LACTOFERRIN INTERACTS WITH THE
AMYLOID-B PRECURSOR PROTEIN AND
EXACERBATES A3 PRODUCTION

Andrew Tsatsanis

The University of Leeds
School of Biomedical Sciences
August 2019

Submitted in accordance with the requirements for the degree of
Doctor of Philosophy



il
The candidate confirms that the work submitted is his own and that appropriate
credit has been given where reference has been made to the work of others.

Specific contributions from others are as follows:

Dr Tim Ryan (The University of Melbourne, Australia) performed sedimentation

velocity experiments relevant to Chapter 3.0.

Dr Bruce Wong (The University of Melbourne, Australia) performed tryptophan
fluorescence experiments relevant to Chapter 3.0 and all aspects related to

animal work relevant to Chapter 3.0, Chapter 4.0 and Chapter 5.0.

This copy has been supplied on the understanding that it is copyright material
and that no quotation from the thesis may be published without proper

acknowledgement.

© 2019 The University of Leeds and Andrew Tsatsanis



iii
ACKNOWLEDGEMENTS

First and foremost, | would like to acknowledge and thank Alzheimer's Society
with support from the Healthcare Management Trust for without their vital funding
none of this research would have been possible. A heartfelt thank you to my
Alzheimer’s Society monitors, Sandra Barker and Eric Deeson. Their support and
excitement during our progress meetings always made me feel my research was

something more than just ‘results’.

A huge thank you to my primary supervisor, James Duce. You are not only my
mentor but also my friend. You are an incredible role model and | always admired
your integrity and belief in fair dealing. You rescued me multiple times of distress
and | always wondered what kind of emotional intelligence you must have to
tolerate my unique personality. You always had my best interests at heart even
though | was totally oblivious to what they were at the time. Your maddening
attention to detail and inability to accept sub-par research inspired me to grow
into a critical, knowledgeable, skilled and independent researcher. Thank you for
your patient guidance, encouragement and advice in how to tackle such a
complex research project. To my co-supervisor, Asipu Sivaprasadarao (Rao).
Thank you for ‘adopting’ me into your lab during the second half of my PhD. | am
forever grateful for your continuous support, patience, motivation and immense
knowledge. You inspired me multiple times during our many discussions and |
truly appreciate your critical feedback and suggestions regarding my work. Not
only did you treat me like a fellow scientist, you taught me how to think like one,

and for that | am eternally grateful.

I would like to thank and acknowledge Bruce Wong for performing the tryptophan
fluorescence experiments and all aspects of animal work which has contributed
to this thesis. An additional acknowledgement to Tim Ryan for performing the
sedimentation velocity experiments, Anthony Turner for kindly providing cell lines
for in vitro experimentation, and Robert Evans for generously providing purified
human lactoferrin. Thank you to Sally Boxall for assistance in analysing flow

cytometry data and for providing expertise on confocal microscopy.

| wish to express my gratitude to Sreenivasan Ponnambalam (Vas) and Mike

Harrison for their experimental advice. An honourable mention goes to Christos



iv
Pliotas. Thank you for letting me use your coffee machine which kept me going

during times of immense stress. Your friendship and words of encouragement

meant a lot.

To my wonderful friends | have made here in the United Kingdom that | now
consider as family; Izma Abdul Zani (‘The 1z’), Faheem Shaik (‘Faheemi’), Robert
Bedford (‘Robbie’), Gareth Fearnley (‘Gazza’), and Gina Smith (‘Gina’). Thank
you for accepting and loving me the way | am. | gratefully appreciate your words
of wisdom, advice and support. Cheers for always requesting Kylie Minogue
songs to the DJ at the dance clubs (even though | was the only one dancing). A

further acknowledgement goes to ‘The IZ’. You will always be my ‘Queen B’.

To my Australian friends; John (‘Yovan’), Dijana (‘Dude’), Daniella (‘Dan’), Diana
(‘Dashe’), and Melissa (‘Mia’). Thank you for your love and encouragement. To
my mother and father, Anastasia (‘Ma’) and George (‘Ba’). | love you both to the
moon and back. Your love and support, both emotional and financial (especially
financial) helped me so much. To my sister Jenny (‘Sultana’), brother-in-law
Peter, brother Anthony (‘Donche’) and sister-in-law Laura, thank you for your love
and words of wisdom. To my nephews and nieces; Geordie, Natasha, Olivia,
George and Isabella. | love you all so much and thank you for always making me
laugh. You are the pericardium that protects my heart.

This might seem silly but in my first month of starting my PhD, | found a fortune
cookie on my desk that read ‘competence like yours is underrated’. | have kept
that strip of paper with me ever since as a source of motivation. | would also like
to acknowledge the following songs and artists | listened to ad nauseam at
particular times during my PhD. Thank you to the following: “You're The Best
Around’ by Joe Esposito, ‘Weird Science’ by Oingo Boingo, ‘Blind’ by Hercules
and Love Affair, ‘I'm Still Standing’ by Elton John, ‘All By Myself’ by Jamie O’Neal,
‘Enough Is Enough’ by Barbra Streisand and Donna Summer, and ‘Perfect Day’
by Lou Reed. Finally, for those particular experiments that seemed impossible to
accomplish, there was a voice within me that repeatedly said ‘don’t lose hope’. |
honestly believe that voice came from above and | couldn’t have accomplished

this PhD without you. Thank you.



\Y

ABSTRACT

One of the predominant neuropathological hallmarks of Alzheimer’s disease (AD)
is extracellular senile plaques, the major component of which is the amyloid-f3
(AB) peptide, produced by the amyloidogenic processing of amyloid-f3 precursor
protein (APP). Additional early indicators of AD include neuroinflammation and
iron dyshomeostasis, but how each contributes to AD pathogenesis remains
unclear. Lactoferrin (Lf) is an acute phase protein that is elevated in the AD brain
and has been linked to neuroinflammation, stifling pathogen growth in part by
sequestering free iron. Through a series of biophysical techniques, the
conformational modification to Lf caused when iron is bound (holo-Lf) enabled a
complex to be formed with the E2 domain of APP. Holo-Lf deviated cell surface
APP from the classical clathrin-dependent internalisation route to a clathrin-
independent route requiring ADP ribosylation factor 6 (ARF6). This directed APP
to (Rabl1l-positive) vesicles for amyloidogenic processing, leading to increased
AB production. Masking the holo-Lf binding sites of APP using either an antibody
recognising Lf or peptides derived from APP that recognise the binding site on
holo-Lf, alleviated the amyloidogenic processing of APP that was evident when
holo-Lf alone was present. The removal of APP from the cell surface upon
addition of exogenous holo-Lf also altered iron homeostasis via impairing APP
associated surface stabilisation of the iron exporter ferroportin (FPN). By directly
associating with APP, an acute phase role for Lf could be to sequester iron from
invading pathogens. Furthermore, with A being reported as an antimicrobial, an
additional protective response of initiating this pathway may be the secretion of
this peptide to destroy the pathogens. While this may initially be beneficial, this is
likely not to be sustainable with a progressive build-up of intracellular iron, leading
to iron-associated lipid peroxidation, and persistent elevated AR production
further contributing to cell death. We reveal a physiologically novel sequence of
events in which Lf via APP may lead to detrimental hallmarks related to AD when
persistently induced by the presence of Lf. The identification of this novel
therapeutic target that not only modulates the processing of APP but is also
involved in the associated mechanisms implicated in AD leads hope for potential

therapy.
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CHAPTER 1.0 INTRODUCTION

1.1 Alzheimer’s Disease

Dementia is a general term that outlines a group of brain disorders that impedes
cognitive function. Not only is it devastating to the sufferer but family, friends and
carers are also affected. There is an estimated 46.8 million dementia sufferers
worldwide with one new case of dementia being diagnosed every 3 seconds
(Prince et al., 2015). Within the United Kingdom (UK), there are 850,000 people
suffering from dementia, which leaves the UK with a financial burden of £26.3
billion per annum (Prince et al., 2014). This number of dementia sufferers is
expected to increase to over 1 million by the year 2025 (Prince et al., 2014). The
most common type of dementia is AD which accounts for 60-80 % of all cases
(Prince et al., 2014).

What triggers the onset of AD still remains unclear, but several cohort studies
have shown age, sex, family history and genetics, lifestyle and education level to
be major risk factors (Kukull et al., 2002; Lobo et al., 2000; Qiu et al., 2009).
Symptoms usually start with memory loss, ultimately leading to changes in
personality, a decrease in cognitive function, a decline in language and motor
function and finally death (Tarawneh and Holtzman, 2012). Studies have also
estimated the disease process to begin 10-20 years before any symptoms appear
(Perrin et al., 2009). Therefore, in order to fully understand the pathogenesis of
AD and to develop new therapeutic treatments, further research is vital for a
better understanding of disease progression, from pre-symptomatic to post-

symptomatic.

It has been over 100 years since the first diagnosis of AD and to date there is still
no cure, biomarker, or therapeutic treatment to detect, halt or reverse disease
progression (Tanzi and Bertram, 2005). It can be very difficult to distinguish
between the various forms of dementia in living patients. Sadly, the only definitive
way to diagnose a person with AD is via autopsy. In addition to post mortem
analysis, advanced brain scanning of living AD patients are beginning to illustrate
clearer signs of atrophy in the cerebral cortex, lateral ventricles and hippocampus

of the brain, and these correlate with mental decline (Jahn, 2013; Sabuncu et al.,
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2011). A loss of synapses, axons and dendrites ultimately leads to neuronal
deterioration and death (Kern and Behl, 2009).

There are two known forms of AD: familial which is early onset (FAD) and
sporadic which is late onset (SAD) (Gotz and Ittner, 2008; McGowan et al., 2006;
Murrell et al., 1991). FAD is hereditary (usually an autosomal dominant mutation),
extremely rare and accounts for less than 5 % of all AD cases (Citron et al., 1992;
Gotz and Ittner, 2008; McGowan et al., 2006; Murrell et al., 1991; Tomita et al.,
1997). It is caused by mutations in 3 genes: APP, presenilin (PSEN) 1 or 2, all of
which are involved in the overproduction of AB; a peptide known to be a
neuropathological hallmark of AD (Citron et al., 1992; Gotz and lttner, 2008;
McGowan et al., 2006; Murrell et al., 1991; Tomita et al., 1997). SAD has a less
clear aetiology but a number of risk factors are related to this form of the disease.
One major risk factor gene is the apolipoprotein-E (APOE) (Gotz and Ittner, 2008;
McGowan et al., 2006). The €3 allele of APOE seems to be the most common
within individuals while €2 allele shows a decreased risk (Gotz and Ittner, 2008;
McGowan et al.,, 2006). Individuals displaying the APOE ¢4 allele do not
necessarily suffer from SAD but factors such as environment and diet increase
the risk of developing the disease. Genome-wide association studies (GWAS)
have also identified a number of other potential risk factor genes associated with
SAD. The following nine genes have been estimated to explain up to 50 % of
SAD genetics (Hollingworth et al.,, 2011a; Morgan, 2011): clusterin (CLU),
phosphatidylinositol-binding clathrin assembly protein (PICALM), complement
receptor 1 (CR1), bridging integrator 1 (BIN1), ATP-binding cassette (ABC)
transporter A7, membrane-spanning 4-domains subfamily A (MS4A cluster),
CD2-associated protein (CD2AP), sialic acid-binding immunoglobulin-like lectin
(CD33), and ephrin receptor A1 (EPHA1) (Dong et al., 2017; Harold et al., 2009;
Hollingworth et al., 2011b; Lambert et al., 2009; Lambert et al., 2013; Naj et al.,
2011; Seshadri et al., 2010). Individuals suffering from Down syndrome also have
an increased risk from developing early onset SAD. Down syndrome is caused
from having an extra copy of chromosome 21 (trisomy 21) that encodes the APP
gene (Robakis et al., 1987a). Sufferers of Down syndrome exhibit an
accumulation of AR (processed from APP) and exhibit AD symptoms before the
age of 60 (Cataldo et al., 2000; Masters et al., 1985).



1.1.1 Hallmarks of AD

The two main neuropathological hallmarks of AD are extracellular senile plaques
formed by the aggregation of the AB peptide and intracellular neurofibrillary
tangles (NFTs) consisting mainly of hyperphosphorylated tau, a microtubule
associated protein (Bertram et al., 2010; Gendron and Petrucelli, 2009; Hardy
and Allsop, 1991; Mandelkow and Mandelkow, 1998; Serrano-Pozo et al., 2011a;
Trojanowski and Lee, 2000).

NFTs are deposited within neurons of the entorhinal cortex, hippocampus,
amygdala and the deeper layers of the neocortex (Morrison and Hof, 1997).
There are also other minor components found in NFTs which include a number
of proteins such as ubiquitin, APOE, kinases and other cytosolic enzymes,
transition metal ions and other stress related molecules. AB and AB binding
proteins can also be present in these aggregates (Hyman et al., 1989; Perry et
al., 1987; Shin et al., 1994; Strittmatter et al., 1993). NFTs are not exclusively
found in AD as they are also present in tauopathies such as frontotemporal
dementia (FTD), progressive supranuclear palsy (PSP), Neimann-Pick disease,

and certain forms of Parkinsonism (Perl, 2010).

Senile plaques are predominantly composed of A fibrils but additional proteins
and molecules include APOE, cell adhesion molecule 1 (CAM1), heparin
sulphate proteoglycans and various acute phase proteins such as a2-
macroglobulin (a2-M) (Armstrong, 2009; Strittmatter et al., 1993). Plaques form
in an orderly and progressive manner over time (Thal et al., 2006) and deposit
primarily within the subiculum to the outer CAl area of the hippocampus
(Serrano-Pozo et al., 2011a). Deposits then spread to the entorhinal cortex and
ultimately to the CA4 central region of the hippocampus (Serrano-Pozo et al.,
2011a).

1.1.2 The amyloid cascade hypothesis

The amyloid cascade hypothesis states that the overproduction of AB peptide in
the brain is the initial, fundamental, driving event that causes AD (Hardy and
Allsop, 1991). It was first proposed in 1991 by John Hardy and David Allsop and
further updated and re-evaluated by John Hardy and Gerry Higgins (Hardy and

Higgins, 1992). Since then, the amyloid cascade hypothesis has been generally
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widely accepted, referenced and re-appraised several times (Armstrong, 2011,
Hardy, 2009; Karran et al., 2011).

Mutations in APP or the presenilin proteins in FAD causes an accumulation and
aggregation of AB, essential for AD pathogenesis (Citron et al., 1992; Murrell et
al., 1991; Tomita et al., 1997). It was this finding that gave rise to the amyloid

cascade hypothesis.

There are two major AP toxic species: ABaoand AB42 (40 and 42 amino acids long
respectively) (Carrillo-Mora et al., 2014). AB42 possesses more hydrophobic
properties and therefore is more susceptible to aggregate and form fibrils (Citron
et al., 1992; Dahlgren et al., 2002; Murrell et al., 1991; Tomita et al., 1997). A
characteristic feature of AD progression is a reduction in cerebrospinal fluid (CSF)
AB42 (Motter et al., 1995; Rosen et al., 2013; Shaw et al., 2009). It is thought that
the aggregated state of ABaz inhibits it from being transported from the brain
interstitial fluid to the CSF (Menendez-Gonzalez et al., 2018; Padayachee et al.,
2016). However, since CSF ABazlevels can also be low in non-AD individuals, the
use of ABs2 alone as a neurodegeneration biomarker is of limited use (Dumurgier
et al., 2013; Knopman et al., 2001). Replacing AB42 by the ABa2/AB4o ratio which
is also decreased in AD (Janelidze et al., 2016) has a higher association with
amyloid deposition in the brain as assessed by positron emission tomography
(PET) (Janelidze et al., 2017; Lewczuk et al.,, 2017; Niemantsverdriet et al.,
2017).

Most of the AR produced is secreted from brain cells in a monomeric state,
however in AD, these AB peptides aggregate to form toxic species responsible
for neuronal death which leads to synaptic dysfunction, impaired long term
potentiation (LTP) and oxidative stress (Shankar and Walsh, 2009), in addition to
triggering immune cells such as microglia to elicit an inflammatory response
(Ballatore et al., 2007; Hardy and Selkoe, 2002). The combination of these events
is what causes dementia (Hardy and Selkoe, 2002). Monomeric AB aggregate to
form oligomers (ABOs) that range in shape and size from dimers and trimers to
multimers, which then aggregate further to give rise to AR fibrils (Ballatore et al.,
2007; Hardy and Selkoe, 2002). Aggregated AB and activated microglia stimulate
stress pathways in neurons, altering kinase and phosphorylase activity, leading

to the hyperphosphorylation of the protein tau (Ballatore et al., 2007). Under
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normal physiological conditions, the microtubule binding ability of tau is post-
translationally regulated by serine/threonine-directed phosphorylation (Mietelska-
Porowska et al., 2014). Phosphorylated tau is unable to bind to microtubules,
allowing for the movement of vesicles and other cellular components (Cho and
Johnson, 2004; Kadavath et al., 2015). Conversely, dephosphorylated tau binds
and stabilises microtubules (Kadavath et al., 2015). Hyperphosphorylated tau is
locked into a cytosolic form, causing it to destabilise and aggregate to form NFTs
within the neuron (Metaxas and Kempf, 2016; Simic et al., 2016; Umeda et al.,
2014). More damage is caused and protein transport within the neuron is
impeded, resulting in a greater likelihood of neuronal death and microglia
activation (Ballatore et al., 2007; Hardy and Selkoe, 2002).

The amyloid cascade hypothesis also applies to SAD. However, the triggering

mechanism that increases or aggregates Ap still remains elusive.
1.1.2.1 Critical analysis of the amyloid cascade hypothesis

Since its publication, there has been some controversy regarding the amyloid
cascade hypothesis, questioning its validity and whether or not AR accumulation

is the primary event that causes AD.

