major roads. RD can further accumulate pollutants in situ, including carbonaceous
compounds (Heal and Hammonds, 2014), heavy metals (Duong and Lee, 2011) and

polyaromatic hydrocarbons (PAHs) (Mon et al., 2020).

The composition of PM, and thus of RD, is likely to vary significantly on local, national, and
international scales. The cellular targets, toxic effects, and mechanisms of specific particle size
fractions of PM and RD, and of PM and RD arising from different locations/sources, are
currently imperfectly understood. Improved understanding of the specific, causal impacts of

PM and RD, and of their differing components, would provide an evidenced rationale for
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legislative mitigation to reduce PM emissions; and may also be key in developing new
therapeutic approaches to treat those already suffering adverse, PM- and RD-induced health

outcomes.

Anthropogenic contributors to RD include not only diesel/petrol exhaust but also non-exhaust
emissions (NEE), such as brake wear, tyre and road/asphalt wear, and industrial sources, e.g.,
combustion-derived emissions from factories, and space heating. Natural contributors include
soil, endotoxins (bacteria), pollen, and aeolian dust (Gonet et al., 202143, Yang et al., 2016b,
Pant et al., 2015, Hong et al., 2020). As RD is often derived from diverse sources, its chemical
and biological composition also varies, typically by location (Pant et al., 2015), but also with
season and climate (Gualtieri et al., 2009). RD often contains a wide range of metal-bearing
particulates, some attributable to specific sources; e.g., Ba is an additive in most brake pads
(Harrison et al., 2012), TiO, in road paint (Al-Kattan et al., 2013) and Pt and Pd are released
from catalytic converters (Prichard and Fisher, 2012). The presence in RD of redox-active
transition metals and carcinogenic compounds (e.g. PAHSs) is detrimental to human health
(Kim and Koh, 2020); exposure to PAHs in RD was associated with an incremental lifetime
cancer risk (ILCR) of 9.9x10-4 in Taiwanese adults (Mon et al., 2020) (ICLR > 10-4 indicates
high carcinogenic risk (Liao and Chiang, 2006)). Several studies report a significant amount of
strongly magnetic, iron-rich particles, such as magnetite (Fes0,), in RD (Gonet et al., 20213,
Wiseman et al., 2021). Magnetite nanoparticles (MNPs) are often associated with other metal
elements such as Co, Cr, Cu, Mn, Ni, Pb, Zn, (Yang et al., 2016b) and PAHs (Halsall et al., 2008),
and magnetic methods are increasingly used for monitoring of airborne PM. MNPs are
potential mediators of neurodegeneration; MNPs with a striking similarity to roadside MNPs
have been found in human brain tissue (Maher et al., 2016), directly associated with key
pathological markers of Alzheimer’s disease (senile plaques and neurofibrillary tangles)
(Dadras et al., 2013, Plascencia-Villa et al., 2016), and may induce oxidative stress (Maher,

2019), leading eventually to cell death (Ramesh et al., 2012).

RD is estimated to comprise 25.7% of PMyg in Brazil (Pereira et al., 2017), 55% of PM, in India
(Sahu et al., 2011) and 24.6% of PM,s in Lanzhou, China (Chen et al., 2019). Conventionally,
air quality is monitored by measuring PM mass concentrations (typically reported as the mass
(ug) of PMyo and/or PMys per m? air). Such mass-based metrics are usually dominated by
coarser PM. Conversely, in terms of particle number concentrations, ultrafine particles (UFPs,
<1 um) are both by far the dominant fraction, and currently unaccounted for when setting PM
limits/guidelines (Chen et al., 2016a). UFPs frequently represent the majority of the particles

to which humans are exposed (Maher, 2019). Neither RD nor NEE are restricted currently in

98



terms of exposure limits or emission reductions, despite their abundance (NEEs reportedly
form 60% of PM,.s by mass in the U.K. (DEFRA, 2019)), potential risk to human health, and

contribution to PM when aerosolized.

Compared with larger PM size fractions, UFPs can disperse more widely in the environment
(Chen et al., 2016a) and their toxicity reported to be greater (Weichenthal et al., 2020,

Oberdorster et al., 1994), likely due to their high surface reactivity (Wang et al., 2013).

UFPs can penetrate further into the body, e.g., a multiple path particle dosimetry model
suggests highest deposition of particles 10-100 nm in size range in the alveolar region,
regardless of their density. Alveolar deposition of larger particles (100 nm - 1 um) requires
higher particle density (10 g/cm?3). There is also a high deposition of nanoparticles in the
tracheobronchial tract, whilst large particles (<10 pm) deposit primarily in the extra-thoracic

and tracheobronchial regions (Braakhuis et al., 2014).

UFPs may enter the body via inhalation into the lungs (Donaldson et al., 2001) and olfactory
nerve (Oberdorster et al.,, 1994), ingestion (Calderon-Garciduefias et al., 2020a), and/or
dermal penetration (Jin et al., 2018). If invading microbes, and foreign bodies like UFPs, evade
the thick protective mucus layer in the lungs, epithelial cells are the first cellular line of defence
(Figure 4.1). The epithelial cells of the human respiratory system defend against incursion of
inhaled particulates, primarily via physical barriers formed by cell adhesion proteins (e.g., E-
cadherin) and tight junctions (e.g., occludin). Additional defence arises through the release of
chemokines, cytokines, and growth factors, and production of reactive oxygen species (ROS)
and nitrogen species and antimicrobial proteins (Hiemstra et al., 2015). Various antioxidants
(e.g., glutathione) also have a protective effect, but decrease in abundance deeper into the

respiratory tract (i.e., into the regions penetrated by UFPs) (Saffari et al., 2014).
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Figure 4.1 Fate of inhaled ultrafine road-deposited dust particles (UF-RDPs) in the human body.
Inhalation of UF-RDPs may occur when settled road-deposited dust (RD) particles become aerosolized due to
wind conditions and/or traffic movement. RD contains a range of particle sizes as shown by the particle number
concentration (PNC) graph (adapted from (Yang et al., 2016b)). UFPs can become trapped in mucus or by cilia
lining the airway epithelium but very small particles (~20 - 30 nm) may penetrate between and/or through
cells (Yang et al., 2016b). Such incursion is usually impeded by tight junctions between neighbouring cells, but
these junctions can become damaged, and/or UFPs may increase paracellular permeability temporarily,
allowing for transient opening of tight junctions and passage of particles (Yu et al., 2013). UFPs may also pass
transcellularly, travelling through epithelial cells lining the lungs, and can interact/damage cellular components
during this passage (Geiser, 2010). The impact of UFP inhalation is not limited to the lungs but extends
systemically via 3 possible mechanisms (Snow et al., 2018): 1. incursion into the circulatory system, with
subsequent travel to and deposition in extra-pulmonary organs, e.g., (Oberddrster et al., 2004, Calderdn-
Garciduefias et al., 2019b, Maher et al., 2020); 2. stimulation of the release of pro-inflammatory mediators
from the lungs, which enter the circulation and affect tissues beyond the lungs, e.g., (Chen et al., 2018); and/or
3. interaction of pollutant UFPs with the nerves/receptors in the lung, which activates the autonomic nervous
system (ANS) to affect a systemic change or response in the body (Liao et al., 2020). Particles < 200 nm can be
transported to the brain directly (Maher et al., 2016, Calderén-Garcidueiias et al., 2020a, Hammond et al.,
2021) via the olfactory bulb (Oberdorster et al., 2004), and may also be transported to the central nervous
system (CNS) via other nerve pathways (trigeminal, vagus, neuroenteric).

UFP cytotoxicity is likely to arise via different pathways, including oxidative stress, damage to

the cell membrane, altered gene expression, mitochondrial dysfunction and/or DNA damage,
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including the inability to repair this damage (Braakhuis et al., 2014). Excess oxidative stress
can cause a hierarchical oxidative response in cells: exposure to PM/RD generates the
production of free radicals and/or ROS (e.g., via the Fenton reaction); altering the
oxidant/antioxidant balance within the cell and stimulating expression of cytoprotective
proteins. If the stress is prolonged and/or chronic, secretion of cytokines (e.g., IL-6, IL-8) is
triggered, inducing an inflammatory response (Tsai et al., 2012, Strieter, 2002). If the oxidative
stress does not subside, the cell can undergo death via apoptosis or necrosis (Andreau et al.,

2012).

Since they are the first cells to encounter inhaled particulates, human lung epithelial cells have
been used to model in vitro toxicity of air pollution, including RD particles, brake wear
particles, tyre wear debris and exhaust emissions, e.g., (Gualtieri et al., 2009, Puisney et al.,
2018, Abbas et al., 2010, Bayram et al., 2006, Alfaro-Moreno et al., 2009, Huang et al., 2015,
Sun et al., 2021). Cytotoxicity studies investigating RD using human cell lines are sparse (Kim
and Koh, 2020, Koh and Kim, 2019, Park et al., 2018, Huang et al., 2015, Tung et al., 2021, Sun
et al.,, 2021, Yoon et al.,, 2018) (Supplementary Table C1); with the majority of studies
examining the effects of particles < 2.5 um. Exposing liver (HepG2) and skin (KERTr) cell lines
to 66.7pg/100ul RD from Guangzhou, China decreased cell viability after 72h; by 53.9% and
71.4%, respectively (Huang et al., 2015). The decrease in viability was correlated to the sum
of total metal (loids) present in the sample, with Zn, Mn, Cu and Ni identified as major
components (Huang et al., 2015). The cytotoxicity of UF, traffic-related pollution particles has
also been investigated in rat cell models (Morgan et al., 2011, Woodward et al., 2017). Little
is known about the biological effects in human cells of the UF fractions of RD, which are
potentially hazardous owing to their small size, varied, often metal-rich composition, and

abundance in the environment.

To our knowledge, we report here the first investigations of the effects of the ultrafine fraction

of RDPs in vitro.

The aims of this study were to: 1) extract and characterize the ultrafine fraction (< 220 nm) of
road-deposited dust particles (RDPs) collected at heavily-trafficked sites (Birmingham City
Council, 2019, Lancaster City Council, 2020, SEDEMA, 2021) in three contrasting cities; 2)
examine the oxidative, cytotoxic, and pro-inflammatory responses of human bronchial
epithelial (Calu-3) cells treated with UF-RDPs from these different locations; and 3) compare
the cellular effects induced by UF-RDPs from these 3 cities; namely, a small UK city (Lancaster)

and larger UK city (Birmingham), compared with the more highly polluted Mexico City.
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4.3 Materials and Methods

4.3.1 Sampling sites

The UK RD samples were collected within <0.5 m of heavily-trafficked roads; the A6 at Cable
Street (Lancaster, UK) (Gonet et al., 2021a) and A38, close to the Bristol Road Observation Site
(Birmingham, UK). The Lancaster site is located near a taxi rank and opposite a bus station,
where traffic queues are frequent. The Birmingham site is located close to two busy, traffic-
lighted junctions, near the University of Birmingham entrance. Mexico City dust was collected
from an area of 1 m? of the Constitucidon de la Republica Avenue. Sample site information is

summarised in Table 4.1.

Table 4.1 Road-deposited dust sample collection sites. *The Cable Street monitoring station in Lancaster started
measuring PM,s from October 2020. An approximate average for Lancaster PM,s is 8 ug/m3 based on data
available at http://www.ukairquality.net/. PM data obtained from (Birmingham City Council, 2019, Lancaster City
Council, 2020, SEDEMA, 2021), population data from (ONS, 2019, Birmingham City Council, 2018, Romero, 2021).

City Population | Site Traffic Date Avg. annual | Avg. annual
size (2018) collected PMio (ug/m3) | PMas (ug/m3)
2018 2018
Lancaster 144,426 (A6) Cable Street 18/10/18 22 No data*
Birmingham | 1,141,400 | (A38) Bristol Road 20/09/19 18 12

Observation Site

Mexico City | 8,781,300 | Constitucidn de la 06/03/17 47 22

Republica Avenue

4.3.2 Ultrafine particle extraction from road-deposited dust

The bulk dust samples were dispersed (via sonication) in triple-filtered 100% ethanol and
filtered through multiple (at least 3) 0.22 um polyether sulphone (PES) filters based on a
protocol as per (Puisney et al., 2018). A filter pore size of 0.22 um was used in order to provide
sufficient material for repeat cellular analyses. After ethanol evaporation, the concentrated
particles (<220 nm, hereafter ‘UF-RDPs’) were weighed. To form stock solutions, the UF-RDPs
were sonicated and re-suspended in 0.5% triple filtered bovine serum albumin (BSA) in dH,0

(Tantra et al., 2010). Each filtered sample originated from a single bulk RD sample.

4.3.3 Inductively couple plasma (ICP) mass spectrometry (-MS) and optical emission
spectroscopy (-OES)

The metal content of the UF-RDP samples was quantified by ICP analyses, after acid digestion,

at the University of Edinburgh (see S, supplementary methods).
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4.3.4 Superconducting quantum interference device (SQUID) magnetometry

Magnetic methods are non-destructive analyses that have been used to identify combustion-
and friction-derived magnetic nanoparticles in human brain (Calderdn-Garciduefias et al.,
2020a) and heart tissue (Calderén-Garciduefias et al., 2019b), as well as to characterize RD
and brake wear particles (Gonet et al., 2021a). The magnetic content of the bulk (unfiltered)
RDPs was measured with a 2G RAPID cryogenic magnetometer (at the Centre for
Environmental Magnetism & Palaeomagnetism, Lancaster University, UK). To identify the
presence of ultrafine (~*20 — 30 nm) magnetic particles, low-temperature magnetic
measurements were made on the extracted UF-RDPs, using an MPMS3 SQUID magnetometer
(Quantum Design, USA) at the Department of Physics, University of Cambridge (see SI,

supplementary methods).

4.3.5 Endotoxin quantification
Endotoxin concentrations of stock solutions were determined via a quantitative kinetic limulus
amoebocyte lysate (LAL) assay kit using the manufacturer’s protocol (Thermo Scientific™,

Loughborough, UK).

4.3.6 Cell culture

Human lung epithelial cells (Calu-3, ATCC HTB-55™) were selected due to their previous
characterization and study as targets of airborne particulate matter (Puisney et al., 2018,
Alfaro-Moreno et al., 2009, Gorr et al., 2015, He et al., 2020, Cooney and Hickey, 2011). Calu-
3 cells were maintained (until passage 20) in Eagle’s minimum essential medium (EMEM)
supplemented with 10% (v/v) filter sterilized foetal bovine serum (FBS) (Gibco™,
Thermofisher), 1% (v/v) non-essential amino acids, penicillin (50 units/ml), and streptomycin

(50 pg/ml) at 37°C, 5% CO,.

4.3.7 MTS assay

Calu-3 cells were seeded at 40,000 cells/well in a 96 well plate and left overnight to adhere.
UF-RDPs at concentrations of 0-300 pg/ml (equivalent to 0.94 - 94 pg/cm?) were prepared via
sonication in UltraMem supplemented with penicillin (50 units/ml), and streptomycin (50
pg/ml). Dose and exposure times were based on a previous study with Calu-3 cells and brake
wear particles (Puisney et al., 2018). BSA, used here as a stabilising agent (Tantra et al., 2010),
was present at equal concentrations across each set of test conditions; the observed biological
responses are values normalised to BSA-exposed controls (see Sl, supplementary methods).
Following a 24 h exposure, cells were rinsed with Dulbecco’s phosphate buffered saline (DPBS)

and subjected to an MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
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sulfophenyl)-2H-tetrazolium) assay, protocol based on a WST-1 assay as per (Vietti et al.,

2013).

4.3.8 Reactive oxygen species (ROS) assay

Calu-3 cells, seeded as above, were incubated with 25 uM of the fluorescent cellular probe
CMDCFH2DA (chloromethyl derivative of 2',7'-dichlorodihydrofluorescein diacetate)
(Invitrogen™, Massachusetts, USA) in DPBS for 45 mins, prior to particle exposure, at 37°C, 5
% CO, (Puisney et al., 2018). 100 uM tert-butyl hydroperoxide (TBHP) was used as a positive
control. Fluorescence (excitation 495 nm, emission 529 nm) was measured at 0.5, 1,2,3 & 4

hours (see SI, supplementary methods).

4.3.9 Cytokine ELISAs

Following 24 h exposure to UF-RDPs (as above), the media samples were collected,
centrifuged (15000 RCF, 15 minutes, 4°C), and analysed for IL-6 and IL-8 concentrations via
ELISAs conducted according to the manufacturer’s protocol (IL-6 BioLegend, London, UK, IL-8
Invitrogen™ Massachusetts, USA). Cytokine concentrations were calculated from standards
fitted using a four-parameter logistic curve-fit with program  MyAssays

(http://www.myassays.com/) (see SI, supplementary methods).

4.3.10 Statistical Analysis

All experimental results represent 3-4 individual experiments. Data are presented as mean +
standard error of the mean (SEM). Statistical analysis was conducted using SPSS 24 (IBM).
Normality tests were performed using the Shapiro-Wilk test. A one-way analysis of variance
(ANOVA) (with Dunnett’s post-hoc) was performed to compare particle treatments with
unexposed control. Comparison of location and concentration was assessed by a two-way
ANOVA (with Bonferroni correction post hoc). Statistical significance levels used are: *, p<

0.05, **, p<0.01, ***, p<0.001 ****, p<0.0001.
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4.4 Results and Discussion

In terms of metal compositions of the 3 sets of UF-RDPs, it is notable that nearly all metals
analysed are most abundant in the Mexico City UF-RDPs (18 out of 24), compared to the UK
dust samples (Figure 4.2; Supplementary Table C2). For example, mass concentrations of Cu
and Fe are 67.2 ppm and 77.1 ppm for Mexico City, followed by 29.1 ppm and 55.9 ppm for
Lancaster and 19.7 ppm and 14.7 ppm for Birmingham. Conversely, Na is most abundant in
the Lancaster UF-RDPs (105,489 ppm), followed by Mexico City (42,163 ppm) and Birmingham
(1,003 ppm). Pb concentrations are 8.0 ppm for Lancaster, 1.2 ppm for Mexico City, and 0.7
ppm for Birmingham. Cd was the only analysed element occurring in the greatest
concentrations in the Birmingham UF-RDPs (6.1 ppm), followed by Lancaster (1.1 ppm) and

Mexico City (below detection limit).
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Figure 4.2 Elemental composition of the UF-RDPs from Lancaster, Birmingham, and Mexico City.

In terms of their magnetic content, the measured mass concentration of magnetite in the
Mexico City UF-RDPs was between ~0.24 — 0.79 wt.%. The presence of a broad Verwey
transition identifies the presence specifically of magnetite, with ultrafine (~20-30 nm)
magnetite particles evident from the large (~43%) increase in remanence at low temperature
(10 K) compared to that at 300 K (Supplementary Figures C1-C2). Due to the small sample
mass extracted, the magnetic content of the Lancaster and Birmingham UF-RDPs was
unmeasurable; however, IRM data for the bulk samples can be seen in Supplementary Figure

C1.
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Calu-3 cells were exposed to UF-RDP doses of between 0 and 300 pg/ml (0.94-94 pg/cm?).
Noteworthy is that significant cellular responses were elicited even at low and intermediate

UF-RDP doses, especially for the Mexico City UF-RDPs.

Following 24 h exposure to UF-RDPs (0-300 pg/ml), Calu-3 cell viability varied significantly by
sample location. For the Lancaster UF-RDPs, cell viability increased, by 25-35% (Figure 4.3), in
a dose-dependent manner (15 pug/ml upwards), similar to our previous studies with synthetic
magnetite nanoparticles (unpublished data). Treatment with the Birmingham UF-RDPs caused
a significant decrease in cell viability but only at the highest exposure dose (300 ug/ml, 65%
decrease). In contrast, Calu-3 cells were most sensitive to the Mexico City UF-RDPs where a
dose-dependent decrease in viability was seen - even at the lowest dose (3 pug/ml, 12%

decline), up to 30% decline at 300 ug/ml.
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Figure 4.3 Cytotoxicity of <220 nm-sized road-deposited dust particles (UF-RDPs) on Calu-3 cells.
Calu-3 cells were exposed to UF-RDPs (0-300 pg/ml) from Lancaster and Birmingham (UK) and Mexico City
(Mexico) for 24 h and subjected to an MTS assay, which reflects cell viability. A one-way ANOVA with Dunett’s
post-hoc was conducted, comparing treated cells to the untreated control (* Lancaster, o Birmingham, #
Mexico City) and two-way ANOVA with Bonferroni correction to compare the impacts of the UF-RDPs from the
three different locations (#).
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The increased viability resulting from the Lancaster UF-RDPs may represent an increase in cell
number (proliferation) or metabolic activity. The Pb content of the Lancaster UF-RDPs —
sampled close to the city bus station - is notably high, ~8 x higher in the compared with those
from Birmingham and Mexico City. Cell proliferation might thus reflect the tumorigenic effect
of Pb (Rousseau et al., 2005). Pb was reportedly 4 x higher in settled bus dust relative to
background soil (Botsou et al., 2020). Proliferation might also reflect replenishment of
damaged epithelial cells, and/or airway remodelling (Abbas et al., 2010); i.e., changes in the
composition, structure, or thickness of (structural) elements of the airway. In response to high
PM exposure, lungs from female life-long residents of Mexico City displayed extensive airway

remodelling including formation of fibrous tissue (pulmonary fibrosis) (Churg et al., 2003).

In contrast, the Mexico City UF-RDPs induced a dose-dependent decrease in cell viability,
reflecting reduced metabolic activity or reduced proliferation, and/or cell death. This
decreased viability likely reflects the abundance of metals in these UFPs, including Fe, Zn, Mn,
Pb, Cu, Cr and Ni (Yang et al., 2016b, Pant et al., 2015). Transition metals can catalyse ROS
production in situ via the Fenton reaction leading to oxidative damage to lipids, DNA, and
proteins, and eventually cell death (Mazuryk et al., 2020). The majority of the analysed metals
occur in greatest concentrations in the Mexico City UF-RDPs (Figure 4.2; Supplementary Table
C2). Of these metals, Ba, Co, and Ni may have the strongest influence on the observed
cytotoxic response. This is because the other metals (Cr, Cu, V and Zn) which are most
abundant in the Mexico City UF-RDPs are present at higher concentrations in Lancaster UF-
RDPs than Birmingham UF-RDPs, yet there was no decline in cell viability in response to
Lancaster UF-RDPs compared to Birmingham (Figures 2-3; Supplementary Table C2). Ni may
be of particular importance, as it is present in the Birmingham and Mexico City UF-RDPs but
not in the Lancaster particles (Figure 4.2; Supplementary Table C2); Niin RD from South Korea
was correlated with cytotoxicity (Koh and Kim, 2019). Birmingham UF-RDPs only decreased
Calu-3 viability at the highest dose (300 pg/ml), when antioxidant defences likely were

overwhelmed.

Elevated ROS was observed from the 30-minute time point for all three cities (Supplementary
Figures C3, C4A). At the 4h timepoint, Mexico City UF-RDPs were the most potent, stimulating
increased ROS from 75 pg/ml. Birmingham UF-RDPs induced little increase in ROS generation
except at the maximum dose (300 pg/ml, 120%), when cell viability also showed maximum
decline (Figure 4.4). Lancaster UF-RDPs were least potent in terms of ROS generation.
Together, these data suggest that the lower ROS levels induced by Lancaster UF-RDPs could

stimulate proliferation (increased cell viability), whereas the higher ROS levels induced by

107



Mexico City (and Birmingham) UF-RDPs result in cell death via oxidative damage. Some similar
responses have been reported for RD samples < 2.5 um and < 10um. Up to 180% increase ROS
production was observed in human corneal epithelial cells after 24 h exposure to RD from
residential areas of the city of Gangdong-Gu, Korea (Yoon et al., 2018). Re-aerosolised RDs
from 10 Chinese cities displayed correlation between cellular ROS production and heavy metal

concentrations (Cr, Mn, Zn, Ni, Pb) (Sun et al., 2021).

In our UF-RDPs, ultrafine magnetite particles (~ 20 — 30 nm) were abundant in the Mexican
sample, and we have previously detected magnetite/maghemite in bulk RD at the same
sampling sites in Lancaster and Birmingham (Gonet et al., 2021a). Given the catalytic role of
Fe (especially Fe?*) in the Fenton reaction, ultrafine magnetite may play a particular role in the

dose-dependent increases in ROS generation seen here (Maher, 2019).
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Figure 4.4 Oxidative stress in Calu-3 cells induced by <220 nm-sized road-deposited dust
particles (UF-RDPs). Calu-3 cells were loaded with the ROS probe CM DCFH-DA and exposed to UF-RDPs
(0-300 pg/ml) from Lancaster and Birmingham (UK) and Mexico City (Mexico). Generation of ROS was
measured after 4 h exposure. Tert-butyl hydroperoxide (TBHP) was used at 100 uM as a positive control. A
one-way ANOVA with Dunnett’s post-hoc was conducted, comparing treated cells to the untreated control.
(* Lancaster, o Birmingham, # Mexico City) and two-way ANOVA with Bonferroni correction to compare the
impacts of the UF-RDPs from the three different locations (#).
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The release of IL-6 and IL-8 cytokines following 24 h exposure to UF-RDPs was quantified by
ELISA (Figure 4.5). To account for potential changes in cell number, the ELISA results (Figure
4.5) were adjusted using the MTS data (Figure 4.3). Unadjusted data are given in the SI
(Supplementary Figure C5) and generally show similar trends to unadjusted data at non-lethal
doses. Following exposure to the extracted UF-RDPs, a dose-dependent increase in IL-6
release was observed in response to doses of 75 pg/ml or above from all three cities, with the
greatest increase in release (1648%) in response to 300 pug/ml Birmingham UF-RDPs (Figure
4.5A). An overall dose-dependent increase in IL-8 was observed for Mexico City and
Birmingham UF-RDPs, and to a lesser extent for Lancaster UF-RDPs (Figure 4.5B). For Mexico
City UF-RDPs, IL-8 release peaked at 75 pg/ml and then declined at the higher doses, possibly
due to high cytotoxicity at these doses. The largest increase in both IL-6 and IL-8 was
stimulated by the Birmingham UF-RDPs (adjusted data, 1648% and 408%, respectively).