The amyloid cascade hypothesis clearly states that AB deposition triggers the
formation of NFTs (Hardy and Higgins, 1992). The topographical distribution of
AB plaques and NFTs in both FAD and SAD show a poor correlation and there is
evidence to suggest that AR aggregation is not sufficient to cause NFTs (Irvine et
al., 2008; Morris et al., 2014; Nisbet et al., 2015; Struble et al., 2010). Several
groups have shown AR deposits to infiltrate the cortex and then progress through
the brain in an inward fashion whilst NFTs show an opposite progression (Braak
and Braak, 1991; Price et al., 1991). Studies have shown a strong correlation
between cholesterol homeostasis and AR accumulation and also NFT formation.
Elevating membrane cholesterol levels in vitro increases the interaction between
APP and BACE1, promoting 3-cleavage of APP and AR production (Burns et al.,
2003; Cordy et al.,, 2003). In addition, rat hippocampal neurons depleted of
cholesterol affects the phosphorylation of tau and causes NFTs without the
influence of AB (Koudinov and Koudinova, 2001). This evidence suggests that
cholesterol metabolism might be a primary event that triggers AD pathogenesis,

causing the hyperphosphorylation of tau and NFT formation as well as an
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increase in AB production eventually giving rise to senile plaques. Therefore, A
may merely be a toxic by-product that contributes to neurodegeneration and not
responsible for initiating AD pathology. This might be a plausible explanation
regarding SAD but in FAD patients, mutations in APP and the presenilin proteins
directly cause an increase in toxic AB42. Furthermore, mouse models exhibiting
these mutations show significant amyloid deposition and symptoms associated
with AD such as memory loss, signifying that A alone is enough to cause AD
(Citron et al., 1992; Murrell et al., 1991; Tomita et al., 1997). Altering cholesterol
levels is known to have detrimental effects on multiple proteins besides APP and
AB, making any attempt for a therapeutic target extremely difficult (Wood et al.,
2014). Also, other neurodegenerative diseases such as tauopathies do not
exhibit any amyloid deposition (Perl, 2010), implying that NFTs in AD develop
subsequent to amyloid deposits (Bolmont et al., 2007; Oddo et al., 2003). More
evidence to suggest that AR deposition is responsible for NFT formation comes
from the work performed by the groups of Hardy and Selkoe. When authors
introduced APP mutations into transgenic tau mice, hyperphosphorylated tau and
NFT formation increased, demonstrating amyloid pathology instigates tau
hyperphosphorylation and NFT formation (Hardy, 2006; Hardy and Selkoe,
2002). Fibroblast cells acquired from AD patients, reprogrammed into stem cells
and differentiated into neurons exhibited an increase in AR and phosphorylated
tau levels, again acknowledging the relationship between the two and their

importance in AD pathology (Israel et al., 2012).

A major flaw of the amyloid cascade hypothesis is that senile plagues and NFTs
can be present in non-demented elderly individuals regardless of their cognitive
state. This attributes to a poor correlation between AD symptoms and AR or NFT
load (Arriagada et al., 1992; Ohm et al., 1995). Indeed, it is the synaptic
dysfunction in AD patients that appear to have better correlation with cognitive
decline (Coleman and Yao, 2003; Koffie et al., 2011; Tampellini, 2015). However,
studies have shown that the species of AR is crucial for AD pathology and that
AD patients contain the oligomeric form of AR at the synapse whereas non-
demented elderly individuals do not (Bjorklund et al., 2012). This suggests that
the biophysical state and location of A play a significant role in AD pathogenesis.

Questions still remain unanswered regarding the amyloid cascade hypothesis

and even though drug treatments that are based on this hypothesis have shown
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a reduction in AB load in mouse models exhibiting AD-like symptoms, they have

not been successful in human clinical trials (Pimplikar, 2009).
1.2 The amyloid precursor protein
1.2.1 APP isoforms and homologues

APP is an integral type | transmembrane protein that produces AB when cleaved
in a particular way (Kang et al., 1987). It is located on chromosome 21 (21921)
and is highly conserved (Goldgaber et al., 1987; Kang et al., 1987; Robakis et al.,
1987b). The APP gene consists of 19 exons and alternative splicing of exons 7,
8 and 15 gives rise to three major isoforms, each differing in their extracellular
domain (Yoshikai et al., 1991). The three major isoforms of APP are APP695,
APP751 and APP770 (695, 751 and 770 amino acids long respectively) (Ponte
et al., 1988). The APP695 isoform lacks the Kunitz-protease inhibitor (KPI) and
OX-2 domains and is mainly expressed in neurons, whereas the APP751 and
APP770 isoforms are expressed mostly in non-neuronal cells (Kang and Muller-
Hill, 1990; Ponte et al., 1988; Weidemann et al., 1989).

There are human homologues of APP which are amyloid precursor-like protein
(APLP) 1 and 2 which share 56 % and 68 % amino acid sequence homology to
APP, respectively (Jacobsen and Iverfeldt, 2009; Slunt et al., 1994; Wasco et al.,
1993; Wasco et al., 1992). There are also orthologs in a variety of other species
such as APP-like (APPL) protein in fruit flies with 43 % homology (Luo et al.,
1990; Rosen et al., 1989), and APL-1 in nematode worms with 46 % homology
to APP (Daigle and Li, 1993). APLP-1, APLP-2 and APP all share a similar
structure (Sandbrink et al., 1994; Walsh et al., 2007) and post-translationally all
are glycosylated and phosphorylated in a similar way (Eggert et al., 2004; Suzuki
et al., 1997; Walsh et al., 2007). In addition, the secretase enzymes responsible
for the processing of APP are also able to cleave APLP-1 and 2 proteins and y-
cleavage of either produce an intracellular transcriptionally active fragment that
translocates to the nucleus in a similar way as the cytosolic APP intracellular
domain (AICD) produced from APP (Cong et al., 2011; Eggert et al., 2004; Endres
et al., 2005; Gu et al., 2001; Hogl et al., 2011, Li and Sudhof, 2004; Scheinfeld et
al., 2002; Walsh et al., 2003). However, one major difference between these
family members is that APLP-1 and APLP-2 lack the AB region and therefore do

not possess this proteolytic fragment that is toxic or prone to aggregation (Eggert
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et al., 2004; Minogue et al., 2009). Whilst both APP and APLP-2 are ubiquitously
expressed in the body, APLP-1 is solely expressed in the central nervous system
(CNS) (Crain et al., 1996; McNamara et al., 1998). All three proteins show an
overlapping expression pattern in the brain, suggesting redundancy or an
intersecting function (Crain et al., 1996; McNamara et al., 1998). However, further
studies using knockout mice have revealed variant phenotypes and subcellular
localisations, suggesting that each protein could possess distinct functions as

well as intersecting ones (Heber et al., 2000; Kim et al., 1995).
1.2.2 APP structure

The APP protein consists of a large extracellular amino-terminal domain, a single
transmembrane (TM) domain and a small intracellular carboxy-terminal domain
(Figure 1.1) (Reinhard et al., 2005). The structure of full-length APP or its entire
intact extracellular domain have yet to be determined (Gralle and Ferreira, 2007).
However, atomic resolution structures for the majority of APP regions (E1, KPI,
E2, AB, TM, AICD) have been solved (Barnham et al., 2003; Dahms et al., 2010;
Hynes et al., 1990; Luhrs et al., 2005; Nadezhdin et al., 2011; Rossjohn et al.,
1999; Tomaselli et al., 2006; Wang and Ha, 2004). Structural studies suggest that
the extracellular domain contains regions that are highly adaptable, representing
individual folding units and therefore are able to undergo conformational
changes, making them accessible for new, undiscovered, highly specific ligands
(Botelho et al., 2003; Gralle et al., 2002; Gralle and Ferreira, 2007). The binding
of these ligands could encourage a conformational change and stabilise the
extracellular domain or possibly uncover cleavage sites of APP, resulting in an
increase in ectodomain shedding (Gralle and Ferreira, 2007). However, whether
the conformational shape of each characterised domain remains conserved with
the additional domains present in regards to full-length membrane-bound APP

remains to be seen.

The extracellular domain of APP has three major regions: the E1 region, the
acidic region and the E2 region, also known as the central APP domain (CAPPD)
(Figure 1.1) (Reinhard et al., 2005). Studies have confirmed protein-protein
interactions within these regions. From the N-terminal region, the E1 domain
contains a growth factor-like/heparin-binding domain (GFLD/HBD) followed by

Cu?* and Zn?* metal binding sites (Ciuculescu et al., 2005; Dahms et al., 2010;



-9-

Kong et al., 2007; Rossjohn et al., 1999). The GFLD/HBD is cysteine-rich,
contains disulphide bonds, a heparin binding site and a hydrophobic patch that
serves as an important site for protein-protein interactions (Rossjohn et al., 1999).
Adjacent to the E1 region is the unstructured and highly flexible acidic region. The
significance of this region remains elusive. However, studies suggest that the
acidic region regulates heparin-induced dimerisation of the E1 domain (Hoefgen
et al., 2014). Following the acidic region is the KPl and OX-2 domain, which are
absent in some isoforms of APP due to alternative splicing (KPI and OX-2 being
absent in APP695; and OX-2 being absent in APP751) (Kang and Muller-Hill,
1990). In vitro, the KPI domain is known to inhibit various serine proteases (Sinha
et al., 1990), and is also implicated in the coagulation cascade in human plasma
(Smith et al., 1990; Van Nostrand et al., 1990). The role of the OX-2 domain still
remains unclear. The E2 region is linked to the transmembrane domain by an
unstructured linker domain and consists of a carbohydrate region containing a
heparin binding site (Ninomiya et al., 1993; Wang and Ha, 2004) and a RERMS
motif important for cell growth and differentiation (Li et al., 1997; Ninomiya et al.,
1993). This remains speculative since structural studies have shown that access
to the RERMS motif is limited and therefore a conformational change is required
to expose the motif for interaction (Wang and Ha, 2004). The AP region is located
partially within the extracellular linker domain and partially within the
transmembrane domain (Figure 1.1). The transmembrane domain contains a
GxxxG motif that determines the length of AR peptide produced from APP
processing (Munter et al., 2007). Following the transmembrane domain is the
intracellular cytoplasmic region (AICD), containing phosphorylation sites and a
YENPTY motif that is involved in cell signalling and transcriptional regulation
(Kerr and Small, 2005; Russo et al., 2005).
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Figure 1.1. Schematic representation of the APP structure. The extracellular
domain of APP is composed of the E1, acidic, and E2 (CAPPD) domains, each
containing multiple subdomains. Alternative splicing of APP gives rise to various
isoforms, namely APP770, APP751 and APP695. The KPI and OX-2 are absent
in APP695 and the OX-2 domain is absent in APP751. The AP region is located
partially within the extracellular LD and partially within the TM domain.
Abbreviations: APP, amyloid-f precursor protein; CAPPD, central APP domain;
BD, binding domain; GFLD, growth factor-like domain; HBD, heparin binding
domain; KPI, Kunitz-protease inhibitor; TM, transmembrane; LD, linker domain;
AB, amyloid-B; AICD, APP intracellular domain.
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1.2.3 The maturation and trafficking of APP

APP is transported along the axon to nerve endings via fast anterograde transport
which localises to synaptic terminals in the brain (Szodorai et al., 2009). APP is
synthesised and translated on rough endoplasmic reticulum ribosomes within the
cell body, before travelling to the Golgi/trans-Golgi network (TGN) where nascent
APP undergoes maturation via the constitutive secretory pathway and trafficked
to the plasma membrane (Lai et al., 1995; Lyckman et al., 1998; Tienari et al.,
1996). Immature APP undergoes maturation via a series of post-translational
modifications, including N- and O-linked glycosylation, ectodomain and
cytoplasmic phosphorylation and tyrosine sulphation (Caporaso et al., 1994;
Lassek et al., 2013; Sisodia et al., 1990; Tomita et al., 1998). Within neurons, the
majority of APP is stored at the TGN (Graebert et al., 1995; Weidemann et al.,
1989). The remaining APP (approximately 10 %) is transported from the Golgi to
the cell surface via TGN derived secretory vesicles, where a small portion
(approximately 30 %) undergoes a-cleavage (Koo et al., 1996) whilst the majority
is re-endocytosed within clathrin-coated vesicles to the Rab5-positive early
endosome (Cossec et al., 2010; Culvenor et al., 1995; Jung et al., 1996;
Marquez-Sterling et al., 1997). Cell surface APP endocytosis requires the
cytoplasmic YENPTY internalisation motif (Lai et al., 1995; Yamazaki et al.,
1996). A small portion of APP that is trafficked to the endosome undergoes [3-
cleavage (Schrader-Fischer and Paganetti, 1996) whilst the rest is either
transported back to the TGN, recycled back to the cell surface via Rab4-positive
vesicles or delivered to Rab7-positive late endosomes and lysosomes where
APP and/or its derived products are completely degraded (Figure 1.2) (Caporaso
et al., 1992a; Lai et al., 1995; Yamazaki et al., 1996). For B-cleavage, the
endosome’s acidic pH provides an optimal environment for [-secretase
processing of APP (Schrader-Fischer and Paganetti, 1996). In this processing
pathway, APP subsequently undergoes y-secretase processing in a variety of

subcellular locations (Haass et al., 2012).
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Figure 1.2. Schematic representation of APP trafficking. APP is synthesised
and translated in the rough ER, before travelling to the Golgi (1) where immature
APP undergoes maturation via a series of post-translational modifications. Whilst
the majority of mature APP is stored within the TGN (2), a small portion may be
trafficked to the cell surface via TGN derived secretory vesicles (3). Some APP
on the cell surface can undergo a-cleavage to generate sAPPa (4) or be re-
internalised (5) and trafficked to the Rab5-positive early endosome (6) to undergo
B- and y-cleavage to generate sAPPB and AB, which are both secreted (7). After
re-internalisation, most of the APP can also be transported back to the TGN (8),
recycled back to the cell surface via Rab4-positive vesicles (9) or delivered to
Rab7-positive late endosomes (10) and lysosomes (11) for degradation.
Abbreviations: APP, amyloid-B precursor protein; ER, endoplasmic reticulum;
TGN, trans-Golgi network; sAPP, soluble APP; AB, amyloid-p3.
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1.2.4 Rab GTPases involved in neuronal APP transport

Rab GTPases are small active proteins of the Ras superfamily and are
associated with cellular vesicular trafficking. They are involved in vesicle
formation and transport as well as tethering and docking to target compartments
(Luo, 2000; Mitra et al., 2011; Takai et al., 2001). Rab proteins function as
molecular switches and are able to shift back and forth from the inactive
cytoplasmic GDP-bound state to the active membrane associated GTP-bound
state; a process mediated by activator proteins called guanine nucleotide
exchange factors (GEFs) (Cabrera and Ungermann, 2013; Stenmark and
Olkkonen, 2001; Ullrich et al., 1994; Zerial and McBride, 2001). Once activated,
Rab-GTP recruits cytosolic effector proteins that stabilise the Rab protein in its
GTP state and aids in the docking and fusion of transport vesicles to their specific
target membrane (Grosshans et al., 2006; Kaddai et al., 2008; Seabra et al.,
2002; Stenmark and Olkkonen, 2001). After vesicle transport, Rab-GTP
undergoes hydrolysis by GTPase activating proteins (GAPs) and returns to its
inactive GDP-bound state (Alory and Balch, 2001; Markgraf et al., 2007). Rab
GDP dissociation inhibitors (Rab GDIs) regulate Rab protein activity and
localisation, and prevents the conversion of Rab-GDP to its active GTP state and
facilitates the recycling of Rab-GDP back to its place of origin (Alory and Balch,
2001; Markgraf et al., 2007; Seabra et al., 2002).

There are over 60 known Rab GTPases and a considerable number have been
identified to play a role in the trafficking and processing of APP (Diekmann et al.,
2011; Li, 2011). A number of Rab GTPase proteins have been specifically
associated with distinct subcellular compartments involved in the intracellular
pathways of APP and many have become standard markers for these
compartments. For instance, Rab5 is the major marker associated with early
endosomes (Bucci et al., 1992; Gorvel et al., 1991; Markgraf et al., 2007), Rab7
is linked to late endosomes (Feng et al., 1995; Vanlandingham and Ceresa,
2009), and Rab4 and Rabll are connected with fast and slow recycling
endosomes, respectively (Daro et al., 1996; Goldenring, 2015; Grant and
Donaldson, 2009; Trischler et al., 1999; van der Sluijs et al., 1992; Wilcke et al.,
2000).
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1.2.4.1 Rab5 Early Endosome

Rab5 has undeniably been the most studied endosomal Rab GTPase protein and
has been associated with the pathogenesis of AD (Grbovic et al., 2003; Xu et al.,
2018). Rab5 is linked with the early endocytic pathway and is predominantly
localised in early/sorting endosomes and clathrin-coated vesicles (Bucci et al.,
1992; Gorvel et al., 1991; Li and Stahl, 1993; Somsel Rodman and Wandinger-
Ness, 2000). Major functions of Rab5 include vesicle tethering and docking for
endocytic and recycling events as well as the fusion of endocytic vesicles to early
endosomes (Gorvel et al., 1991; Somsel Rodman and Wandinger-Ness, 2000;
Woodman, 2000). Studies have demonstrated Rab5 overexpression in vitro leads
to an increase in APP endocytosis with subsequent formation of enlarged early
endosomes that result in an increase in AR production (Grbovic et al., 2003; Li et
al., 2012). Post mortem sporadic AD brain tissue also exhibit enlarged Rab5-
positive early endosomes along with an increase in Rab5 expression, indicating
an upregulation of the early endocytic pathway in sporadic AD (Cataldo et al.,
2004; Ginsberg et al., 2010b). In support, GWAS analysis on sporadic AD
identified Ras and Rab interactor 3 (RIN3) as a risk factor for the disease (Karch
et al., 2014; Rosenthal and Kamboh, 2014). RIN3 functions as a Rab5 GEF which
is known to activate Rab5 GTPase activity, potentially attributing to the
upregulation of the early endocytic pathway in sporadic AD (Kajiho et al., 2003;
Karch et al., 2014). Disruptions to the early endocytic pathway and changes in
endosomal size have been shown to occur in areas of the brain independent of
AB deposits, indicating alterations in the endocytic pathway may be involved in
disease progression from an early stage (Cataldo et al., 2001; Grbovic et al.,
2003; Nixon, 2005).