Compared with IL-6, IL-8 release displayed significantly greater variation with city source.
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Figure 4.5 Release of pro-inflammatory cytokines in Calu-3 cells treated with <220 nm-sized road-
deposited dust particles (UF-RDPs). Calu-3 cells were exposed (0-300 pg/ml) to UF-RDPs from Lancaster and
Birmingham (UK) and Mexico City (Mexico) for 24 h. IL-6 (A) and IL-8 (B) concentrations in the media were quantified
via ELISA. Data were adjusted using MTS (cell viability) data from Calu-3 cells treated in the same manner. A one-way
ANOVA with Dunnett’s post-hoc was conducted, comparing treated cells to the untreated control. (* Lancaster, o
Birmingham, # Mexico City) and two-way ANOVA with Bonferroni correction to compare the impacts of the UF-RDPs
from the three different locations (*).
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Toxic concentrations of UF-RDPs may result in cell death, which has been associated with an
increase in IL-6 secretion (Vanden Berghe et al.,, 2006), so examination of sub-lethal
concentrations (i.e., viability < 80% (Tung et al., 2021)) is important. Using this criterion, none
of the Lancaster UF-RDP doses were lethal, whereas for Mexico City UF-RDPs, 15, 30, 75, and
300 pg/ml doses (corresponding to viability of 78, 75, 75 and 70%, respectively) were lethal.
For the Birmingham UF-RDPs, only the maximum dose (300 pug/ml) was lethal. Excluding these
data and focusing on sub-lethal doses, elevated IL-6 and IL-8 release was observed in response
to UF-RDPs from all three cities from a relatively low dose for IL-8 (15 pg/ml). The largest
increases in cytokine release were in response to the Birmingham UF-RDPs (Figure 4.5).
Interestingly, Puisney et al. (using the same cell line and methods) report no change in IL-8
secretion in response to 0-300 pg/ml doses of UF brake wear particles (Puisney et al., 2018)
but an increase (up to ~350%) in IL-6 secretion. These differences in observed biological
response may thus reflect differences in the PM samples tested — UF, dynamometer-derived
brake wear (Puisney et al., 2018) compared to our UF-RDPs. The elements most abundant in
the dynamometer-derived brake wear particles were Fe and Cu, followed by Si, Al, and Zn,
whereas our UF-RDPs are dominated by Na and Ca, followed by Zn, K and Mg. Roadside PM
contains not only traffic- and industry-derived compounds, but also naturally-derived
elements/metals, including Al, Ca, Fe, K, Mg or Na (de Caritat and Reimann, 2012). Some of
the naturally (soil)-derived compounds might also be involved in the Calu-3 biological
responses. Alternatively, it is possible that transition metals increase ROS/oxidative damage,
decreasing cell viability, and also trigger an inflammatory response in the form of increased

IL-6 and IL-8 secretion (Figure 4.6) (Wang et al., 2020a, Shukla et al., 2000).
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Figure 4.6 Summary of biological responses and heavy metal concentrations of UF-RDPs from Lancaster,
Birmingham, and Mexico City in Calu-3 cells. The bubble plot depicts the relative abundance of selected metals
(ppm) in UF-RDPs from Mexico City (MC), Birmingham (BIR) and Lancaster (LAN). The concentration of Zn is ~10 fold
greater than the other metals so has been scaled separately. The biological responses to 75 pg/ml UF-RDPs are
represented as percentages of the untreated control, measured at 24 h (MTS, IL-6, and IL-8) or 4 h (ROS). Solid black

outline indicates a decrease, whilst filled circles indicate increases.
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RD is, of course, a heterogenous mixture, and other components (not measured here) such
as the organic fraction (e.g., carbonaceous compounds, PAHs) are also known to be cytotoxic
(Khan and Dipple, 2000), induce ROS generation (Sun et al., 2021, Kumagai et al., 1997), and
alter inflammatory responses (Veranth et al., 2006). It is improbable, however, that (semi-)
volatile compounds are responsible for the cellular responses observed here since most of
these would have been lost in the particle extraction procedure (filtration in ethanol and
evaporation). Endotoxins are also present in RD. Endotoxins — pyrogenic molecules shed from
gram negative bacteria which are ubiquitous in the environment (Matthias-Maser et al., 2000)
—are known to induce ROS production, stimulate inflammatory responses in humans, and are
toxic at high levels (Thorn, 2001). Endotoxins were present albeit at low levels (8.75-9.80
EU/mg) in all 3 UF-RDP samples (Supplementary Table C3). Exposing Calu-3 cells to 10 pg/ml
LPS (5000 EU/mI) for 4 hours showed no change in ROS generation (data not shown),
suggesting that the presence of environmental endotoxins at the concentrations measured

did not contribute to the ROS generation observed.

The different biological responses seen here in response to UF-RDPs from the three cities likely
derive from differences in UF-RDP physicochemical compositions, and which reflect the
biogenic and anthropogenic activities in the surrounding area (Pant et al., 2015), as well as
current air pollution regulations. ROS generation is generally higher in PM in the developing
world, e.g. Niand V (tracers of fuel oil combustion), were enriched 5-6 x in PMg s from Beirut
(more permissive regulations) compared to Los Angeles (strict regulations) (Saffari et al.,
2014). Here, we see ~8 x higher Ni and 2-5 x higher V in Mexico City compared to the two UK
cities. All three samples were collected from heavily trafficked road sites (Table 4.1), where
many metals are emitted from traffic-related sources. Ba, Cu and Fe (most abundant in Mexico
City UF-RDPs) appear co-associated, and likely originate from the same source, i.e. from brake
wear (e.g. (Gonet et al., 2021b)). Zn, also most abundant in Mexico City, has often been
reported in tyre wear PM emissions (Gustafsson et al., 2008, Hong et al., 2020). A recent study
in Toronto, Canada, observed similar co-associations between traffic-derived metals in RD,
including Zn, Mo, Cr, Sn, Pb and Ba (Wiseman et al., 2021). All these metals (along with the
remaining transition metals) likely contributed to the strong oxidative response observed in

the lung cells exposed to UF-RDPs from the three cities studied here (Figures 6).

One limitation of this study is the difference in sampling collection time (year and season)
(Table 4.1). Variable biological responses may reflect the season of sampling, associated with
varying ambient PM sources (Gualtieri et al., 2009). Finally, because of the low mass of

extractable UFPs, particle number concentrations were not analysed for the 3 samples; nor
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was the magnetic content of the UFPs measurable for the UK samples. To enhance further our
understanding of the impacts of RD from different locations, with different physicochemical
properties, future work would usefully identify the particle size distribution, morphology and

any particle changes within the biological media used.

Due to its abundance, reactivity, and pervasiveness at/near roadsides, growing attention is
focused on the health impacts of ultrafine PM and RD. The differential oxidative stress,
cytotoxic, and inflammatory responses to UF-RDPs we have observed in human lung epithelial
cells represent processes which may be pathogenic if exposures to UF-RDPs are prolonged
and/or chronic. We have examined lung cells but the effects of exposure to UF-RDPs extend
well beyond the lung (Figure 4.1). For example, ultrafine magnetite nanoparticles, like those
present in our Mexico City UF-RDPs, have been found in the human brain (Maher et al., 2016).
Although a direct inhalation route via the olfactory bulb is possible and likely, our measured
brain and road-deposited magnetite concentrations (Gonet et al., 2021a, Hammond et al.,
2021), coupled with modelled olfactory deposition rates, indicate that inhalation and
circulatory transport must dominate CNS translocation of such particles. Similarly, exogenous
metal-rich nanoparticles have been found in the heart (Calderén-Garciduefias et al., 2019b,
Maher, 2019) and the placenta (Liu et al., 2021). Thus, any consequences of exposure to UF-

RDPs (including iron-rich, magnetic nanoparticles) are most likely to be systemic.

4.5 Conclusions

The first in vitro exposure of human lung epithelial (Calu-3) cells to the ultrafine fraction of
road dust from three contrasting cities (Lancaster and Birmingham UK, and Mexico City,
Mexico) resulted in differential oxidative, cytotoxic, and inflammatory responses. Even at low
and intermediate UF-RDP doses, significant cellular responses were elicited, especially by the
Mexico City UF-RDPs. Given that any (semi-) volatile components are likely to have been lost
during the particle extraction process, variations in the solid, metal content of the three sets

of UF-RDPs are likely to be linked with the different observed cell responses.

Airborne PM is subject to regulations which rely on mass-based metrics like PM1g and PM;s,
rather than particle number/composition, while RD is not currently limited/regulated by any
legislation. Such mass-based metrics cannot capture the differential biological impacts
induced by roadside particles as observed here. We observed a stronger cytotoxic response
from Mexico City UF-RDPs compared to the UK cities, and a stronger inflammatory response
from Birmingham UF-RDPs. It is therefore illogical to apply the same PM limits across different

cities, where exposure to a mass- or even number-based PM limit in one city may have far
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worse consequences for health than exposure to the same limit in a different city. A
combination of new, biologically relevant metrics, identification of specific components (e.g.,
metals) of RD that cause toxic effects, and localised regulations each appear critical to
mitigating the global pandemic of the health impacts of particulate air pollution and road-
deposited dust. A metric that provides an intermediate measurement, such as the lung-
deposited surface area (LDSA) which utilises particle size distribution to estimate the surface
area concentration of particles that deposit in the lung alveolar region, might be more
appropriate (Salo et al,, 2021). Not only particle number but also physicochemical
composition, and/or specific elemental components (e.g., transition metals) likely require
regulation in order to achieve substantive mitigation of the human health impacts of exposure

to RD and airborne PM.
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Chapter 5 Discussion

5.1 Introduction

Air pollution and Alzheimer’s disease are two of the largest global issues facing the world at
present. Both issues are multifaceted and require a range of methodological and experimental
approaches to investigate; this research utilised in vitro toxicity testing, magnetic
characterisation, and chemical analyses. The focus here is the integration and synthesis of the
key findings from each publication chapter (Chapters 2-4) in the context of current literature,
and their impact on the fields of AD and air pollution. The main integrated discussion points
are the distribution of metals in the human brain, and the variation in responses to

environmental particles on an international/regional basis.

5.2 Summary and purpose of the thesis

The research outlined here explores the connections between environmental air pollution
nanoparticles, particularly the metal content and magnetite, and human health, with a focus
on Alzheimer’s disease. The first paper (Chapter 2) quantified the magnetite/maghemite
content of human brain tissue from AD cases (n=19) and age-matched non-demented controls
(n=11) by superconducting quantum interference device (SQUID) magnetometry, to look at
the relationship between magnetic content of brain tissue and AD. The distribution of
magnetic particles was also examined, by measuring samples from five different brain regions:
the cerebellum, frontal lobe, entorhinal cortex, occipital, and temporal lobes. The distribution
of magnetite/maghemite varied between individuals, and no significant difference was found
when comparing AD cases to controls. The concentration of four demonstrably exogenous
metals (Al, Ce, Pb and Pt) were also measured by inductively coupled plasma mass

spectrometry (ICP-MS) and did not vary significantly between AD and controls.

The second paper (Chapter 3) further explored the metal profile of the human brain; ICP-MS
was used to measure the concentration of 23 metals and 3 metalloids in human brain tissue
samples (taken from the same cohort previously magnetically characterised in paper 1). Four
different brain regions (cerebellum, frontal, occipital, and temporal lobes) were measured to
look for indications of a portal of entry into the brain. The highest concentration of magnetite
was found in the frontal lobe, which encompasses the olfactory bulb (OB) suggesting the OB
as a portal of entry for exogenous MNPs to the brain. However, the regional distribution of
metals varied across individuals, with no significant difference in metal concentration
between AD and controls. Principle component analysis (PCA) identified four components,

which are possible indicators of different pollution sources: (1) traffic-related and crustal, (2)
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fuel oil combustion, (3) biological and tyre/brake wear, and (4) catalytic converters and dental

alloys.

To investigate the routes of entry for exogenous (environmental) metals, and the
consequences of their presence in the human body, human lung epithelial cells (Calu-3) were
used to model part of the lung-brain-axis to observe biological responses to road deposited
dust (RD) samples in paper 3 (Chapter 4). RD from three contrasting cities (Lancaster,
Birmingham, and Mexico City) was filtered to extract the ultrafine (<220 nm) fraction, and the
metal content was characterized by ICP-MS. Calu-3 cells were exposed to UF-RDPs for 24h to
compare the biological responses induced by the different samples, and to look at which
(metal) components may be responsible for such changes. The UF-RDPs from Lancaster
increased cell viability, whilst Mexico City UF-RDPs were the most toxic and induced the
highest amount of oxidative stress (ROS production), and Birmingham UF-RDPs were the most
pro-inflammatory. The varied biological responses induced by UF-RDPs from different cities
demonstrate the toxicity of UF-RDPs, and the need for specific localised regulations that limit

exposure to UF-RDPs and account for regional variation in PM composition.

In addition to the lung-brain-axis, the neuroenteric pathway is another suggested pathway for
the entry of environmental nanoparticles and this was explored in paper 4 (Appendix D) by
SQUID magnetometry of brainstem samples from Mexico City and TEM imaging of Ti-rich
nanorods. Ti-rich particles were present in the brainstem but absent in PM or in previously
examined frontal and heart tissue, suggesting an alternative route to entry — ingestion and the
neuroenteric system. Two regions of the brainstem were quantified for their magnetic content
along with the cerebellum, and it was found that the cerebellum was the most magnetic,
followed by the tectum/tegmentum and substantia nigra. This magnetic distribution could be
indicative of MNP association with particular cellular targets or anatomical structures which

are present in different amounts between these regions.

5.3 Distribution of metals in the brain

The presence of demonstrably exogenous metals in the brain strongly suggests the metals are
of environmental origin which is further supported by the identification of potential
environmental sources of metals via principal component analysis (PCA) (Paper 2, Chapter 3).
There is generally a poor consensus about the distribution of metals in the human brain,
including AD brains. Here, exogenous metals and MNPs were heterogeneously distributed
across AD and cognitively normal age matched controls from the Manchester Brain Bank

(MBB) consistent with varying exposure levels and/or varying abilities to clear the exogenous
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material from the brain (Paper 1, Chapter 2). Similar variability between individuals was also
seen with brainstem samples from Mexico City residents, again suggested as a consequence
of variable exposures (Paper 4, Appendix D). In contrast, Gilder et. al. (2018) argued that the
ferrimagnetic content of human brains is genetically controlled as magnetite was identically
distributed across the seven brains they measured. However, the brains were stored for
several decades in 10 % formaldehyde, which was replenished several times. Some evidence
exists for dissolution of magnetite by formalin; a 43% decrease in iron concentration was
observed after ~4 years storage in formalin (Schrag et al., 2010) and, similarly, a 51% decrease
in magnetite concentration was seen after one week of storage in formalin (Dobson and
Grassi, 1996). However, when measuring trace elements leached into the formalin, only 3%
of iron was lost after 200 days from a fixed spleen sample (Chua-anusorn et al., 1997) and no
leaching was observed from human brain tissue after 18 months in formalin (Gellein et al.,
2003, Gellein et al., 2008) or from human tissue fixed for 1 week (Bush et al., 1995). A recent
study comparing frozen and fixed paired brain samples reported no change in magnetite
concentration between frozen tissue and tissue fixed for 5 months in formalin, however the
authors acknowledge this could be a consequence of a lack of sensitivity (van der Weerd et
al., 2020). The length of storage in formalin is likely critical to the impact it has on
measurement of iron within tissue, and thus the magnetic signal measured from the fixed
German samples may not accurately represent the ferrimagnetic content of the tissue (Gilder
et al., 2018). Fresh frozen tissue is the best starting material for magnetic remanence studies
(and ICP-MS); the material is structurally preserved without the potential dissolution of

ferrous material including magnetite and loss of signal.

Differences in the capacity for MNP clearance and brain metal homeostasis may explain the
heterogeneity of metallic content across individuals. Generally higher metal concentrations
were found in female brain tissue, which could arise due to morphological differences
between male and female brains (Zhang et al., 2020b). However, there is debate as to whether
male and female brains differ significantly on an anatomical level (Eliot et al., 2021, Bourisly
et al., 2017). Differences in the ability to clear MNPs and exogenous metals, or differences in
antioxidant capacities between the sexes could also account for the generally higher metal
concentrations seen in females (Gade et al., 2021). If there is a greater retention of toxic
metals in females, this could contribute to the elevated risk of developing AD seen in females

(Mazure and Swendsen, 2016).

There were no differences in metal and MNP concentrations when comparing both elderly

MBB cohorts. The universal incursion of metals and MNPs likely occurs due to the integrity of
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the geriatric BBB being compromised. The BBB is vital in isolating the brain and regulating
passage of substances in and out of the brain but is compromised with age (Montagne et al.,
2015) and neurodegenerative disease (Sweeney et al., 2018) and can be further exacerbated
by air pollution exposure (Oppenheim et al., 2013). The use of younger tissue samples prior
to loss of BBB integrity would avoid this issue (see 5.5.1). Using younger (average age 34 years)
forensic cases from Mexico City, a gradient in magnetic content was observed in the brainstem
with the highest content in the cerebellum, followed by the tectum/tegmentum and finally
the substantia nigra (Paper 4, Appendix D). The gradation of MNPs could reflect the targeting
of NPs to specific brain regions and cellular targets dependent on their physiochemical
properties, and/or the structural and anatomical differences between these regions. The
younger BBB has a greater integrity than the geriatric BBB, and investigation of younger tissue
samples from less polluted regions would give an insight in to baseline exogenous metal levels
in the human brain. In addition to iron rich MNPs, Ti-rich nanorods were observed within the
brainstem, but were absent from roadside PM samples and had not previously been seen in
frontal or heart tissue. This suggests an alternative route to incursion, such as the swallowing
of Ti-NPs from e.g., cosmetic, medicines, food, and transport to the brainstem via the
neuroenteric system. It is thus critical to look at all sources of exogenous metals, potential

routes of entry and toxic consequences in the body (Calderén-Garciduefias et al., 2021b).

SQUID magnetometry of post-mortem tissue only provides a snapshot of metal/MNP
concentrations at the point of autopsy, so it may not be possible to observe any differences
in metal/MNP concentrations which are likely dynamic over time. The fate of (metallic)
particles following incursion to the brain is poorly understood, but there is evidence for the
dissolution and reprecipitation of MNPs in human mesenchymal stem cells (Van de Walle et

al., 2020b).

Other epithelial and endothelial cell barriers throughout the body such as the lung epithelium,
are also compromised in response to air pollution exposure and various diseases. The
proliferative response seen in Calu-3 cells exposed to Lancaster UF-RDPs could reflect an
attempt to maintain barrier function following damage induced by particle exposure (Paper
3, Chapter 4). Similar proliferative responses were seen in another human lung epithelial cell
line (L132 cells) exposed to PM, s from Dunkerque, France, which the authors suggest is a key
response to maintaining intact airways (Abbas et al., 2010). A549 human lung cells increased
in viability in response to diesel exhaust particle (DEP) exposures, also thought to be a way to

prevent against a loss of cell number from exposure to toxic particles (Bayram et al., 2006).
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Alternatively, an increase in cell number could reflect pathogenic processes; fibrosis or

tumorigenesis. Further work is needed to explore this phenomenon (see 5.5.2).

5.4 International/geographic impact of PM

The magnetite concentrations, metal concentrations and responses to UF-RDPs from different
cities vary by their geographic origins. The magnetite content of MBB samples was on average
~11x higher than samples from Germany (Gilder et al., 2018), which may partially be
attributed to differences in exposure or PM composition, however the difference in

magnitude here is likely due to leaching of magnetite from decades of formaldehyde storage.

The concentration of magnetite in the cerebellum from the Manchester Brain Bank (elderly
individuals from Northern England, UK) (Paper 1, Chapter 2) was ~9x lower than the magnetite
content of the cerebellum from (younger) forensic cases from Mexico City, Mexico (Paper 4,
Appendix D). Both sets of samples were measured with the same techniques at the Centre for
Environmental Magnetism and Palaeomagnetism, Lancaster University. In a previous study of
MBB and Mexico City frontal cortex tissue, the highest magnetite content was found in a 32-
year-old case from Mexico City (Maher et al., 2016). The average annual PM;s concentration
in 2020 was 8.58 pg/m?3 for Manchester (Manchester City Council, 2021) compared to 18.7
pg/m? for Mexico City in 2021 (SEDEMA, 2021). The higher magnetite content of Mexico City
forensic cases is likely due to the life-long exposure of Mexico City residents to high levels of
PM compared to Manchester; however, the composition of the PM is also a determining
factor. It is likely that Mexico City PM contains a greater amount of magnetite per unit mass
of PM compared to Northern England, as seen with the SIRM of bulk road dust samples from
Lancaster (36 x 10 Am?/kg) compared to Mexico City (51 x 10 Am?/kg) (Paper 3 SI, Appendix
C). The geography of Mexico City exacerbates air pollution; Mexico City is situated within a
valley with low wind speeds so there is minimal diffusion of pollutants into the atmosphere,
and low oxygen content (due to altitude) meaning internal combustion is less efficient than it
would be at sea level, increasing levels of combustion by-products released. The valley is
surrounded by mountains, including two volcanoes which are a natural source of magnetite
(Ermolin et al., 2018). The population density of Mexico City is greater than that of Northern
England (e.g., Manchester) with heavy vehicle usage (Calderén-Garciduefias et al., 2020c). The
combination of anthropogenic and geographical influences in Mexico City coupled with high
levels of exposure to PM likely results in the higher magnetite content observed in Mexico City
brains compared to the elderly Northern England cohort. Higher magnetite concentrations
may also indicate a failure to clear excess magnetite with age or disease state or, alternatively,

an increased genetic capacity for production of biogenic magnetite particles.
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The reported concentrations of metals in human brain tissue are considerably variable across
different studies, which is likely influenced by the exposure environment (location). For
example, the levels of Cd, Hg and Pb in our MBB samples are between 10-100 x higher than
those reported by Szabo et al. (2015) in frontal cortex tissue from (North Carolina) USA cases.
However, metal concentrations can be reported on a dry mass or wet mass basis, resulting in
different absolute values. When converting our dry weight normalised samples to a wet
weight (using dry/wet ratios) in line with Szabo et al. (2015), the Cd and Pb levels are of a
similar magnitude however the Hg levels are ~63 x higher in the MBB samples. The difference
in Hg concentrations could be a result of different environments, i.e., different anthropogenic
activities and/or dietary influences, in Northern England compared to North Carolina.
Methodological approaches to measuring metal content vary across laboratories from the
choice of analytical technique to the sampling of tissue so care must be taken when comparing
studies. The metal content of brain tissue from young Mexico City residents is several orders
of magnitude higher than other studies using similar analytical approaches (ICP-MS, dry-
weight basis) and the same brain region of interest (frontal lobe), for example the
concentration of Mn (ICP-MS, dry weight) was 1026 pg/g in Mexico City samples and 689 ug/g
in Veracruz samples (Calderdn-Garciduefias et al., 2013b) compared to 2 pg/g in MBB samples
and 1 pg/g in samples from Portugal (Ramos et al., 2014a). Mexico City UF-RDPs contained
the highest levels of metals for 18 of the 24 metals measured, compared to Birmingham and
Lancaster UF-RDPs (Paper 3, Chapter 4). The life-long exposure to (metal-rich) PM in excess of
WHO limits likely contributes significantly to the high levels of metals observed within the

brains of Mexico City residents.

The differences in PM are evident when comparing the effects of UF-RDPs from different cities
(Paper 3, Chapter 4). Variable cytotoxic, oxidative stress, and inflammatory responses were
observed in Calu-3 cells when using the same mass concentration of UF-RDPs, exposure time
and assay conditions. Such differences likely arise from differences in the physicochemical
properties of the RD as a consequence of sampling time; the precise location, season, climate,
and anthropogenic activities at the time will alter the composition of RD (Gualtieri et al., 2009,
Gustafsson et al., 2019, Heinrich et al., 2003, Johansson et al., 2007, Venkatachari et al., 2007).
A similar phenomenon was seen when examining RD from 10 megacities in China; RD from
northern industrial cities contained higher heavy metal and PAH concentrations, induced
greater ROS production and were more cytotoxic than RD from southern cities which typically
consume less energy (Sun et al., 2021). Intra-city differences have also been observed for

PM1o; northern Mexico City is industrial, whilst the South-Eastern region has windborne dust
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from a dry lake basin which is reflected in their PM composition and biological effects — higher
concentration of anthropogenic elements (e.g. Cu, Ni, Zn, Pb) were seen in Northern PM
coupled with a greater cytotoxic effect compared to South-Eastern PM (Osornio-Vargas et al.,
2003). Collectively this suggests RD is a hazard to human health, with the UF fraction
potentially being more toxic due to the high surface area reactivity of UFPs, and pervasiveness
of RD. Approximately 57-84% of road sediment is ultrafine (< 0.1 um), which can readily be
resuspended in to the atmosphere and travel long distances especially where road sweeping
is poorly maintained and traffic volumes are high (Chen et al.,, 2019). There is a lack of
biological studies on roadside dust in general, but especially for the ultrafine fraction. The
results here (Paper 3, Chapter 4) provide a basis for further exploration of the toxic effects of

UF-RDPs (See 5.6.2).