1.2.4.2 Rab7 Late Endosome

Rab7 GTPase is linked to the late endocytic pathway and is primarily associated
with the transport of late endosomes to lysosomes (Feng et al., 1995). It is also
involved in lysosome biogenesis and autophagy pathways (Bucci et al., 2000;
Feng et al., 2014; Feng et al., 1995; Gutierrez et al., 2004; Jager et al., 2004).
The cellular mechanisms involved in the transfer of cargo through the endocytic
pathway requires further investigation. Two models have been proposed: the

vesicular trafficking model and the maturation model. The vesicular trafficking
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model suggests Rab7 is recruited to early endosomes where fusion of Rab5-
positive cargo containing endocytic vesicles to the early endosome undergo
sorting to Rab7-positive domains (Gruenberg, 2001; Meresse et al., 1995;
Vonderheit and Helenius, 2005). These domains begin to bud and detach to form
Rab7-positive carrier vesicles, where they are trafficked to pre-existing distinct
late endosomes in the perinuclear region under microtubule dependent transport
and subsequent degradation in lysosomes (Feng et al., 1995; Griffiths and
Gruenberg, 1991; Gruenberg, 2001; Gruenberg et al., 1989; Gruenberg and
Stenmark, 2004; Heinrich and Rapoport, 2005; Hu et al., 2015). In the maturation
model, cargo destined for degradation are sorted into intralumenal vesicles,
formed by the inward invagination and budding of the early endosomal
membrane, to give an appearance of a multivesicular endosome (Hu et al., 2015;
Hyttinen et al., 2013). As the endosome migrates to the perinuclear region along
microtubules, the endosome matures via dissociation of Rab5 domains and
replacement with Rab7. This process is aided by GAPs, GEFs and associated
effector proteins (Hyttinen et al., 2013; Rink et al., 2005). Rab7-positive
compartments that are devoid of Rab5 then fuse with one another, along with
autophagosomes and other cytoplasmic vesicles containing degrading enzymes,
to form the lysosome (Bucci et al., 2000; Hyttinen et al., 2013; Rink et al., 2005;
Storrie and Desjardins, 1996). Both proposed models are yet to be fully
elucidated and it is still unclear as to which of these two mechanisms form the
basis of the late endocytic trafficking pathway. Co-existence as separate
mechanisms could be possible in the same cell type or tissue (Sriram et al., 2006)
but evidence pointing toward the maturation model has recently grown in
momentum and is beginning to become widely accepted. This has largely arisen
from several groups’ pulse-chase experimental findings in a variety of cell lines
using fluorescently labelled ligands (Bright et al., 2005; Dunn and Maxfield, 1992;
Racoosin and Swanson, 1993; Sriram et al., 2003; Stoorvogel et al., 1991). After
cellular uptake and a variable chase, individual endosomes retain their original
endocytic load with numbers remaining constant. In addition, progressive gain
and loss of characteristic endocytic vesicle markers were also apparent, making
these findings incompatible with the vesicular trafficking concept (Dunn and
Maxfield, 1992; Humphries et al., 2011; Poteryaev et al., 2010; Racoosin and
Swanson, 1993; Sriram et al., 2003; Stoorvogel et al., 1991; Vonderheit and
Helenius, 2005).
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Similar to Rab5-positive early endosomes, post mortem sporadic AD brain tissue
exhibit enlarged Rab7-positive late endosomes and lysosomes along with an
increase in Rab7 expression, indicating an upregulation of the late endocytic
pathway in sporadic AD (Cataldo et al., 2008; Ginsberg et al., 2010a).
Furthermore, Rab7 overexpression in vitro leads to an accumulation in AB
production within the late endosome and lysosome (LeBlanc and Goodyer, 1999;
Liu et al., 2010; Yang et al., 1998). Taken together, these findings are in support
of the maturation model of the late endocytic pathway since enlarged early
endosomes serve as the precursor and eventually mature into enlarged late
endosomes and lysosomes (Huotari and Helenius, 2011; Poteryaev et al., 2010).
Physiologically, the AR that results from the amyloidogenic processing of APP is
mostly degraded within lysosomes (Baranello et al., 2015; Saido and Leissring,
2012; Yuyama and Yanagisawa, 2009). In neurons, autophagosomes containing
waste components and hydrolases (degrading enzymes) and late endosomes
carrying cargo for degradation such as A3 are present near synapses and require
retrograde axonal transport to lysosomes (Gutierrez et al., 2004; Muresan and
Muresan, 2006; Nixon, 2007). In AD, there is an accumulation of autophagic
vacuoles present in neurites and synaptic terminals, suggesting a disruption of
autophagy and lysosome pathways (Nixon, 2005; Nixon et al., 2005). Studies
have also shown that disruption of these pathways induce AD-like axonal
dystrophy in mouse primary neurons (Lee et al.,, 2011a). Disrupting the late
endocytic pathway in vitro by Rab7 knockdown and exogenously adding soluble
AB significantly resulted in amyloid fibril formation whilst blocking the early
endocytic pathway by Rab5 knockdown had no effect on the aggregation state of
AB (Yuyama and Yanagisawa, 2009). Taken together, these findings indicate that
dysfunction of the late endocytic pathway involving Rab7 could be a contributing

factor in the aggregation of Ap and axonal degeneration in AD.
1.2.4.3 Rab4 and Rabl11 Recycling Endosomes

Rab4 and Rabl11l GTPases both regulate the recycling of intracellular cargo back
to the plasma membrane (Hsu and Prekeris, 2010; Li and DiFiglia, 2012). Rab4
is predominantly localised with Rab5 on early/sorting endosomes (Sonnichsen et
al., 2000). The exact function of Rab4 remains poorly understood but it has been
shown to mediate a fast recycling process which involves direct transport of

carrier vesicles formed from the tubular regions of the early endosome to the
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plasma membrane (Sheff et al., 1999; van der Sluijs et al., 1992). Rabll is
primarily associated with perinuclear recycling compartments which are formed
from the budding, detachment and maturation of the early endosome’s extended
tubules whilst the globular portion of the early endosome starts to undergo
maturation to form the late endosome (Allison et al., 2013; Goldenring, 2015;
Maxfield and McGraw, 2004; Ullrich et al., 1996). Rab11 mediates slow recycling
which involves trafficking of cargo proteins from perinuclear localised recycling
compartments to the plasma membrane (Ullrich et al., 1996; Urbe et al., 1993).
Although not entirely understood how, Rabll also transports cargo from the
recycling compartment to the TGN (Chen et al., 1998; Urbe et al., 1993). Rab4
has also been shown to co-localise with Rabll on perinuclear recycling
compartments (Sonnichsen et al., 2000; Ward et al., 2005a). However, whether
Rab4 mediates the transport of carrier vesicles from the early endosome to
Rab11-positive recycling compartments or whether it's involved in the process of
forming the recycling compartment remains to be established.

Overexpression of Rab4 does not affect endocytosis but does result in an
accumulation of intracellular cargo proteins destined for recycling (van der Sluijs
et al., 1992). Enlargement of Rab5-positive early endosomes observed in post
mortem sporadic AD brain tissue also exhibit an increase in Rab4 expression,
suggesting an upregulation of the rapid recycling pathway (Cataldo et al., 2000;
Ginsberg et al., 2011). Rab4 has been shown to be involved in AB secretion rather
than production. For instance, silencing Rab4 in vitro results in an accumulation
of intracellular AB and a decrease within the media, suggesting Rab4-positive
vesicles mediate the secretion of AB generated from early endosomes (Udayar
et al., 2013). Other independent studies have also demonstrated co-localisation
between Rab4-positive compartments and exogenously added AB (Arriagada et
al., 2007; Arriagada et al., 2010).

Unlike Rab4, Rab11 has been shown to regulate AB production rather than
secretion whereby silencing Rabl1l results in a decrease in sAPPB and AR
generation (Udayar et al., 2013). Interestingly, exome sequencing performed by
Udayar et al revealed a genetic link between Rabl1l1l and sporadic AD, and a
network analysis of GWAS genes associated with sporadic AD identified Rabl1
as an interacting component (Udayar et al., 2013). To reinforce Rab11 being an

important regulator of AB production, there is also evidence linking Rab11 to
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BACE1 trafficking and the y-secretase complex. Buggia-Prevot et al revealed
BACEL sorting to be Rabll-dependent, evidenced by the co-localisation of
fluorescently stained BACE1 and Rab11 in the axons of primary neurons (Buggia-
Prevot et al., 2014). Whilst Dumanchin et al showed an in vitro interaction
between Rab11l and PSEN1 (Dumanchin et al., 1999).

1.2.5 APP knockout mice

Zheng et al were one of the first groups to generate APP knockout (APPKQO) mice
(Zheng et al., 1996; Zheng et al., 1995). The endogenous APP gene was
disrupted by insertion of a neomycin resistance gene which substituted a short
3.8 kb sequence encoding the promotor region and first exon of APP (Zheng et
al., 1995). APPKO mice do not exhibit any serious physical or behavioural defects
at birth (Li et al., 1996; Muller et al., 1994; Zheng et al., 1995). However,
compared to aged match wild-type mice, APPKO mice have decreased body
weight (Magara et al., 1999; Muller et al., 1994), forelimb grip strength and
locomotor activity (Ring et al., 2007; Zheng et al., 1995) as well as LTP
impairment and deficits in cognition (Dawson et al., 1999; Ring et al., 2007;
Seabrook et al., 1999). By 4 months of age they exhibit reactive gliosis, indicating
signs of neuronal damage (Seabrook et al., 1999; Zheng et al., 1995).

Given the relatively subtle phenotype of APP single gene knockout mice, earlier
studies suggested that APP either had no relevant physiological function or that
its function has redundancy or an intersecting function with another protein. The
latter was eventually supported from studies involving knockouts of other
members of the APP family; APLP-1 and APLP-2 (Crain et al., 1996; Heber et
al., 2000; McNamara et al., 1998; von Koch et al., 1997). As with APP, mice with
a single gene knockout of APLP-1 or APLP-2 are viable and fertile (Li et al., 1996;
Muller et al., 1994; von Koch et al., 1997; Zheng et al., 1995). However, further
studies involving APP and APLP-2 or APLP-1 and APLP-2 (but not APP and
APLP-1) double gene knockout mice revealed an early postnatal lethal
phenotype (Heber et al., 2000; von Koch et al., 1997). These findings indicate an
overlapping functional capability of APLP-2 with both other family members and
thus may be able to functionally compensate for their loss whilst also having a

separate developmental role in the absence of APP or APLP-1.
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1.2.6 The physiological function of APP

The physiological function of APP still remains unclear. APP contains a number
of different binding domains and therefore is thought to be multifunctional.
Several possible functions have been proposed. For example, based on the
structure of membrane-bound APP, there is evidence to suggest APP to function
as a cell surface receptor (Kang et al., 1987). Studies suggest F-spondin to be
an attractive extracellular ligand for APP. F-spondin is a signalling molecule that
is involved in neuronal development and repair. By binding to the extracellular
central region of APP (E2 domain) it regulates APP cleavage to reduce A
production (Hafez et al., 2012; Ho and Sudhof, 2004). Other examples of proteins
that bind and modulate APP metabolism are summarised in Table 1.1.

There is also substantial evidence to suggest that APP functions as a cell
adhesion molecule (Evin and Weidemann, 2002). APP co-localises and interacts
with adhesion molecules that are organised into ‘patches’ (Storey et al., 1996).
The cell adhesion molecule integrin 1, which is located in these patches (Storey
et al., 1996; Yamazaki et al., 1997), binds to APP via an RHDS motif at the C-
terminal region to promote cell adhesion (Ghiso et al., 1992). Further support for
APP’s involvement in cell adhesion is through its ability to bind to various
components of the extracellular matrix such as heparin, collagen and laminin
(Beher et al., 1996; Kibbey et al., 1993; Multhaup, 1994), as well as dimerising
with itself and other members of the APP family in a homo- or hetero-philic
fashion (Soba et al., 2005).

APP is also known to be involved in synaptogenesis (Hung et al., 1992; Leyssen
et al., 2005). APP expression is elevated at neuronal synaptic regions, and this
is further upregulated after neuronal damage and during neuronal differentiation
(Hung et al., 1992; Leyssen et al., 2005). This may explain why APPKO mice
show LTP impairment and deficits in cognition (Dawson et al., 1999) which can
be rescued by the reintroduction of soluble APPa (sAPPa) (Ring et al., 2007;
Weyer et al., 2011). These studies also suggest that it is the ectodomain of APP

that plays a crucial role in memory.

More recent studies have suggested APP to be involved in iron homeostasis
(Ayton et al., 2015b; Belaidi et al., 2018; Duce et al., 2010; McCarthy et al., 2014;
Needham et al.,, 2014; Wong et al., 2014b). APP has a role in iron efflux via
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binding and forming a complex with the iron export protein FPN to stabilise and
promote its retention on the cell surface (Duce et al., 2010; Wong et al., 2014b).
Absence of APP on the surface leads to a reduction in surface presented FPN
and thus neuronal iron accumulates within the cell (Belaidi et al., 2018; Duce et
al., 2010; Wong et al., 2014b).

1.2.7 The proteolytic processing of APP

The proteolytic processing of APP is performed by specific secretases in different
subcellular locations. There are two proteolytic pathways that physiologically
process APP into smaller, soluble fragments. These pathways can be classed as
either amyloidogenic or non-amyloidogenic, depending on whether or not the
neurotoxic A species is produced (Chow et al., 2010; Zheng and Koo, 2011).
However, there has been recent developments regarding the processing
pathways of APP with the identification of a number of novel secretases, including
0- (Zhang et al., 2015) and n-secretase (Baranger et al., 2016; Willem et al.,
2015), and the alternative B-secretase meprin- (Bien et al., 2012; Jefferson et
al., 2011). These secretases have been shown to process APP into soluble
fragments including AB (Baranger et al., 2016; Bien et al., 2012; Zhang et al.,
2015) but the amount of APP that is processed by each secretase and whether

this contributes to the pathogenesis of AD remains uncertain.
1.2.7.1 The amyloidogenic processing of APP

The type | transmembrane aspartyl protease, (B-site APP cleaving enzyme 1
(BACEN1), is the B-secretase responsible for the amyloidogenic processing of APP
(Evin and Weidemann, 2002; Vassar et al., 1999). BACEL contains a pro-peptide
domain that requires to be cleaved by a furin within the Golgi before forming
mature BACE1 (Benjannet et al., 2001). The protease domain contains the active
site which is made from two separate motifs (Vassar et al., 1999). BACEL1 is
ubiquitously expressed at low levels throughout the body with highest expression
in the brain (Rossner et al., 2001; Vassar et al., 1999). In the brain, BACEL1 is
predominantly expressed in the hippocampus, cortex and cerebellum regions
(Rossner et al., 2001) and studies have shown an upregulation of BACEL1 in
response to neuronal stress such as oxidative stress and hypoxia (O'Connor et
al., 2008). BACEL1 is located mostly in the TGN and within endosomes (Huse et
al., 2002). APP, BACE1 and y-secretase components can be found within lipid
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rafts (Cataldo et al., 2004; Chow et al., 2010; Daugherty and Green, 2001; Zheng
and Koo, 2011); small localised domains within the cellular membrane, containing
high levels of cholesterol and sphingolipids (Lingwood and Simons, 2010). It is
within these specialised membrane microdomains that APP undergoes
amyloidogenic processing (Figure 1.3A) (Ehehalt et al., 2003). Whilst APP and
BACE1 may be at separate regions of the lipid raft domains, endocytosis brings
APP and BACEL together within endosomes (Cataldo et al., 2004; Chow et al.,
2010; Daugherty and Green, 2001; Giannone et al., 2010; Zheng and Koo, 2011)
where the environment is more conducive for the pH-dependent activity of
BACEL to optimally cleave APP (Ellis and Shen, 2015; Prasad and Rao, 2015;
Vassar et al., 1999). BACEL1 cleaves APP at the D1 site of the AR domain (Figure
1.3C) to produce a soluble, N-terminal extracellular domain known as sAPP(
(Figure 1.3A) (Chow et al., 2010; Vassar et al., 1999; Zheng and Koo, 2011).
After the initial cleavage of APP by BACE1l, the remaining C-terminal
transmembrane fragment known as C99 or CTF-f3 is further processed by the y-
secretase complex (Figure 1.3A) which consists of nicastrin, anterior pharynx
defective 1 (APH-1), PSEN1 or PSEN2 and presenilin enhancer-2 (PEN-2) (De
Strooper et al., 2012; Edbauer et al., 2003). The aspartyl protease, presenilin,
contains the active site that cleaves the CTF- to produce the neurotoxic AR
peptide, and the AICD (De Strooper et al., 2012; Edbauer et al., 2003). Although
y-secretase can still function in the absence of nicastrin (Zhao et al., 2010), PEN-
2 is needed to activate the proteolytic cleavage capability of presenilin whilst the
additional components are thought to be required for the maturation and stability
of the complex (De Strooper, 2003). y-Secretase cleaves the CTF-B at different
sites, thereby altering the lengths of AR and AICD (Wolfe et al.,, 1999). For
instance, y-secretase initially cleaves the CTF-3 at a region known as the ‘e-site’,
producing ABas or ABag and continues to cleave the AR C-terminus every 3 amino
acids to generate ABa42 or ABa4o respectively (Figure 1.3C) (Takami et al., 2009;
Vardy et al., 2005; Weidemann et al., 2002). Historically, ABs and ABs2 have
been considered the most abundant forms, with ABac being most prevalent in
normal brain and the aggregation prone ABa42 increasing in the AD brain (Haass
and Selkoe, 2007; Klein et al., 1999; Pike et al., 1995). However, more sensitive
ways of detecting the different forms of AR have recently identified a more
complex profile of forms in the normal and diseased brain (Esparza et al., 2016;
Ji et al., 2018; Wildburger et al., 2017).
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1.2.7.2 The non-amyloidogenic processing of APP

Several proteases that belong to the ADAM (a disintegrin and metalloprotease)
group, such as ADAM9, ADAM10, and ADAM17 exhibit a-secretase activity and
are involved in the non-amyloidogenic processing of APP (Roberts et al., 1994).
Approximately 30 % of cell surface presented APP undergoes constitutive
cleavage by a-secretase, predominantly outside lipid raft regions (De Strooper
and Annaert, 2000; Koo et al., 1996; Taylor and Hooper, 2007). APP is cleaved
within the AB region at L17 (Figure 1.3C) thereby preventing Ap formation, and
produces a large soluble ectodomain known as sAPPa (Figure 1.3B) (Roberts et
al., 1994; Simons et al., 1996). Constitutive cleavage predominantly occurs at the
cell surface (Parvathy et al., 1999) and multiple reports have shown ADAM10 to
be the main secretase involved in this cleavage, particularly in neurons (Kuhn et
al., 2010). In contrast, ADAM17 is the predominant a-secretase enzyme involved
in regulated cleavage of APP and is thought to be dependent on the activation of
protein kinase C (PKC) (Buxbaum et al., 1998; Jolly-Tornetta and Wolf, 2000;
Zhu et al., 2001). Various studies have shown that the activation of PKC via
phorbol ester treatment or muscarinic acetylcholine receptor stimulation
increases sAPPa formation as well as reducing levels of sSAPP and AP in vitro
(Caporaso et al., 1992b; Farber et al., 1995; Nitsch et al., 1992). ADAM17 along
with PKC-regulated a-secretase activity predominantly resides within intracellular
compartments such as the TGN (Skovronsky et al., 2000), indicating ADAM17 to
be involved in stimulated rather than constitutive a-cleavage of APP. After the
initial cleavage of APP by a-secretase, the remaining C-terminal transmembrane
fragment known as C83 or CTF-a is further processed by the y-secretase
complex to produce a short, non-toxic peptide fragment known as p3 in addition
to the AICD (Figure 1.3B). Physiologically, the majority of APP is processed
through the non-amyloidogenic pathway, resulting in low levels of AB from being
typically produced (Chow et al., 2010; Zheng and Koo, 2011).
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Figure 1.3. The predominant proteolytic processing pathways of APP. (A)
In the amyloidogenic pathway, APP is present in lipid raft rich regions of the
plasma membrane and is cleaved by B-secretase () within the early endosome,
producing sAPPB and CTF-B. CTF-B is cleaved by y-secretase (y), generating
AB and AICD. (B) In the non-amyloidogenic pathway, cell surface APP is cleaved
by a-secretase (a) producing sAPPa and CTF-a. CTF-a is cleaved by y-
secretase, generating p3 and AICD. (C) The cleavage points of AB1-42 by a-, B-
, and y-secretase. Residue numbering corresponds to the AR sequence which
typically begins at D1 and ends at V40/A42. Cleavage at L17 by a-secretase
following y-secretase cleavage precludes AR formation while cleavage at D1 by
the B-secretase and either of the y-sites generates AB peptides typically 40-42
amino acids in length (shown in black). Abbreviations: APP, amyloid-$ precursor
protein; sAPP, soluble APP; CTF, C-terminal fragment; AB, amyloid-$; AICD,

APP intracellular domain.
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1.2.7.3 The functions of the APP proteolytic fragments

The processing of APP is an important determining factor in the development of
AD. The predominantly studied non-amyloidogenic and amyloidogenic
processing pathways of APP leads to the generation of secreted and intracellular

protein fragments carrying potential roles within the cell.

sAPPa has been shown to be neuroprotective and counterbalance the damaging
effects of AR production (Roberts et al., 1994). Studies have demonstrated
sAPPa to increase cell proliferation (Caille et al., 2004), keratinocyte motility
(Kirfel et al., 2002), and also increase LTP in vivo (Taylor et al., 2008). AD mouse
models with an overexpression of the a-secretase enzyme ADAM10 have
elevated sAPPa levels with subsequent enhanced LTP and improved learning
and memory (Postina et al., 2004). sAPPa cleaved from APP695 protects
neurons from AR induced oxidative stress (Goodman and Mattson, 1994),
promotes cell adhesion and synaptogenesis (Stahl et al., 2014), and neurite
outgrowth (Gakhar-Koppole et al., 2008; Mattson et al., 1997) whereby
administration of sAPPa to primary neuronal cultures increases axonal and
dendritic growth (Jin et al.,, 1994). sAPPa has also been shown to mediate
neuronal differentiation in embryonic stem cells (Freude et al., 2011), implying
that sAPPa (and APP) may have roles in embryonic brain development, although
APP single gene knockout mice fail to exhibit embryonic lethality (Zheng et al.,
1995). sAPPa has also been shown to be involved in iron homeostasis where
extracellular administration of sSAPPa stabilises surface FPN and stimulates iron

export in vascular endothelial cells (McCarthy et al., 2014).