The current World Health Organisation (WHO) recommended maximal limits for PMjo and
PMys are 15 pg/m? and 5 pg/m? respectively (WHO, 2021a). These are suggested global limits;
individual countries and localities often have higher limits within legislation or no regulations
at all. A global approach to such limits is ineffective due to the heterogenous composition of
PM across different locations (de Jesus et al., 2019). Susceptibility to air pollution on a
population basis (Dos Santos et al., 2021, Kulick et al., 2020) is also variable and should be
considered when creating regulative measures to limit the effects of air pollution. Mass-based
regulations do not account for the fact that ultrafine particles, which are thought to be more
toxic than their larger counterparts (Oberdorster et al., 1994), constitute a large proportion
(90-99%) of PM by particle number, but only make a small contribution to mass (Johansson et
al., 2007). It is therefore essential to identify the sources and components of UF-RDPs which
contribute most to the observed negative effects and, taking account of their spatial
heterogeneities and resultant differential toxicity, to regulate them at appropriate spatial
scales and with biologically relevant metrics. Such limitations would also reduce the amount
of metal and magnetic material deposited in the human brain and minimize the risk of

disturbing brain metal homeostasis.

5.5 Impact and Prospects for future research

AD has great financial, social and emotional burden on societies across the globe. There are a
limited number of treatments available that do not work for all individuals and merely provide
symptomatic relief. The number of dementia cases is predicted to rise to 152 million by 2050,

with an estimated cost of $1 trillion annually (Patterson, 2018), but both figures can be
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reduced by focusing on the modifiable risk factors. Air pollution is one the 12 modifiable risk
factors the Lancet commission has identified which are collectively responsible for 40% of
dementia cases worldwide (Livingston et al., 2020). Exposure to pollution is also costly, it is
responsible for between 1.7 and 7% of annual health care spending and estimated annual
global cost of $4.6 trillion (Landrigan et al., 2018). Air pollution is responsible for 4.2 million
premature deaths a year (WHO, 2021a), which could increase by up to 50% by 2050 (Lelieveld
et al., 2015). The financial and healthcare burden of both dementia and pollution weigh most
heavily on the poor, with 91% of premature deaths occurring in lower- and middle-income
countries (WHO, 2021a) that are home to ~ two thirds of people living with dementia globally
(Patterson, 2018). Thus, identification of specific components of pollution which are most
toxic, understanding of their relationship to AD and dementia incidence, and localised
preventative measures and pollution limits would undoubtedly result in a significant reduction

in both the financial, societal and health burden of air pollution and AD on a global scale.

5.5.1 Magnetic and metallic tissue measurements

The limited availability of tissue poses a major challenge to characterising the magnetic and
metallic content of the human brain. Despite this challenge, we report the largest number of
human brains analysed magnetically to date (Paper 1) but recognise the advantages of larger
sample sizes. Future experiments would seek to have both age and sex-matched controls to
limit any confounding effect sex may have on metal/magnetic content. Access to a larger
number of samples would increase the statistical power of comparisons, as well as make other
analyses such as linear regression a possibility. Linear regression could make use of the
additional data which is available on the samples, such as the APOE genotype, plaque counts
and tangle counts, to generate a model that would predict whether a sample originated from
an AD case or age-matched control. A greater number of samples would also improve the
linear modelling of the metals data (Paper 2) and would allow for subdivision by region and
other characteristic data which is not feasible with the current case number. If a greater
sample size is not feasible, the metal analysis could focus on a smaller number of metals such
as one of the metal groupings identified via principal component analysis. As well as a larger
number of individuals, a greater number of samples from each case would be beneficial to
look at the intra-regional variation with a more systematic mapping of tissue samples as seen

with Gilder et al. (2018).

In paper 1 (Chapter 2) and paper 4 (Appendix D), we report magnetic concentrations in human
brain tissue from Northern England, UK, and Mexico City, Mexico. The comparison of

additional geographical locations would be beneficial, particularly the comparison of cities of
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a similar size, population density and geography (preferably within the same country), but
with different levels of air pollution. Data for UFP levels would be ideal, but it is more likely
that PM5s data would be available as UFP measurements are not routinely conducted. This
would provide as close as possible control population when comparing the effects of air
pollution exposure on metal and magnetic brain tissue content. The metal content of brain
tissue from Mexico City residents has been compared to residents of the less-polluted
Veracruz (Calderén-Garciduefias et al., 2013b), but such comparisons have yet to be made
outside of Mexico. There is no true ‘control’ due to differences in populations, environment,
genetic susceptibilities, diet, etc, but factors that can be matched such as sex, age, education

level, APOE genotype will reduce the variation between the two populations to be compared.

The age of individuals is critical, as the compromised geriatric BBB likely allows for universal
incursion of metals and MNPs, so to look at changes to metal levels, tissue must be examined
from younger individuals prior to loss of BBB integrity. Utilisation of biobank samples would
be instrumental in achieving this and would give an overview of metal and MNP levels in
human brains of a particular population at different ages. To date, metal concentrations in
young brains has primarily been reported from Mexico City, so it would be of interest to see
whether similar concentrations are observed in young brains from other locations with similar
PM exposure, and of particular interest to see whether the same AD-like pathology is

observed.

Although the brain has been the focus of this work, other organs are exposed to exogenous
metals and magnetic particles from the environment, as modelled in paper 3 (Chapter 4). The
brain is the most well magnetically characterized organ, followed by the heart. Additional
metallic/magnetic investigation of other organs such as the lungs, or specific tissue such as
the olfactory epithelium would provide a more complete picture of the fate of exogenous

nanoparticles once inside the body.

To confirm the identity of the ferrimagnetic species as magnetite, additional characterisation
such as energy dispersive X-ray spectroscopy (EDX) or electron energy loss spectroscopy (EELS)
is needed. EELS has previously been used to confirm the identity of iron oxides within brain
tissue (Maher et al., 2016). EELS and EDX can also be used to identify other elements (i.e.,
metals) which are associated with the magnetic particles in situ. TEM images would provide
size and morphological information which is important when discussing the origin of the
particles as biogenic particles are typically euhedral in shape, whilst exogenous particles

formed under high temperatures have a spherical structure. Particle size is also indicative of
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origin; particles larger than 8 nm (the size of the ferritin core) may have originated from the
environment rather than be formed in situ within the ferritin core, however larger particles
have also been suggested to result from agglomeration (Plascencia-Villa et al., 2016) or may

result from re-precipitation of magnetite in situ (Van de Walle et al., 2020b).

SIRM measurements were conducted at room temperature, as low temperature
measurements are not possible with the magnetometer at Lancaster University. Room
temperature (293 K) measurements capture the SIRM of particles ~ >30 nm, whereas
measurements at lower temperatures e.g., 77 K would also capture sub-30 nm particles which
are too small to be magnetically unstable at room temperature. This could be achieved by
modification of the 2G magnetometer to cool samples with piped liquid nitrogen, or by the
use of a Magnetic Property Measurement System (MPMS) magnetometer. The sample mass
is greatly reduced when using MPMS so may not be sensitive enough to detect ferrimagnetic
material in certain samples but has successfully been used to characterise the magnetic

content of AD and control brains (van der Weerd et al., 2020).

Further magnetic characterisation of the samples would provide more detail about the type
of ferrimagnetic material within the brain. Detailed IRM acquisition curves can reveal
information about the magnetic mineralogy of the sample, for example magnetite acquires
strong remanence (saturates) at relatively low fields compared to hematite (Frank Oldfield,
1999), and the spread of the IRM acquisition is indicative of particle size. IRM acquisition
curves were generated for a few initial samples but were not possible for the majority of the
samples as the integrated IRM unit was magnetising the sample holder and causing too much
interference with subsequent measurements. Stepwise acquisition of IRM curves is possible
with the external magnet used for imparting SIRM but time-consuming. The demagnetization
of the samples with increasing alternating magnetic fields would give insight into the domain
structure of the particles and magnetostatic interactions between them (Wohlfarth, 1958).
Alternating field (AF) demagnetisations were conducted on these samples, however in many
cases the noise when adjusting for clingfilm and sample pot meant a full demagnetization

curve was not obtainable.

5.5.2 Cytotoxicity experiments

Road dust is a complex heterogenous mixture of metals, organic compounds, and biological
elements. The focus here was on metals due to their association with MNPs and the
implication of metals in AD aetiology. Investigating the effects of other elements within the

RD mixture and/or specific metal elements would usefully identify which components are
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responsible for the negative effects on cells, and thus could be targeted e.g., by legislation for
reduction. It is possible that here the organic content was largely removed following the
filtration and evaporation (Haghani et al., 2020), however, the organic content should be
measured e.g., via Gas chromatography to confirm only the metallic composition remains.
Although the measured endotoxin content (Paper 3, Chapter 4) was relatively low, to ensure
the proinflammatory responses are not triggered by bacteria, the treatment of cells with
polymyxin B would remove any microbes present (Cormet-Boyaka et al., 2011), and the
activity of any lipopolysaccharides (LPS) present can be inhibited by recombinant endotoxin
protein (Osornio-Vargas et al., 2003). Treating cells with specific metal chelators alongside the
application of RDPs would help to identify which metals may be responsible for the observed

biological responses (Sangani et al., 2010).

Certified standard or reference materials for RD exist but are unable to capture the diverse
nature of RD, which is influenced by the natural and anthropogenic activities in the
surrounding environment. Here, we magnetically characterised the RD samples, and the
concentration of 23 metals and 3 metalloids (Chapter 4). TEM imaging of particles to look at
morphology and size distribution was attempted but was not possible due to technical
difficulties and the limited sample mass and ageing of the samples. These technical challenges
would need to be addressed in future studies as knowledge of the physicochemical properties
of the particles is key when comparing different RD compositions. In addition to TEM images,
the use of dynamic light scattering (DLS) could provide additional details such as particle
surface charge, agglomeration state, and behaviour in test medium (Nemethova et al., 2017).
Refinement of the filtration process such as using different filters to size fractionate the
samples, characterisation of the ethanol used for filtering, and quantifying the organic content
pre and post filtration would improve the filtered product (metallic RDPs). Systematic
sampling of cities throughout different seasons, different sites and repeat sampling would
provide a more representative profile of RDPs in each city. With data from several cities and/or
locations within cities, it would be possible to conduct correlational analysis to identify which

components of the UF-RDPs correspond to observed biological effects (Sun et al., 2021).

Exploration of the biochemical pathways responsible for the viability, oxidative and
inflammatory responses observed in Calu-3 cells is the next logical step for the RD
experiments. The apparent increase in viability (assessed by MTS) in response to treatment
with Lancaster UF-RDPs was particularly interesting, as generally PM exposure studies report
a decline in viability (Gualtieri et al., 2009, Puisney et al., 2018, Tung et al., 2021, Sun et al.,

2021), or no change (Alfaro-Moreno et al., 2009, Cooney and Hickey, 2011). To confirm the
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MTS results reflect cell proliferation, a suitable proliferation assay such as counting the cells
using a CC8 assay kit could be performed, or more in-depth cell cycle analysis could be
conducted using flow cytometry (Ding et al., 2009). The sample mass of extracted particles
was relatively small (28-63 mg) so it was not possible to perform additional experiments;
future extractions would be carried out with a larger starting volume of bulk material in order
to have sufficient material for additional investigations. Confirming whether particles enter
cells could be achieved via SEM and TEM (Schrand et al., 2010) but may first require
fluorescent labelling of the RDPs which has an obvious disadvantage of changing the
physiochemical properties of the particles. Work on the oxidative stress response could be
expanded to look at which specific ROS species are produced, using ROS-specific probes, as
well as looking at expression levels of antioxidant enzymes such as superoxide dismutase 1
(SOD1) by western blotting. Selective inhibition of Nf-KB, or elements of the MAPK or MEK
pathways and monitoring the secretion of cytokines would identify which pathway(s) are

responsible for the observed biological effects (Cormet-Boyaka et al., 2011).

Different cell types show different sensitivities to PM (Huang et al., 2015, Kim et al., 2018) and
human bronchial epithelial cells (Calu-3) are just one of numerous cell types within the lung-
brain axis. Conducting similar cytotoxicity and inflammatory test on other established cell lines
such as human neuroblastoma (e.g., SH-SY5Y), human microglia (e.g., HMC3), and human
macrophages (e.g., THP-1) would give insight into which cells are the most vulnerable to RD
exposure. Creating co-culture systems such as treating neurons with conditioned media from
RD-treated lung cells or more complex 3D co-culture organoid systems, would be better
representative of the dynamic lung-brain-axis as a system (Miller and Spence, 2017). The use
of primary human cells would be an improvement over immortalised cell lines due to their
closer resemblance to human cells in vivo. Using primary cells can be technically challenging
due to the additional optimisation needed with nanoparticles and the limited number of cells
available from primary culture, however human mesenchymal stem cells have been used
successfully to explore the degradation and fate of engineered magnetic nanoparticles within

cells (Van de Walle et al., 2020a, Van de Walle et al., 2019).

5.6 Conclusion
A growing body of evidence identifies exposure to air pollution is an environmental risk factor
for the development of AD. Exogenous metals and ferrimagnetic material were variably

distributed throughout the human brain, so genetic control of magnetic/metallic distribution
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is unlikely. There are likely toxic consequences arising from the presence of these exogenous
species within the brain due to their highly oxidative nature and association with

neurodegenerative disease.

There were no differences in ferrimagnetic content between AD and aged-matched controls,
nor any differences in their metal content likely due to universal incursion of exogenous
metals across the compromised geriatric blood brain barrier. Thus, future studies should focus
on younger brains with uncompromised BBBs to look for changes in the metal/magnetic
profile of the human brain, such as the observed gradient of MNPs within the brainstem of
young Mexico City residents (Paper 4, Appendix D). Changes to MNP and metal levels may
occur decades prior to the clinical manifestation of AD, as is thought to be the case with

several pathological hallmarks of AD.

UFPs are highly penetrative and have been reported in all major organs including the lung.
Roadside dust is a rich source of metallic UFPs which is currently not subject to any
regulations. Stress and inflammatory responses in the lung can affect the brain via various
nervous and chemical mediators collectively known as the lung-brain axis. It is critical to assess
the impact of UFPs on different components of the lung-brain-axis to understand how particle
incursion may impact on health. Variable cytotoxic, oxidative stress and inflammatory
responses were seen in human lung epithelial cells (Calu-3) exposed to ultrafine roadside dust
nanoparticles (UF-RDPs) likely due to differences in their physicochemical composition. The
composition of road dust (and particulate pollution in general) varies greatly on local levels

e.g., due to traffic density, weather, road conditions and industry.

Changes to global air pollution regulations are needed to regulate UFPs, including roadside
dust, and this may include specific limits on the most toxic elements. Regional policies are also
needed to reflect the unique particulate matter compositions across different localities. This
is especially important to protect the poor and vulnerable who are disproportionately affected
by air pollution. A combination of public awareness, localised policy, and regulations on UFPs
would be invaluable in limiting the impact of environmental metal rich metallic nanoparticles
on human health and could prevent ~2% dementia cases worldwide whilst relieving social and

health care costs associated with both AD and air pollution.
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Appendix A : Chapter 2 (Paper 1) Supplementary material

Variation in the concentration and regional distribution of magnetic nanoparticles in human

brains (Alzheimer’s disease and controls), from the UK

A.1 Supplementary methods

The measurement of (relatively) weakly magnetic samples of a biological nature presents
several experimental challenges. At every stage, we have reduced and quantified any
potential contamination (Supplementary Table S1). First, an appropriate, magnetically-clean
environment was selected for sample preparation; a biological safety cabinet in a class Il
laboratory. Cabinet air throughflow was sampled using a Leland Legacy pump (SKC, Dorset UK)
at 7.5L/min through a magnetically- ‘clean’ 1 um PTFE filter, in order to quantify any magnetic

‘background’ associated with that environment.

Table A.1 Sampling air quality. CL3 = biological safety cabinet in class Il laboratory, CEMP = Centre for
Environmental Magnetism and Palaeomagnetism. The SIRM of clean 1 um PTFE filters was measured, these were
then placed inside the pump and air was sampled for between 3 and 7 hours, which equates to 1.35-3.15m3 air.
The SIRM of the exposed filters was then measured. The values above reflect the change in filter SIRM, post-
exposure, at each location, normalised for the volume of air pumped, or per minute of exposure, on the two tissue
sampling days. The last two rows represent a random sampling of the sample preparation area (hood) or sample
measurement area (CEMP, bench).

Name Location SIRM SIRM SIRM
(x 101 Am?) (x 101° Am2/m3) (x107° Am?/min)
CL3(11/10/18) Hood 18.43 6.15 0.0460
CL3 (10/05/18) | Hood 9.7 5.44 0.0400
CEMP Bench 3.36 1.14 0.0086
CL3 (03/10/19) | Hood 1.45 0.57 0.0043

The class Ill laboratory has double filtered air (high efficiency particulate air, HEPA, filters)
inside the biological safety cabinet. Tissue samples were exposed within the hood for ~ 3
minutes or less; this translates to potential magnetic accumulation of a minimum 1.20 E™*2 Am?
(i.e., ~ 3-4 times lower than a typical 2G sample holder value) or a maximum 1.38 E'** Am? (~

3-4 higher than a typical holder value).

In order to minimize contamination of the sample and clingfilm, all handling of clingfilm and
samples was carried out in the biological safety cabinet. Clingfilm is necessary in order to
secure and protect the freeze-dried samples which are fragile and will crumble if repeatedly

manipulated. For each tissue sample measurement, the specific piece of clingfilm was pre-
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measured and demagnetised (pieces with an SIRM > 2 x 10'1® Am? were rejected and not used
for measurement). Clingfilm was cut using a ceramic knife from the centre of the roll. The
SIRM of the clingfilm, ave. ~1 x 10°2° Am?, is subtracted in order to isolate the tissue SIRM. On
average, the clingfilm contributes ~23% of the total measured SIRM (i.e., sample + pot +
clingfilm). Tissue samples were measured in non-magnetised pots; the NRM of an empty pot

(~6 x 1012 Am?) is weaker than a typical 2G sample holder value.

Cutting surfaces and ceramic knives were cleaned with 70% ethanol prior to use and between
samples. To quantify any possible contamination from the ethanol, SIRM measurements were
made on unfiltered and 1, 2 or 3x filtered 70% ethanol, as well as unfiltered dH,0. SIRMs were
measured at 77K on a JR6A magnetometer (noise level 5 x 10'* Am?); the SIRM of each

solution, approximately 2g (~2-2.3ml), was unmeasurable.

The outer surfaces of each sample were trimmed to remove any potential metal contaminants
from the autopsy process such as fragments from stainless steel instruments or debris from
metal bone saws as per (Gilder et al., 2018). Some large samples and those with irregular
geometry were further sub-divided into two samples, each sample measured separately and
the final SIRM calculated by adding the two values as if it were one whole sample. For a
selection of samples, the trimmings were measured as well as the sample. In some cases,
trimming made little difference; in other cases, a failure to trim the sample would have made
a large contribution to the measured signal, emphasising the need to control for
contamination at every stage. Wet/dry ratios (i.e., the mean of the freeze-dried weight divided
by the wet weight) ranged from 0.16 for entorhinal cortex samples and 0.19 for all other MBB

samples.

Data presented here classes each Manchester case as either ‘AD’ or ‘control’. However, the
pathological diagnosis in some cases is not as clear; for example, “probable AD” and “possible
AD”. Data were also categorised as control, AD or “intermediate” if the case did not clearly
belong to either the control or AD group and analysed using this classification system. There
was no significant difference in magnetite concentration between AD and controls when using
a 3-group classification (AD, Control, intermediate), a 2-group classification (all individuals
designated as either control or AD) or a 2-group classification system omitting the

intermediate cases (definite AD and definite controls only).

We note that samples from Manchester originated from the right hemisphere, whilst the
previously published Mexico City samples (Calderén-Garciduefias et al., 2020a) originated

from the left hemisphere, limited tissue availability prevented us from using the same
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hemisphere from both populations. It is possible that variation exists between the left and
right hemispheres in terms of magnetite concentration and pathology. However, MRI studies
have shown no interhemispheric differences in iron concentrations (Acosta-Cabronero et al.,
2016), and pathological examination of both AD and control hemispheres (as a whole group)
showed similar Braak NFT staging and AP deposition but increased vascular lesions in the left
hemisphere (Giannakopoulos et al., 2009). In contrast, Gilder et al. report higher ferrimagnetic
concentrations in the left hemisphere of the cerebral cortex than the right hemisphere in six

of their seven individuals (Gilder et al., 2018).
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Table A.2 Summary case information Manchester, UK. A selection of 30 brains from elderly individuals were
obtained from the Manchester Brain Bank. The pathological diagnosis can be summarised as; 10 Alzheimer’s
Disease (AD), 7 controls (cont.) (age changes only), 4 probable AD, 3 possible AD, 2 incipient AD, 2 moderate small
vessel disease (SVD), 1 mild SVD and 1 mild AD pathology in the temporal lobe. Comments from the pathologist on
cerebral amyloid angiopathy (CAA), severe vessel disease (SVD) and TAR DNA-binding protein 43 (TDP-43)
proteinopathy of each brain are also summarised.

Case | Sex | Age | Pathological Diagnosis State | Pathologist comment

09/15 | F 89 AD AD

09/22 | F 90 Possible AD AD Mild to moderate SVD

09/37 | M 90 Age changes only Cont.

10/08 | F 87 AD AD Moderate CAA, mild
SVD

10/13 | F 85 AD AD Very severe CAA

10/16 | M 91 Moderate SVD Cont.

10/26 | M 84 Moderate SVD Cont.

10/40 | M 86 AD AD Mild SVD

12/09 | F 87 Mild AD pathology in temporal | AD

lobe

12/23 | M | 95 Age changes only Cont.

12/33 | F 81 Probable AD AD Moderate CAA & SVD

12/34 | F 80 Probable AD AD Mild SVD

13/09 | F 85 AD AD Moderate to severe
SVD

13/10 | F 85 AD AD Severe CAA

14/01 | F 93 Probable AD AD

14/04 | F 87 Age changes only Cont.

14/07 | F 95 Probable AD AD Moderate SVD

14/11 | M 91 Mild SVD Cont.

14/20 | F 90 Age changes only Cont.

14/46 | F 94 Age changes only Cont. | Mild SVD

15/01 | M 90 Age changes only Cont.

15/19 | F 98 Possible AD AD

15/29 | M 81 AD AD Mild SVD

15/31 | M | 91 Age changes only Cont.

15/42 | M | 89 Incipient AD Cont.

15/48 | F 81 AD AD Secondary TDP-43

16/01 | M 90 Possible AD AD Mild SVD

16/08 | M 88 Incipient AD AD Moderate to severe
SvD

16/13 | M 91 AD AD

16/14 | F 92 AD AD Secondary TDP-43
proteinopathy
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Table A.3 Regional distribution of magnetic remanence carriers in Alzheimer’s disease and controls.
Freeze dried fresh frozen brain tissue samples from the cerebellum, entorhinal cortex (EC), frontal, occipital and
temporal lobes were exposed to a saturating field of 1T, and their saturation isothermal remanence magnetisation
(SIRM) measured. Individuals were classified as either control(cont.) or Alzheimer’s disease (AD) based on their
pathological diagnosis.

Region Samples | SIRM range | Mean SIRM | Median SIRM | Mean Mean
(n) (10°Am? kg?) | (10°Am? kgl) | (10°Am? kgl) | magnetite (10°)
(ng/g) particles/g
tissue
Cerebellum 17 0.15-1.63 0.63 0.40 0.05 0.57
AD
Cerebellum 11 0.09-3.31 1.01 0.74 0.07 0.91
Cont.
EC 17 0.13-0.81 0.38 0.30 0.03 0.34
AD
EC 9 0.06-1.33 0.45 0.38 0.03 0.40
Cont.
Frontal 19 0.16-13.69 1.86 0.57 0.13 1.67
AD
Frontal 11 0.20-5.33 1.13 0.64 0.08 1.01
Cont.
Occipital 18 0.08-9.73 1.22 0.51 0.09 1.10
AD
Occipital 10 0.19-1.87 0.73 0.59 0.05 0.66
Cont.
Temporal 18 0.12-5.96 1.14 0.67 0.08 1.02
AD
Temporal 11 0.17-3.80 0.89 0.49 0.06 0.80
Cont.
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Table A.4 Metal concentrations in the cerebellum of MBB Alzheimer’s disease and controls. ICP-MS
was conducted on fresh/frozen brain tissue samples from the cerebellum to determine concentrations (ug/g dry
tissue) of aluminium, cerium, iron, lead, and platinum. Individuals were classified as either control or Alzheimer’s

disease (AD) based on their pathological diagnosis. *Excluded from analysis as an extreme outlier.

Pathology | Case Region Aluminium | Cerium Iron Lead Platinum
AD 09/15 Cerebellum | 2.54 0.0019 321.95 0.09 0.0040
AD 09/22 Cerebellum | 5.00 0.0125 251.83 0.04 0.0031
Control 09/37 Cerebellum | 1.54 0.0059 313.48 0.09 2.2009*
AD 10/08 Cerebellum | 2.50 0.0031 203.23 4.21 0.0005
AD 10/13 Cerebellum | 1.20 0.0013 231.30 0.06 0.0011
Control 10/16 Cerebellum 2.01 0.0043 371.22 0.05 0.0004
Control 10/26 Cerebellum | 3.54 0.0014 248.54 1.16 0.0025
AD 10/40 Cerebellum | 0.84 0.0009 198.48 0.08 0.0007
AD 12/09 Cerebellum | 2.13 0.0042 202.37 0.03 0.0012
Control 12/23 Cerebellum | 0.48 0.0022 460.43 0.03 0.0006
AD 12/33 Cerebellum | 0.79 0.0046 260.53 0.04 0.0015
AD 12/34 Cerebellum | 3.13 0.0057 237.42 0.06 0.0000
AD 13/09 Cerebellum | 6.06 0.0047 415.17 0.07 0.0067
AD 13/10 Cerebellum | 2.29 0.0073 446.60 0.06 0.0023
AD 14/01 Cerebellum | 2.27 0.0009 270.21 0.05 0.0002
Control 14/04 Cerebellum | 0.68 0.0013 202.61 0.02 0.0007
AD 14/07 Cerebellum | 5.45 0.0110 285.95 0.05 0.0019
Control 14/11 Cerebellum 2.69 0.0057 241.34 0.69 0.0024
Control 14/20 Cerebellum | 0.46 0.0024 530.43 0.93 0.0011
Control 14/46 Cerebellum | 14.83 0.0211 274.13 1.06 0.0029
Control 15/01 Cerebellum | 2.59 0.0014 281.04 0.03 0.0015
AD 15/19 Cerebellum | 0.74 0.0017 170.89 0.03 0.0005
AD 15/29 Cerebellum | 26.20 0.0025 265.09 0.03 0.0014
Control 15/31 Cerebellum | 0.87 0.0009 219.66 0.08 0.0011
Control 15/42 Cerebellum 3.99 0.0054 328.71 0.04 0.0008
AD 15/48 Cerebellum | 2.09 0.0024 177.40 0.05 0.0011
AD 16/01 Cerebellum | 0.96 0.0024 316.42 0.07 0.0029
AD 16/08 Cerebellum | 2.50 0.0060 340.20 0.03 0.0015
AD 16/13 Cerebellum | 1.68 0.0017 429.83 2.88 0.0026
AD 16/14 Cerebellum | 6.19 0.0133 292.79 0.06 0.0037
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Table A.5 Metal concentrations in the frontal lobe of MBB Alzheimer’s disease and controls. ICP-MS
was conducted on fresh frozen brain tissue samples from the frontal lobe to determine concentrations (ug/g dry
tissue) of aluminium, cerium, iron, lead, and platinum. Individuals were classified as either control or Alzheimer’s
disease (AD) based on their pathological diagnosis.