Unlike its non-amyloidogenic counterpart, sAPPB does not possess any
neuroprotective functions and so the biological function of sSAPP[3 and its role in
AD still remain unclear. However, studies have suggested sAPP[ to have a role
in axon pruning during neuronal development (Nikolaev et al., 2009). Trophic
deprivation induces APP cleavage by BACE1 to produce sAPPB which can be
further cleaved (by an unknown protease) to produce a 35 kDa fragment termed
N-APP. N-APP was shown to bind to Death Receptor 6 (DR6) and activate
caspase activity, triggering axonal pruning and degeneration of developing
neurons (Nikolaev et al., 2009). However, further investigation is required to

establish its physiological significance in developing neurons and in the adult
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brain. Previous experiments have primarily focussed on neurons cultured from
the peripheral nervous system (PNS) and therefore would need to be repeated
and validated in CNS neurons (Nikolaev et al., 2009). Whether the 35 kDa N-APP
fragment and DR6 interaction has any bearing to AD pathology would also need

to be further explored.

Whether both CTF-a and CTF-3 merely serve as substrates for the y-secretase
or whether they possess any biological role remains to be established. The p3
peptide generated from a- and y-cleavage of APP has also not been attributed to
any biological role and has long been regarded as a harmless non-toxic by-
product secreted in the extracellular environment (Chow et al., 2010). While A
is implicated in AD pathogenesis, the physiological function of AB remains
unclear (Hiltunen et al., 2009). Studies have suggested AP to be involved in cell
survival (Plant et al., 2006) and regulate cholesterol transport (Igbavboa et al.,
2009; Yao and Papadopoulos, 2002). However, further investigation to elucidate
the potential mechanisms of AR is required since various animal studies have
shown that the absence of AB is not associated with any loss of physiological
function (Luo et al., 2003; Morris et al., 2014). Nevertheless, increasing attention
has been on the antimicrobial properties of AR and its potential role in innate
immunity (Bourgade et al., 2016; Eimer et al., 2018; Gosztyla et al., 2018; Kumar
et al., 2016; Lukiw et al., 2010; Soscia et al., 2010; Spitzer et al., 2016; White et
al., 2014) (further discussed in section 1.6.1).

The AICD may be involved in cell signalling and transcriptional regulation of
several genes. AICD binds to the intracellular adaptor protein Fe65 where it is
transported from the cytoplasm to the nucleus of the cell. In the nucleus it binds
to the histone acetyltransferase Tip60, forming the AFT transcriptional complex
(a multi-protein complex consisting of AICD, Fe65 and Tip60) (Cao and Sudhof,
2001; Konietzko et al., 2010; von Rotz et al., 2004). Nuclear AICD has been
shown to regulate the expression of several genes such as neprilysin, p53,
BACEL and many others (Beckett et al., 2012; Belyaev et al., 2010; Ohkawara et
al., 2011; Pardossi-Piquard et al., 2005) by targeting the MED12 subunit of RNA
polymerase Il to promoter sites (Xu et al., 2011). However, only AICD generated
from B- and y-cleavage of APP695 has been reported to translocate to the
nucleus and regulate gene expression (Belyaev et al.,, 2010; Goodger et al.,

2009). Furthermore, there are inconsistencies within the literature as to the
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identification of particular genes regulated by AICD (Chen and Selkoe, 2007;
Hass and Yankner, 2005; Hebert et al.,, 2006), and some studies have even
reported that the AICD does not translocate to the nucleus and therefore fails to

activate gene transcription (Waldron et al., 2008).
1.3 Proteins that regulate APP trafficking and processing

There are various proteins that have been shown to regulate the trafficking and
processing of APP, and therefore alter levels of sAPPa, sAPP[3 and AR secreted
by cells (Tang and Liou, 2007). However, despite these initial reports, a
consensus of a functional ligand for APP that reveals the precise mechanisms

that regulate APP processing and function are yet to be made.

Below are several candidate proteins that have been shown to affect the

trafficking and/or proteolytic processing of APP.
1.3.1 LRP1/LRP1B

The low density lipoprotein receptor-related protein 1 (LRP1) is part of the low
density lipoprotein receptor (LDLR) family and is involved in lipoprotein
metabolism, protease degradation, lysosomal enzyme activation and can also act
as a cellular entry point for bacterial toxins and viruses (Marzolo and Bu, 2009).
LRP1 is an endocytotic receptor that recognises more than thirty ligands including
APOE, APP, AB, and a number of adaptor proteins (Herz and Bock, 2002).
Studies have shown LRP1 to have a role in AB clearance (Kanekiyo et al., 2013;
Liu etal., 2017; Storck et al., 2016). It is able to bind and mediate Ap endocytosis,
directing it to lysosomes for degradation (Kanekiyo et al., 2013). Initially, LRP1
was only known to bind to cell surface APP containing the KPI domain (Knauer
et al., 1996). Subsequent studies have now shown LRP1 to bind directly to the
intracellular C-terminal region of APP695 (lacking the KPI domain) or indirectly
through the adaptor protein Fe65 (Lakshmana et al., 2008). This facilitates the
amyloidogenic processing of APP by directing APP to lipid rafts for early
endocytosis with LRP1 (Lakshmana et al., 2008; Marzolo and Bu, 2009). The
interaction between APP and LRP1 may be prevented by the receptor associated
protein (RAP) (Knauer et al., 1996). RAP is known to chaperone LRP1 from the
endoplasmic reticulum to the Golgi, and then separates due to the low pH

environment in the secretory pathway (Cam and Bu, 2006; Knauer et al., 1996;
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Prasad et al., 2015). RAP therefore can act as an LRP1 antagonist, preventing
APP itself from binding, resulting in a decrease in A production (Cam and Bu,
2006; Fuentealba et al., 2010; Prasad et al., 2015). Conversely, LDLR-related
protein 1B (LRP1B) has the opposite effect and competes with LRP1 for APP
binding and since LRP1B has a much slower rate of endocytosis than LRP1,
retains APP on the plasma membrane for the non-amyloidogenic processing by

a-secretase, preventing A formation (Cam and Bu, 2006).
1.3.2 SORLA

Sorting protein-related receptor (SORLA) is another well-known member of the
LDLR family and is thought to transport proteins between the Golgi and
endosomes, and also bind to a variety of adaptor proteins (Andersen et al., 2005;
Gustafsen et al.,, 2013). The frontal cortex of AD brains reveal a decreased
expression of SORLA, indicating a possible role in AD (Andersen et al., 2005;
Gustafsen et al., 2013; Spoelgen et al., 2006). There is also evidence to suggest
that SORLA has a potential role in the processing of APP (Andersen et al., 2005;
Gustafsen et al., 2013). In vitro studies have shown a reduction in sAPPa, sAPP(
and AP secreted by neuronal cells overexpressing SORLA (Gustafsen et al.,
2013). APP is known to co-localise with SORLA in endosomes and Golgi
compartments (Andersen et al., 2005; Gustafsen et al., 2013; Spoelgen et al.,
2006). This interaction results in a reduction in cell surface APP and an increase
in intracellular APP, obstructing both the trafficking of APP to the cell surface and
the amyloidogenic and non-amyloidogenic processing pathways (Andersen et al.,
2005). Additionally, to disrupt SORLA function, cells transfected with a mutated
form of SORLA showed an increase in cell surface APP via promoting APP
trafficking to the cell surface instead of maintaining APP in the intracellular
vesicles (Andersen et al., 2005; Gustafsen et al., 2013). The association between
SORLA and APP has further been established in vivo by co-localisation
experiments in mouse brain (Andersen et al., 2005). Studies involving SORLA
knockout mice show an increase in sAPPa and A levels further suggesting that

SORLA has an effect on APP localisation and processing (Andersen et al., 2005).
1.3.3 APOER2

APOE receptor 2 (APOER?2) is also part of the LDLR family and is predominantly

expressed in the hippocampus and cortex of the brain (Kim et al., 1996). It has



-28 -

important roles in cell migration during neuronal development and is involved in
the regulation of LTP (Duit et al., 2010; Masiulis et al., 2009; Reddy et al., 2011).
Multiple studies have published contradictory effects of APOER2 on the
processing of APP. This comes as no surprise since APOER2 possesses several
isoforms that are present in specific tissues, each interacting with different ligands
(Brandes et al., 1997; Fuentealba et al., 2007). APOERZ2 is an important receptor
for a number of soluble ligands including APOE, F-spondin and reelin, and
studies suggest APOER2 binds and regulates cell surface proteins, such as APP
(Fuentealba et al., 2007; Hoe and Rebeck, 2005; Hoe et al., 2005). For example,
Hoe et al has shown various APOER?2 isoforms to bind to cell surface APP via F-
spondin, resulting in decreased levels of AR and increased APP CTF production
(Hoe et al., 2005). In contrast, Fuentealba et al has demonstrated that there is a
direct interaction of APOER2 to APP that is mediated by the cytoplasmic domain
of APOER2 (Fuentealba et al., 2007). APOERZ2 co-localises and binds to APP on
the cell surface, shifting towards lipid raft rich regions of the membrane,
promoting B- and y-secretase processing, resulting in an increase in AB

production (Fuentealba et al., 2007).
1.3.4 BRI2

Integral membrane protein 2B (BRI2) is a transmembrane protein and like APP,
is expressed within the brain along the axons of neurons. In AD, concentrated
levels of BRI2 can be found in dystrophic neurites surrounding plaques
(Fotinopoulou et al., 2005). Although the function of BRI2 remains unclear,
studies have shown an interaction between BRI2 and APP on the cell surface,
resulting in a reduction in AR production (Fotinopoulou et al., 2005). Cell lines
overexpressing BRI2 exhibit a decrease in AR, sAPPa and CTF-a, and an
increase in sAPPB. AD mouse models expressing BRI2 also show a reduction in
AB levels. BRI2 is able to interact with only the post-translational form of APP in
addition to CTF-B (Fotinopoulou et al., 2005). Furthermore, cells transfected with
a mutated form of BRI2, designed to alter its location, causes it to be detained in
the endoplasmic reticulum and does not associate with APP or alter its
processing (Matsuda et al., 2011). This suggests that APP must be transported
to the cell surface in order to bind with BRI2. On the cell surface, the binding of
BRI2 to APP blocks the a-cleavage site, resulting in reduced levels of sAPPa and

CTF-a. Additionally, y-cleavage sites are also blocked, precluding AB formation.
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However, the (B-cleavage site remains accessible and so APP is preferentially
cleaved by [3-secretase, giving rise to an increase in sAPPf (Fotinopoulou et al.,
2005; Matsuda et al., 2005; Matsuda et al., 2011).

Other examples of proteins that are known to regulate the trafficking and

processing of APP are summarised in Table 1.1.
1.4 The APP interactome

APP interactome studies have played a major role in the discovery of putative
APP ligands. Bai et al performed an in vivo brain interactome by perfusing mouse
brain tissue with paraformaldehyde and cross-linking any interacting proteins
present. With the use of C- and N-terminal APP antibodies (C-terminal to capture
intracellular associations and N-terminal to capture extracellular binding
proteins), immunoprecipitation studies revealed APP and any cross-linked
proteins present within the homogenised mouse tissue sample. Liquid
chromatography and mass spectrometry methods were carried out to recognise
proteins that were co-purified with APP. Not only did this study uncover new APP
interacting proteins but also confirmed existing APP interactions previously
published (Bai et al., 2008). Unlike in vitro studies that use an artificial
environment to establish APP interacting proteins, the in vivo brain interactome
showed APP interactions within a relevant physiological environment. However,
various novel APP interacting proteins discovered by Bai et al may not be direct
interactions and could possibly involve other complexed proteins. Another group,
Perreau et al, established a protein interaction network by collating all relevant
published data that identified new and existing APP interacting ligands and
reported which APP binding domain was involved in the protein interaction
(Perreau et al., 2010).

Various examples of candidate APP ligands identified by interactome studies,
showing where they bind and how they influence APP metabolism are listed in
Table 1.1.
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Table 1.1. Examples of proteins that modulate APP metabolism

Protein

Direct or indirect

APP interaction

Effect

Mechanism

Contactin El and E2 1 AICD, CTF-a  Mediates AICD release in y-secretase
and CTF-8 dependent manner; stimulates a- and f3-
secretase processing (Ma et al., 2008)
DAB1 Cytoplasmic 1 sAPPa and Promotes and retains APP on the cell
domain CTF-a; | CTF- surface, increasing a-cleavage and
B and AB decreasing B-cleavage (Hoe et al.,
2006)
DISC1 Cytoplasmic | sAPPa and Increases APP endocytosis, promoting
domain CTF-a; 1 AB B-secretase cleavage. DISC1 knock
down reduces APP endocytosis and
retains APP on the cell surface for a-
secretase cleavage (Shahani et al.,
2015)
Flotillin-2 Indirect 1T AR Regulates APP endocytosis and B-
secretase processing (Schneider et al.,
2008)
Lingo-1 El; KPI; E2; 1+ CTF-B and Modulates p-cleavage of APP by
transmembrane AB; | CTF-a promoting access of BACE1 to APP (Bai
domain; et al., 2008)
cytoplasmic domain
LRP10 E1l; E2; cytoplasmic | sAPPa, CTF- Regulates APP trafficking and
domain a, sAPP, processing. Retains APP in the Golgi,
CTF-Band AR preventing APP transport to endosomes
and cell surface (Brodeur et al., 2012)
Nogo E1; E2; AB | AB, sAPP Binds APP, blocking access for a- and
receptor and sAPPa B-secretase processing (Park et al.,
2006; Park and Strittmatter, 2007)
Prion Indirect 1 AB Interacts with BACEL via
protein glycosaminoglycans, inhibiting
interaction with APP (Parkin et al., 2007)
SNX33 Indirect 1 sAPPa Blocks APP endocytosis, retaining APP

on the cell surface, preventing -
secretase cleavage and increasing a-
secretase cleavage (Schobel et al.,
2008)
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1.5 Endocytosis of APP

APP endocytosis is necessary for the generation of A given that A production
can be minimised upon inhibiting APP internalisation (Cirrito et al., 2008; Ehehalt
et al., 2003; Koo and Squazzo, 1994; Schneider et al., 2008). The C-terminus of
APP contains a YENPTY motif that is necessary for the endocytosis of APP (Lai
et al., 1995). Apart from surface APP endocytosis, the YENPTY motif is also
required for APP internalisation into TGN vesicles and transfer to the cell surface
during APP trafficking (Rebelo et al., 2008; Vieira et al., 2009). APP endocytosis
is influenced by the phosphorylation state of the Y®8 residue (tyrosine) within the
YENPTY®” motif and plays a crucial role in the regulation of APP endocytosis
(Barbagallo et al., 2010; Rebelo et al., 2007). For example, phosphorylation of
Y%7 decreases APP endocytosis, resulting in reduced B-cleavage and AR
production. Conversely, the dephosphorylation of Y®’ increases APP
endocytosis, giving rise to increased B-cleavage (Barbagallo et al., 2010; Rebelo
et al., 2007). The phosphorylation state of interacting proteins also impacts the
processing and trafficking of APP. Mint proteins which are highly expressed in
neurons are adaptor proteins known to bind to the C-terminal region of APP,
affecting APP endocytosis and preventing APP from localising in lipid rafts,
thereby reducing B-secretase processing and Ap generation (Chaufty et al., 2012;
Ho et al., 2008). Mint2 phosphorylated by Src kinase increases APP endocytosis
and accelerates APP transport to endosomes, resulting in an increase in
intracellular ARz (Chaufty et al., 2012).

1.5.1 Cholesterol mediated Endocytosis

Cholesterol is crucial for maintaining cell membrane fluidity and enhancing
mechanical stability of lipid bilayers (Cooper, 1978; Rog et al., 2009). Lipid rafts
are small localised domains within the cellular membrane, containing high levels
of cholesterol and sphingolipids (Lingwood and Simons, 2010). APP, BACE1 and
y-secretase components can be found within lipid rafts and it is within these
specialised microdomains that APP undergoes amyloidogenic processing
(Cataldo et al., 2004; Chow et al., 2010; Daugherty and Green, 2001; Ehehalt et
al., 2003; Zheng and Koo, 2011). Protein mobility is restricted within lipid rafts as
opposed to non-raft regions of the cell membrane, where proteins are much more

dispersed and mobile (Giannone et al., 2010). Protein interactions from one lipid
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raft to another can be achieved by lipid rafts coming together and forming clusters
(Simons and Gerl, 2010). This might be one way of regulating protein interactions
on the plasma membrane and also controlling APP processing by the secretases.

APP endocytosis is strongly influenced by cholesterol levels. In AD brains, there
is an accumulation of total cholesterol, particularly in the membrane fraction
(Cutler et al., 2004; Xiong et al., 2008). Studies have shown altering cholesterol
levels affects clathrin-dependent endocytosis of APP and in turn modulates AR
formation (Ehehalt et al., 2003; Kojro et al., 2001; Simons et al., 1998; Xiong et
al., 2008). For instance, increasing membrane cholesterol content results in both
an increase in APP internalisation (Cossec et al., 2010) and interaction between
APP and BACE1, promoting B-cleavage of APP and AB production (Cossec et
al., 2010; Marquer et al., 2011; von Arnim et al., 2008). Silencing the clathrin
heavy chain, required for the formation of clathrin-coated vesicles increases cell
surface APP and prevents APP endocytosis (Cossec et al., 2010; Motley et al.,
2003). Increasing membrane cholesterol did not affect APP internalisation,
signifying that cholesterol regulates APP endocytosis through a clathrin-
dependent manner (Cossec et al., 2010). Conversely, a reduction in membrane
cholesterol minimised the formation of lipid rafts, prompting APP to be re-located
to non-lipid raft regions of the plasma membrane (Ehehalt et al., 2003; Kojro et
al., 2001). Since APP is preferentially cleaved by a-secretase instead of BACE1
in non-lipid raft regions, a-cleavage was increased (Ehehalt et al., 2003; Kojro et
al., 2001).