Pathology | Case Region Aluminium | Cerium Iron Lead Platinum
AD 09/15 Frontal 2.53 0.0009 350.36 0.07 0.0014
AD 09/22 Frontal 0.70 0.0015 156.49 0.01 0.0000
Control 09/37 Frontal 0.94 0.0040 184.82 0.08 0.0026
AD 10/08 Frontal 3.71 0.0111 296.24 1.12 0.0022
AD 10/13 Frontal 2.09 0.0014 163.26 0.04 0.0007
Control 10/16 Frontal 10.02 0.0109 255.93 0.09 0.0019
Control 10/26 Frontal 1.06 0.0015 200.60 1.00 0.0014
AD 10/40 Frontal 0.57 0.0007 145.48 0.11 0.0005
AD 12/09 Frontal 6.63 0.0090 267.12 0.04 0.0018
Control 12/23 Frontal 1.59 0.0027 204.31 0.05 0.0014
AD 12/33 Frontal 1.27 0.0012 244.31 0.07 0.0006
AD 12/34 Frontal 18.44 0.0398 325.64 1.30 0.0052
AD 13/09 Frontal 2.90 0.0037 209.90 0.08 0.0009
AD 13/10 Frontal 1.82 0.0022 166.75 1.13 0.0004
AD 14/01 Frontal 1.05 0.0008 215.35 0.05 0.0003
Control 14/04 Frontal 2.18 0.0031 249.52 0.09 0.0024
AD 14/07 Frontal 8.05 0.0136 311.85 0.10 0.0020
Control 14/11 Frontal 12.04 0.0056 363.31 0.09 0.0014
Control 14/20 Frontal 3.41 0.0075 395.07 0.15 0.0019
Control 14/46 Frontal 14.06 0.0162 368.40 0.51 0.0022
Control 15/01 Frontal 1.44 0.0008 199.99 0.03 0.0005
AD 15/19 Frontal 1.28 0.0005 218.92 0.10 0.0004
AD 15/29 Frontal 0.47 0.0006 191.17 0.02 0.0005
Control 15/31 Frontal 2.17 0.0012 214.26 0.72 0.0023
Control 15/42 Frontal 3.48 0.0030 257.34 0.04 0.0013
AD 15/48 Frontal 0.93 0.0011 193.87 0.05 0.0006
AD 16/01 Frontal 1.04 0.0012 276.23 0.11 0.0019
AD 16/08 Frontal 3.61 0.0043 255.26 0.04 0.0000
AD 16/13 Frontal 1.07 0.0025 273.38 0.03 0.0015
AD 16/14 Frontal 6.19 0.0074 24291 0.08 0.0009
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Table A.6 Metal concentrations in the occipital lobe of MBB Alzheimer’s disease and controls. ICP-MS
was conducted on fresh frozen brain tissue samples from the occipital lobe to determine concentrations (ug/g dry
tissue) of aluminium, cerium, iron, lead, and platinum. Individuals were classified as either control or Alzheimer’s
disease (AD) based on their pathological diagnosis.

Pathology Case Region Aluminium Cerium Iron Lead Platinum
AD 09/15 Occipital 7.95 0.0026 274.71 0.13 0.0031
AD 09/22 Occipital 2.83 0.0059 317.16 0.02 0.0015
Control 09/37 Occipital 1.96 0.0067 229.05 0.11 0.0011
AD 10/08 Occipital 4.01 0.0128 485.98 2.03 0.0050
AD 10/13 Occipital 1.50 0.0013 199.43 0.03 0.0007
Control 10/16 Occipital 2.02 0.0022 288.43 0.06 0.0021
Control 10/26 Occipital 0.68 0.0010 234.02 0.07 0.0007
AD 10/40 Occipital 0.55 0.0006 183.60 0.04 0.0003
AD 12/09 Occipital 2.05 0.0023 345.71 0.02 0.0010
Control 12/23 Occipital 0.53 0.0020 258.43 0.03 0.0011
AD 12/33 Occipital 0.92 0.0011 239.99 0.05 0.0009
AD 12/34 Occipital 9.60 0.0229 426.80 0.11 0.0095
AD 13/09 Occipital 5.88 0.0091 522.22 0.06 0.0010
AD 13/10 Occipital 2.49 0.0058 34291 0.25 0.0019
AD 14/01 Occipital 1.58 0.0007 176.10 0.03 0.0002
Control 14/04 Occipital 2.03 0.0040 236.08 0.04 0.0011
AD 14/07 Occipital 4.36 0.0088 311.80 0.05 0.0018
Control 14/11 Occipital 4.45 0.0054 336.82 0.04 0.0026
Control 14/20 Occipital 3.09 0.0063 352.72 0.07 0.0015
Control 14/46 Occipital 8.58 0.0127 313.94 0.12 0.0031
Control 15/01 Occipital 0.81 0.0005 223.32 0.02 0.0003
AD 15/19 Occipital 1.25 0.0013 179.53 0.05 0.0003
AD 15/29 Occipital 1.36 0.0015 256.63 0.03 0.0004
Control 15/31 Occipital 2.17 0.0008 282.42 0.34 0.0013
Control 15/42 Occipital 1.69 0.0027 263.99 0.42 0.0008
AD 15/48 Occipital 0.85 0.0012 243.73 0.04 0.0009
AD 16/01 Occipital 1.52 0.0015 204.38 0.06 0.0003
AD 16/08 Occipital 1.91 0.0054 269.33 0.04 0.0000
AD 16/13 Occipital 0.82 0.0004 360.18 0.04 0.0006
AD 16/14 Occipital 3.09 0.0042 287.09 0.06 0.0010
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Table A.7 Metal concentrations in the temporal lobe of MBB Alzheimer’s disease and controls. ICP-
MS was conducted on fresh frozen brain tissue samples from the temporal lobe to determine concentrations (ug/g
dry tissue) of aluminium, cerium, iron, lead, and platinum. Individuals were classified as either control or
Alzheimer’s disease (AD) based on their pathological diagnosis.

Pathology | Case Region Aluminium | Cerium Iron Lead Platinum
AD 09/15 Temporal | 1.39 0.0002 237.63 0.05 0.0005
AD 09/22 Temporal | 6.22 0.0170 336.78 0.05 0.0032
Control 09/37 Temporal | 7.46 0.0082 191.31 0.11 0.0031
AD 10/08 Temporal | 2.32 0.0066 272.73 0.59 0.0022
AD 10/13 Temporal | 1.20 0.0010 193.67 0.03 0.0007
Control 10/16 Temporal | 3.96 0.0056 226.83 0.10 0.0009
Control 10/26 Temporal | 1.85 0.0001 200.12 0.25 0.0004
AD 10/40 Temporal | 0.83 0.0007 192.89 0.11 0.0005
AD 12/09 Temporal | 1.35 0.0031 285.63 0.04 0.0004
Control 12/23 Temporal | 1.45 0.0034 193.00 0.05 0.0026
AD 12/33 Temporal | 1.93 0.0016 261.65 0.10 0.0007
AD 12/34 Temporal | 34.70 0.0641 608.76 0.15 0.0000
AD 13/09 Temporal | 5.34 0.0076 313.49 0.05 0.0025
AD 13/10 Temporal | 1.99 0.0060 311.67 0.12 0.0017
AD 14/01 Temporal | 3.71 0.0011 335.14 0.05 0.0003
Control 14/04 Temporal | 2.73 0.0038 269.49 0.15 0.0011
AD 14/07 Temporal | 8.46 0.0142 322.48 0.07 0.0021
Control 14/11 Temporal | 3.32 0.0026 206.06 0.04 0.0006
Control 14/20 Temporal | 6.32 0.0116 253.18 0.31 0.0081
Control 14/46 Temporal | 10.51 0.0080 241.66 0.09 0.0045
Control 15/01 Temporal | 1.82 0.0020 319.96 1.39 0.0017
AD 15/19 Temporal | 0.69 0.0012 172.37 0.03 0.0007
AD 15/29 Temporal | 1.30 0.0019 355.32 0.04 0.0010
Control 15/31 Temporal | 3.93 0.0008 200.53 0.04 0.0016
Control 15/42 Temporal | 2.60 0.0047 171.32 0.03 0.0015
AD 15/48 Temporal | 6.81 0.0072 556.94 0.14 0.0019
AD 16/01 Temporal | 0.87 0.0011 285.57 0.09 0.0009
AD 16/08 Temporal | 9.43 0.0112 279.78 0.09 0.0000
AD 16/13 Temporal | 1.29 0.0040 321.47 0.49 0.0017
AD 16/14 Temporal | 3.71 0.0096 360.64 0.06 0.0000
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Figure A.1 NRM/SIRM values of human brain tissue samples. The NRM of 83 freeze-dried human brain
tissue samples from MBB at 293K +0.5K. Dashed line indicates the measurement limit (2 x 1011 Am2) of the 2G
SQUID magnetometer (Centre for Environmental Magnetism and Palaeomagnetism, Lancaster University). Circles

indicate females, squares indicate males.
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Figure A.2 Mass normalised saturation isothermal remanence magnetisations of human brain regions
from Manchester, UK. Histograms depict the mass-normalised (freeze-dried weights) SIRM values of human brain
tissue samples (MBB cohort) from the cerebellum, entorhinal cortex, frontal lobe, occipital lobe, temporal lobe and

all regions.
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Figure A.3 Box plot of mass normalised SIRM values of human brain regions. Box plots depict the mass-
normalised (freeze-dried weights for Mexico and UK, wet/formalin-soaked weights for Germany) saturation
isothermal remanence magnetisations (SIRMs) of human brain tissue samples from the brainstem, cerebellum and
cerebral cortex from Germany (red)(Gilder et al., 2018), the cerebellum, substantia nigra (SN) and
tectum/tegmentum from Mexico City, Mexico (Calderén-Garciduefias et al., 2020a), and the cerebellum, entorhinal
cortex (EC), frontal lobe, occipital lobe and temporal lobe of individuals from MBB, UK (this study, blue). Outliers
(o) are more than 1.5x the interquartile range, extremes (*) are more than 3x the interquartile range.
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Figure A.4 Box plot of published mass normalised SIRM values of human brain regions. Box plots
depict the mass-normalised saturation isothermal remanence magnetisations (SIRMs) of human brain tissue
samples measured at 77K (low) or 293K (room) temperature. The ‘van de Weerd 2020’ data were measured at
100 K, and represents fresh frozen AD tissue (boxplot taken from (van der Weerd et al., 2020)). The ‘Calderdn-
Garciduefias 2019’ boxplot represents human frontal tissue, rather than all measured tissue (primarily heart
tissue). Data published in (Brem et al., 2005a, Calderén-Garciduefias et al., 2019b, Calderdn-Garciduefias et al.,
2020a, Dobson and Grassi, 1996, Gilder et al., 2018, Hirt et al., 2006, Kirschvink et al., 1992a, Maher et al., 2016,
Sant'Ovaia et al., 2015, van der Weerd et al., 2020).0utliers (0) are more than 1.5x the interquartile range,
extremes (*) are more than 3x the interquartile range. Samples obtained from the following locations: (Brem et
al., 2005a), Zurich, Switzerland; (Calderén-Garciduefias et al., 2020a, Calderdn-Garciduefias et al., 2019b),
Mexico City and Veracruz, Mexico; (Dobson and Grassi, 1996), Zurich, Switzerland; (Gilder et al.,
2018),Heideleberg, Wiesloch, Bayreuth, Germany; Hammond et al. (this study), N. England; (Hirt et al., 2006),
Zurich, Switzerland; (Maher et al., 2016), N. England and Mexico City; (Sant'Ovaia et al., 2015), Porto, Portugal;
(van der Weerd et al., 2020), Amsterdam, Netherlands.
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Appendix B : Chapter 3 (Paper 2) Supplementary material

Trace and ultratrace metal concentrations in human brain tissue from Alzheimer’s disease and

controls

B.1 Supplementary Methods

B.1.1 Three-way analysis of variance (ANOVA)

A three-way mixed ANOVA was run to understand the effects of disease state, brain region
and metal species on metal concentration. Data are mean % standard deviations unless
otherwise stated. The three-way interaction between disease state, brain region and metal
species was not statistically significant, F (36,1312) = 1.096, p= 0.386. There was a statistically
significant interaction between metal species and brain region, F (36,1312) , p < 0.001. All
other two-way interactions were not statistically significant (p > 0.05). Statistical significance
of a simple main effect was accepted at a Sidak-adjusted alpha level of 0.002. There was a
statistically significant simple main effect of copper, manganese, and selenium (all p > 0.001).
All pairwise comparisons were performed for statistically significant simple main effects. Sidak
corrections were made with comparisons within each simple main effect considered a family
of comparisons. Adjusted p-values are reported. Mean copper, manganese, and selenium
levels were higher in the cerebellum compared to the frontal, occipital, and temporal lobes, p

=<0.001.

B.1.2 Principal component analysis (PCA)

A principal components analysis (PCA) was run on 25 metal concentrations from 120 human
brain tissue samples. The suitability of PCA was assessed prior to analysis. Variables without
at least one coefficient >0.3 were excluded from analysis (As), as were variables with individual
Kaiser-Meyer-Olkin (KMO) measures >0.5 (Pb). The overall KMO measure was 0.85, with a
bartlett’s test of sphericity of p<0.001 indicating the data is likely factorizable. The analysis
revealed five components with an eigenvalue of 1 or more, explaining 38.4%, 12.0% 7.9%,
6.1% and 4.6% of the variance respectively. Inspection of the scree plot and rotated matrix
indicated retaining four components would be the optimal solution. A varimax orthogonal
rotation was employed, which gave an approximate simple structure.
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Table B.1 Biological function, environmental sources, and toxicity of metal elements.

Metal | Biological function | Environmental sources Toxic consequences Refs.

Al No known function | Earth’s crust (most abundant metal), Pulmonary lesions, potentially (Ilgbokwe et
rock erosion, sea water, medication, neurotoxic/associated with al., 2019)
dentistry, mining, industrial waste, neurological diseases like
agriculture, exhaust emissions, tobacco | Alzheimer’s disease, may affect
smoke fertility

Sb No known function | Earth’s crust, volcanic eruptions, forest | Eye, skin, and lung irritation. (Hu et al.,
fires, sea spray, mining, smelters, coal Long term exposure — 2015, Sundar
power plants, fire-retardant antimoniosis, a form of and
treatments, alloys for manufacturing, pneumoconiosis. Lung, Chakravarty,
brake pads, antiprotozoal drugs cardiovascular and Gl issues e.g., | 2010,

vomiting, bronchitis, increased Cooper and
blood pressure Harrison,
2009)

As No known function | Earth’s crust (distributed widely in soil, | Carcinogenic, highly toxic. (Garelick et
drinking water), tobacco smoke, alloy al., 2008,
production, manufacturing, mining, WHO, 2018)
smelting, agricultural

cd No known function | Volcanic eruptions, industrial Kidney, bone, and pulmonary (Nordberg et
processes, agriculture (fertilizers), damage. Carcinogenic. al., 2018,
batteries, waste incineration, mining, Sahmoun et
smelting al., 2005)

Ce No known function | Earth’s crust, sea water, catalytic Low to moderate toxicity; (Rim et al.,
converters, methemoglobinemia, itching, 2013)

skin lesions
Cr Possible role in Earth’s crusts, volcanic eruptions, sea Carcinogenic (hexavalent Cr) (Sun et al.,
lipid and glucose water spray, leather tanning, dyes, 2015, Cefalu
metabolism steel production and Hu,
2004,
Coetzee et
al., 2020)
Co Component of Earth’s crust, volcanic ash, forest fire, Primarily inhalation: possibly (Catalani et
vitamin B12 sea spray, fossil fuel, sewage sludge, carcinogenic, IARC Group 2B, al., 2012)

engine emissions, production of alloys

respiratory and cardiovascular
issues, memory loss, neuropathy,

contact dermatitis
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Cu Connective tissue, | Volcanoes, sea spray, windblown dust, Gastrointestinal issues (e.g., (Rehman et
bone, and nerves. mining, fossil fuel combustion, vomiting, nausea), anaemia, al., 2019)
Enzymes like factories, fertilizers, brake pads, alloys, kidney damage, liver damage
superoxide paint
dismutase,
dopamine
hydroxylase

Fe Oxygen transport Earth’s crust, volcanic eruption, sea Gastrointestinal stress (e.g., (Winter et
(haemoglobin), water spray, forest fires, fossil fuels, diarrhoea, vomiting), heart, liver, | al., 2014)
energy transport steel production, milling, mining, brake | CNS damage
(cytochromes), pads
numerous haem
and non-haem
proteins

Pb No known function | Earth’s crust, leaded fuel, paints, Highly toxic; neurotoxic, kidney (Assi et al.,

smelting, water (leaded pipes), toxicity, teratogenic, probably 2016)
cosmetics, traditional medicine, carcinogenic
ammunition

Mn Cofactor in Earth’s crust, rock erosion, fungicides, Manganism — a form of (O'Neal and
enzymes e.g., fuel additive, welding, mining Parkinson’s Disease, hepatic Zheng, 2015)
manganese cirrhosis, neurotoxicity, altered
superoxide cardiovascular function
dismutase,
arginase

Hg No known function | Volcanic eruption, geothermal sources, | Highly toxic; endocrine toxicity, (Gworek et

forest fires, dentistry, medical devices, diabetes, Gl toxicity, liver al., 2020,
fossil fuel emissions, batteries, medical | toxicity, pancreas toxicity, CNS Rice et al.,
waste incineration, toxicity. Possible carcinogen 2014)

Mo Component of Earth’s crust, mining, agriculture, steel Low toxicity but excess can lead (Harkness et
enzymes e.g., alloys, medical devices, adhesive, to copper deficiency, anaemia, al.,, 2017,
xanthine lubricant joint pain Vyskocil and
reductase Viau, 1999)

Ni No known function | Earth’s crust, windblown dust, mining, Carcinogenic, contact dermatitis, | (Genchi et

smelting, tobacco smoke, fossil fuel al., 2020)

combustion, sewage, waste

incineration
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Pd

No known function

Earth’s crust, sea water, catalytic

converters, exhaust emissions,

Skin irritation (contact

dermatitis), eye irritation,

(Melber and

Mangelsdorf,

electrical equipment (e.g., transistors), sensitization. 2006,
dentistry, mining, smelting, jewellery Kielhorn et
Not much data available. al., 2002)

Pt No known function | Catalytic converters, exhaust emissions, | Increasing toxicity with (Hartmann
mining, dentistry, jewellery, anti-cancer | increasing solubility; neurotoxic, | and Lipp,
drugs carcinogenic, and mutagenic. 2003, Pawlak

Same as Pd (above) et al,, 2014)
Anaemia and kidney damage
from prolonged exposure.

Se Important Earth’s crust, rock erosion, soil, volcanic | Vomiting, abdominal pain, (Tanetal.,
component of eruption, coal combustion, mining, haemolysis, oedema, coma, liver | 2016)
antioxidant sewage sludge, fertilizers necrosis, selenosis
enzymes e.g.,
glutathione
peroxidase

Ag No known function | Medical devices, dental fillings, Argyria. Potentially toxic at high (Lansdown,
cosmetics, antibacterial agents, doses but generally low toxicity 2010)
textiles, mining, photography industry,
high-capacity batteries, jewellery

Sr Possibly for Earth’s crust, sea spray, windblown soil, | Accumulates in bones and has (Ozgiir et al.,
prevention of coal burning, phosphate fertilizers, similar chemistry to Ca. 1996, Pors
osteoporosis nuclear power plants, tobacco smoke May increase chance of Nielsen,

developing rickets. Possible 2004)
carcinogen (Strontium chromate,

more likely to be the chromium

ion responsible)

Ta No known function | Earth’s crust, medical devices, Few studies available. (Filella,
dentistry, mining, capacitors, Biocompatibility seen with 2017)

medical and dental uses.

Sn No known function | Earth’s crust, sea water, volcanic Inorganic tin generally low (Cima, 2011)

eruption, forest fires, dentistry, alloy
production, agriculture, cosmetics,

brake pads, mining

toxicity but can cause stenosis.

Organic tin - neurotoxic

196




Ti No known function | Earth’s crusts, dentistry, medical Generally reported as non-toxic (Al-Kattan et
devices, food additives, cosmetics, but increasing reports of TiO2 al., 2013,
paint nanoparticle toxicity in different Chen and

laboratory models Mao, 2007,
Kim et al.,
2019,
Zierden and
Valentine,
2015)

w No known function | Mining, alloy manufacturing, light More toxic when alloyed with (Wasel and
filaments, cutting tools, military other metals e.g., Co, Ni. Possible | Freeman,
ammunition, Earth’s crust carcinogen 2018, Lemus

and Venezia,
2015)

\Y Possibly plays a Earth’s crust, volcanic eruptions, sea Respiratory toxicant, nausea, (Crans et al.,
role in glucose water, fossil fuel combustion, diesel vomiting, eye irritation, mild GI 2004,
metabolism fuel, electric vehicle batteries irritation Registry,
(similar to insulin) 2012)

Zn Antioxidant, Earth’s crust, volcanic eruption, sea Nausea, vomiting, iron and (Guarino et
present in over spray, windblown dust, mining, copper deficiency (and al., 2020)

100 enzymes

smelting, steel production, fossil fuel

combustion, industrial, tyre wear

associated symptoms)
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Table B.2 Comparison of published metal concentrations in post-mortem human brain tissue from
Alzheimer’s disease and controls.

Metal(loid)

Comparison of AD and controls

Al

No change - (Schrag et al.,, 2011a, Stedman and Spyrou, 1997,
Religa et al., 2006, Akatsu et al., 2011), 1 - (Yoshimasu et al., 1980,
Andrasi et al., 1995, Corrigan et al., 1993, Srivastava and Jain, 2002,
Rao et al., 1999)

Sb

No change - (Samudralwar et al., 1995, Ward and Mason, 1987)

As

No change - (Ward and Mason, 1987, Srivastava and Jain, 2002),
Jd - (Szabo et al., 2015)

Cd

No change - (Plantin et al., 1987, Panayi et al., 2002, Stedman and
Spyrou, 1997, Srivastava and Jain, 2002, Akatsu et al., 2011), 1 -
(Ward and Mason, 1987), |, - (Szabo et al., 2015)

Ce

Cr

No change - (Plantin et al., 1987, Ward and Mason, 1987,
Wenstrup et al., 1990, Akatsu et al., 2011), 1 - (Srivastava and Jain,
2002)

Co

No change - (Plantin et al., 1987, Ward and Mason, 1987,
Wenstrup et al., 1990, Szabo et al., 2015, Samudralwar et al., 1995)

Cu

No change - (Yoshimasu et al., 1980, Ward and Mason, 1987, Szabo
etal., 2015, Corrigan et al., 1993, Religa et al., 2006), 1 - (Lovell et
al., 1998, Rao et al., 1999) , | -(Plantin et al., 1987, Scholefield et
al., 2020, Andrasi et al., 1995, Deibel et al., 1996, Xu et al., 2017,
Schrag et al., 2011a, Magaki et al., 2007, Akatsu et al., 2011)

Fe

No change - (Plantin et al., 1987, Wenstrup et al., 1990, Scholefield
et al., 2020, Cornett et al., 1998a, Stedman and Spyrou, 1997,
Griffiths and Crossman, 1993, Religa et al., 2006, Akatsu et al.,
2011), 1 - (Andrési et al., 1995, Andrasi et al., 2000, Szabo et al.,
2015, Samudralwar et al., 1995, Deibel et al., 1996, Hare et al.,
2016, Xu et al., 2017, Schrag et al., 20113, Lovell et al., 1998,
Srivastava and Jain, 2002, Rao et al., 1999), {, - (Ward and Mason,
1987, Andrasi et al., 1995, Andrasi et al., 2000, Corrigan et al.,
1993, Magaki et al., 2007)

Pb

No change - (Szabo et al., 2015)

No change - (Yoshimasu et al., 1980, Ward and Mason, 1987, Szabo
et al., 2015, Akatsu et al., 2011, Andrasi et al., 1995, Scholefield et
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al., 2020, Corrigan et al., 1993), 1 - (Srivastava and Jain, 2002, Xu
etal, 2017), J - (Xuetal., 2017)

Hg No change - (Ward and Mason, 1987, Cornett et al., 1998a,
Samudralwar et al., 1995, Szabo et al., 2015), P - (Wenstrup et al.,
1990, Cornett et al., 1998b)

Mo No change - (Corrigan et al., 1993, Srivastava and Jain, 2002)

Ni No change - (Srivastava and Jain, 2002, Ward and Mason, 1987,
Szabo et al., 2015)

Pd -

Pt -

Se No change - (Plantin et al., 1987, Wenstrup et al., 1990, Cornett et
al., 1998a, Samudralwar et al., 1995, Srivastava and Jain, 2002), |,
- (Ward and Mason, 1987, Scholefield et al., 2020, Xu et al., 2017,
Stedman and Spyrou, 1997, Corrigan et al., 1993)

Ag No change - (Ward and Mason, 1987, Wenstrup et al., 1990,
Srivastava and Jain, 2002)

Sr No change - (Corrigan et al., 1993)

Ta -

Sn No change - (Corrigan et al., 1993, Ward and Mason, 1987, Szabo
et al., 2015)

Ti No change - (Ward and Mason, 1987, Corrigan et al., 1993)

W -

V No change - (Corrigan et al., 1993, Srivastava and Jain, 2002, Szabo
et al, 2015) { - (Ward and Mason, 1987)

Zn No change - (Plantin et al., 1987, Szabo et al., 2015, Scholefield et

al., 2020, Cornett et al.,, 1998a, Rulon et al., 2000, Stedman and
Spyrou, 1997, Srivastava and Jain, 2002, Akatsu et al., 2011), 1 -
(Andrasi et al., 2000, Samudralwar et al., 1995, Deibel et al., 1996,
Xu et al., 2017, Schrag et al., 20113, Lovell et al., 1998, Rao et al.,
1999, Religa et al., 2006, Danscher et al., 1997), { - (Ward and
Mason, 1987, Wenstrup et al., 1990, Andrasi et al., 2000,
Andrasi et al., 1995, Xu et al.,, 2017, Panayi et al., 2002,

Corrigan et al., 1993)
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Table B.3 Summary case information. A selection of 30 brains from elderly individuals were obtained from the

Manchester Brain Bank.

Case Sex | Age | Braak | Brain PMD Residence Job
(grams)
09/15 F 89 V-VI 72 Rowlands Gill Secondary education
teaching professionals
09/22 F 90 H-1v 6 Whitley Bay, receptionist
Tyne and Wear
09/37 M 90 0-l 1325 36 Bolton No assessment
10/08 F 87 V-VI 1019 60 Heaton Mersey, | stock control clerk
Stockport
10/13 F 85 \i| 1013 51 Criccieth Comptometer operator
10/16 M 91 1 Blakelaw, Leisure and travel
Newcastle- service occupations
upon-Tyne, n.e.c.
10/26 M 84 0-l 1226 159 Kirkby Stephen Teacher
10/40 M 86 11 1100 26 Whitley Bay, Counter clerks
(fixed) Tyne and Wear
12/09 F 87 -1l 1178 87 Shaw, Oldham General office
assistants/clerks
12/23 M 95 -1l 1200 12 Sunderland Architects
fixed
12/33 F 81 H-1v 1160 113.5 Woolton, Nurse
Liverpool
12/34 F 80 11 1000 81 Gatley, Cheshire | Routine inspectors and
testers
13/09 F 85 V-VI 1030 73 Grange-over- Teacher and college
Sands lecturer
13/10 F 85 V-Vi 1275 24 Newcastle Upon | Secondary education
Tyne teaching professionals
14/01 F 93 H-1v 1133 70.5 Whitley Bay, Special needs education
Tyne and Wear teaching professionals
14/04 F 87 0-l 1152 24 Fenham, Nurse
Newcastle-
upon-Tyne,
14/07 F 95 Y 1200 39 Dronfield Infants teacher
14/11 M 91 I-1l 1520 435 Wilmslow, Personnel and industrial
Cheshire relations officers
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14/20 F 90 (08 1050 39 Gosforth, Typist
Newcastle-
upon-Tyne
14/46 F 94 0-l 946 111 Middleton, Civil Service
Manchester administrative officers
and assistants
15/01 M 90 -1 156 Stockport Directors and chief
executives of major
organisations
15/19 F 98 11 1029 84 Dukinfield Publicans and managers
of licensed premises
15/29 M 81 V-Vi 1318 68 Alderley Edge Head Teacher
15/31 M 91 -1l 1157 93 Whickham, Secondary education
Newcastle- teaching professionals
upon-Tyne
15/42 M 89 i 128 Newcastle- Senior officials in
upon-Tyne national government
15/48 F 81 Vi 967 98 Atherton Drawing office tracer
16/01 M 90 H-1v 1309 26 Washington, Engineering technicians
Tyne and Wear
16/08 M 88 n-1v 1107 114 Sheffield Bassetts factory worker
16/13 M 91 \Y 61 Newcastle- Graphic designer
upon-Tyne
16/14 F 92 V-VI 1160 118 Leyland Water board worker

Table B.4 Dry/wet ratios of human brain tissue. Results of Mann-Whitney U tests, comparing male and female

or AD and control are indicated in bold; *, p<0.05

Cerebellum Frontal Occipital Temporal All samples
AD 0.169 £ 0.027 0.199+0.055 | 0.208 £0.028 | 0.172 +0.028* | 0.187 + 0.039
Control 0.170 £ 0.026 0.179+0.021 | 0.206 £0.025 | 0.199 +0.039* | 0.189 + 0.031
Female 0.172 £0.032 0.202 £0.056 | 0.212+0.027 | 0.179+0.024 | 0.191+0.040
Male 0.167 £0.168 0.178 £0.024 | 0.201+0.259 | 0.188+0.045 | 0.184 £0.032
Allindividuals | 0.189 +0.026 0.204 £0.044 | 0.218 +0.024 | 0.201+0.035 | 0.188 +£0.036
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Table B.5 Concentration of metal elements in human brain tissue from Alzheimer’s disease and controls.
Concentrations are reported as pg/g dry tissue.

AD Control
Al Mean 3.78 3.64
St. dev. 5.33 3.63
Sb | Mean 0.041 | 0.039
St. dev. 0.063 | 0.044
As Mean 0.071 | 0.068
St. dev. 0.076 | 0.115
Cd | Mean 0.219 | 0.230
St. dev. 0.134 | 0.120
Ce Mean 0.006 | 0.005
St. dev. 0.009 | 0.004
Cr Mean 0.059 | 0.106
St. dev. 0.084 | 0.206
Co Mean 0.022 0.017
St. dev. 0.014 | 0.008
Cu Mean 30.90 31.49
St. dev. 14.04 12.22
Fe Mean 282.29 | 269.50
St. dev. 92.73 | 76.05
Pb | Mean 0.237 | 0.248
St. dev. 0.642 | 0.356
Mn | Mean 2.47 2.31
St. dev. 1.02 0.77
Hg Mean 3.61 3.04
St. dev. 4.14 2.43
Mo | Mean 0.144 | 0.178
St. dev. 0.067 | 0.125
Ni Mean 0.073 | 0.079
St. dev. 0.070 | 0.096
Pd | Mean 0.528 | 0.741
St. dev. 0.858 | 0.637
Pt Mean 0.001 | 0.002
St. dev. 0.002 | 0.001
Se Mean 0.068 | 0.082
St. dev. 0.155 | 0.152
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Ag Mean 0.120 0.123
St. dev. 0.100 | 0.126
Sr Mean 0.254 | 0.268
St. dev. 0.208 | 0.235
Ta Mean 0.002 | 0.002
St. dev. 0.002 | 0.002
Sn Mean 0.028 | 0.030
St. dev. 0.020 | 0.020
Ti Mean 1.18 0.89
St. dev. 1.80 0.59
W Mean 0.081 | 0.063
St. dev. 0.125 | 0.051
\Y Mean 0.038 | 0.045
St. dev. 0.029 | 0.054
Zn Mean 118.86 | 108.49
St. dev. 3298 | 22.83
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Table B.6 Regional distribution of metal elements in human brain tissue from females (n=17) and males

(n=13). Concentrations are reported as pg/g dry tissue.

Cerebellum Frontal Occipital Temporal
F M F M F M F M
Al Mean 3.43 3.84 4.54 3.04 3.65 1.57 5.85 3.08
St.dev. | 3.49 6.80 4.95 3.70 2.76 1.05 7.95 2.64
Sb Mean 0.036 0.026 0.052 0.030 0.040 0.017 0.075 0.034
St.dev. | 0.037 0.020 0.061 0.028 0.033 0.018 0.112 0.053
As Mean 0.074 0.062 0.063 0.100 0.068 0.040 0.077 0.076
St.dev. | 0.128 0.049 0.042 0.181 0.058 0.030 0.081 0.087
cd Mean 0.314 0.218 0.228 0.179 0.235 0.157 0.245 0.168
St.dev. | 0.195 0.122 0.109 0.103 0.122 0.095 0.100 0.089
Ce Mean 0.006 0.003 0.007 0.003 0.006 0.002 0.010 0.004
St.dev. | 0.006 0.002 0.010 0.003 0.006 0.002 0.015 0.003
Cr Mean 0.072 0.049 0.108 0.098 0.074 0.061 0.091 0.044
St.dev. | 0.111 0.041 0.252 0.197 0.106 0.142 0.121 0.026
Co Mean 0.023 0.020 0.020 0.015 0.022 0.013 0.026 0.016
St. dev. | 0.014 0.010 0.014 0.007 0.012 0.004 0.019 0.011
Cu Mean 44.85 47.36 23.20 27.88 29.03 26.16 24.50 26.84
St.dev. | 14.29 10.29 7.86 12.50 10.35 8.10 6.48 10.93
Fe Mean 280.87 | 308.80 257.41 | 232.47 | 309.17 | 260.82 | 313.86 | 241.86
St.dev. | 98.91 78.52 73.48 55.63 99.25 49.38 113.37 | 61.87
Pb Mean 0.405 0.403 0.294 0.187 0.185 0.099 0.124 0.218
St.dev. | 1.028 0.816 0.440 0.307 0.478 0.127 0.137 0.374
Mn | Mean 3.57 3.46 1.92 1.92 2.12 1.87 2.33 1.98
St.dev. | 1.02 0.37 0.60 0.53 0.47 0.43 0.97 0.54
Hg Mean 3.92 2.21 4.24 2.29 3.77 1.62 5.50 2.47
St.dev. | 3.37 0.87 4.24 1.44 2.84 0.80 6.66 1.06
Mo | Mean 0.135 0.097 0.182 0.164 0.158 0.142 0.166 0.201
St. dev. | 0.085 0.028 0.132 0.076 0.069 0.046 0.059 0.163
Ni Mean 0.100 0.044 0.077 0.080 0.067 0.044 0.090 0.086
St.dev. | 0.135 0.023 0.065 0.077 0.061 0.043 0.079 0.089
Pd Mean 0.832 0.642 0.531 0.908 0.433 0.422 0.520 0.593
St.dev. | 1.617 0.583 0.445 0.831 0.354 0.520 0.352 0.711
Pt Mean 0.002 0.001 0.001 0.001 0.002 0.001 0.002 0.001
St. dev. | 0.002 0.001 0.001 0.001 0.002 0.001 0.002 0.001
Se Mean 0.211 0.173 0.010 0.030 0.051 0.046 0.027 0.033
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St.dev. | 0.316 0.159 0.022 0.040 0.094 0.063 0.043 0.049
Ag Mean 0.161 0.091 0.130 0.085 0.133 0.066 0.169 0.101

St.dev. | 0.182 0.037 0.095 0.059 0.103 0.059 0.150 0.041
Sr Mean 0.264 0.225 0.276 0.287 0.254 0.161 0.346 0.228

St.dev. | 0.348 0.090 0.138 0.189 0.181 0.068 0.345 0.071
Ta Mean 0.002 0.002 0.002 0.002 0.002 0.001 0.002 0.002

St.dev. | 0.003 0.002 0.002 0.001 0.002 0.001 0.003 0.002
Sn Mean 0.029 0.022 0.034 0.028 0.031 0.022 0.034 0.026

St.dev. | 0.020 0.013 0.024 0.026 0.020 0.017 0.023 0.017
Ti Mean 0.996 0.744 1.911 0.827 0.948 0.574 1.447 0.842

St.dev. | 0.632 0.277 3.479 0.340 0.518 0.218 1.387 0.477
W Mean 0.076 0.055 0.069 0.049 0.082 0.040 0.143 0.062

St.dev. | 0.071 0.022 0.051 0.030 0.099 0.021 0.231 0.043
\Y Mean 0.050 0.028 0.055 0.034 0.042 0.021 0.045 0.039

St. dev. | 0.060 0.018 0.063 0.028 0.033 0.010 0.037 0.019
Zn Mean 126.12 118.16 111.80 111.20 104.41 90.01 134.87 118.66

St.dev. | 33.74 13.30 30.28 26.15 21.89 16.41 38.34 28.65

Table B.7 Summary of sample group characteristics for females and males.
Variable Females Males (n=13) P value
(n=17)

Age (years) 88+5 89+3 0.187

AD (Controls) 14 (3) 5(8) <0.001

Post-mortem delay (PMD, 67 £ 32 77 £50 0.530

hours)
Whole brain weight (g) 1087 £ 95 1251+ 127 <0.001
Dry/wet ratio 0.191+0.04 0.184+ 0.03 0.314

205



Table B.8 Principal component analysis of metal elements in human brain tissue from Alzheimer’s
disease and controls.

Component
1 2 3 4
Cerium .909 .275 .146 .054
Mercury .887 .355 122 134
Titanium .800 131 -.033 134
Antimony 771 .278 .043 -.066
Aluminium .739 .399 .162 .055
Cobalt .590 123 .438 .233
Tungsten 411 .344 -.048 .031
Molybdenum .150 .787 .058 127
Vanadium .425 732 .056 .186
Nickel .200 731 .033 .041
Silver .622 .628 .146 .059
Strontium 177 .622 .150 -.231
Chromium 248 .508 -.015 194
Tin .459 .479 .229 194
Copper -.109 .060 .861 .053
Manganese .265 .107 .833 .069
Iron .448 .057 .593 125
Selenium -.145 -.290 .581 .060
Zinc .455 .355 .555 .240
Cadmium .098 .206 471 11
Tantalum .074 .087 137 911
Palladium -.045 .065 .163 .801
Platinum .307 .080 .099 .757
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Figure B.1 Regional distribution of metal elements in human cerebellum from Alzheimer’s disease
(n=19) and controls (n=11). Concentrations are reported as ug/g dry tissue. Error bars show standard error of

the mean (SEM).
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Figure B.2 Regional distribution of metal elements in human frontal lobe from Alzheimer’s disease
(n=19) and controls (n=11). Concentrations are reported as ug/g dry tissue. Error bars show standard error of

the mean (SEM).
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Figure B.3 Regional distribution of metal elements in human occipital lobe from Alzheimer’s disease

(n=19) and controls (n=11). Concentrations are reported as pg/g dry tissue. Error bars show standard error of
the mean (SEM).
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Figure B.4 Regional distribution of metal elements in human temporal lobe from Alzheimer’s disease

(n=19) and controls (n=11). Concentrations are reported as pg/g dry tissue. Error bars show standard error of
the mean (SEM).
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Figure B.5 Relationship between metal elements in human brain tissue. The heatmap depicts a matrix of
effect sizes, exploring the impact of metal concentration, region and SIRM on a particular metal. Only significant
effects are shown (p>0.05). Orange represents a positive effect (increase), whilst blue represents a negative effect
(decrease).
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Appendix C : Chapter 4 (Paper 3) Supplementary material

Oxidative stress, cytotoxic and inflammatory effects of urban ultrafine road-deposited dust

from the UK and Mexico in human epithelial lung (Calu-3) cells

C.1 Magnetic properties of the total and ultrafine (< 220 nm) road-deposited

dust particles

Isothermal remanent magnetisation (IRM) is a commonly used parameter in environmental
magnetism. It is dependent on the concentration, mineralogy, and grain size distribution of
the magnetically ordered grains within a sample. This parameter is especially sensitive to the
presence of strongly magnetic Fe forms, including metallic Fe (a-Fe), magnetite (Fes0,), and

its oxidised counterpart, maghemite (y-Fe,0s).

Low-temperature magnetic measurements can be used to identify certain Fe forms in a
sample. For instance, if magnetite is present in the sample, the Verwey transition is visible in
the zero-field cooling/heating curves (Verwey, 1939, Ozdemir et al., 1993). This first order
transition is displayed by a sudden decrease in IRM at ~70 — 130 K. The Verwey transition is
usually sharp for pure magnetite while partially oxidised (maghemitised) magnetites usually
display wider and indistinct Verwey transitions (Ozdemir and Dunlop, 2010). Verwey transition
is also broadened for magnetites ~20-30 nm in size, close to the border of stable single domain

/ superparamagnetic grains (Ozdemir and Dunlop, 2010).

Supplementary Figure S1 shows the room-temperature (300 K) IRM for bulk, unfiltered road-
deposited PM samples from the three locations. The Birmingham sample displays the highest
IRM, reaching 71-10° Am?/kg, followed by Mexico City (51-10° Am?/kg), and Lancaster (36-10°
3 Am?/kg) (Supplementary Figure S1; Supplementary Table S2). These IRMs correspond to
approximately ~0.32 —0.95 wt.% of magnetite for Birmingham, ~0.24 —0.79 wt.% of magnetite

for Mexico City, and ~0.18 — 0.63 wt.% of magnetite in Lancaster.

The Verwey transition, indicative of the presence of magnetite, is visible on the heating curve
at ~75 — 90 K, measured for ultrafine road-deposited dust particles (UF-RDPs) from Mexico
City (Supplementary Figure S2). This transition is broad and indistinct, probably reflecting very
small grain size (~¥20 — 30 nm) and/or partial oxidation (maghemitisation) of the magnetite
grains (Ozdemir and Dunlop, 2010). The presence of superparamagnetic (< ~30 nm) grains is
further supported by a relatively low temperature of the Verwey transition and ~43% increase

in IRM at low-temperature (10 K), compared to the IRM measured at room temperature; and
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~16% increase in IRM at 10 K, compared to IRM at 50 K (Ozdemir and Dunlop, 2010, Ozdemir
et al.,, 1993).

C.2 Supplementary methods

C.2.1 Ultrafine particle extraction from road-deposited dust

Following evaporation of ethanol, extracted UF-RDPs were weighed in a room with controlled

temperature (20°C) and humidity (50%), with a Mettler AT250 balance (accuracy 0.00001 g).

C.2.2 Inductively couple plasma (ICP) mass spectrometry (-MS) and optical emission
spectroscopy (-OES)

A subsample of filtered UF-RDPs was taken from each stock and the ethanol fully evaporated.
Dried samples were weighed in savillex Teflon vessels and digested overnight (100°C) in
digestion mixture (3mI HNOs, 2ml HCL, 0.5ml HF, all double distilled). After complete digestion
and evaporation, samples were acidified in 2-5% ultrapure HNOs then analysed for metals and
elements of interest using an Agilent Varian Vista Pro (ICP-OES) or Attom Nu (ICP-MS) with the
following settings: Analysis mode = Deflector Jump, Dwell time / peak = 1 millisecond, Number

of sweeps = 500, Number of cycles = 3, Resolution = 300.

C.2.3 Superconducting quantum interference device (SQUID) magnetometry

The magnetic content of the bulk (unfiltered) RDPs was measured with a 2G RAPID cryogenic
magnetometer (at the Centre for Environmental Magnetism & Palaeomagnetism, Lancaster
University, UK) by imparting an isothermal remanent magnetisation (IRM) at 1 Tesla (T) (using

a Newport Instruments electromagnet) at room temperature.

For UF-RDPs, IRM was imparted at 1T and 300 K, was measured upon cooling to 10 K (at
average rate 5 K/min) at the University of Cambridge. Then, IRM was imparted again (at 1 T
and 10 K) and measured upon heating to 300 K. To increase signal-to-noise ratio, 10 DC scans

were used for IRM at 300 K and 10 K.

C.2.4 Additional cell assay information
All cell culture reagents were purchased from Lonza Ltd (Basel, Switzerland) unless stated
otherwise. Fluorescent and absorbance readings were conducted using a Tecan Infinite M200

pro spectrophotometer.

Bovine serum albumin (BSA) has variably been reported to modulate toxicity by enhancing
metal dissolution (Boehmler et al., 2020) and/or reduce toxicity by forming a protein corona

around dosed metal particles, shielding cells from the inner core (Peng et al.,, 2013).
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Conversely, the presence of a protein corona does not always alter cytotoxicity (Mbeh et al.,
2015). BSA was used here as a stabilizing agent. To ensure all test conditions were identical,
an appropriate amount of BSA was added to each test condition, including controls, so that
the final BSA concentration was consistent across all test conditions (final concentration 0.02%

for Lancaster and Mexico City, and 0.04% for Birmingham).

C.2.5 ROS assay

The 4 h timepoint was chosen to reflect the rapid clearance of UFPs from the lungs, from as
little as 4 h (Oberdorster et al., 2004). Background controls (n=3) consisting of UF-RDPs or
TBHP in UltraMem were measured alongside the cell treatments for intrinsic fluorescence and

subtracted from the experimental cell fluorescence readings.

C.2.6 Cytokine ELISAs

UFPs have a high surface area for cytokine adsorption (Kocbach et al., 2008) which can cause
interference with ELISA results. Here, known cytokine standards were spiked with UF-RDPs
and measured via ELISA. Values were within 5-10% of unspiked samples measured in parallel

(data not shown), suggesting any adsorption has limited impact on the assay.
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Table C.1 Overview of cytotoxicity studies of road-deposited dust and roadside airborne PM in human and rodent models.

Size Method of collection Location Cell line/model Exposure Dose Assays/outcomes Ref.
Sieved to <75 um, then | Road vacuum sweeper | Gangdong-Gu, Seoul, | Human corneal epithelial | Liquid culture 10 - 500 | MTT (cell viability) = (Yoon et al,
aerosolized to collect Korea cells (2.040 pRSV-T) ug/ml LDH (cytotoxicity) — T 2018)
PM2.5and PMo. NO (Oxidative stress) — 1 (500ug/ml total PM,.s and PMao)
(Settled dust) IL-8 (cytokine release) - (total PM2.s and PMio)
ROS — 1 (more so for PM..s than PM1o)
Particle number median | Sweeping Little rock, Arkansas, | Murine macrophage cells | Liquid culture 0, 5, 50 | LDH (cytotoxicity) — no effect (Miousse et
aerodynamic diameter USA (RAW264.7) ug/ml Hmox1 and cat— al., 2015)
2.06 um DHE — no change
(Settled dust) Mitochondrial respiration — {,
DNA methylation- {, DMNT expression
Major and minor satellite DNA -
Sieved to <100 pm Vacuum cleaner Daejeon, South Korea Human adherent lung | Liquid culture 0.01 - 2 | WST8 (cell viability) - {, (Koh and Kim,
(Settled dust) fibroblasts  (WI-38) and mg/ml Association with metals and decrease in viability 2019)
human foreskin
fibroblasts (BJ)
Sieved to <100 um Vacuum cleaner South Korea Human adherent lung | Liquid culture 0.01 - 2 | CCKS (cell viability) — { (Kim and Koh,
(Settled dust) fibroblasts  (WI-38) and mg/ml Different responses 28 different samples 2020)
human foreskin PAH and metal content correlated to cytotoxicity
fibroblasts (BJ)
Sieved to <100 pum. Sweeping Guangzhou, China Human hepatocellular liver | Liquid culture 334 and 667 | MTT (cell viability) — {, (Huang et al.,,
Extracts were filtered carcinoma (HepG2) and ug/ml 2015)
with 0.2 um syringe filter human skin derived

(Settled dust)

keratinocyte (KERTr)
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<2.5um Vacuumed with high | Los Angeles, | Male Sprague Dawley rats RD was 306 pg/m? Chemiluminescence (Oxidative stress) — I (heart) (Seagrave et
(Settled dust) volume surface | California, New York, aerosolized with | and 954 | TBARS (Oxidative stress) — 1 (heart) al., 2008)
sampler Atlanta, Georgia, USA a Wright dust | pg/m?3 No. of lung macrophages - T
feeder
PM2s Sweeping to simulate | Harbin, Beijing, | Human pharynx epithelial | Liquid culture 50 pg/ml SRB (viability) — {, (Tung et al.,
(Settled  dust/Airborne | road cleaning then | Tianjin, Lanzhou, | cells (FaDu) LDH (cytotoxicity) — T 2021)
PM) samples collected by | Xi‘an, Nanjing, IL-6 (cytokine release) - T
pumping air Shanghai, Chengdu, HMBG1 (protein) - T
Wuhan, and RAGE (protein) - T
Guangzhou, China Occludin (protein) - {,
E-cadherin (protein) - {,
EGFR (protein) - T
p-EGFR (protein) - T
PM2s Sweeping to simulate | Harbin, Beijing, Human alveolar epithelial | Liquid culture 50 pg/ml ROS - 1 (Sun et al,
(Settled  dust/Airborne | road cleaning then | Tianjin, Lanzhou, | cells (A549) LDH (cytotoxicity) — I (in industrial cities) 2021)
PM) samples collected by | Xi'an, Nanjing, Heavy metals correlated to ROS
pumping air Shanghai, Chengdu, LDH correlated to organic compounds and cations
Wuhan, and LDH production associated with ROS
Guangzhou, China Vehicle emissions and coal combustion were strongly
correlated with cellular ROS
<38 um initially, then | Sweeping Gwangju unamdong, Human alveolar epithelial | Liquid culture 0 - 150 | Neutral red (cell viability) — no change (Cho et al.,
filtered with 1.2 um filter South Korea cells (A549) ug/ml DCFDA (ROS) — no change 2018)
(Settled dust) Chinese
hamster ovary strain K1
(CHO-K1) cell line
<38 um then aerosolized | No data Urban Gwangju, South | Human alveolar epithelial | Liquid culture 0 - 150 | DCFDA (ROS)- 1 (Park et al.,
in PMas filter sampling Korea cells (A549) ug/ml 2018)

system
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(Settled dust)

nPM (<200nm) High volume ultrafine | Near CA-110 freeway, | Hippocampal slices Liquid culture 1-20pg/ml | Cytotoxicity (LDH) — (Morgan et al.,
(Airborne PM) particle sampler Los Angeles, | Primary neurons Neurite outgrowth — J, (inhibition) 2011)
California, USA Primary glial cultures Pl uptake — P (neurotoxic)
IL-1a (cytokine mRNA) — P
TNFa (cytokine mRNA)- T
IL-1B (cytokine mRNA) — 1
IL-6(cytokine mRNA) —
nPM (<200nm) High volume ultrafine | Near CA-110 freeway, | Primary mixed glia (microglia | Liquid culture 10 pg/ml TNFa (cytokine release) — T (Woodward et
(Airborne PM) particle sampler Los Angeles, | and astrocytes) IL-1B (cytokine release) — T al., 2017)
California, USA IL-6(cytokine release) — T
KC (cytokine release) — T
IFN-y (cytokine release) — T
IL-5 (cytokine release) —
IL-4(cytokine release) — {
<0.22 um High  volume  air | 5m from busy road in | Chinese hamster lung | Liquid culture Mean 128.9 | Viability (MTS) - (Yamaguchi
(Airborne PM) sampler Kobe, Japan fibroblasts  (CHL/IU) and ug/m3 LDH (cytotoxicity) — T and Yamazaki,
normal human fibroblasts Proliferation — { (inhibition) 2001)
(WI-38)
PMz1o, PMoss and PMooss | MOUDI-110 cascade | Lucknow, Uttar | Mouse fibroblast cells | Liquid culture 3 - 150 | MTT (cell viability) — { (dose and particle size dependent) | (Verma et al.,,
(Airborne PM) impactor Pradesh, India (10T1/2) ug/ml DNA damage — 1 (dose and particle size dependent) 2014)
PM; PM: cyclone sampler Hong Kong, China Human alveolar epithelial | Liquid culture 50 pg/ml DCFDA (ROS) - 1 (Niu et al,
(Airborne PM) cells (A549) LDH (cytotoxicity) — T 2021)

IL-6 (cytokine release)—
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Table C.2 Elemental composition of the analysed UF-RDPs from Lancaster, Birmingham, and Mexico City
(b.d.l. = below detection limit).