APP binds to cholesterol in a 1:1 ratio (Barrett et al., 2012; Marquer et al., 2011).
The transmembrane domain of APP contains both cholesterol and a-secretase
binding sites that are located alongside each other (Barrett et al., 2012). Studies
suggest binding of cholesterol to APP inhibits a-secretase from binding, favouring
the amyloidogenic pathway. Cholesterol levels are also involved in the production
of AB by the y-secretase complex (Osenkowski et al., 2008). Osenkowski et al
demonstrated increasing levels of cholesterol stimulated y-secretase activity,
which not only resulted in an increase in AB production, but also resulted in the

production of longer AR peptides (AB4o) (Osenkowski et al., 2008).

Cholesterol exporting channels ABCA7 and G1 are both expressed in the

hippocampus and have been shown to alter the processing of APP (Chan et al.,
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2008; Tansley et al., 2007). Cells overexpressing APP695 transiently transfected
with ABCA7 exhibited an increase in cholesterol efflux from the cell and a
decrease in membrane cholesterol, resulting in a reduction of SAPPa, sAPPS, AR
and APP CTF (Chan et al., 2008). In contrast, cells over-expressing ABCG1
altered the distribution of membrane cholesterol and increased cell surface
presented APP, resulting in an increase in sAPPa, sAPP and AB production
(Tansley et al.,, 2007). The proposed mechanism of ABCGL1 is yet to be
determined. How ABCGL1 is involved in APP trafficking and whether ABCG1
either directly affects secretase activity, or the association between APP and the

secretases requires further investigation.
1.5.2 Receptor mediated Endocytosis

Receptor mediated endocytosis may be classified as being clathrin-dependent or
clathrin-independent. As reported earlier, APP and BACEL1 may be located in
separate lipid raft regions on the plasma membrane, restricting protein mobility
(Giannone et al., 2010). Endocytosis of both proteins brings the two together into
the early endosome, which provides the optimal acidic environment for BACE1
to cleave APP (Cataldo et al., 2004; Chow et al., 2010; Zheng and Koo, 2011).
APP is internalised via clathrin-dependent endocytosis (Ehehalt et al., 2003; von
Arnim et al., 2008; Yap and Winckler, 2015) while BACE1 undergoes clathrin-
independent endocytosis and is sorted to the early endosome via the endocytic
trafficking regulator ARF6 (Sannerud et al., 2011; Tang et al., 2015).

1.5.2.1 Clathrin-dependent Endocytosis of APP

Clathrin consists of three heavy and light chains, forming a triskelion-shaped
scaffolding-like protein (Brodsky et al., 2001; Fotin et al., 2004; Kirchhausen,
1999; Schmid, 1997). It self-polymerises (Fotin et al., 2004; Gilbert et al., 1997;
Schmid, 1997) and forms complexes with assembly and adaptor proteins AP-2
(McNiven and Thompson, 2006; Morris and Cooper, 2001) and Dab2 (Morris and
Cooper, 2001). This forms a ‘cage’ like structure around the vesicle, initiating
budding of the cell membrane and undergoes scission by dynamin GTPase
(Carey et al., 2005). The tyrosine residue within the YENPTY maotif of APP acts
as a sorting signal recognised by various clathrin adaptor proteins such as AP-2
which aids in the regulation of clathrin-dependent endocytosis (Bonifacino and
Traub, 2003; Prabhu et al., 2012). The clathrin-coated vesicle containing APP is
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then transported, sorted and fuses with the early endosome (Damke et al., 1994;
Henley et al., 1998). Studies have shown manipulating the associated proteins
involved in clathrin-mediated endocytosis results in altered APP internalisation.
For example silencing the clathrin heavy chain (Cossec et al., 2010; Motley et al.,
2003) or transfecting cells with a mutated form of dynamin (Carey et al., 2005;
Damke et al., 1994), prevents APP internalisation and results in an accumulation
of APP on the cell surface.

1.5.2.2 Clathrin-independent Endocytosis of BACE1

ARF6 is a small GTPase and like other GTPases is able to shift back and forth
from its inactive GDP form to its active GTP-bound state (Gaschet and Hsu, 1999;
Klein et al.,, 2006; Pasqualato et al., 2001). Normally, ARF6 expression is
predominantly found within the CA1 and CA2 regions of the hippocampus (Tang
et al., 2015). In AD brains, ARF6 expression is increased and spreads to the
hippocampal CA3 and CA4 regions (Tang et al., 2015). ARF6 is located on the
plasma membrane and endosomes, managing endocytic trafficking of a variety
of endogenous cell membrane proteins that do not possess the classical clathrin
binding motif. ARF6 GDP is activated by GEFs on the plasma membrane
(Chesneau et al., 2012; Macia et al., 2004) and facilitates BACEL1 internalisation
from the cell surface (Sannerud et al.,, 2011). RNAi knockdown studies have
shown silencing ARF6 in vitro prevents BACE1L internalisation into the early
endosome, blocking the capability of BACEL to cleave APP to produce sAPPJ
(Sannerud et al., 2011). ARF6 is also directly associated with Rabl1-positive
recycling compartments (Fielding et al., 2005; Nieuwenhuis and Eva, 2018;
Schonteich et al., 2007), and shares some of the cytosolic effector proteins with
Rabl1l, such as family interacting protein 3 (FIP3), that is primarily involved in the
docking and fusion of vesicles to the recycling compartment (Fielding et al., 2005;
Hickson et al., 2003; Schonteich et al., 2007; Takahashi et al., 2011). ARF6 has
been shown to facilitate transport of clathrin-independent internalised proteins
from the cell surface directly to Rabll-positive compartments, bypassing the
early endosome (Chen et al., 2014; Maldonado-Baez et al., 2013; Radhakrishna
and Donaldson, 1997).
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1.5.2.3 A new Endocytic mechanism of APP

There has recently been some controversy and conflicting evidence regarding
the role of ARF6 and whether it only regulates the endocytic trafficking of cell
surface proteins like BACEL that do not contain the clathrin binding motif to
undergo clathrin-dependent endocytosis. Tang et al has shown ARF6 to influence
APP internalisation via another endocytic mechanism known as
macropinocytosis, avoiding delivery to the early endosome and transporting APP
to the lysosome for B-processing (Tang et al., 2015). Macropinocytosis involves
the formation of endocytic vacuoles termed macropinosomes from cell
membrane budding via actin-based membrane protrusions, engulfing large
volumes of extracellular fluid and plasma membrane (Jones, 2007; Sun et al.,
2003; Tang et al., 2015). These internalised vacuoles vary in size (100-1000 nm
in diameter), and are considered much larger than the vesicles formed via
receptor-mediated endocytosis (Tang et al., 2015). Live cell imaging and electron
microscopy demonstrated an increase in cell surface APP internalisation via
macropinosomes (> 500 nm in diameter) and an increase in Ap production within
the lysosome. This was significantly inhibited by co-transfection with a dominant
negative mutated form of ARF6, which reduced levels of AB production (Tang et
al.,, 2015). This evidence suggests that ARF6 is required for APP
macropinocytosis to occur and is also involved in delivery to the lysosome where
APP can undergo B-cleavage. There is also a correlation between ARF6
expression and neurotoxic AR formation in the hippocampus of AD brains,
suggesting that ARF6 may be involved in AD pathology (Braak et al., 2006; Tang
et al., 2015). However, there is still an overwhelming majority of studies that
demonstrate the internalisation pathway of APP to be ARF6-independent
(Cossec et al., 2010; Ehehalt et al., 2003; von Arnim et al., 2008; Yap and
Winckler, 2015) and therefore before any conclusions are drawn on any new

mechanism on APP endocytosis and trafficking, further investigation is required.
1.6 Neuroinflammation in AD

Activation of the innate immune system in the brain protects against infectious
insult or unwanted stimuli but persistent neuroinflammation, as seen in AD, can
exacerbate underlying chronic pathology (Hensley, 2010). Despite the

involvement of inflammation in AD being acknowledged for some time, it has only
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recently been recognised to contribute to early pathogenesis. Neuroinflammation
is now considered a primary factor in disease progression (McGeer and McGeer,
2010).

AD is characterised by reactive gliosis; activated microglia and astrocytes located
around plaques and tangle-bearing neurons (Serrano-Pozo et al., 2011b). Once
activated, these cells produce a range of inflammatory mediators including
cytokines, prostanoids, chemokines and cycloxygenase-2 (COX-2) (Heneka and
O'Banion, 2007). Astrocytes are involved in AB clearance and degradation, and
provide a supportive barrier between AB aggregates and neurons (Rossner et al.,
2005). Microglia are also involved in AB clearance and degradation by migrating
to the infected area and clearing unwanted stimuli such as A via phagocytosis
(Frautschy et al., 1998; Mandrekar-Colucci and Landreth, 2010; Qiu et al., 1998).
However, persistent activation of these cells leads to the production of
inflammatory molecules in addition to toxic products such as reactive oxygen
species (ROS), nitric oxide (NO), and complement factors. These not only target
infected cells and unwanted debris for elimination and clearance but can also
target surrounding unaffected viable cells, inducing further neuronal dysfunction
and cell death (Atwood et al., 2003; Fassbender et al., 2000; Halliday et al.,
2000).

Microglia are the resident immune cells of the brain and upon activation adopt
two apparent phenotypes; the M1 and M2 (Crain et al., 2013; Orihuela et al.,
2016). However, this is now considered as an oversimplification since (single cell)
transcriptome and epigenome studies have revealed a continuum of activation
phenotypes, such as the sub-classification of the M2 into M2a (tissue repair and
phagocytosis), M2b (recruitment of regulatory T cells), and M2c (anti-
inflammatory and healing) (Dubbelaar et al., 2018; Eggen et al., 2019; H et al.,
2017). Nevertheless, for simplicity, references within this thesis are made to the
generalised M1/M2 activation phenotypes. The M2 activated phenotype is anti-
inflammatory and is involved in tissue repair and phagocytosis of AB protein
aggregates and cell debris (Michell-Robinson et al., 2015; Tang and Le, 2016),
while the M1 activated phenotype is pro-inflammatory and is involved in the
secretion of pro-inflammatory mediators such as acute phase proteins, cytokines,
chemokines and the generation of ROS (Loane and Byrnes, 2010; Tang and Le,

2016). The M1 phenotype is thought to be detrimental to the brain since these
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pro-inflammatory mediators are known to induce neuronal toxicity, causing
neuronal dysfunction and cell death (Fassbender et al., 2000; Orihuela et al.,
2016). It is thought that the M1 activated microglial phenotype takes precedence
in the AD brain, whilst M2 microglia typically emerge downstream for tissue repair
and remodeling (Tang and Le, 2016). Studies have shown a mixed population of
microglial activated phenotypes in post mortem sporadic AD brain tissue as well
as in transgenic AD mouse model brains (Colton et al., 2006). However, AD
individuals carrying a mutation in the Triggering receptor expressed on myeloid
cells 2 (TREM2) gene exhibit a predominance of the M1 activated phenotype
(Tanzi, 2015; Walter, 2016; Zhong et al., 2015). Individuals carrying TREM2
mutations such as the TREM2 R47H variant exhibit microglial dystrophy,
decreased phagocytosis, and an increase in the M1 microglial reactive phenotype
(Hickman and EI Khoury, 2014; Tanzi, 2015; Walter, 2016). Analysis of GWAS
genes associated with sporadic AD has identified TREM2 as an AD risk factor
(Guerreiro et al., 2013; Jonsson et al., 2013; Walter, 2016). TREM2 is a
transmembrane glycoprotein solely expressed by the brains immune cells,
particularly microglia and is involved in the regulation of phagocytosis and
promotion of the M2 activated microglial phenotype, inducing anti-inflammatory
signaling to promote survival and repair pathways (Mecca et al., 2018; Neumann
and Takahashi, 2007; Zheng et al., 2017). Studies have also shown disruption in
TREM2 expression leads to an increase in LPS-induced pro-inflammatory
cytokine production and secretion in microglia (Hickman and El Khoury, 2014;
Zhong et al., 2015), suggesting TREM2 abnormalities promote the activation

state of microglia towards an M1 pro-inflammatory reactive phenotype.

The production of inflammatory mediators have also been shown to increase APP
synthesis and the amyloidogenic processing of APP. In turn, this produces more
toxic AB and reduces a-secretase cleavage as well as the production of
neuroprotective sAPPa (Atwood et al., 2003; Del Bo et al., 1995; Fassbender et
al., 2000; Misonou et al., 2000; Ringheim et al., 1998). Elevated production of AR
is then able to increase glial activation (Fassbender et al., 2000; Krabbe et al.,
2013; Meda et al., 1995), inevitably causing the generation of more inflammatory
mediators leading to a vicious cycle of neuronal dysfunction and cell death
(Fassbender et al., 2000; Krabbe et al., 2013). Ablation of APP results in less
reactive microglia with reduced levels of cytokine production (Carrano and Das,
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2015), suggesting APP and/or its cleaved products are required for an efficient
innate immune response. Tumour necrosis factor-a (TNF-a), interleukin-1 (IL-1)
and interleukin-6 (IL-6) are pro-inflammatory cytokines produced from activated
microglia in response to AP deposition (Meraz-Rios et al., 2013). TNF-a
stimulates glial activation, promotes excitotoxicity and is known to contribute to
synaptic loss in AD (Olmos and Llado, 2014; Rao et al., 2012; Rubio-Perez and
Morillas-Ruiz, 2012). TNF-a also increases production and secretion of other pro-
inflammatory cytokines such as IL-1 and IL-6 which in turn promote chronic
inflammation when unopposed by anti-inflammatory cytokines (Neta et al., 1992;
Szczepanik et al.,, 2001). IL-1 is involved in dystrophic neurite formation in
plaques and NFT development (Griffin et al., 1995; Mrak and Griffin, 2001) while
IL-6 has been shown to be present in the early stages of plaque formation (Hull
et al., 1996) and is primarily involved in the production of acute phase proteins
such as a2-M (Wood et al., 1993). In vitro, these cytokines affect the
amyloidogenic pathway of APP by enhancing APP and BACE1l expression,
thereby promoting sAPPB and AR peptide production (Blasko et al., 1999;
Buxbaum et al., 1992; Del Bo et al., 1995; Ringheim et al., 1998; Spooren et al.,
2011; Yamamoto et al., 2007). Supporting the amyloid cascade hypothesis, the
production of these pro-inflammatory cytokines might not be the primary cause
of AD but may indeed be involved in a detrimental cycle of APP metabolism
enhancement and neuronal death, further accelerating the development of AD
(Griffin et al., 1998; Lindberg et al., 2005).

COX-2 production is stimulated by inflammatory cytokines and growth factors and
is involved in prostaglandin synthesis which in turn promotes neuroinflammation
(Choi and Bosetti, 2009; Meraz-Rios et al., 2013). COX-2 is linked to neurotoxicity
and high expression of COX-2 in microglia in the hippocampus correlates with an
increase in plaque load, NFT formation and cognitive dysfunction (Xiang et al.,
2002). AD mouse models expressing COX-2 exhibit an increase in amyloid
plaque formation and levels of the inflammatory mediator prostaglandin E2. This
correlated with an increase of toxic AB42 and an upregulation of y-secretase

processing with unaltered APP expression levels (Xiang et al., 2002).

Nitric oxide synthase (NOS) is an enzyme that catalyses L-arginine in the
presence of oxygen to produce L-citrulline and NO (Bishop and Anderson, 2005;
Liu et al., 2002; Meraz-Rios et al., 2013). There are three isoforms of NOS. The
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endothelial isoform (eNOS) can be found in hippocampal neurons, endothelial
cells and some astrocytes (Bishop and Anderson, 2005; Liu et al., 2002). NO
formation by activated astrocytes and microglia in response to neuroinflammation
may be involved in protein and lipid oxidative damage, excitotoxicity and neuronal
cell death (Bishop and Anderson, 2005; Calabrese et al., 2007; Liu et al., 2002).
In vivo, eNOS deficient mice exhibit an increase in APP and BACEL protein
expression and an increase in BACEL1 activity compared to wild-type mice (Austin
et al., 2010), thereby promoting B-secretase processing of APP as well as AB4o
and APz peptide production. Expression of the a- and y-secretases were
unchanged (Austin et al., 2010), suggesting that NO selectively effects BACE1
activity.

Nuclear factor-kB (NF-kB) is a redox sensitive DNA transcription factor and upon
activation is involved in cytokine synthesis (Jana et al., 2002; Nakajima et al.,
2006), NO formation in microglia (Bhat et al., 2002) and COX-2 production in
astrocytes (Dai et al., 2006). In neurons and astrocytes, NF-kB is activated by
TNF-a (Mir et al., 2008), IL-1 (Koo et al., 2010) and AB (Yamamoto and Gaynor,
2001), and is upregulated in AD brains (Chen et al., 2012). In vitro, NF-kB binds
to the human BACEL promoter region and facilitates BACE1 gene expression,
increasing B-secretase processing of APP and AB generation, which could
explain the irregular BACE1 gene expression and increase BACEL activity
observed in AD (Chen et al., 2012). This can be prevented by the use of non-
steroidal, anti-inflammatory drugs (NSAIDs) (Chen et al., 2012) which suggests
NF-kB to be a possible therapeutic target for AD.

1.6.1 AB as an antimicrobial peptide

While AR is implicated in AD pathogenesis, many have regarded it as a
pathological by-product produced by an abnormal proteolytic pathway with no
real physiological function. However, increasing attention has been on the
antimicrobial properties of AR and its potential role in innate immunity (Bourgade
et al., 2016; Kumar et al., 2016; Soscia et al., 2010; Spitzer et al., 2016; White et
al., 2014). A study conducted by Soscia et al compared synthetic forms of AB in
different aggregation states with another antimicrobial peptide termed LL-37
which is also a part of the innate immune response (Soscia et al., 2010) involved

in bacterial phagocytosis by macrophages (Wan et al., 2014). They demonstrated
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in vitro that AR oligomers prevented pathogen growth similar or even more
effectively than LL-37. A extracted from human AD brains also provided similar
results. The authors proposed that the binding of AB to the microbial surface
caused AR to aggregate, disturbing the microbial cell membrane and preventing
the microbe from binding to its host cell and spreading infection (Soscia et al.,
2010). Subsequent studies also reveal the antimicrobial properties of AB against
a range of other bacterial (Kumar et al., 2016; Spitzer et al., 2016), fungal (Kumar
et al., 2016; Spitzer et al., 2016) and viral agents (Bourgade et al., 2015;
Bourgade et al., 2016; Lukiw et al., 2010; White et al., 2014), indicating that the
antimicrobial effects of AB is not confined to a specific pathogen. These findings
were explored in vivo when Kumar et al demonstrated A fibril formation in AD
mouse brains infected with Salmonella typhimurium bacteria (Kumar et al., 2016).
Potential mechanisms of action were in accordance with other studies where
authors found AR oligomers bound to the pathogenic (Salmonella typhimurium
bacteria or Candida albicans pathogenic yeast) surface and aggregated to form
fibrils. This mechanism alleviated infection by preventing pathogen binding to the
host cell (Kumar et al., 2016). These studies suggest how an overload of
microbial presence in the brain could trigger neuroinflammation to drive A
generation, and under a sustained presence, the initiation and progression of AD.
However, more experimental data on the role of microbes in AD is required before
drawing any conclusions on the possibility of microbes being involved in the
etiology and progression of AD. Instead of a continuing microbe presence,
another possibility could be a transient infection that the brain might mistakenly
perceive as an ongoing threat, initiating and sustaining the production of AB to
mount an ongoing innate immune response (Le Page et al., 2018; Moir et al.,
2018). On the other hand, a non-infectious inflammatory triggering mechanism,
for example, head trauma (Blennow et al., 2016; Mendez, 2017; Washington et
al., 2016) or stroke (Vijayan and Reddy, 2016; Zhou et al., 2015), which have
both been linked to AD, could also pose as the initiating event that drives
neuroinflammation and subsequent AB production (Le Page et al., 2018; Moir et
al., 2018). The amyloidogenic proteolytic processing of APP that leads to the
generation of AB is through receptor mediated APP endocytosis (Cirrito et al.,
2008; Ehehalt et al., 2003; Koo and Squazzo, 1994). However, further
investigation is required to identify a functional cognate ligand that can promote
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the amyloidogenic pathway of APP through receptor mediated endocytosis and

exacerbate widespread A3 deposition within an inflammatory environment.
1.7 Iron dyshomeostasis in AD

Iron is a vital nutrient required as a cofactor in metabolic processes throughout
the body and specifically in tissues of high oxygen consumption, such as the
CNS. The ability of iron to freely receive and donate electrons is critical for
neurotransmitter regulation as well as oxidative phosphorylation, nitric oxide
metabolism and oxygen transport (Zecca et al., 2004). An iron imbalance can
lead to metabolic stress on these processes and through Fenton and Haber-
Weiss chemistry, high levels of unbound iron may react with molecular oxygen to
generate toxic ROS that can lead to severe cell damage and eventual death
(Conrad and Umbreit, 2000; McCarthy and Kosman, 2013; Sharpe et al., 2003).
Increased cellular susceptibility to oxidative stress associated with iron
accumulation leads to neurodegeneration within patients and animal models of
dementia related disorders (Connor et al., 1992b; Jack et al., 2005; LeVine,
1997). In AD, an accumulation of iron has been shown in both plaques and
tangles (Connor et al., 1992a; Meadowcroft et al., 2009; Smith et al., 1997) where
several studies have shown iron to promote AB oligomerisation and aggregation
(Bousejra-ElGarah et al., 2011; Liu et al., 2011; Mantyh et al., 1993). Iron also
induces toxic ROS production through Fenton chemistry by binding and forming

a redox-active complex with AB (Rival et al., 2009; Rottkamp et al., 2001).

Iron elevation in affected cortical regions of AD has also been characterised in
living patients using magnetic resonance imaging (MRI), and in post mortem
brains using multiple techniques (Du et al., 2018; Zecca et al., 2004).
Furthermore, higher brain iron levels are associated with faster disease
progression (Ayton et al., 2015a, 2017a; Ayton et al., 2017b). However until
recently, it was unclear to what extent iron contributes to AD pathogenesis. The
impact of iron on longitudinal AD outcomes was recently revealed by using ferritin
(Ft; a major iron binding protein) levels in CSF as an index. High brain-iron load
was associated with poorer cognition and brain atrophy over a 6-year period
(Ayton et al., 2015a). The magnitude impact of CSF ferritin on these and other
AD outcomes is comparable to the tau/AB42 ratio, previously the best diagnostic
CSF biomarker for AD (Shaw et al., 2009; Toledo et al., 2013). This has
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introduced the utility of CSF iron reporters in predicting both cognitive

deterioration and atrophy along the pathway to dementia (Ayton et al., 2015a).

Since iron imbalance can compromise cell viability, cellular iron homeostasis is
tightly regulated by iron uptake, transport, storage and enzymatic proteins that
are themselves regulated by iron (Hare et al., 2013; Zecca et al., 2004). The
primary source of iron for neurons is through receptor mediated endocytosis of
the transferrin (Tf) and transferrin receptor-1 (TfR1) complex (Crichton and Ward,
1992; Deane et al., 2004b; Moos et al., 2007; Rouault et al., 2009). Tf is the major
iron transporter in the brain and when bound to ferric iron (holo-Tf), uses its cell
surface receptor (TfR1) to internalise into the cell (Hentze et al., 2004; Zhang et
al., 2012). Following internalisation, the Tf/TfR1 complex is transported to
endosomes via endocytic carrier vesicles where the acidic environment of the
endosome facilitates iron release (Hentze et al., 2004). The iron is then reduced
to Fe(ll) (De Domenico et al., 2008; Knutson, 2007) and exported to the cytosol
by divalent metal transporter-1 (DMT1) (Burdo et al., 2001; Ward et al., 2014),
contributing to the labile iron pool (LIP) which serves as a source of redox-active
iron in addition to an indicator of the amount of iron present within the cell (Breuer
et al., 2012; Breuer et al., 2008; Brissot et al., 2012; Cabantchik, 2014; De
Domenico et al., 2008). The iron proceeds to be either utilised by the cell, oxidised
and stored in the iron storage protein Ft (Arosio et al., 2009) or effluxed via FPN
(De Domenico et al., 2011).

One regulatory route for maintaining intracellular iron homeostasis is through the
cellular expression and location of proteins such as APP (Duce et al., 2010;
McCarthy et al., 2014; Wong et al., 2014b), ceruloplasmin (Cp) (Patel et al., 2002)
and hephaestin (Vulpe et al., 1999), which facilitate the movement of iron across
the plasma membrane, partly through their ability to complex with the iron
exporter FPN and stabilise its expression on the cell surface. The predominant
modulator of iron efflux in neurons is APP and has been confirmed
transcriptionally using APPKO models (Duce et al., 2010; Wong et al., 2014b).
Hephaestin and the membrane-associated form of Cp are ferroxidase proteins
that oxidise Fe(ll) to Fe(lll) for Tf loading and transport, and are the predominant
modulators of iron efflux from oligodendrocytes and astrocytes respectively
(Yang et al., 2011), while the mechanism of how APP is involved in the oxidation

of iron in the efflux process remains uncertain. One possible way is that the iron
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is auto-oxidised by the anion environment (Wong et al., 2014a; Wong et al.,
2014b) or there is the use of other ferroxidases such as hephaestin which has
recently been reported to oxidise iron and facilitate iron efflux from FPN in primary

rat hippocampal neurons (Ji et al., 2018).

Intracellular iron levels are regulated by cytoplasmic RNA-binding proteins known
as iron response proteins (IRPs) that act as cytosolic LIP sensors (Anderson et
al., 2012). IRPs bind to specific regions called iron regulatory elements (IRES)
located in the 3’ or 5’ untranslated region (UTR) of mMRNAs encoding several
proteins responsible for iron uptake, storage and export, and either enhance or
diminish translation according to the cells metabolic requirements (Anderson et
al., 2012; Pantopoulos, 2004). When intracellular iron levels become low, IRPs
bind IREs located in the 3 UTR of TfR1 and DMT1 mRNA and increase
translation to promote iron import, while binding to the IREs in the 5 UTR of Ft
and FPN prevents translation and therefore downregulates iron storage and
export mechanisms respectively. In contrast, when intracellular iron levels are
high within the cell, iron from the LIP binds to the IRPs, preventing their interaction
with IREs which results in an increase in Ft and FPN translation to accommodate
iron storage and export respectively, while TfR1 and DMT1 translation are
reduced through mRNA degradation (Aisen et al., 2001; Muckenthaler et al.,
2008; Wong and Duce, 2014). APP is also classed as an iron response protein
containing IREs located in the 5’ UTR of its mMRNA, where translation is directly
regulated by cellular iron levels (Rogers et al., 2002). Iron imbalance plays a
major role in the pathogenesis of AD (Christen, 2000; Greenough et al., 2013).
Studies have shown AD affected neurons to exhibit an increase in intracellular
iron, possibly attributed by the dysregulation of associated iron regulatory
proteins (Atwood et al., 2003; Bonda et al., 2011; Bush, 2013; Duce et al., 2010;
Li et al., 2017; Myhre et al., 2013). For example, a decrease in FPN expression
has been shown in post mortem AD brain tissue (Manolov et al., 2017; Raha et
al., 2013; Urrutia et al., 2013), indicating a disruption to the iron export pathway
that could be a contributing factor in the accumulation of intracellular iron levels
(Connor et al., 1992b; Duce et al., 2010; Maynard et al., 2002; Wong et al.,
2014b).

Competitive binding for the cell surface stabilisation rate to FPN may also

regulate both cellular iron efflux as well as export of iron into the plasma/blood.
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Studies have suggested the circulating peptide hormone called hepcidin to be
involved in regulating iron export by direct association with FPN (De Domenico
et al., 2011; Ganz, 2003). Hepcidin is predominantly expressed by and excreted
from hepatocytes in response to a wide range of stimuli including Tf saturation
levels in the periphery (Anderson et al., 2009). Under high levels of Tf saturation,
iron bound Tf displaces human hemochromatosis protein (HFE) from TfR1. HFE
then binds and forms a complex with TfR2, activating various signalling pathways
that induce expression and release of hepcidin which binds to FPN in iron
exporting cells and triggers FPN internalisation and degradation. In contrast,
when iron saturation of Tf is low, HFE is complexed to TfR1 and hepcidin
production is minimised for efficient iron export by cell surface FPN (Anderson et
al., 2009; De Domenico et al., 2009; Ganz and Nemeth, 2011; Pietrangelo, 2011;
Zhang et al., 2011). Other molecular mechanisms as well as the signalling
pathways that are involved in the regulation of hepcidin expression can be found
in reviews Rishi et al (2015) and Sangkhae et al (2017) (Rishi et al., 2015;
Sangkhae and Nemeth, 2017). Physiologically, hepcidin expression within the
brain has been documented, although at minimal levels in cells such as neurons,
glial and endothelial cells (Hanninen et al., 2009; Pigeon et al., 2001; Raha-
Chowdhury et al., 2015; Zechel et al., 2006). However, studies have documented
a significant increase in hepcidin levels within the brain during inflammation and
iron overload (Lu et al., 2017; Pigeon et al., 2001; Sun et al., 2012; Wang et al.,
2008; Xiong et al., 2016; You et al., 2017). There has been increasing debate on
whether hepcidin has any role in iron homeostasis within AD as several studies
have also reported minimal levels of hepcidin expression. As an example,
Manolav et al reported an increase of hepcidin expression in the AD brain which
could contribute to an increase in intracellular iron levels from the reduction of the
iron exporter FPN (Manolov et al., 2017), whereas Raha et al demonstrated low
levels of hepcidin (and FPN) within the AD brain (Raha et al., 2013), suggesting
an alternative mechanism of FPN regulation. Clearly, further investigation is
required to elucidate the precise mechanism of hepcidin within physiological and
pathophysiological states of the brain.

Accumulation of lipid peroxidation products and lethal ROS derived from iron
metabolism can lead to regulated cell death termed ferroptosis (Cao and Dixon,

2016; Dixon et al., 2012) and has been recently suggested as a
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neurodegenerative disease mechanism (Stockwell et al., 2017). This has created
significant interest in the possibility that disturbances of brain iron levels can lead
to a selective form of cell death separate from apoptosis or necrosis. Ferroptosis
is an iron and ROS-dependent form of non-apoptotic cell death that can be
triggered by conditions that inhibit glutathione biosynthesis or the lipid repair
enzyme glutathione peroxidase 4 (Gpx4) (Dixon et al., 2012). Ferroptosis was
determined through a pharmacological approach where high-throughput
screening identified two molecules, erastin (Dolma et al., 2003) and RAS-
selective lethal 3 (RSL3) (Yang and Stockwell, 2008) that could instigate a form
of cell death distinct from apoptotic and necrotic pathways (Dixon et al., 2012).
Multiple studies have indicated system Xc and Gpx4 to be important regulators
of ferroptosis (Dixon et al., 2012; Yang et al., 2014). Erastin triggers cell death by
inhibiting the cystine-glutamate antiporter system X¢', subsequently leading to a
reduction in Gpx4 activity, whereas RSL3 directly interacts with Gpx4 to inhibit its
enzymatic activity (Dixon et al., 2012; Yang et al., 2014; Yang and Stockwell,
2008). Resulting cell toxicity through such pathways trigger oxidative stress,
mitochondrial fragmentation and loss of plasma membrane integrity, all of which
are key features of AD (Montine et al., 2002; Park et al., 2015; Sanchez Campos
et al., 2015). However, a direct link between ferroptosis and AD has yet to be

determined.

The precise role of iron in ferroptosis is yet to be fully elucidated but multiple
studies have demonstrated iron to be a fundamental requirement (Dixon et al.,
2012; Stockwell et al., 2017). Furthermore, the fact that ferroptosis can be
inhibited by deferoxamine and deferiprone (DFP), well known iron chelators
(Kontoghiorghe and Kontoghiorghes, 2016), also reinforces an integral role for
iron in the ferroptotic pathway. Treatment with these iron chelators in vitro
depletes iron and prevents iron-dependent lipid peroxidation and restores Gpx4
levels (Dixon et al., 2012; Do Van et al., 2016; Feng and Stockwell, 2018; Wu et
al., 2018).

Recently, there has been growing evidence in the possible role of iron regulatory
proteins on the regulation of ferroptosis. For instance, Gao et al described a
prominent component in serum, which was later identified as the iron transporter
Tf that could potentiate erastin-induced ferroptotic cell death in vitro (Gao et al.,

2015). This enhanced cell death was confirmed upon exogenously adding
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recombinant holo-Tf but not iron-unbound Tf (apo-Tf) to cells without serum.
Furthermore, immunodepletion of Tf from the serum, RNAi knockdown of TfR,
and treatment with the ferroptosis inhibitor ferrostatin-1, all distinctively prevented
ferroptotic cell death. Although the underlying cellular mechanisms remain
unclear, results illustrate the iron import capability of Tf to enhance iron-
associated ferroptotic cell death (Gao et al., 2015). Another example of an iron
regulatory protein involved in modulating ferroptosis was when Geng et al
revealed that FPN knockdown in neuroblastomas facilitated ferroptosis induction.
Erastin treatment of FPN depleted neuroblastomas resulted in an increase in
intracellular iron levels, lipid ROS, and cell death all of which could be prevented
by ferrostatin-1 and deferoxamine but not with apoptotic and necroptotic
associated inhibitors (Geng et al., 2018). These results highlight the importance
of FPN in modulating iron efflux in neuroblastomas whereby disrupting FPN
expression, prompts an accumulation of intracellular iron which accelerates

ferroptosis induction (Geng et al., 2018).
1.8 Lactoferrin

Lf is a glycoprotein that is considered a member of the transferrin family (Metz-
Boutigue et al., 1984), sharing approximately 60 % amino acid sequence
homology to Tf (Harmsen et al., 1995). Tf and Lf maintain iron in its stable
oxidation state, preventing it from inducing toxic ROS formation through Fenton
chemistry (Chung and Raymond, 1993). Lf consists of a polypeptide chain folded
into two globular lobes (N and C lobes), each containing one iron binding site.
The two lobes are connected by a linker peptide that forms a rigid 3-turn a-helix
to stabilise the binding of iron within each lobe (Anderson et al., 1987; Anderson
et al., 1989; Baker and Baker, 2005). This is unlike Tf where the linker peptide is
irregular and highly flexible (T. A. MacGillivray et al., 1998). There are six ligands
contained in each lobe required for iron binding. Four of the ligands are from the
polypeptide chain (one aspartic acid residue, two tyrosine residues, and one
histidine residue) whilst the other two are formed from the oxygen atoms of an
anion, usually carbonate, required to facilitate iron release at low pH (Baker,
1994; Baker et al., 2002; Rosa et al., 2017; T. A. MacGillivray et al., 1998). Similar
to Tf, there are two predominant forms of Lf; iron-bound holo and iron-unbound
apo, each differing in their tertiary structure. For instance, apo-Lf has an ‘open’

conformation in which the iron binding site is near the protein surface and
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exposed to the surrounding environment, whereas holo-Lf mainly has a compact
‘closed’ conformation in which the iron is well below the protein surface and
therefore inaccessible to potential ligands (Jameson et al., 1998; Querinjean et
al., 1971). The iron binding affinity of Lf has been shown to be 260 times greater
than that of Tf at physiological pH, likely due to its binding off rate (Aisen and
Leibman, 1972; Chung and Raymond, 1993), and as such Tf may act as an iron
donor for Lf (Aisen and Leibman, 1972; Baker and Baker, 2004; Metz-Boutigue
et al., 1984; Valenti and Antonini, 2005).

The incorporation of iron into Tf or Lf is instrumental in controlling the level of free
iron within biological fluids; acting as an extracellular transporter of iron that both
delivers iron to cells and facilitates the removal of iron from cells (Crichton and
Charloteaux-Wauters, 1987). Similar to holo-Tf, holo-Lf interacts with its cell
surface bound receptors such as the Lf receptor (LfR), leading to targeted cellular

iron delivery via receptor mediated endocytosis (Dautry-Varsat et al., 1983).