Lancaster Birmingham Mexico City
Element Method . St.dev . St.dev - St.dev
Concentration . Concentration Concentration
(%] [%] (%]
Al (ppm) ICP-OES 57.9 2.3 55.8 1.8 97.1 3.2
Ba (ppm) ICP-MS 0.4 0.6 0.5 6.5 1.6 2.5
Ca (ppm) ICP-OES 770 0.5 743 0.9 3651 0.7
cd (ppm) ICP-OES 1.1 13.9 6.1 4.2 b.d.l. -
Co (ppm) ICP-MS 0.4 1.3 0.7 50.7 2.8 2.8
Cr (ppm) ICP-MS 18.7 1.0 15.0 2.6 125.3 0.6
Cu (ppm) ICP-MS 29.1 1.7 19.7 0.9 67.2 0.3
Fe (ppm) ICP-OES 55.9 1.4 14.7 33 77.1 1.3
K (ppm) ICP-OES 256.8 0.8 46 5.7 789.7 0.6
Mg (ppm) ICP-OES 92 3.2 95 3.5 736 1.8
Mn (ppm) ICP-OES 5.3 1.2 25 2.4 8.1 1.9
Na (ppm) ICP-OES 105,489 0.6 1,003 10.5 42,163 1.0
Ni (ppm) ICP-OES b.d.l. - 1.1 14.9 8.3 12.0
P (ppm) ICP-OES 43.4 6.1 20.8 20.3 127.9 10.2
Pb (ppm) ICP-MS 8.0 2.2 0.7 39.8 1.2 6.5
Si (ppm) ICP-MS 0.08 25 0.02 15.5 0.06 2.1
Sn (ppm) ICP-MS 1.6 2.0 1.7 12.6 15.6 1.7
Sr (ppm) ICP-OES 0.8 1.9 0.1 6.4 2.1 1.1
Ti (ppm) ICP-OES 5.3 2.3 2.1 2.1 12.1 1.6
V (ppm) ICP-MS 5.3 0.2 2.0 18.1 11.1 1.9
Zn (ppm) ICP-MS 374 2.7 277 5.7 1337 1.2
Ce (ppb) ICP-MS 3.0 26.6 3.2 17.8 3.1 35.0
Er (ppb) ICP-MS 0.2 109.1 0.3 42.3 0.4 136.6
Hg (ppb) ICP-MS 8.6 20.1 6.1 24.0 8.1 17.8
Mo (ppb) ICP-MS 0.01 321 0.01 30.8 0.01 49.2
Zr (ppb) ICP-MS 0.5 51.4 0.4 80.3 0.8 26.3
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Table C.3 Endotoxin content of ultrafine road-deposited dust particles.

Endotoxin
City

(EU/mg)
Lancaster 9.25

Birmingham | 9.80

Mexico City | 8.75

80
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e
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Figure C.1 Isothermal remanence magnetisation (IRM) for the bulk (unfiltered) PM from the three
studied sampling sites.

Note. The IRM of bovine serum albumin (BSA) was also measured and was several orders of

magnitude lower than the bulk samples (IRM 0.0014 x 103 Am?/kg).
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Figure C.2 Zero-field changes in IRM during cooling of the Mexican UF-RDPs, after acquisition of IRM (at 1 T) at
300 K. The Verwey transition at ~75 — 100 K identifies the presence of magnetite. The increase in IRM at low temperatures
(~43% increase in IRM at 10 K compared to room temperature IRM; ~16% increase in IRM at 10K compared to IRM at 50 K)
indicates the presence of superparamagnetic grains (~20 — 30 nm).
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Figure C.3 ROS production over time in Calu-3 cells induced by <220 nm road-deposited dust particles.
Calu-3 cells were loaded with the ROS probe CM DCFH-DA and exposed to the sub-micrometre-sized fraction of
road-deposited dust particles (at doses from 3-300 ug/ml) from Lancaster, UK (A), Birmingham, UK, (B) and Mexico
City, Mexico (C). Generation of fluorescence (indicative of ROS generation) was measured over 4 h exposure. Tert-
butyl hydroperoxide (TBHP) was used at 100 uM as a positive control. Statistical analysis was conducted via one-
way ANOVA with Dunnett’s post-hoc, comparing treated cells to the untreated control (*).
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Figure C.4 Oxidative stress in Calu-3 cells induced by < 220 nm road-deposited dust particles. Calu-3 cells
were loaded with the ROS probe CM DCFH-DA and exposed to the sub-micrometre-sized fraction of road-deposited dust
particles (at doses from 3-300 pg/ml) from Lancaster (UK), Birmingham (UK) and Mexico City (Mexico). Generation of
fluorescence (indicative of ROS generation) was measured after 0.5H (A), 1H (B), 2H(C), 3H (D) and 4H (E). Tert-butyl
hydroperoxide (TBHP) was used at 100 uM as a positive control. Statistical analysis was conducted via one-way ANOVA
with Dunnett’s post-hoc, comparing treated cells to the untreated control. (* Lancaster, o Birmingham, # Mexico City)
and two-way ANOVA with Bonferroni correction in order to compare the impacts of the UF-RDPs from the three different
locations (7).
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Figure C.5 Release of pro-inflammatory cytokines in Calu-3 cells treated with <220 nm
road-deposited dust particles. Calu-3 cells were exposed (at doses from 3 and 300 pg/ml) to the
sub-micrometre-sized fraction of road-deposited dust particles from Lancaster (UK), Birmingham
(UK) and Mexico City (Mexico) for 24 h and the media collected. The collected media samples were
quantified for IL-6 (A) and IL-8 (B) concentrations via ELISA. Statistical analysis was conducted via one-way
ANOVA with Dunnett’s post-hoc, comparing treated cells to the untreated control. (* Lancaster, o
Birmingham, # Mexico City) and two-way ANOVA with Bonferroni correction in order to compare the
impacts of the UF-RDPs from the three different locations (*).
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Appendix D : Quadruple abnormal protein aggregates in
brainstem pathology and exogenous metal-rich magnetic
nanoparticles (and engineered Ti-rich nanorods). The substantia
nigrae is a very early target in young urbanites and the

gastrointestinal tract a key brainstem portal

D.1 Abstract

Fine particulate air pollution (PM2s) exposures are linked with Alzheimer’s and Parkinson’s
diseases (AD, PD). AD and PD neuropathological hallmarks are documented in children and
young adults exposed lifelong to Metropolitan Mexico City air pollution; together with high
frontal metal concentrations (especially iron)-rich nanoparticles (NP), matching air pollution
combustion- and friction-derived particles. Here, we identify aberrant hyperphosphorylated
tau, a synuclein and TDP-43 in the brainstem of 186 Mexico City 27.29 + 11.8y old residents.
Critically, substantia nigrae (SN) pathology seen in mitochondria, endoplasmic reticulum, and
neuro-melanin (NM) is co-associated with the abundant presence of exogenous, Fe-, Al- and
Ti-rich NPs. The SN exhibits early and progressive neurovascular unit damage and
mitochondria and NM are associated with metal-rich NPs including exogenous engineered Ti-
rich nanorods, also identified in neuroenteric neurons. Such reactive, cytotoxic, and magnetic
NPs may act as catalysts for reactive oxygen species formation, altered cell signalling, and
protein misfolding, aggregation and fibril formation. Hence, pervasive, airborne, and
environmental, metal-rich, and magnetic nanoparticles may be a common denominator for
guadruple misfolded protein neurodegenerative pathologies affecting urbanites from earliest
childhood. The substantia nigrae is a very early target and the gastrointestinal tract (and the
neuroenteric system) key brainstem portals. The ultimate neural damage and neuropathology
(Alzheimer’s, Parkinson’s and TDP-43 pathology included) could depend on NP characteristics
and the differential access and targets achieved via their portals of entry. Thus, where you
live, what air pollutants you are exposed to, what you are inhaling and swallowing from the
air you breathe, what you eat, how you travel, and your occupational lifelong history are key.

Control of NP sources becomes critical.
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D.2 Introduction

Exposure to air pollutants has increasingly been associated with the most common
neurodegenerative diseases affecting millions of people across the world: Alzheimer’s and
Parkinson’s (Jung et al., 2015, Chen et al., 2017b, Lee et al., 2016, Hu et al., 2019, Han et al.,
2020, Calderdon-Garciduefias et al.,, 2002, Calderdn-Garciduefias et al., 2003, Calderdn-
Garciduefias et al., 2004, Calderén-Garciduefias et al., 2008, Calderon-Garcidueas et al., 2012,
Calderdn-Garcidueias et al.,, 2013b, Calderdon-Garciduefias et al., 2013a, Calderdn-
Garciduefias et al., 2017a, Calderdn-Garciduenrias et al., 2017b, Calderéon-Garciduerias et al.,
2018a, Calderdn-Garciduenas et al., 2019b, Calderdn-Garciduefias et al., 2019d, Calderdn-
Garciduefias et al., 2019c, Calderdn-Garciduenrias et al., 2020c, Calderén-Garciduefias et al.,
2020b). Neuropathological evidence shows that Alzheimer’s disease (AD) is developing and
progressing in children, teens, and young adult residents of Metropolitan Mexico City (MMC)
(Calderén-Garcidueiias et al., 2018a). In a forensic consecutive autopsy cohort of 203 MMC
previously clinically healthy individuals (age 25.36 + 9.23 y), all, except a 22y female with a
TLR4 Asp299Gly polymorphism, exhibited AD hallmarks, as defined by the presence of
phosphorylated tau protein (p-t) and amyloid B 17-24 (Braak and Del Tredici, 2011, Braak and
Del Tredici, 2015, Braak et al., 2003, Braak et al., 2011, Attems and Jellinger, 2006, Attems et
al., 2014, Thal et al., 2002, R0b et al., 2016). Rapid progression to neurofibrillary tangle (NFT)

stages IllI-V was documented in ~25% of 30—40 y olds.

224


https://doi.org/10.1016/j.envres.2020.110139

We have previously reported an overlap between the neuropathological hallmarks of AD and
PD in young (£40y) MMC residents, such hallmarks notably appearing in childhood (Calderdn-
Garciduefias et al., 2008, Calderdon-Garciduerias et al., 2010, Calderén-Garciduefias et al.,
2011, Calderdn-Garciduenas et al.,, 2013a, Calderdon-Garciduenas et al., 2016a, Calderdn-
Garcidueiias et al., 2016b, Calderén-Garciduefias et al., 2017a, Calderén-Garciduenas et al.,
2017b, Calderén-Garciduefias et al.,, 2018b, Calderén-Garciduenas et al., 2018a, Calderdn-
Garcidueiias et al., 2019b, Calderdn-Garciduefias et al., 2019d, Calderdn-Garcidueiias et al.,
2019¢, Mansour et al., 2019). Specifically, in a study of 179 MMC residents <40y of age, we
have identified p-t and Lewy neurites (LN) in the olfactory bulbs (OBs) of toddlers (Calderdn-
Garciduefias et al., 2018b). By the second decade (n:57), 84% of the OBs exhibited p-t (48/57),
68% exhibited LNs and vascular amyloid (39/57) and 36% (21/57) diffuse amyloid plaques. The
overlap of AD and PD hallmarks has been also documented within auditory and vestibular
nuclei, together with a marked dysmorphology in the ventral cochlear nucleus and the
superior olivary complex (Calderén-Garcidueiias et al., 2011, Calderdn-Garciduefias et al.,
2017a). The progressive involvement of the brainstem auditory evoked potentials (BAEPs)
reflects the early brainstem participation in the neuroinflammatory and neurodegenerative
processes. The compensatory plasticity, and increased auditory gain, are important in
identifying strong non-invasive biomarkers of Alzheimer Continuum and early PD (Calderdn-

Garciduefias et al., 2019¢, Mansour et al., 2019, Jack et al., 2018, Jack et al., 2019).

As we have documented previously, young MMC residents are exposed lifelong to high levels
of fine airborne particulate matter (PM,s) and ozone, above the USEPA standards and WHO
guidelines; they have high frontal concentrations of metal (especially iron)—rich nanoparticles
(NPs) which match air pollution particles formed by combustion and friction processes, such
NPs are also evident within both the heart and the neuroenteric system (Calderdn-
Garcidueias et al., 2017b, Calderén-Garciduenas et al., 2019d, Maher et al., 2016, Maher et
al., 2020, Gonzélez-Maciel et al., 2017). The presence within key organelles of brain and heart
cells of metal-rich, redox-active, and strongly magnetic NPs raises important questions
regarding their potential role in the development of AD and PD and extra-neural pathology in
MMC residents (Calderén-Garciduefias et al., 2013a, Calderén-Garciduefias et al., 20174,
Calderdn-Garciduenas et al.,, 2017b, Calderdn-Garcidueias et al., 2019b, Calderdn-
Garciduefias et al., 2019d, Calderdn-Garciduefias et al., 2019¢, Maher et al., 2016, Maher et
al., 2020, Gonet and Maher, 2019, Maher, 2019). Low air pollution, age and gender matched
controls have not shown neurodegenerative or heart pathology (Calderén-Garciduenas et al.,

2016b, Calderén-Garciduefias et al., 2019b, Gonzalez-Maciel et al., 2017).
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Across the world, a significant proportion of the population (including US residents) lives near
highly-trafficked roads, where they are exposed to traffic-related air pollution (TRAP), a major
contributor to urban air pollution (Villalobos-Pietrini et al., 2011, Rowangould, 2013, Su et al.,
2015, Ladino et al., 2018). MMC experiences high levels of TRAP, in addition to pollution
emitted both from industrial and natural (windblown, volcanic, forest fires) and trash and
stubble-burning sources. Air pollutants associated with health impacts encompass a diverse
range of components, including fine and ultrafine particulate matter (PM,s and PMo,
respectively), containing diesel soot, transition metals, nitrogen oxides and particle-bound
phases, such as polycyclic aromatic hydrocarbons (PAHs)(Villalobos-Pietrini et al., 2011, Su et
al., 2015, Ladino et al., 2018). Of these components, ultrafine particles (PMo, i.e., < 100 nm)
are increasingly implicated in a wide range of adverse health impacts (Delfino et al., 2005,
Solaimani et al., 2017). Compared with larger particles, ultrafine particles are far more
numerous, highly reactive, and able to gain access to all major organs of the body
(Weichenthal et al., 2020, Brostrgm et al., 2019, Boyes and Van Thriel, 2020, Ceballos et al.,
2020).

Of particular concern, transition metal-rich NPs, such as those formed abundantly as
combustion- and friction-derived nanoparticles (CFDNPs), may act as catalysts for formation
of reactive oxygen species (ROS) and for protein misfolding, aggregation and fibril formation
(Calderén-Garciduenas et al., 2003, Calderén-Garcidueas et al., 2012, Calderén-Garciduefias
et al.,, 2013a, Calderdon-Garciduernias et al.,, 2016a, Calderdn-Garciduenas et al., 2016b,
Calderdn-Garcidueias et al.,, 2017b, Calderdon-Garciduefias et al., 2018a, Calderdn-
Garcidueias et al., 2018b, Calderdn-Garciduefias et al., 2019b, Calderdn-Garciduefias et al.,
2019d, Gonet and Maher, 2019, Linse et al., 2007, Kumari et al., 2012, Yarjanli et al., 2017,
Saptarshi et al., 2013, Parveen et al., 2017, Pacakova et al., 2017, Gutiérrez et al., 2019, Imam
et al., 2015, Kim et al., 2016, Hartl, 2017, Chandel et al., 2018).

Here, we investigate AD and PD neuropathological hallmarks and DNA-binding protein TDP-
43 pathology in the brainstem in young MMC residents, and their associations with the
presence, location, and composition of exogenous, metal-rich NPs in the brainstem and
cerebellum. Damage to the brainstem and cerebellum will extensively alter key networks
modulating autonomic function, arousal, motor control and emotions (Venkatraman et al.,

2017, Zhang et al., 2017, Zelena et al., 2018, Adamaszek et al., 2017).

We have three primary aims: 1. to document, by immunohistochemistry, brainstem (including

substantia nigra) pathology in a collection of 186 MMC autopsy samples from individuals
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average age 27.29 + 11.8y, and specifically, the presence of p-t, alpha-synuclein and DNA-
binding protein TDP-43; 2. to quantify, by magnetic remanence measurements, the
concentrations of ferromagnetic, iron-rich NPs in the substantia nigrae,
tectum/tegmentum/periaqueductal gray (PAG) and cerebellum, in a representative sub
cohort (n:15, age 34.33 + 15.6y, range 12-71y); and 3) to achieve, in a pilot sample, the first
in situ identification of the composition as well as the location, size and shape of exogenous
NPs in the substantia nigra of a 32y old subject, randomly selected from the cohort. For the
latter aim, in order to achieve the required spatial resolution, i.e., to image and analyse NPs
within the subcellular environment at near-atomic resolution, we used high resolution
scanning and transmission electron microscopy (HRSTEM) and energy dispersive X ray analysis
(EDX). Precise early identification of NP composition, as well as size, location, and
concentration, are critical, since it will establish which organelles are targeted, the NP
potential toxicity and the resultant biological impact upon key AD, PD and TDP- 43 targets and

connecting brainstem networks.

Our working hypothesis is that exposure to reactive metal-bearing NPs, abundant and
pervasive in the urban atmosphere and environment, comprises a biologically plausible
common denominator for fatal PD, AD and TDP-43 proteinopathies, starting in paediatric

ages.

D.3 Materials and methods

D.3.1 Study area air quality

MMC residents are exposed frequently and lifelong to high levels of particulate air pollution,
arising from traffic- and industry-related emissions, combined with unfavourable meteorology
(pollution-trapping inversions). Even by conventional measures (i.e., mass concentrations of
fine particulate matter, PM,s/m?3), MMC residents are often exposed to pollution levels above
World Health Organization (WHO) guidelines and US Environmental Protection Agency
(USEPA) standards. The USEPA annual PM,sstandard of 12 ug/m?3 and 24-h mean standard of
35 pg/m? have been exceeded across the MMC area for the last 16 years (Fig. D.1). (Molina et
al., 2010, Molina et al., 2019, Guerrero et al., 2017, Dzepina et al., 2007, Querol et al., 2008,
Velasco and Retama, 2017, Torres-Jardon and Sosa Nufiez, 2018). Typically, the highest PM3 s
concentrations occur in the NE sector, associated with intense industrial and heavy duty diesel
traffic, and decrease towards the SW residential area (Villalobos-Pietrini et al., 2011, Ladino
et al., 2018, Molina et al., 2019, Guerrero et al., 2017, Torres-Jardén and Sosa Nufiez, 2018).

Exposures to ozone (Os) concentrations are also above the USEPA standards (annual fourth-
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highest daily maximum 8-h concentration, averaged over 3 years) all year long (Velasco and
Retama, 2017). All other criteria pollutants for MMC, including nitrogen dioxide, sulphur
dioxide and lead, displayed elevated levels prior to 2000, but have been at or below the

current EPA standards in the last 20 years.

In terms of health impact, however, it seems increasingly likely that ultrafine particles, of
nanoscale dimensions (<100 nm, so referred to here as nanoparticles, NPs), may pose a major
risk (Caudillo et al., 2020). NPs are present in urban air in large numbers, are currently neither
monitored nor regulated, and, notably, show little correlation with conventional mass
concentration measurements, e.g., PM.s. At heavily trafficked roadsides, NP numbers can
reach values in excess of 130,000/cm? (Dr. Maher personal communication, data measured in
2019, Manchester, U.K.). Although the majority (~90%) of airborne NPs consist of semi-
volatile, carbon-bearing phases, the primary, solid, vehicle-derived NPs are often enriched in
highly reactive transition metals, especially Fe, Cu, Mn, Ti and Cr and other metals including
Ni, V, Pb and Zn (Verma et al., 2010, Maher et al., 2013, Sanderson et al., 2016). Metal-bearing
NPs are abundant in Mexico City air. More than 60% of such NPs, collected and analysed
(n=572) by transmission electron microscopy, contain Fe, Pb or Zn (Adachi and Buseck, 2010).
Taking account of the abundance of NPs produced by vehicle brake wear (Gonet and Maher,

2019), we describe such particles as combustion- and friction-derived nanoparticles (CFDNPs).
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Figure D.1 Trend of maxima PM 2.5 24-h average concentrations registered in all monitoring
stations of the MMC from 2004 to April 2020 and their comparison against the WHO daily mean
average (blue solid line) and the US Air Quality Index AQI. Data correspond to measurements from
the manual PM network of the SEDEMA under a 6-day sampling schedule. Source: http://www.aire.cdmx.
gob.mx/default.php#

228


http://www.aire.cdmx.gob.mx/default.php
http://www.aire.cdmx.gob.mx/default.php

D.3.2 Study design and samples

One hundred and eighty-six forensic MMC autopsies, age 27.29 + 11.8y old (range 11 months
— 40 years) were selected for this study, from sudden causes of death that did not involve the
brain; all have previously been staged for AD and for olfactory bulb o synuclein, 8 amyloid and
pt pathology (Calderén-Garciduefias et al., 2018b, Calderdon-Garciduefias et al., 2018a).
Autopsies were performed 3.7 £ 1.7 h after death. Cases were consecutive and included
unrelated subjects with no pathological findings at the general autopsy other than the acute
cause of death. Examination of autopsy materials was approved by the Forensic Institute in
Mexico City and autopsies were performed in a five-year period between 2004 and 2008.
Brains were examined macroscopically, sections were selected for light and electron
microscopy, and frozen tissues stored at minus 80°C until processed. Age, gender, and

Apolipoprotein E (APOE) status in Supplemental Table D.2.

Brainstems were sectioned from the midbrain at the level of the superior colliculi to the lower
medulla, with an average of 13.6 + 4.4 paraffin blocks and 48.7 + 12.0 slides per individual
paraffin block examined. Paraffin embedded tissue was sectioned at a thickness of 7 um and
stained with haematoxylin and eosin (HE). Immunohistochemistry (IHC) was performed on
serial sections as previously described (Calderén-Garciduefias et al., 2018a). Antibodies
included: PHF-tau8 phosphorylated at Ser199-202-Thr205 (Innogenetics, Belgium, AT-8
1:1000), a-synuclein phosphorylated at Ser-129, LB509 (In Vitrogen, Carlsbad, CA 1:1000) and
TDP43 mab2G10 (Roboscreen GmbH, Leipzig, Germany 1:1000). Examination for AD, alpha-
synucleinopathies and TDP-43 hallmarks in each brainstem included substantia nigrae (Braak
and Del Tredici, 2011, Braak and Del Tredici, 2015, Braak et al., 2003, Attems and Jellinger,
2006, Attems et al., 2014, Thal et al., 2002, R0b et al., 2016, Braak and Del Tredici, 2017, Braak
and Del Tredici, 2018, Del Tredici and Braak, 2016, Del Tredici et al., 2002, Beach et al., 2009,
Tsuboi et al., 2003, McKeith et al., 2005, Brettschneider et al., 2013, Shahmoradian et al.,
2019).

D.3.3 Transmission electron microscopy (TEM), high resolution scanning TEM
(HRSTEM) and energy dispersive X-ray analysis (EDX)

Separate sets of tissue blocks were prepared for initial, conventional bright-field TEM (osmium
stained) and for HRSTEM and EDX (no osmium staining); tissue sections were 100 nm
thickness. The focus of the conventional TEM (JEOL-1011, Osaka, Japan, operated at 80 kV),
of substantia nigrae, tectum, tegmentum, periaqueductal gray (PAG), and cerebellum, was

observation of the integrity of the neurovascular unit and defining the location of the
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electrodense NPs present within target organelles and cell types and the subcellular
pathology. In order to achieve detection and elemental analysis of intracellular NPs, high angle
annular dark field (HAADF) scanning transmission EM (STEM) was used (heavier elements
displaying brighter contrast), in combination with multi-detector EDX. TEM grids (holey carbon
films on nickel support grids) were randomly selected (2 from 10 grids), carbon-coated to
prevent surface charging effects, and scanned using a FEI Titan3 Themis 300 STEM, operated
at 300 kV. In identifying the elemental compositions of NPs by EDX (FEI Super-X 4-detector
system), a probe current of 60 pA was used to acquire the elemental maps, in order to limit

any beam-induced damage.