First described as the major protein found in colostrum and breast milk, Lf is also
excreted by various exocrine glands and specific granules of neutrophils (Kruzel
et al., 2007) as well as being present within plasma (Hansen et al., 1975) and
tissues such as the liver (McAbee and Ling, 1997). Within the brain, it is
reportedly expressed in glia, neurons, and endothelial cells (Fischer et al., 2007;
Kawamata et al., 1993). Lf may also promote other physiological functions
through interactions with various proteins within mammalian cells (de Lillo et al.,
1992), some secretory proteins (Lampreave et al., 1990; Watanabe et al., 1984),
receptors on bacterial cell surfaces (Schryvers et al., 1998; Wong and Schryvers,
2003) and metal ions (Crichton and Charloteaux-Wauters, 1987). For example,
Lf has been shown to participate in growth and differentiation of osteoblasts by
both increasing the proliferation and inhibiting apoptotic cell death, resulting in an
increase in bone matrix synthesis and mineralisation (Naot et al., 2005). Lf is also
anti-inflammatory. Lf proteolytic cleavage by pepsin digestion produces short
functional peptides capable of binding to outer-membrane structures such as
lipopolysaccharides (LPS), resulting in bacterial membrane permeabilisation and
disruption, attenuating the immunostimulatory response of LPS (Schryvers et al.,
1998). Lf also protects against carcinogenesis via stimulating natural killer cells,
modulating G1 proteins and suppressing vascular endothelial growth factor-

mediated angiogenesis (Sakamoto et al., 2006; Siebert and Huang, 1997).
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Tf is the predominant iron transporter in the body while Lf is thought to play a
limited role in normal iron homeostasis (Sanchez et al., 1992). Lf is more involved
in cellular iron management during neuroinflammation and the immune response
(Grossmann et al., 1992; Jameson et al., 1998; Sanchez et al.,, 1992). Its
expression is rapidly increased during infection and inflammation which
contributes to alterations in iron metabolism (Levay and Viljoen, 1995). As an
acute phase protein, Lf stifles pathogen growth by sequestering free iron
(Grossmann et al., 1992; Jameson et al., 1998; Levay and Viljoen, 1995). The
sites of infection and inflammation creates a pH environment low enough to
accommodate the iron binding capability of Lf whereas holo-Tf is unable to retain
its bound iron at acid pH (Aisen and Leibman, 1972; Sanchez et al., 1992). Of
significance, Lfis increased with AD in neurons and glia and accumulates around
lesions of neuronal damage, including plaques (Kawamata et al., 1993; Leveugle
et al., 1994; Qian and Wang, 1998; Wang et al., 2010) but it is yet to be
determined whether this is protective by sequestering free iron or deleterious by

signalling inflammation.
1.9 Aims

The processing of APP is an important determining factor in the development of
AD given that APP amyloidogenic proteolytic processing leads to the generation
of AB that accumulates in extracellular plaques in the AD brain (Cras et al., 1991).
A functional cognate ligand that promotes the amyloidogenic pathway of APP has
yet to be widely confirmed even though multiple groups have shown various
proteins to regulate APP metabolism, altering levels of AR secreted by cells (Tang
and Liou, 2007). Discovering a cognate ligand for APP is challenging because
one must find a ligand that has a role and an interrelationship within the
associated mechanisms involved in AD and one that corrects the multiple facets
of the pathobiology. Studies often provide experimental evidence that partially
characterise potential ligands and APP interactions. These often lack
experimental data relating to whether the interaction is direct or indirect, the
affinity and specificity of the target ligand to APP and whether the interaction
offers any insight to the possible physiological function of APP and its
amyloidogenic processing pathway. The identification of a novel ligand that not

only associates with APP and modulates it’s trafficking and processing but is also
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involved in the associated mechanisms implicated in AD will not only increase

our understanding of the disease but will also reveal potential therapeutic targets.

The major hypothesis of this study is to investigate whether Lf-signalled
inflammation could provide an ‘inflammatory hit' that shifts APP towards the
amyloidogenic pathway, resulting in AB production and subsequent intracellular
iron retention. This study will determine whether Lf is a key player connecting
neuroinflammation, iron accumulation, APP processing, and AR secretion which

will reveal a unified mechanism relevant to AD.

Direct binding of Lf with the major isoforms of APP with and without the presence
of iron will be investigated. This will determine whether the conformational change
to Lf in the presence of iron impacts the binding of APP and whether the
interaction is APP isoform specific. APP peptide arrays will be carried out to
identify the minimal binding domain of APP for Lf in the hope of identifying small
peptides that block the interaction and alleviate the associated Lf effects on APP

metabolism.

Whether the binding of Lf to APP requires a protein complex involving a third
component will also be addressed. Studies have demonstrated LRP1 to act as
an APP ligand and promote amyloidogenic processing (Rushworth et al., 2013).
An extracellular domain that also competitively binds Lf is required for this
endocytosis (Dautry-Varsat et al., 1983; Grey et al., 2004; Vash et al., 1998).
Therefore, whether the binding between Lf and APP is mediated by LRP
receptors will be determined.

Whether Lf is involved in APP receptor mediated endocytosis will be investigated
along with the impact of Lf on the predominant processing pathways of APP.
Manipulating the major proteins and cellular components required for clathrin-
dependent and independent internalisation into the cell will provide insight to the
internalisation route of Lf and APP. The precise intracellular location within the
endosomal system of Lf and APP after internalisation will also be ascertained by
manipulating some of the major Rab GTPases involved in the various APP
trafficking pathways (Kiral et al., 2018). Studies will provide further insight into the
intracellular location of the amyloidogenic processing of APP directed by Lf.

Evaluating the endocytosis, intracellular trafficking, and processing of APP
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mediated by Lf will also help define the mode of action of Lf at the cellular level

and provide critical insight into the precise cellular mechanism.

To confirm findings in a more physiological cellular environment, a cellular model
using transwell co-culture of microglia and neuroblastomas will be developed to
interrogate the signalling cross-talk between different populations of cells and
confirm the effects of inflammation induced Lf on the amyloidogenic processing
pathway of APP. Data obtained will not only resemble physiological conditions

but also provide a stronger biological relevance.

Whether Lf could possibly be considered as a therapeutic target will be explored
by masking the Lf binding sites of APP and investigating what effect this has on
the amyloidogenic pathway and production of ApB.

Whether APP is involved in the ability of Lf to alter iron homeostasis will be
investigated. Similar to the previous aims that use an acute dose, a more chronic
administration of Lf at varying doses will be used to determine whether the
persistent presence of Lf causes an accumulation of intracellular iron resulting in

iron-associated oxidative stress and cell death.

The identification of a new connection between APP and Lf along with unravelling
the precise cellular mechanism that may cause increased presence of AR and
iron, both elevated in AD (Duce et al., 2010; Murphy and LeVine, 2010; Zhu et
al., 2009), will determine whether this process can be responsible for the
neurodegeneration prevalent in AD. Outcomes obtained from this study will
strengthen our understanding of a mechanism as to how levels of iron and AR
may be altered in a population of people that have no pre-existing family history

of the disease.



.51 -
CHAPTER 2.0 METHODOLOGY

2.1 Materials

Chemicals and reagents were all analytical grade or tissue culture grade and

obtained from Sigma-Aldrich, unless otherwise stated.
2.2 Protein production
2.2.1 APP recombinant protein expression and purification

The recombinant fragments of the human soluble APP695a, APP751a, and
APP770a were all expressed in the methylotrophic yeast Pichia pastoris strain
GS115 and purified as previously described (Cappai et al., 1999; Henry et al.,
1997) by Dr Bruce Wong (The University of Melbourne, Australia). Media
containing APP required a two-step purification procedure using an AKTA FPLC
(GE Healthcare), involving anion exchange on a Q-Sepharose column (1.6 x 25
cm column; GE Healthcare) followed by hydrophobic exchange with phenyl-

Sepharose (0.5 x 5 cm column; GE Healthcare) (Henry et al., 1997).
2.2.2 Holo-Lf preparation from apo-Lf

Purified human apo-Lf was generously provided by Prof Robert Evans (Brunel
University, UK). Saturation of iron in apo-Lf to produce the holo-form was carried
out with freshly prepared FeNTA solution (9.9 mM ferric nitrate, 8.5 mM
nitrilotriacetic acid adjusted to pH 7.0) as previously described (van Berkel et al.,
1995). To determine the concentration of holo-Lf, the absorbance ratio at 280 and
466 nm was measured using a NanoDrop™ 2000c spectrophotometer (Thermo
Fisher Scientific). Total protein concentration was determined using the
absorption coefficient at 280 nm (¢28° = 135,000 M-1cm-?t) while the concentration
of the holo form was determined using the molar absorption coefficient at 466 nm
(€466 = 2300 Mtcm™) (Majka et al., 2013).

2.3 Biophysical methods
2.3.1 Sedimentation velocity

Sedimentation experiments were performed by Dr Tim Ryan (The University of

Melbourne, Australia) and were conducted using an XL-I analytical ultracentrifuge
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(Beckman Coulter Instruments), an An-Ti60 rotor, and double-sector 12-mm path
length cells containing Quartz windows and charcoal-filled epon centrepieces.
Samples were centrifuged at 50,000 rpm, with radial 280 nm absorbance scans
acquired from 6-7.25 cm every 7 minutes. Data were analysed with the c(S)
model from Sedfit 9.4 with maximum entropy regularisation to produce
sedimentation coefficient distributions (Schuck, 2000). The resulting c(S)
distributions were integrated to obtain the weight average sedimentation
coefficient and dissociation constants were obtained from this data as previously
described (Dam et al., 2005) (Appendix ).

2.3.2 Tryptophan fluorescence

Tryptophan fluorescence experiments were carried out by Dr Bruce Wong (The
University of Melbourne, Australia). Tryptophan fluorescence spectra were
measured in a 96-well quartz microplate using a Flexstation 3 fluorescence plate
reader (Molecular Devices). Fluorescence spectra were acquired, in triplicate,
using an excitation wavelength of 295 nm and scanning the emission
monochromator from 320-450 nm in 1 nm steps, with a bandwidth of 5 nm and
an averaging time of 1 second. Titration data of the change in fluorescence
intensity at 340 nm as a function of Lf concentration were fitted to a model
describing the binding of a ligand to 2 independent sites on an acceptor, as
described by Bailey et al (Bailey et al., 2007) (Appendix ) to obtain estimates of
the Kd1:1 and Kda:2, with the assumption that the change in fluorescence intensity

is entirely representative of the fraction of complex formed.
2.3.3 APP770 peptide array

To identify the minimal binding domains of APP for holo-Lf, 15-mer APP peptides
were custom synthesised on a cellulose membrane by the Spot technique
(GenScript). Full length APP770 was represented as overlapping peptides of 5
aa in length, each shifting by 10 aa (Table 2.1). Hence, each peptide was identical
with the previous peptide in 5 out of 15 residues. The peptide membrane was
rehydrated in methanol for 5 minutes at room temperature before being
thoroughly washed in PBS. Membrane was blocked for 2 hours at room
temperature in PBS containing 0.1 % (v/v) Tween-20 (PBS-T) with 3 % (w/v) BSA
and then incubated with 1 pg/ml holo-Lf in blocking buffer for 24 hours at 4°C.

After thoroughly washing, the membrane was incubated with rabbit anti-Lf (1:500;
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bs-5810R; Bioss) primary antibody in blocking buffer for 2 hours at room
temperature. Membrane was washed in PBS-T before incubation with
horseradish peroxidase (HRP)-conjugated anti-rabbit secondary antibody at a
dilution of 1:5000 in blocking buffer for 1 hour at room temperature. After
extensive washing, protein on membrane was visualised with enhanced
chemiluminescence (ECL) reagent (Thermo Scientific), following the
manufacturer’s instructions and images were captured using a LAS-3000
Imaging suite (Fujifilm Life Sciences). To determine non-specific binding of holo-
Lf, the above was repeated with recombinant apo-Lf (1 pg/ml) as a substitute for
holo-Lf, rabbit anti-Lf primary antibody alone (1:500), and finally HRP-conjugated
anti-rabbit secondary antibody alone (1:5000). The structure of the APP E2
domain (PDB code 3NYJ) highlighting the interactive binding sites for holo-Lf
(marked in yellow, red, and green) determined from the APP peptide array was
examined using UCSF Chimera 1.131 software

(http://www.rbvi.ucsf.edu/chimera).
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Table 2.1. 15-mer APP peptides covering the full length APP770 sequence

peptide_1 MLPGLALLLLAAWTA
peptide_2 AAWTARALEVPTDGN
peptide_3 PTDGNAGLLAEPQIA
peptide_4 EPQIAMFCGRLNMHM
peptide_5 LNMHMNVQNGKWDSD
peptide_6 KWDSDPSGTKTCIDT
peptide_7 TCIDTKEGILQYCQE
peptide_8 QYCQEVYPELQITNV
peptide_9 QITNVVEANQPVTIQ
peptide_10 PVTIQNWCKRGRKQC
peptide_11 GRKQCKTHPHFVIPY
peptide_12 FVIPYRCLVGEFVSD
peptide_13 EFVSDALLVPDKCKF
peptide_14 DKCKFLHQERMDVCE
peptide_15 MDVCETHLHWHTVAK
peptide_16 HTVAKETCSEKSTNL
peptide_17 KSTNLHDYGMLLPCG
peptide_18 LLPCGIDKFRGVEFV
peptide_19 GVEFVCCPLAEESDN
peptide_20 EESDNVDSADAEEDD
peptide_21 AEEDDSDVWWGGADT
peptide_22 GGADTDYADGSEDKV
peptide_23 SEDKVVEVAEEEEVA
peptide_24 EEEVAEVEEEEADDD
peptide_25 EADDDEDDEDGDEVE
peptide_26 GDEVEEEAEEPYEEA

peptide_27 PYEEATERTTSIATT
peptide_28 SIATTTTTTTESVEE
peptide_29 ESVEEVVREVCSEQA
peptide_30 CSEQAETGPCRAMIS
peptide_31 RAMISRWYFDVTEGK
peptide_32 VTEGKCAPFFYGGCG
peptide_33 YGGCGGNRNNFDTEE
peptide_34 FDTEEYCMAVCGSAM
peptide_35 CGSAMSQSLLKTTQE
peptide_36 KTTQEPLARDPVKLP
peptide_37 PVKLPTTAASTPDAV
peptide_38 TPDAVDKYLETPGDE
peptide_39 TPGDENEHAHFQKAK
peptide_40 FQKAKERLEAKHRER
peptide_41 KHRERMSQVMREWEE
peptide_42 REWEEAERQAKNLPK
peptide_43 KNLPKADKKAVIQHF
peptide_44 VIQHFQEKVESLEQE
peptide_45 SLEQEAANERQQLVE
peptide_46 QQLVETHMARVEAML
peptide_47 VEAMLNDRRRLALEN
peptide_48 LALENYITALQAVPP
peptide_49 QAVPPRPRHVFNMLK
peptide_50 FNMLKKYVRAEQKDR
peptide_51 EQKDRQHTLKHFEHV
peptide_52 HFEHVRMVDPKKAAQ

peptide_53 KKAAQIRSQVMTHLR
peptide_54 MTHLRVIYERMNQSL
peptide_55 MNQSLSLLYNVPAVA
peptide_56 VPAVAEEIQDEVDEL
peptide_57 EVDELLQKEQNYSDD
peptide_58 NYSDDVLANMISEPR
peptide_59 ISEPRISYGNDALMP
peptide_60 DALMPSLTETKTTVE
peptide_61 KTTVELLPVNGEFSL
peptide_62 GEFSLDDLQPWHSFG
peptide_63 WHSFGADSVPANTEN
peptide_64 ANTENEVEPVDARPA
peptide_65 DARPAADRGLTTRPG
peptide_66 TTRPGSGLTNIKTEE
peptide_67 IKTEEISEVKMDAEF
peptide_68 MDAEFRHDSGYEVHH
peptide_69 YEVHHQKLVFFAEDV
peptide_70 FAEDVGSNKGAIIGL
peptide_71 AIGLMVGGVVIATV
peptide_72 VIATVIVITLVMLKK
peptide_73 VMLKKKQYTSIHHGV
peptide_74 IHHGVVEVDAAVTPE
peptide_75 AVTPEERHLSKMQQN
peptide_76 KMQQNGYENPTYKFF
peptide_77 TYKFFEQMQN

2.4 Transgenic mice and treatments

Mice were raised in a controlled environment (22-25°C room temperature, 50-60
% relative humidity, and 12 hour light/dark cycles) with free access to food and
water. All mouse studies were performed by Dr Bruce Wong (The University of
Melbourne, Australia) with the approval of the IACUC and in accordance with
statutory regulations. APPKO mice (Zheng et al., 1995) and background
C57BL6/SV129 control mice aged 12 months were used. For iron-fed mice,
carbonyl iron was freshly prepared daily and administered at 120 ug/g/day in an

8 % sucrose solution for 8 days before sacrifice. Controls were administered with
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8 % sucrose solution only and the dose was orally applied with the use of an

olive-tipped oroesophageal needle.
2.4.1 Mouse brain tissue preparation

Mouse brain tissue was prepared by Dr Bruce Wong (The University of
Melbourne, Australia). Brain tissue was homogenised in PBS containing 1 %
Triton X-100 (PBS-TX100) and centrifuged at 100,000 g for 30 minutes at 4°C.
Supernatants were collected and protein content was determined by
Bicinchoninic acid (BCA; Method 2.6.3). Brain supernatants were then stored -

80°C until required for immunoprecipitation experiments.
2.5 Cell lines

Human SH-SY5Y expressing endogenous APP along with SH-SY5Y and mouse
Neuro-2a (N2a) cells stably transfected with APP695 (SH-SY5Y-APP695 and
N2a-APP695 respectively), were kindly provided by Prof Anthony Turner (The
University of Leeds, UK). Human microglial clone 3 (HMC3) cells were purchased
from American Type Culture Collection (ATCC®; CRL-3304 ™).