D.3.4 Magnetic remanence

For room temperature measurements of saturation remanent magnetisation (SIRM),
fresh/frozen tissue blocks were prepared by trimming of all external surfaces with a ceramic
knife, to remove any possibility of external metallic contamination. All sub-sampling was done
in a class Il biological safety cabinet inside a class Ill biological laboratory. Surfaces and tools
were treated with 70% ethanol. Inside the cabinet, air throughflow was sampled using a
Leland Legacy pump (SKC, Dorset UK) at 7.5 L/min through a magnetically- ‘clean’ 1 um PTFE
filter, in order to quantify any airborne magnetic ‘background’ during the few minutes of in
cabinet tissue exposure during trimming/sampling. Once trimmed, each sample was subjected
to freeze-drying (48 h, Christ Alpha 2—4 LD plus) and placed in pre-measured sterilised
polystyrene sample pots (10 cc) for superconducting quantum interference device (SQUID)
magnetometry (RAPID 2G DC magnetometer, 2G Enterprises, California USA; mean
background noise level ~1 x 102 Am). All measurements were carried out at room
temperature (293 K + 0.5 K) at the Centre for Environmental Magnetism and
Palaesomagnetism, Lancaster University. First, the natural remanent magnetisation (NRM) of
each sample was measured. Then, SIRMs were generated in a direct current (dc) magnetic
field of 1 T (T), using a Newport 4” Electromagnet Type A. All SIRM values were mass-
normalized for freeze-dried brain weight (kg). The NRM or SIRM of all measurement materials
(styrene pot, cling film) was measured for every individual sample, and subtracted, in order to
isolate the SIRM of the tissue sample. Concentrations of magnetite in the brainstem samples
were estimated from their SIRM values, using an experimentally-derived value of 13.8 Am? kg-
1 for a pure magnetite powder, consisting of interacting, mixed, single domain and

superparamagnetic (ave. diameter ~31 nm) magnetite particles (Maher, 1988).
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D.4 Results

D.4.1 Brainstem neuropathology

The AD staging (pt, AB), substantia nigrae (SN) pt and aSyn scoring, and the DNA-binding protein
(TDP-43) results, are shown in Suppl Table D.2. The earliest immunohistochemical findings in the
brainstem of MMC children were pt threads and neurites (NTs) in lower medulla, followed by
Lewy neurites (LNs), as described previously (Calderdn-Garciduefas et al., 2018b, Calderén-
Garcidueiias et al., 2018a). AP data was taken from the two previous publications (Calderén-
Garcidueiias et al.,, 2018b, Calderdn-Garciduefas et al., 2018a). When comparing the
Alzheimer’s staging from previous works and substantia nigrae pt in the different age groups
i.e., 0-20y, 21-40 and 2 41y olds, it is clear the presence of pt in SN is an early and common
finding. The presence of a synuclein in the SN was similar in the 0-20y and the 21-40y cohort
(~20%) and increased in the older>40y cohort (n:7). On the other hand, TDP-43 abnormalities
showed minimal variation within the 0-40y range. Immunocytochemical profiles of the 43-kDa
transactive DNA-binding protein were characterized by loss of nuclear TDP-43 expression with
powdery (dash-like) cytoplasmic particles (Braak and Del Tredici, 2018, McKeith et al., 2005,
Brettschneider et al., 2013) associated with morphological changes of progressive degranulation

of dopaminergic SNpc pars compacta neurons.

D.4.2 Representative substantia nigrae and brainstem hyperphosphorylated tau (pt), B
amyloid, alpha synuclein, and DNA-binding protein TDP-43 immunohistochemistry

We documented a-Syn in 23% (n:42), 55% had pt (n:100) and 18.68% (n:34) had TDP-43 (Suppl
Table D.2). Positive pt neurites and nuclei in brainstem and SN were identified in toddlers (Fig.
D.2A). TDP-43 pathology in a 11m old baby was identified in substantia nigrae pars compacta
(SNpc) neurons and was characterized by isolated neurons with complete loss of nuclear TDP-
43 expression (Fig. D.2 B, C). The same baby had diffuse AB plaques in frontal cortex (Fig. D.2D).
Teens showed nuclear pt in brainstem nuclei (i.e., oculomotor nucleus and accessory
parasympathetic nucleus) and pt neurites and nuclear positivity in SNpc (Fig. D.2E, F, G).
Extensive arteriolar AP accumulation (amyloid angiopathy) was present in supratentorial cortical
frontal and temporal lobes, along diffuse AB plaques (Fig. D.2 H, I). Alpha-synuclein positive
neurites were previously seen in toddlers and young children in the lower brainstem, i.e.,
medulla (Calderén-Garciduefias et al., 2008, Calderén-Garciduefias et al., 2010, Calderdn-
Garciduefas et al., 2011, Calderén-Garciduefias et al.,, 2013a, Calderdn-Garciduenas et al.,
2018b) while, here, SN involvement and other nuclei (i.e., locus coeruleus, dorsal vagal nucleus),
was extensively documented in teens (Fig. D.2J). TDP-43 pathology in the brainstem was

characterized by dash-like immunopositive particles in the vicinity of the cell nucleus (Fig. D.2
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K) with complete loss of nuclear TDP-43 expression. This type of pathology was mostly seen in
lower brainstem levels, including medulla and pons and in relation to reticular formation
intermediate and large cell neurons in the median column. Teens also showed the presence of
glial cytoplasmic inclusions with a coiled body like morphology (Insert in Fig. D.2K). Subjects in
the third and fourth decades of life showed advanced lesions, i.e., 32 y old male (subject #20 in
Table D.1) with diffuse and mature AP plaques in frontal cortex (Fig. D.2L) with reactive GFAP
astrocytes surrounding the plaques. Extensive pt neurites and neurofibrillary tangles are seen in

the SNpc of a 36y old male (Fig. D.2M).

Alpha-synuclein positive granules were seen in SNpc in a 26y old female (#15 in Table D.1)
(Figure D.2N and insert).While cytoplasmic a-Syn was a frequent finding, Lewy bodies were rare
and associated with extensively degranulated neurons (Figure D.20).By the third decade, SNpc
TDP-43 nuclear clearing with progressive neuron degranulation was in place (Fig. 2P). TDP-43
pathology was observed in substantia nigrae, non-motor neurons including reticular nuclei, and
pontine neurons with nuclear clearing and dash-like particles, but no neuronal somatic skein-
inclusions. Pictures of abnormal SNpc neurons using haematoxylin and eosin (H&E) are seen in
Fig. 2 Q-W to illustrate a common finding from childhood: neurons with typical hyaline
cytoplasmic inclusions in 14y olds (T) surrounded by macrophages and extra neuronal deposits

of NM, as the MMC resident gets older, the changes are striking (Fig. 2X,Y,Z).
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Figure D.2 Immunohistochemistry representative substantia nigrae pars compacta (SNpc) and brainstem
sections from subjects in 1st through 6th decades of life. A. SNpc neuron with positive pt nuclei and a few
granular deposits of pt in perinuclear location in the neuron in Insert. Immunohistochemistry/IHC xATS8, 3,3' -
diaminobenzidine DAB/IHC, brown product. Scale bar 10um and 50 um in the insert. B and C correspond to SNpc
neurons in an 11month old baby stained with TDP- 43.In B the neurons marked by arrows show strong nuclear staining
(Scale bar 50 um), while in C we have a neuron with strong nuclear TDP-43 immunoreactivity (short arrow) contrasting
with one with loss of nuclear TDP expression (arrow head)Scale bar 10 um. IHC TDP-43, DAB, brown product. D. Same
11m old baby with a diffuse amyloid plaque in frontal cortex. IHC AB, red product. E and F IHC pt and DAB.E. 17y old
male SNpc pt +neurites marked by arrows while a neuron is marked by *. F corresponds to SNpc in a 11y old female, a
long pt + neurite is marked by short arrows and adjacent neurons are identified by arrow heads. G. 17y old male, same
as in E showing two Il motor cranial neurons, the one on the upper left one shows a pt + nucleus (arrowhead), while
the right one (short arrow), is negative. IHC pt and DAB (Scale bar 10 pum).H same as F,11y old female frontal cortex
with a blood vessel(bv) with extensive wall amyloid deposition extending into the adjacent neuropil(arrows). Frontal
neurons with intracytoplasmic AB are marked with arrow heads. IHC AB and red product (Scale bar 50 um). .17y old
frontal cortex with a diffuse AB plaque IHCAB and red product (Scale bar 50 um). J.13y old female SNpc positive neurons
to aSyn, the short arrows point to the + aS granules, the arrow head to the neuromelanin. Insert shows one strongly +
aSyn lower brainstem pigmented neuron in the same child. The arrow head point to the neuromelanin and the short
arrows to the + aSyn. IHC x aS and red product (Scale bar 10 um).K.14y old male with a +TDP-43 neuron in pontine
reticular formation ,the immunoreactive + particles are mostly in the vicinity of the nucleus (arrow heads), there is
nuclear clearing (long arrow). The insert shows the presence of glial cytoplasmic + inclusions with coiled body-like
morphology (arrows). IHC TDP-43 DAB (Scale bar 50um). L.32y old frontal cortex with both diffuse (long arrow) and
mature (short arrow) AB plaques and GFAP reactive astrocytes close-by. IHC AB and GFAP Red product/DAB for GFAP
(Scale bar 10 pm).M 36 y old male with SNpc with numerous neurons with neurofibrillary tangles (arrow heads), long
+ neurites (short arrows) and free tangle neurons (long arrows). IHC pt and DAB (Scale bar 50 um). N 26y old female
SNpc with + granular cytoplasmic aSyn IHC aSyn and red product (Scale bar 10 um). O. 50y male SNpc with a Lewy-
body like structure in a heavily degranulated neuron(arrow), an adjacent neuron (arrow head) shows unremarkable
neuromelanin. ICH x aS and red product (Scale bar 10 um). P. 27y old male SNpc shows a heavily degranulated neuron
(arrow heads) with a TDP-43 nuclear clearing (arrow). IHC TDP-43 red product (Scale bar 10 um).H&E staining Q-Z. Q
and R show 2 SNpc neurons in an 11y boy with significant cell damage and macrophages ingesting neuromelanin(Q).S,
T and U are SNpc neurons from a 14y old boy with a small number of neuromelanin granules in the midst of a
disintegrating cytoplasm and in proximity with macrophages and capillaries. In T the neuron show a typical hyaline
cytoplasmic inclusion and in the upper right quadrant a macrophage nuclei show clumping of the chromatin
(arrowhead) (legend continues overleaf)
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V. 14y old female with a pigmented locus coeruleus neuron showing cytoplasm disintegration and an attached
macrophage(arrowhead).W. 15y old male with SNpc neurons with abundant NM and an attached macrophage
ingesting NM(arrowhead).X. 22y old female, 2 SNpc neurons, the one on the lower quadrant shows an ill-defined
cytoplasm and two nuclei likely from microglial cells, while the upper shows a ghost neuron with a fibrillary ill-defined
structure and a few NM granules. Y. 36y old male with a low power view of the SNpc to look at the numerous neurons
with no NM (long arrows) at all contrasting with some with NM granules (short arrows). Macrophages among the
degranulated neurons are marked with arrowheads. Z Same 36y male with close-up of the area with macrophages
(arrowheads) and the severely damaged neurons (long arrows).

D.4.3 Substantia nigrae electron microscopy

TEM findings for the SN were remarkable in relation to early neurovascular unit pathology.
Extensive breakdown of the neuropil was present around blood vessels with clusters of lipids,
lipofuscin, and vacuolated neuropil around vessel walls (Fig. D.3A and B). Perivascular neuropil
breakdown and damaged axons were constant findings (Fig. D.3B and C). Rounded electrodense
NPs were common in red blood cells (RBC) in close contact with endothelial cytoplasm in small
vessels and inside endothelial cell nuclei (Fig. D.3D). The measurable size of the NPs in the SN

was in the range of 9-60 nm (average 19 + 6 nm).

SN neurons show progressive accumulation of neuromelanin (NM) starting at age 11 months
(Fig. D.4A and B) and by age 12y, NM granules are already accumulating in paranuclear neuronal
location (Fig. D.4C and D). Clusters of NPs were commonly associated with heterochromatin (Fig.
D.AE and F). Strikingly, NPs were present in NM granules, dilated ER, abnormal mitochondria
and in mitochondria in close contact with NM (Fig. D.4G and H(insert), 1). Oligodendroglia
showed adjacent large axons with myelin breakdown and contracted axons (Fig. D.4J). Fibrillary
ill- defined structures were seen in the midst of NM with numerous NPs and twisted tubules
(Fig. D.4K). Dilated ER, abnormal mitochondria, and mitochondrial-endoplasmic reticulum (ER)
contact sites (MERCs) were common in SN neurons (Figure D.4L). In subjects in the 4th decade
and beyond, the abundance of NM was striking (Fig. D.5A, B, C). Membranous, vesicular and
lipid Lewy body-like structures were identified inside SN neurons (Fig. D.5D)(Shahmoradian et
al., 2019). SN blood vessels showed endothelial cells with abnormal tight junctions (TJs) (Fig.
D.5E and F). Vascular B-pleated sheets were observed in blood vessels in close contact with
lipofuscin (Fig. D.5H). Perineuronal macrophage-type cells were common around neurons (Fig.
D.5 1), with numerous lysosomes, a rare one containing contain a lattice image with several
layers of well-ordered fringes with a perpendicular alignment (Fig. D.5J). Fig. D.6 illustrates the
SN in the 32y old male included in Figs. D.7 and D.8. Extensive damage to the SN NVU is seen
with loss of perivascular astrocytic processes, and myelinated and unmyelinated axons.
Macrophage processes surround one small blood vessel in the midst of neuropil breakdown (Fig.
D.6A). NM is closely associated with NPs; mitochondria exhibited NPs both inside the matrix and

in the double membranes (Fig. D.6B and C) (Fig. D.9).
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Figure D.3 Neurovascular Unit (NVU) in the substantia nigrae. Small blood vessels, including capillaries and
small arterioles exhibited abnormal walls with activated endothelial cells (ECs) and leaking walls. A. Three small blood
vessels are seen with leaking walls with clusters of lipids in the neuropil. The neuropil is vacuolated, and fragments of
cells are seen around blood vessels. Lipofuscin is seen in smooth muscle cells and pericytes. B. Three y old male SNpc
capillary surrounded by a fragmented neuropil (*). Perivascular astrocyte end-feet appear dissociated from the
capillary wall. An intact RBC is in the lumen. Extensive areas of vacuolated neuropil with few axons remain. C. SNcp
neuropil in a 12y male, note the patchy vacuolated and fragmented neuropil (*). Axons of different sizes and thickness
of myelin show focal fragmentation. D. A close-up of a blood vessel in an area close to the one shown in C. Note the
close contact between the RBC and the endothelial surface. The arrow heads show the contact area and the presence
of nanoparticles (NPs). NPs are also seen in the endothelial cell nucleus (arrows)in close contact with the
heterochromatin.
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Figure D.4 Substantia nigrae representative electron micrographs from 1st through 3rd decades of life. A. Eleven
m old with a SNpc neuron with very few neuromelanin (NM) structures but already significant damage to the neuropil i.e.,
large vacuolated spaces with debris, fragments of macrophage-like cells (M©) and few axons. B. Same neuron as in A to show
the few NM (arrows) and an abundant endoplasmic reticulum (ER). C. Twelve y old SNpc neuron with a cluster of NM in a
paranuclear location. Note the close contact of axons around this neuron with only a few, small areas of loosening neuropil
(*). D.A close-up of the NM cluster to show the uniform size between rough endoplasmic reticulum. E. In the same neuron, a
close-up of the nucleus and nucleolus and the loosing of the neuropil adjacent to the neuron cell membrane. F. It is clear the
presence of NPs in close contact with heterochromatin (arrows) and the double nuclear membrane with NPs at the
intersection. Numerous small mitochondria (M) have fragmented cristae. G. Fifteen y old NM close-up adjacent to dilated ER
and abnormal mitochondria (M). Inside the NM we observe NPs (arrows) and lipid structures (If). H. Same as G to show
another NM with NPs (white arrows) and mitochondria with NPs inside (black arrow) and dilated ER. In the Insert a close
contact between the NM and a mitochondrion, a relationship expected between a mitochondria and ER, not a NM. I.
Abundant and dilated RER with NPs inside (arrow). J. Oligodendroglia with a disrupted cytoplasm and its surrounding
abnormal axons vary in size and thickness of the myelin. K. Twenty-six y old SNpc to show a distinct fibrillary structure with
NPs (arrows) in the midst and closely attached to a lipid lipofuscin like structure. L. An area with dilated ER and abnormal
mitochondria. In the close contact between the dilated ER and the small mitochondria (arrowhead) the resultant MERC is
abnormal.
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Figure D.5 Substantia nigrae representative electron micrographs from beyond the 5th decade of life.
A. Seventy-one y old MMC resident substantia nigrae, 1 um toluidine blue section showing substantia nigrae pars
compacta neurons with abundant cytoplasmic neuromelanin (NM) (long arrows) in sharp contrast with neurons with
scanty cytoplasm, few NM, and small nuclear fragments (arrowheads). Blood vessels are marked with an L in their
lumen and some small vessels have a vacuolated perivascular neuropil (*). B. Same subject as A, this neuron shows
abundant NM and several macrophage-like cells around. The lower macrophage nucleus (arrowhead) shows a
pyknotic nucleus, while the upper two (long arrows) exhibit an intact nuclear membrane but their cytoplasm is
fragmented. C. At greater magnification, is clear the neuronal cytoplasm is vacuolated and there are clearing of the
cytoplasm around a disrupted nucleus. The neuronal inclusion with dysmorphic organelles is adjacent to the empty
space (*). D. The intracytoplasmic inclusion characterized by filaments, membrane fragments, dysmorphic organelles,
and lipids (Shahmoradian et al., 2019) is marked by several arrows. E. A small blood vessel in the vicinity of the neuron
in B-D, with an RBC in the lumen and a tight junction (Tj) (arrow) in the endothelial cell. F. The Tj at higher power
shows a common finding in substantia nigrae endothelial cells: the abundant nanoparticles decorating the structure
(arrow). G. Cell nuclei with numerous NPs both in the heterochromatin (arrows) and in the nuclear
matrix(arrowheads). H. Small blood vessel with a lumen (L) and abundant lipofuscin in close contact with beta -
pleated sheet twisted tubules (arrows). A cluster of twisted tubules in close contact with a lipid portion of lipofuscin
(arrowheads). I. Perineuronal macrophages are very common in older subjects and contain numerous lysosomes and
rare structures with a lattice image(arrow). J. At higher magnification, the lattice image has 10 layers of well-ordered
fringes with a perpendicular alignment(arrows).
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Figure D.6 SNpc electron micrographs of a 32y old male corresponding to Figs. D.7 and D.8. A. The
neurovascular unit in this individual is abnormal, with neuropil breakdown (*) and the perivascular astrocyte end-feet
dissociating from the capillary wall. In close contact with the blood vessel an elongated fragment of a macrophage-
like cell(m) is remarkable. Its cytoplasm is dark and shows numerous vacuoles. Nanoparticles are seen in various
locations, within the wall of the capillary (black arrow) and in empty neuropil. B. SNpc neuron with NM granules and
ER. Note the numerous NPs in different organelles within the cell (short arrows), including within the NM. The
mitochondria show abnormal cristae and the spaces between the ER and other organelles exhibits vaculated, empty
areas (*). C. The abnormal mitochondria show numerous NPs, of different sizes within the cristae, matrix, and double
membrane. ER structures are dilated and short.

In order to identify the elemental composition of the observed intracellular, electrodense NPs,
SN sections from a 32y male were additionally subjected to HRSTEM and EDX. HAADF-STEM
images revealed the abundant presence of NPs, often in groups or clusters, in close association

with mitochondrial structures and neuromelanin (Figs. D.7-9).

Fig. D.7 shows the presence of NP clusters, of different sizes, shapes, and compositions, in close
association with NM in the SN of this 32y old. Some NPs appear as rounded aggregates (NPs
marked 1 and 2 in Fig. D.7B), dominantly composed of aluminium (Fig. D.7D) and iron (Fig. D.7E).
The cluster of smaller, distinctively elongate NPs (group 3 in Fig. D.7) is dominated by titanium
(Fig. D.7F). The EDX spectrum, Fig. D.8C, displays additional marked peaks in silica and nickel,
arising from the nickel TEM grid, and chlorine, which occurs all over the analysed area (Fig.
D.7G), likely reflecting some aspect of sample preparation. Similar metal compositions are
evident for NPs seen in association with, and apparently traversing, the double membrane of an
SN mitochondrion (Fig. D.8). In addition to the rounded aggregates of aluminium- and iron- rich

particles, discrete and elongate particles of titaniferous composition are evident (Fig. D.8 E, J).
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Figure D.7 A, B. High magnification high-angle annular dark field-scanning/transmission electron microscopy
(HAADF-STEM) of SN tissue, 32 y old subject (also see Fig. D.8); B: a higher magnification image of the bright,
electrodense NPs (marked as 1, 2 and 3) shown in the area in the white box in A. C. EDXA spectrum for the area shown
in B. D — F. elemental maps for the area shown in B.
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Figure D.8 A and F: HAADF-STEM of NPs around a mitochondrion in SN tissue, 32 y old subject (B and G higher
magnification images of the bright, electrodense NPs shown in the white box in A and F, respectively); C—E: elemental
maps for the particles in the white box shown in A; H-J: elemental maps for the area shown in F.

These latter titanium-rich, acicular NPs are particularly distinctive; in our prior work on frontal

tissue samples, we have not seen particles with this elongate morphology, nor have we observed
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them in urban roadside particulate air pollution samples. Conversely, we have observed
similarly elongate, Ti-rich particles in neuroenteric tissue samples (Fig. D.9), which, we infer,
have been ingested and/or swallowed from airborne sources, and which have traversed the

small bowel epithelium to access the neuroenteric pathway.

Bl spectra from Area 21

Spectrum

Intensity (Counts)

10
Energy (keV)

Figure D.9 A and B: HAADF-STEM of Ti-bearing elongated laths, in neuroenteric tissue sample from a 39y old male
with both AD and PD hallmarks; C EDX spectrum for the area imaged in A and B (NB Cu peaks reflect the use of a
copper TEM support grid).

D.4.4 Magnetic remanence

Fig. D.10 and Table D.1 summarise the SIRM values for each of the SN, tectum, tegmentum, PAG
and cerebellum tissue samples measured, versus age. Individual subjects display variable SIRMs,
with little apparent correlation with age. However, the three brain regions (Fig. D.10A — C)
display significant differences (Fig. D.10 D, p-value = 0.01144) in their magnetic content. Median
SIRM values (all x 10°Am%kg®) vary from 1.52 for SN  samples, 297 for
tectum/tegmentum/PAG, and 4.75 for cerebellum. The estimated ferrimagnetic concentration
and numbers of magnetite-like NPs range from 0.01-2.63 (median 0.11) pg/g dry wt. and 0.18-
32.52 (median 1.36) x 10%/g, respectively for the measured SN samples; from 0.02-1.79 (median
0.22) ug/g dry wt. and 0.31-22.20 (median 2.67) x 10%/g for the tectum/ tegmentum/PAG
samples; and from 0.02-2.19(median 0.34) pg/g dry wt. and 0.27-27.11 (median 4.26) x 10%/g

for the cerebellum samples.
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Figure D.10 Room-temperature SIRM values versus age for A. SN samples, B. tectum/tegmentum/PAG, C.

cerebellum, and D. box plots, showing significant differences between the magnetic content of the 3 regions (Kruskal-

Wallis test, p-value =0.0116).
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Table D.1 Room temperature SIRM values for a representative sub-cohort of the MMC subjects, and
calculated concentrations and number concentrations of magnetite NPs: SN = substantia nigra; TTP =
tectum/tegmentum/PAG; CB = cerebellum.

ID# | Age | SIRM (10° AmKg™) Magnetite concentration pg/g | No. magnetite particles 10%g
SN TTP CB SN TTP CB SN TTP CB
1 12 1.8 3.92 3.31 0.13 0.28 0.24 1.61 3.52 2.97
2 15 1.36 13.7 6.05 0.10 0.99 0.44 1.22 12.30 5.43
3 15 9.37 0.3 0.68 0.02 8.41 0.27
4 17 1.52 0.5 0.11 0.04 1.36 0.45
5 17 0.53 4.57 0.04 0.33 0.48 4.11
6 20 36.23 | 15.32 | 10.16 | 2.63 1.11 0.74 32.52 13.75 9.12
7 20 1.02 0.63 2.11 0.07 0.05 0.15 0.91 0.57 1.89
8 20 0.5 0.04 0.45
9 20 3.37 0.24 3.02
10 | 22 0.52 0.87 30.2 0.04 0.06 2.19 0.47 0.78 27.11
11 | 23 1.37 6.07 0.10 0.44 1.23 5.45
12 | 24 1.02 5.55 1.03 0.07 0.40 0.08 0.92 4.99 0.93
13 | 24 0.89 0.95 4.49 0.07 0.07 0.33 0.80 0.85 4.03
14 | 26 0.6 3.37 | 0.69 0.04 0.24 0.05 0.54 3.02 0.62
15 | 26 4.08 | 0.49 11.72 | 0.30 0.04 0.85 3.67 0.44 10.52
16 | 27 0.53 1.02 0.04 0.07 0.47 0.92
17 | 29 1.9 24.73 0.14 1.79 1.70 22.20
18 | 31 2.15 3.97 | 4.08 0.29 0.30 3.56 3.66
19 | 31 1.54 5.72 1593 | 0.11 0.41 1.15 1.38 5.13 14.30
20 | 32 2.95 2.97 5.01 0.21 0.22 0.36 2.65 2.67 4.50
21 | 34 2.84 0.21 2.55
22 | 35 14.25 1.03 12.79
23 | 36 2.35 1.39 0.17 0.10 2.11 1.25
24 | 39 0.9 8.78 6.51 0.07 0.64 0.47 0.81 7.88 5.85
25 | 45 1.1 1.99 1.32 0.08 0.14 0.10 0.99 1.79 1.19
26 | 50 2.07 3.91 6.47 0.15 0.28 0.47 1.86 3.51 5.81
27 | 61 0.2 1.86 0.02 0.14 0.18 1.67
28 |71 3.62 | 4.92 18.46 | 0.26 0.36 1.34 3.25 4.42 16.57
29 | 75 0.29 1.96 0.02 0.14 0.26 1.76
30 | 75 2.64 1.22 0.19 0.09 2.37 1.09
31 | 85 5.23 0.34 0.38 0.03 4.69 0.31

D.5 Discussion

We are documenting in a collection of 186 brainstems from Mexico City residents age 27.29 +

11.8y old, the striking overlap of hyper- phosphorylated tau, a synuclein and TDP-43- markers

of AD and PD-, and, surprisingly, transactive response DNA-binding protein TDP-43 (a marker for

amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration with ubiquitin-

positive inclusions (FTLD-TDP) (Dewey et al., 2012, James et al., 2016, Nelson et al., 2019,

Kodavati et al., 2020, Besnard-Guérin, 2020, Pasquini et al., 2020, Wu et al., 2020, Mashik et al.,

2016) strongly supporting a common denominator impacting the brain early in life. The

brainstem and cerebellum are critical not only because they host key networks modulating
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autonomic function, arousal, motor control and emotions (Venkatraman et al., 2017, Zhang et
al., 2017, Zelena et al., 2018, Adamaszek et al., 2017, Guyenet et al., 2020), but because damage
to specific nuclei and network connections shed light on associated early clinical manifestations
and critical portals of entry of our culprit: metal-rich exogenous nanoparticles (Calderén-
Garcidueiias et al.,, 2020d). The dominant presence of Fe, Al and Ti in the NPs present in
substantia nigrae (SN) mitochondria, points unequivocally to their exogenous sources -including
engineered Ti-rich nanorods- and raises serious concerns. TiO, NPs are widely manufactured for
use in both domestic (e.g. cosmetics, sunscreens) and industrial (e.g. paints, coatings,
electroceramics, solar cells) applications (Chemseddine and Moritz, 1999, Chen and Mao, 2007,
Kose et al., 2020) and are abundant in E-waste (Ceballos et al., 2020). Al-rich NPs are also
abundant in airborne pollution, and, together with Fe and Ti, have been reported in high

concentrations in Beijing residents’ serum and in pleural effusions (Lu et al., 2020).

The SN presence of distinctive, acicular NPs of titanium-rich composition indicates that NPs have
different portals of entry and subsequent transport routes - and, hence, potentially different
brain targets. We have not previously observed elongate Ti-rich NPs in frontal or heart samples,
nor in roadside airborne PM. Conversely, we have imaged and analysed similar particles in the
neuroenteric system (myenteric plexus neurons), suggesting that these engineered NPs have
accessed the brainstem via axonal transport, having traversed the gut wall after ingestion (e.g.,
with food) and/or being inhaled and swallowed. These observations are consistent with the key
work of Holmgvist et al. (Holmqyvist et al., 2014) showing the transport of aSyn via the vagal
nerve to the dorsal motor nucleus of the vagus in a time-dependent manner, and the
monosynaptic nigro-vagal connections as discussed by Anselmi et al.(Anselmi et al., 2017,

Anselmi and Travagli, 2017).

Notwithstanding the possibility of intracellular dissolution and (slow) clearance of exogenous
particles (Maher, 2019), the brainstem metal-rich NPs may reflect the prevalence of those
species in the environment to which these young urbanites have been exposed (Arshadi, 2017).
Specific metal cytotoxicity is evident from abundant in vitro and animal studies, e.g., TiO2 NPs
produce upregulation of miR-29b-3p reinforcing apoptosis, imbalance in the Th1/Th2 cells, small
intestine physical(ileum) barrier structural changes in a dose-dependent manner, and epigenetic
changes (Sungur et al., 2020, Xu et al., 2020b, Yao et al., 2020, Peters et al., 2020, Coméra et al.,
2020, Gallocchio et al., 2020, Yarjanli et al., 2017) . Food sources of TiO, NPs are substantial
(Sungur et al., 2020), concentrations in food reportedly range from 3 to 2400 mg kg-1 with

particle sizes between 30 and 410 nm. Peters et al. described in 15 human autopsies abundant
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TiO; particles in ileum > jejunum > kidney > spleen > liver in the size range of 50-500 nm, modal

size 100-160 nm and ~17% < 100 nm (Peters et al., 2020).

It is remarkable, the distinctive, elongate Ti-rich nanorods observed in the SN and neuroenteric
samples here differ from the mostly spherical TiO, common in food additives, and may instead
reflect handling of, for example, e-waste, or plastics (Chemseddine and Moritz, 1999, Chen and

Mao, 2007, Tiwary et al., 2017).

In terms of Fe-rich, ferrimagnetic NPs, the amount of midbrain magnetite measured here varies
from subject to subject, an expected finding for individuals with different NPs exposure levels.
However, our observation that the amount of magnetite varies significantly between the three
different brain regions examined here (cerebellum > tectum/ tegmentum/PAG > SN) is striking.
Gilder et al.’s (Gilder et al., 2018) study of 7 formaldehyde-fixed brains displayed ~60 x lower
magnetic contents, with little variation between the 7 subjects, but highest magnetite
concentrations in olfactory bulb, brainstem and cerebellum. Our findings suggest that different
NPs appear to have different portals of entry: Fe- and Al-rich NPs via inhalation and blood
systemic circulation and Ti-rich nanorods via neuroenteric axonal transport. Thus, it is possible
that the significant differences in magnetite content seen here between the SN,
tectum/tegmentum/PAG and cerebellum might reflect not only the nature of the anatomical
structures (i.e. cluster of SN neurons versus intraxonal flow in afferent and efferent fibers) but
also differential targeting of specific brain regions and cellular targets by NPs with differing
exogenous sources, chemical composition, size, shape, and entry portals. Thence, the ultimate
neural damage and neuropathological hallmarks incurred would depend both on the NP

characteristics and the differential access and targets achieved via their portals of entry.

With regard to the SN, much published evidence demonstrates that both Fe-oxide and Ti-oxide
NPs produce cytotoxicity and oxidative stress in specific targets including dopaminergic cells,
leading to aSyn aggregation and fibrillation (Imam et al., 2015, Wang et al., 2019b, Bergamino
et al., 2020, Liu et al., 2018, Mohammadi and Nikkhah, 2017, Milatovic et al., 2009, Gilan et al.,
2019, Tira et al., 2020, Chen et al., 2020, Gupta et al., 2020).

No matter what the entry portal, the chronic delivery of exogenous Fe-rich NPs to the brain is
likely to induce oxidative stress and neuroinflammation (Imam et al., 2015, Yarjanli et al., 2017,
Reddy et al., 2017, Wu and Tang, 2018). Release of free Fe ions, e.g. within acidic lysosomal
environments, can catalyse increased and uncontrolled production of reactive oxygen species
(ROS) through the Fenton reaction (Imam et al., 2015, Yarjanli et al.,, 2017) and
neuroinflammation (Wu and Tang, 2018, Disdier et al., 2017, Berndt et al., 2017, Ehsanifar et al.,
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2019, Ising et al., 2019). The presence of strongly magnetic NPs in the brainstem and cerebellum,
in number concentrations of up to 32x 10%/g (dry wt.) tissue may carry additional and specific
significance; not only providing a source of reactive Fe, but also acting synergistically to promote
the toxicity of amyloid-B, as shown by in vitro studies (Teller et al., 2015). Indeed, magnetite NPs
have been found directly associated with senile plaques and amyloid-f fibrils in an AD brain
(Quintana et al.,, 2006), and may contribute directly to Alzheimer-like neurodegeneration
changes (Allsop et al., 2008, Castellani et al., 2007, Coccini et al., 2017). Depending on their
location, concentration, size, degree of aggregation and magnetic interactions between NPs,
magnetite NPs might also damage target organelles and cells through hyperthermia and/or
magnetic rotation effects. Because magnetite is an excellent absorber of microwave radiation
at frequencies of between 0.5 and 10 GHz (cell phones, for example, operate at frequencies of
~1-2 GHz), localised heating effects might be induced (Kirschvink et al., 1992b, Pall, 2018, Karimi
et al., 2020, Gholami et al., 2020). That some organisms are able to detect and respond to cues
from the Earth’s magnetic field, through the presence of biologically formed magnetite NPs, is
unequivocal (Kirschvink and Gould, 1981). We suggest that, depending on exposure, the variable
ingress of exogenous, pollution-derived magnetite NPs to major organs, including the brain, may
account for some findings (Binhi and Prato, 2018, Falone et al., 2018, Casey et al., 2020, Gao et
al., 2020) that extremely weak alternating magnetic fields (i.e. with magnetic field amplitudes in
the T and nT ranges), can induce statistically significant effects in biological systems. If DNA
synthesis, RNA transcription and cell signalling, Ca++ flux, for example, can be thus affected,
then the magnetic responses of ~32 x 10° /g tissue magnetite pollution may provide a further

direct pathway to neurodegeneration.

In the SN, we observe associations between clusters of Fe- (and other metals)-rich NPs and
endosomal structures like NM. Magnetic interactions between magnetite NPs can enhance their
response to external magnetic fields, even for particles otherwise too small (<~30nm) to align
at ambient temperature with applied magnetic fields (Maher, 1988). Even at low
concentrations, Fe-rich and TiO2-NPs accelerate aSyn fibrillization, a matter of deep concern
for individuals exposed to high concentrations of these airborne NP species, i.e., a-synuclein
fibrils can grow at much lower monomer concentrations than that required for de novo fibril
formation (Afitska et al., 2019). The NPs size is critical: in human neuroblastoma cells, 10 and 30
nm ferric oxide nanoparticles significantly depleted cellular dopamine, increased ROS, damaged

the BBB and produced neuronal a-synuclein expression (Imam et al., 2015).

Al-rich NPs in the SN is an interesting finding, Al has, of course, been one of the most studied

environmental agents linked with AD, with observational studies indicating that aluminium
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levels are significantly elevated in brain, serum, and CSF of AD patients (Virk and Eslick, 2015).
Our novel results are consistent, specifically, with Perl and colleagues’ work who identified
intraneuronal aluminium accumulations (10-50 x adjacent NFT-free neurons and controls) in
hippocampal neurons bearing NFTs in AD patients (Perl and Brody, 1980). Using a rabbit model,
Perl & Good (Perl and Good, 1987) showed that exposure to intranasal aluminium leads to direct
uptake into the brain and distribution along olfactory pathways. In vitro, cytotoxic and genotoxic
damage by Al,03 NPs has been associated with AI** ion release in the acidic environment of
vesicles (Hashimoto and Imazato, 2015). Al-induced neurocognitive decline among Al
occupational workers is a serious hazard and downregulating PI3K, Akt, and mTOR1 expression
and inducing neuronal cell death have been shown experimentally and in Al workers (Shang et
al., 2020). Exley and Clarkson suggested that the Al content of brain tissue in Alzheimer’s disease,
autism spectrum disorder and multiple sclerosis is significantly elevated versus controls in a

study of 191 tissue samples (Exley and Clarkson, 2020).

Several SN findings in this work are remarkable, including the mitochondrial and ER
abnormalities, and the vesicular structures and dysmorphic organelles; the latter - as described
by Shahmoradian et al. (Shahmoradian et al., 2019) surrounded by NM fragments. The observed
accumulation of metal-rich NPs in association with the NM raises the issue reported by Haining
and Achat-Mendes (Haining and Achat-Mendes, 2017) of NM apparently conferring
‘susceptibility to chemical toxicity by providing a large sink of iron-bound, heme-like structures
in a pi-conjugated system’. Zecca et al., and Zucca et al.’s excellent (Zecca et al., 2008, Zucca et
al., 2018) papers describing the accumulation of neuromelanins in concentrations as high as 1.5—
2.6 ug/mg tissue in putamen, cortex, cerebellum and a recent paper describing substantia nigrae
membrane and matrix proteins characteristic of lysosomes at a lower number than in typical
lysosomes, gave the authors an indication of a reduced enzymatic activity and impaired capacity
for lysosomal and autophagosomal fusion. Highly relevant to our findings, Zucca and co-authors
(Zucca et al., 2018) suggested that: i. NM-containing organelles likely have impaired capacity for
lysosomal and autophagosomal fusion; and ii. the accumulation of proteins of aggregation and
degradation pathways supporting the ubiquitin-proteasome system is inadequate. Both
suggestions are in accord with a dysfunctional autophagy and ubiquitin proteasome system
(UPS) in turn implicated in protein aggregation and toxicity by Limanagqi et al. (Limanagi et al.,
2020). Thus, in the case of young MMC residents, it is highly probable that the variable but
extensive accumulation by NM of highly oxidative (and magnetic), metal-rich NPs will accelerate
the dopaminergic cell damage at earlier ages, and as documented here, children exhibit

extensive damage to SNpc with macrophages phagocytizing neuromelanin loaded neurons.
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Activated microglia-mediated engulfment of dopaminergic neurons with abundant NM could
increase neuroinflammation on one hand and alter their role in aSyn clearance and degradation
on the other (George et al., 2019). NPs engulfed by macrophages affect their phagocytosis and
migration capabilities (Li et al., 2020b) and since macrophages (Vannella and Wynn, 2017) are
themselves a rich source of inflammatory mediators and matrix metalloproteinases, they can
worsen tissue injury by producing ROS, inducing apoptosis, and exacerbating ischemic injury.
Our Fig. D.4H insert illustrates a SNpc common phenomenon: the intimate contact between
endolysosomes (EL) and mitochondria, an issue Wang et al. (Wang et al., 2020b), discusses in
the context of functional mitochondrial outer membrane permeabilization (MOMP) execution
during cellular apoptosis signalling. Their exciting paper shows mitochondria are targeted by
endolysosomes during MOMP and key to our electron microscopic observation: interactions of
ELs with mitochondria control BAX recruitment and pore formation (most certainly an effective

pathway to kill SNpc neurons).

Another mechanism to take into account relates to damage to nuclear membranes by NPs:
dysregulation of the nucleocytoplasmic transport machinery regulated by the structure and
function of nuclear pores and mRNA export mechanisms, could result in protein accumulation
(Moore et al., 2020). Leibiger et al. (Leibiger et al., 2018), have proposed that TDP-43 interferes
with lysosomal function and its own degradation via lysosomal pathways triggering lethal
autophagy. Indeed, common pathways are shared by a number of neurodegenerative diseases,
including dysregulation of RNA metabolism and pathological persistence of stress granules

(Koren et al., 2020, Advani and Ivanov, 2020).

Our observed magnetic concentrations, in the order SN < tectum/ tegmentum/PAG <
cerebellum, likely signal the circuits and systems affected by NP ingress, encompassing the SN
and its connectivity-based parcellation with limbic, cognitive, and motor arrangements.
determining in part decisional and motor impulsivity, as described by Zhang et al. (Zhang et al.,
2017). PAG plays a key role in emotions-related cognitive processes and in neurovegetative
regulation (Zelena et al., 2018) while the cerebellum has a pivotal functional role in human
affective processing (Adamaszek et al., 2017, Pierce and Péron, 2020, Chen et al., 2020, van den
Berg et al., 2020, Tozzi et al., 2020). The elevated concentrations of magnetite in the cerebellum

are notable and recall the selective targeting of mercury intoxication (O'Donoghue et al., 2020).
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D.5.1 Significance of overlap of four distinct neurodegenerative markers in young
pollution-exposed subjects

The overlap of four distinct simultaneous neurodegenerative markers (pt, AB, aSyn and TDP-43)
present in 10.98% (20/182) of young MMC urbanites appears crucial; co-existence of markers of
two relatively common diseases, sporadic AD and PD, with a less common amyotrophic lateral
sclerosis (ALS) disease/frontotemporal degeneration (FTD) suggests a common aetiological
denominator. We strongly support mapping out the development of these fatal diseases in
forensic autopsies of young people - without either clinical evidence and/or morbidities
associated with neurodegeneration — enables characterization of the earlier neurodegenerative
pathomechanisms taking decades to become openly clinical. Because NP pollution loadings and
compositions will differ between different locations, even within the same city, similar
investigations of young fatalities will permit definition in each city and each country of the
populations at risk and the identification of potential environmental and/or other factors in
common. Hyper- phosphorylated tau was by far the most common misfolded protein in our

subjects.

Our TDP-43 immunohistochemistry findings in SN neurons and nonmotor brainstem nuclei are
particularly worrisome (34/182 cases, 18.68%), given the young age of affected subjects: 26.8 +
10.5y. We have documented in the SN an overlap between TDP-43 pathology and aSyn in 20
cases and with p-tin 30 subjects. Karanth and co-workers (Karanth et al., 2020) in a study of 375
autopsies of demented Alzheimer disease pathology (tau and AB) subjects, age 86.9 + 8.0 with
a-synuclein, and TDP-43 data, along with Braak neurofibrillary tangle stages | to VI, found 19.2%
with quadruple misfolded proteins. Quadruple misfolded proteins patients had MMSE scores in
the severe impairment range and higher odds of APOE4 status. The authors concluded:
Quadruple misfolded proteins appear to be a common substrate for cognitive impairment and
to be associated with an aggressive course of disease that typically ends with severe dementia
(Karanth et al., 2020). They added a statement that is very important for our quadruple
misfolding proteins findings in MMC children and young adults: The prevalence of comorbid a-
synuclein and TDP-43 with Alzheimer disease pathology (tau and AB) may complicate efforts to

identify therapies to treat and prevent Alzheimer disease. We fully agreed with them.

Geser et al. (Geser et al., 2020), work posed a key question: Development of Neurodegeneration
in Amyotrophic Lateral Sclerosis: From Up or Down? It is evident in our young subjects that the
lower brainstem is an early TDP-43 pathology target as it involves the reticular formation in
medulla, pons, midbrain, and the SN. Moreover, we also documented glial cells with cytoplasmic

positivity. Interestingly, Tomé et al. (Tomé et al., 2020) showed evidence in documented AD
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cases that TDP-43 aggregates vary in their composition and relate to the clinical presentation.

Here, our findings specifically demonstrate the importance of the nature and number of NPs

inhaled and swallowed. Hence, where you live, how you travel, what air pollutants you are

exposed to, and your occupational history and exposure to any other environmental sources of

NPs are as, if not more, important than all other factors known to be associated with

neurodegeneration (CVD, diabetes, nutrition, exercise, etc.).

The study has shortcomings. Our major gap is the lack of funding to extend the high-resolution

scanning and transmission electron microscopy (HRSTEM) and energy-dispersive X ray analysis

(EDX).

D.5.2 Concluding remarks

1.

The neuropathological evidence from this Mexico City study identifies unequivocal
development of aberrant misfolding and aggregation of hyperphosphorylated tau, AB,
a synuclein and TDP-43 in the brainstem of children and young adults.

Concentrations of Fe-rich, ferrimagnetic NPs in the brainstem vary from individual to
individual, as expected for differing levels of NP exposure. Magnetic concentrations
increasing in the order, SN <tectum/tegmentum/PAG < cerebellum, opens up the
opportunity of detecting early clinical alterations in motor control learning, motor
coordination, gait, and balance (Calderén-Garciduefias et al., 2020d), cognition and
emotion behaviours and neurovegetative regulation.

Strikingly, we have identified, in situ, in SNpc neuronal organelles (mitochondria and
neuromelanin), NPs containing Fe, Al and Ti in subjects displaying immunoreactive p-t,
aSyn and extensive NVU and mitochondrial damage. The elongate Ti-rich NPs in the SN,
identical to Ti NPs in neuroenteric neurons are remarkable findings. Their presence
strongly suggests that i. the Gl tract is a key portal for Ti NPs, ii. the oral portal of entry
is a direct path to the brainstem via vagus nerves and iii. Ti-rich nanorods from e-waste
and other sources are reaching the substantia nigrae.

The portals of entry, and the specific characteristics (composition, size, etc.) of the NPs
may be of key importance in defining which cells and organelles will be affected and by
what type of damage. The SN is an early target of metal-rich, and highly magnetic NPs:
p-T is the most common abnormal protein in young individuals.

The incursion of magnetite NPs from exogenous sources may not only induce neural
ROS- and protein-related dysfunction. Given that magnetite formed biogenically by
organisms can respond to small changes in magnetic field gradients and/or intensity

(conferring a magnetoreceptive sense), it is possible that magnetite accumulated from
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exogenous sources can cause intracellular impacts through particle
displacement/rotation, and by localised heating through microwave absorption.
Critical here are the co-associations between pathology seen in mitochondria, ER, and
NM and the location and abundance of exogenous, Fe-, Al- and T-rich NPs, in close
contact with key organelles and neurofilaments, glial fibers, and chromatin. Such
reactive, cytotoxic, and magnetic NPs are a specific potential source for all of the
following: altered microtubule dynamics; mitochondrial dysfunction; accumulation and
aggregation of unfolded proteins; abnormal endosomal systems; altered insulin
signalling; altered calcium homeostasis; apoptotic signalling; autophagy; and epigenetic
changes.

The bleak facts in sporadic PD is that the clinical motor manifestations are late (Bove
and Travagli, 2019, Varadi, 2020) with no possibility of reversing the extensive damage
to dopaminergic cells, while in AD, the cognitive deficits develop very early and deeply
compromise the potential academic, social and economic goals in young subjects. The
TDP-43 pathology seen in 18.68% of young MMC urbanites obligate us to revise the
dementia numbers in Mexico and Latin America (LA) and the prevalence of
frontotemporal dementia (FTD) and frontotemporal lobar degeneration with ubiquitin-
positive inclusions(FTLD-TDP) (Custodio et al., 2017, Casterton et al., 2020, Advani and
Ivanov, 2020). Custodio et al. (Custodio et al., 2017) discussed LA prevalence of
dementia reaching 7.1%, with AD being the most frequent type. FTD cases range from
12 to 18 cases per 1000 people with significant differences among Brazilians > Peruvians
> Venezuelans. Mexico and LA are experiencing major demographic changes with
increased numbers of people 260y and accurate prevalence data for AD and FTD in
Mexico are both essential but presently not available.

These findings indicate that NP exposure should be included in any assessment of the
neurodegenerative risk profile of each individual.

Highly oxidative, magnetic, abundant, metal-rich NPs emitted in the urban atmosphere
constitute a novel path into AD, PD and TDP-43 pathogenesis. Exposed children and
young adults need early neuroprotection and multidisciplinary prevention efforts have
to be implemented. Control of combustion and friction nanoparticle sources (traffic,
biomass burning, and industry), and of engineered NPs (food products, cosmetics,
toothpaste, sun protectors, surface disinfectants, paints, e-waste etc) becomes
increasingly important and urgent, in order to diminish the human and economic costs

of a global neurodegenerative epidemic.
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D.6 Supplementary data

Table D.2 Autopsy and neuropathological data for the 186 cases
phosphorylated at Ser199-202-Thr205, a-synuclein phosphorylated

examined with H&E, PHF-tau8
at Ser-129, LB509 and TDP-43

mab2G10.
ID# AGE GENDER | APOE AD pt AD AB SN pt SN aS TDP-
43*
1 1 1 0 1 2 1 0 1
2 1.4 0 0 2 0 0 0 0
3 2 1 0 1 0 1 0 0
4 3 1 0 2 0 1 0 0
5 4 1 0 2 0 0 0 0
6 7 1 0 2 0 0 0 0
7 11 1 0 2 2 1 0 0
8 11 1 0 2 0 0 0 0
9 11 0 0 1 2 1 1 1
10 12 1 0 4 4 1 0 0
11 12 1 0 2 2 0 0 0
12 13 0 1 2 2 0 0 0
13 13 0 0 2 2 1 1 0
14 14 0 0 2 2 0 1 1
15 14 0 0 2 0 0 0 0
16 14 1 0 2 2 0 0 0
17 14 1 0 2 2 1 0 0
18 14 1 0 2 2 1 0 1
19 15 1 1 2 2 1 0 0
20 15 1 0 2 2 0 0 1
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Gender: O=female, 1=male. APOE 0=3/3, 1=3/4, 2=4/4, 3=2/3

AD staging pt Stage: O=absent, 1= pre-tangle stages a-c, 2= pre-tangle stages 1a,1b, 3=NFT stages
I, 11, 4=NFT stages IlI-IV, 5=NFT stages V-VI

AD staging AB Phase: O=absent, 1=basal temporal neocortex, 2=all cerebral cortex, 3=subcortical

portions forebrain, 4=mesencephalic components, 5=Reticular formation and cerebellum.
Substantia nigrae pt was evaluated as pre-tangles, positive neurites, and tangles using the
PHF-tau8 phosphorylated at Ser199-202-Thr205 (Innogenetics, Belgium, AT-8 1:1000).

Substantia nigrae a-S was evaluated as neuronal immunoreactive (IR) aggregates in the somato-
dendritic compartment, cytoplasmic inclusions, core-halo Lewy bodies and dystrophic neurites
(Lewy neurites) using a-synuclein phosphorylated at Ser-129, LB509 (In Vitrogen, Carlsbad, CA
1:1000)

*Brainstem TDP-43 was evaluated by dash-like IR particles in the vicinity of the cell nucleus, with
or without complete loss of nuclear TDP-43 expression and somatic skein-inclusions, using

mab2G10 (Roboscreen GmbH, Leipzig, Germany 1:1000).
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