2.5.1 Cell culture maintenance

SH-SY5Y, SH-SY5Y-APP695 and N2a-APP695 cell lines were maintained in
complete growth medium consisting of Dulbecco’s Modified Eagle Medium
containing 4.5 g/L glucose with L-glutamine (DMEM; Lonza) supplemented with
10 % foetal bovine serum (FBS; Biosera). HMC3 cells were maintained in Eagle’s
Minimum Essential Medium (EMEM; ATCC®) supplemented with 10 % FBS. All

cell lines were sustained in a humidified chamber at 37°C with 5 % CO-.
2.5.2 Mouse primary neuronal cultures

Preparation and isolation of mouse primary neuronal cultures was carried out as
per our previous report (Wong et al., 2014b) by Dr Bruce Wong (The University

of Melbourne, Australia).
2.5.3 Co-culture of SH-SY5Y-APP695 cells with Microglial HMC3 cells

A transwell co-culture device was used to investigate the effect of Lf secretion

from induced microglia (Fillebeen et al., 2001; Wang et al., 2015) on the
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amyloidogenic pathway of APP in SH-SY5Y-APP695 cultures. The cell culture
insert which contains a semi-permeable polycarbonate membrane (0.4 ym pore
size; Transwell plate; Corning Inc.) was pre-incubated in HMC3 complete growth
medium at 37°C overnight to improve cell attachment and distribution. SH-SY5Y-
APP695 cells were seeded in 6-well plates at a density of 8.0 x 10° cells/ml while
HMCS3 cells were seeded into pre-incubated cell culture inserts (4.0 x 10° cells/ml)
both in their respective complete growth media and left overnight at 37°C with 5
% CO2to adhere. Cell culture inserts were then placed into wells to start a non-
contact co-culture of upper-well HMC3 and lower-well SH-SY5Y-APP695. For
HMC3 activation, the medium of the upper insert well was replaced with serum-
free EMEM containing 10 ng/ml recombinant human interferon-y (IFN-y)
(PeproTech) for 24 hours, while the medium in the lower plate well was replaced

with fresh serum-free DMEM.
2.5.4 RNA interference (RNAI)
2.5.4.1 Forward transfection

Cells were seeded in 6-well plates at 70 % confluency one day before being
transiently forward transfected. APP, BACELl, LRP1, dynamin (DYM), ARF6,
Rab5a, Rab7a, Rablla, Lf (SMARTpool: ON-TARGETplus Human siRNA,;
Thermo Scientific), or control non-target (ONTARGETplus Non-targeting Pool;
Thermo Scientific) RNAi were prepared at a final concentration of 20 nM in SIRNA
buffer (Thermo Scientific) and Opti-MEM (Life Technologies) to a volume of 150
ul. In turn, this was added to 150 pl of Opti-MEM containing 4 ul of Lipofectamine®
RNAIMAX (Life Technologies), prepared separately. After a 5 minute incubation
at room temperature, the 300 ul RNAi mixture was added dropwise to cells per
well in 1 ml complete growth medium and incubated for 48 hours at 37°C prior to

experimental conditioning.
2.5.4.2 Reverse transfection

For RNAI directed against clathrin heavy chain (CHC), cells were transiently
reverse transfected. CHC (SMARTpool: ON-TARGETplus Human CHC siRNA;
Thermo Scientific) or control non-target RNAI was prepared at a final
concentration of 40 nM in siRNA buffer and added to 500 ul Opti-MEM containing
9 ul of Lipofectamine® RNAIMAX and incubated at room temperature for 20
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minutes. During this incubation, cells were seeded in 6-well plates at 8.0 x 10°
cells/well in a 1 ml volume in complete growth medium. The 500 pl RNAI mixture
was then immediately added dropwise to the freshly re-suspended cells and
incubated for 30 minutes at room temperature and then a further 6 hours at 37°C.
Media was replaced with fresh complete growth medium and cells were further

incubated for 72 hours prior to experimental conditioning.
2.5.4.3 RNAi reverse and forward co-transfection

For RNAI directed against both LRP1 and APP, ARF6 and APP or Rab4a and
Rabl1a and control non-target, cells were transiently reverse transfected with 20
nM APP, Rab4a (SMARTpool: ON-TARGETplus Human Rab4a siRNA; Thermo
Scientific) or control non-target using 4 pl of Lipofectamine® RNAIMAX as
described above and on the following day, transiently forward transfected with 20
nM LRP1, ARF6 or Rablla RNAI using 4 ul of Lipofectamine® RNAIMAX. Cells
were incubated with the RNAI mixture for a further 48 hours prior to experimental

conditioning.
2.5.5 Lf titration and time course

For the Lf titration experiment, SH-SY5Y cells were incubated in Hank’s Balanced
Salt solution (HBSS) media containing 0, 50, 100, 250, 500, and 1000 nM holo-
Lf for 2 hours at 37°C. To confirm the optimal time for Lf treatment, cells were

incubated with 500 nM holo-Lf in HBSS for 0.5, 1, 2, and 4 hours at 37°C.
2.5.6 Iron bound and unbound forms of Lf and Tf treatment

Cells were incubated for 2 hours with HBSS containing apo-Lf, holo-Lf, apo-Tf or
holo-Tf (500 nM) at 37°C, unless otherwise stated. The procedure for holo-Lf
exposure to N2a-APP695 cells was performed according to Guo et al (Guo et al.,
2017). Cells were incubated with serum-free DMEM for 24 hours, then incubated
with fresh serum-free DMEM containing 0.1 mg/ml holo-Lf for an additional 24
hours at 37°C.

2.5.7 Methyl-B-cyclodextrin (MBCD) treatment

Cells were incubated in serum-free DMEM containing 1 mM MBCD for 3 hours at

37°C. Live cells were assayed for cholesterol depletion using the Amplex Red
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Cholesterol assay kit (Life Technologies) as described in the manufacturer's
instructions. Fluorescence was measured at an excitation of 560 nm and
emission of 590 nm using a FlexStation 3 with SoftMax Pro 5.4.6 software
(Molecular Devices). A standard curve was used to calculate cholesterol
concentrations of each sample. For each point, background fluorescence was

corrected by subtracting the values derived from the no-cholesterol control.
2.5.8 APP blocking peptides

The 15-mer APP peptides from the peptide array that specifically interacted with
holo-Lf were custom made with > 95 % purity from GenScript. Peptides were
dissolved in DMSO and pre-incubated at varying concentrations with holo-Lf (500
nM) in serum-free DMEM containing 0.01 % BSA for 2 hours at 4°C. Bound APP
peptide to holo-Lf was then applied to SH-SY5Y-APP695 cells and incubated for

another 2 hours at 37°C.
2.5.9 Antibody neutralisation of Lf

For antibody neutralisation experiments, 20 pg/ml of rabbit anti-Lf antibody or
rabbit IgG isotype control was added to SH-SY5Y-APP695 cells in the lower wells
of the co-culture device in serum-free DMEM, while serum-free EMEM with
human IFN-y was added in the upper wells containing HMC3 cells for 24 hours
at 37°C.

2.6 Protein analysis by Western blot
2.6.1 Preparation of condensed media

Serum-free conditioned media was collected and centrifuged for 5 minutes at
2500 g at room temperature to pellet any unwanted cells and debris. Media
samples were concentrated approximately 10-fold using a 3,000 Da molecular
weight cut off Amicon Ultra-0.5 centrifugal filter unit with an Ultracel-3 membrane
(Millipore) by centrifugation at 14,000 g for 30 minutes at room temperature.

Condensed media samples were stored at -20°C until further analysis.
2.6.2 Preparation of cell lysates

Cells were washed twice with ice-cold PBS, collected and pelleted by

centrifugation at 2500 g for 5 minutes at 4°C. Cells were re-suspended and lysed
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in ice-cold radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 1 % (v/v)
Nonidet P-40, 1 % (w/v) sodium deoxycholate, 0.1 % (v/v) SDS, 25 mM Tris-HCI,
pH 7.6) with a complete, EDTA-free protease inhibitor cocktail mixture (Roche)
for 15 minutes on ice. To increase protein yields, each sample was homogenised
using a 29 G x 13 mm needle and syringe. Cell lysates were clarified by

centrifugation at 14,000 g for 15 minutes at 4°C. Supernatants were transferred

to a fresh 1.5 ml tube and stored at -20°C until further analysis.
2.6.3 BCA protein assay

Total protein concentrations of cell lysate and conditioned media samples were
determined using the BCA protein assay kit (Thermo Fisher Scientific) according
to the manufacturer's instructions. All measurements were performed in
duplicates and conducted in a clear 96-well microplate. A standard curve was
prepared by diluting the BSA standard in dH20. Both standards and samples
were diluted 1:10 in dH20 and pipetted into the microplate wells. A working
reagent was made by mixing 50 parts of Reagent A with 1 part of Reagent B. 200
Ml of this mixture was added to each well and the microplate was incubated at
37°C for 30 minutes. After cooling the plate to room temperature, the absorbance
was measured at 562 nm using a Varioskan Flash spectral scanning multimode
reader and analysed using Skanlt 2.5.1 software (Thermo Fisher Scientific). By
taking the dilution factors into account, the BSA standard curve was used to
calculate the concentrations of the unknown protein samples using the blank

subtracted data.

2.6.4 Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-
PAGE) and Western blotting

10 ug of total protein in media and cell lysates or equal volumes of conditioned
media containing purified holo-Lf protein from each experimental condition were
denatured in Laemmli sample buffer (62.5 mM Tris-HCI pH 6.8, 25 % glycerol, 2
% SDS, 0.01 % bromophenol blue, 5 % 2-mercaptoethanol) and boiled at 90°C
for 5 minutes. Samples were separated on 10 % PAGE (Tris-Glycine; BioRad)
for sAPP/APP, ADAM10, BACEL, LRP1, CHC, DYM, ARF6, sAPP, Lf, TfR, and
Ft detection or 4-20 % PAGE (Tris-Glycine; BioRad) for Rab4, Rab5, Rab7,

Rabl11, and major histocompatibility complex class Il (MHC class Il) detection
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using the Mini Protean Tetra system (BioRad), and electrophoresed at 120 V in
25 mM Tris, 192 mM Glycine, 0.1 % (w/v) SDS, pH 8.3 buffer. Resolved proteins
were transferred to polyvinylidene difluoride (PVDF) 0.45 um membranes
(Hybond-P; GE Healthcare Life Sciences) at 120 V for 75 minutes at 4°C in 25
mM Tris, 192 mM glycine buffer containing 20 % methanol. For Lf detection,
resolved proteins were transferred to nitrocellulose 0.45 ym membranes (Protran;
GE Healthcare Life Sciences). For AB detection, protein samples were separated
on 4-12 % PAGE (Bis-Tris; Life Technologies), electrophoresed at 120 V in 50
mM MES, 50 mM Tris, 0.1 % (w/v) SDS, 1 mM EDTA, pH 7.3 buffer, and
transferred to PVDF 0.2 um membranes at 25 mA for 2 hours and 15 minutes at
4°C. PVDF membranes were blocked for 1 hour at room temperature in PBS-T
with either 5 % (w/v) dried milk powder or 2 % (w/v) BSA (Table 2.2). For AB
detection, PVDF membranes were boiled in PBS for 10 minutes before blocking
to expose epitopes for antibody binding. Membranes were then incubated
overnight at 4°C with primary antibody diluted in blocking buffer (Table 2.2).
Membranes were then washed in PBS-T before incubation with HRP-conjugated
secondary antibody at a dilution of 1:5000 in PBS-T for 1 hour at room
temperature. Membranes were washed in PBS-T once again and proteins were
visualised with ECL reagent and images were captured using a LAS-3000
Imaging suite. For re-probing membranes, antibodies were stripped by incubating
the blots for 30 minutes at room temperature in Re-Blot Plus Strong Antibody
Stripping solution (Millipore) diluted 1:10 in dH20, before repeating the
immunoblotting procedure with either B-actin or Na*/K* ATPase antibody (Table
2.2). Densitometry using Image J (v1.48k; NIH) was performed in triplicate or
duplicate on 3 separate experiments unless otherwise stated and all
guantification was standardised against B-actin levels or Na*/K* ATPase for

surface protein analysis.
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Table 2.2. Antibodies and conditions used in Western blotting

Antigen

Antibody

Dilution

Blocking agent

Secondary

SAPP/APP

22C11 (Millipore)

1:2000

5 % (wiv) milk

Rabbit anti-Mouse

ADAM10

ab1997 (Abcam)

1:1000

2 % (w/v) BSA

Goat anti-Rabbit

BACE1l

ab108394 (Abcam)

1:1000

2 % (w/v) BSA

Goat anti-Rabbit

LRP1

ah92544 (Abcam)

1:5000

2 % (w/v) BSA

Goat anti-Rabbit

CHC

ab21679 (Abcam)

1:1000

5 % (wiv) milk

Goat anti-Rabbit

DYM

ab52611 (Abcam)

1:1000

5 % (w/v) milk

Goat anti-Rabbit

ARF6

ab131261 (Abcam)

1:1000

2 % (w/v) BSA

Goat anti-Rabbit

SAPPB

1A9
(GlaxoSmithKline)

1:2500

5 9% (wiv) milk

Rabbit anti-Mouse

Lf

bs-5810R (Bioss)

1:500

2 % (w/v) BSA

Goat anti-Rabbit

TR

H68.4 (Invitrogen)

1:2000

5 9% (wiv) milk

Rabbit anti-Mouse

Ft

FTH1 (Cell Signalling
Technology)

1:1000

2 % (w/v) BSA

Goat anti-Rabbit

Rab4

ab13252 (Abcam)

1:1000

5 % (w/v) milk

Goat anti-Rabbit

Rab5

ab109534 (Abcam)

1:1000

5 % (wiv) milk

Goat anti-Rabbit

Rab7

ab137029 (Abcam)

1:1000

5 % (wiv) milk

Goat anti-Rabbit

Rab11

ab3612 (Abcam)

1:500

5 % (wiv) milk

Goat anti-Rabbit

MHC class I

ab157210 (Abcam)

1:5000

5 % (wiv) milk

Goat anti-Rabbit

SAB/AB

6E10 (BioLegend)

1:2000

2 % (w/v) BSA

Rabbit anti-Mouse

Na*/K+* ATPase

ab7671 (Abcam)

1:1000

5 % (wiv) milk

Rabbit anti-Mouse

B-actin

AC15

1:5000

5 % (wiv) milk

Rabbit anti-Mouse




-62 -

2.7 Double-Antibody capture Enzyme-Linked Immunosorbent Assay
(ELISA)

The level of AB in cell lysates and conditioned media were quantified using the
double-antibody capture ELISA as previously described (Haugabook et al.,
2001). Monoclonal antibodies W02 (recognising amino acids 4-10 of the N-
terminal region of AB) and HRP-conjugated 1E8 (recognising amino acids 18-22
of AB) were kindly provided by Dr Bruce Wong (The University of Melbourne,
Australia). Nunc MaxiSorp® flat-bottom 96 well plates (eBioscience) were coated
overnight at 4°C with 0.5 pg/well of monoclonal W02 AB capture antibody in PBS
(100 pl per well). Plates were blocked for 4 hours at room temperature with PBS
containing 0.5 % (w/v) casein. After blocking, plates were washed twice with PBS,
and 50 pg total cell lysate, 100 ul neat conditioned media samples and ABa42
standards (Bachem) diluted in assay buffer (5.75 mM NaH2POs4, 15 mM
NazHPOa4, 2 mM EDTA, 0.4 M NaCl, 0.2 % (w/v) BSA, 0.05 % (w/v) CHAPS, 0.5
% (w/v) casein, 0.05 % (w/v) NaNs, pH 7.0) were placed in the appropriate wells
and incubated at 4°C for 24 hours. Wells were washed twice with PBS and
incubated in HRP-conjugated 1E8 AR detection antibody (1:1000) diluted in 3.4
mM NaH2POa4, 17 mM Na2HPO4, 2 mM EDTA, 1 % (w/v) BSA, pH 7.0 and
incubated overnight at 4°C. Wells were washed three times with PBS-T and
developed using 3,3',5,5'-tetramethylbenzidine (TMB) according to the
manufacturer’s instructions (Insight Biotechnology). The reaction was stopped
with 1 M H3PO4 and absorbance was read at 450 nm using a FlexStation 3 with
SoftMax Pro 5.4.6 software. AB values in the unknowns were calculated by

comparison to the values obtained from the synthetic AB1-42 standards.
2.8 Cell surface Biotinylation assay

Cells were rinsed once with ice-cold PBS (Mg/Ca) and labelled with 0.5 mg/ml
sulfosuccinimidyl-2-[biotinamido]  ethyl-1,3-dithiopropionate  (Sulfo-NHS-SS-
Biotin; Thermo Scientific) in PBS (Mg/Ca) for 30 minutes on ice. Unreacted biotin
was guenched with ice-cold 100 mM glycine for 20 minutes on ice and cells were
rinsed three times with ice-cold PBS (Mg/Ca). Cells were then lysed using RIPA
buffer and BCA protein assayed as previously described (Methods 2.6.2 & 2.6.3).
To precipitate biotinylated surface proteins, equal amounts of protein from cell

lysates were incubated with 50 ul High Capacity Neutravidin Agarose (Thermo
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Scientific) overnight at 4°C. Agarose was pelleted by brief centrifugation and
supernatants containing non-bound ‘intracellular’ proteins were removed.
Agarose was then washed twice with ice-cold RIPA buffer followed by ice-cold
‘high salt’ wash buffer (500 mM NaCl, 5 mM EDTA, 50 mM Tris-HCI pH 7.5) and
then finally with ice-cold ‘no salt’ wash buffer (10 mM Tris-HCI pH 7.5). Bound
proteins were eluted with 40 yl Laemmli sample buffer containing 50 mM DTT for
30 minutes at room temperature. The procedure for cell surface biotinylation on
isolated mouse primary cortical neurons was carried out by Dr Bruce Wong (The
University of Melbourne, Australia).

2.9 Fluorescence-activated cell sorting (FACS)

SH-SY5Y cells were washed and collected using PBS at room temperature. After
cells were pelleted by centrifugation at 800 g for 5 minutes at room temperature,
the remaining procedure was performed at 4°C. Cells were re-suspended in ice-
cold FACS buffer (PBS, 2.5 mM EDTA pH 8.0) and incubated with a primary
antibody against N-terminal APP (1:50; ab15272; Abcam) or FPN (1:50; LifeSpan
Biosciences) for 30 min. APP and FPN antibodies used were raised to epitopes
on extracellular domains and intensity of fluorescence was compared to cells
stained with secondary only to minimise the detection of non-specific binding.
Cells were washed with FACS buffer before lightly fixing with 1 %
paraformaldehyde (Alfa Aesar) for 5 minutes. Cells were then re-suspended in
FACS buffer containing AlexaFluor 488 goat anti-rabbit IgG secondary antibody
(1:200; Life Technologies) for 30 minutes in the dark. Cells were further washed
with  FACS buffer before incubating with 4’,6-diamidino-2-phenylindol
dihydrochloride (DAPI; 1:2000; Cell Signaling Technology) to differentiate dead
cells. Cells were sorted by forward and side scatter on a BD-LSR-Fortessa (BD
Biosciences) with a 488 nM blue laser according to fluorescence at 53030 nM.
A minimum of 10,000 cells were recorded in each experiment, having gated the
cell population to ensure that only live cells were monitored. Experiments were
carried out in duplicate on 3 separate occasions and data were analysed using
BD FACS DiVa 6.0 and FlowJo 7.6.4 software.

2.10 Ligand internalisation assay

SH-SY5Y cells were incubated in Opti-MEM for 2 hours at 37°C. During this

incubation, sulfo-NHS-SS-Biotin was added to holo-Lf in 20-fold molar excess
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and incubated at room temperature for 30 minutes. Removal of non-reacted sulfo-
NHS-SS-Biotin was performed by gel filtration using Zeba™ Spin Desalting
Columns with a 40,000 Da molecular weight cut off (Thermo Scientific), according
to the manufacturer’s instructions. Opti-MEM was removed and replaced with
fresh Opti-MEM containing 0.5 mg/ml biotinylated holo-Lf and cells were further
incubated for 60 minutes at 37°C to allow internalisation. Internalisation was
stopped by incubating cells with ice-cold NT buffer (150 mM NaCl, 1 mM EDTA,
0.2 % (w/v) BSA, 20 mM Tris-HCI pH 8.5) on ice for 5 minutes. Residual surface
biotin was stripped by incubating cells with 20 mM of the membrane impermeant
reducing agent 2-mercaptoethane sulfonic acid (MeSNa) in ice-cold NT buffer
twice for 30 minutes each on ice. Cells were washed with ice-cold HBSS then
incubated in fresh HBSS containing 20 mM iodoacetic acid for 15 minutes to
inactivate residual MeSNa. To examine total biotinylated Lf, MeSNa treatment
was omitted. PBS-T containing 2 % (w/v) BSA with High Sensitivity Streptavidin-
HRP antibody (1:5000; Thermo Scientific) was used to detect biotinylated holo-
Lf. Refer to Figure 2.1 for a schematic overview of the ligand internalisation

assay.
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NHS-SS-Biotin  Holo-Lf
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Figure 2.1. Schematic overview of the ligand internalisation assay. Holo-Lf
(purple circles) was biotinylated with NHS-SS-Biotin (yellow stars) and then
added to cells at 37°C to allow internalisation. Surface biotin was cleaved with
the membrane impermeant reducing agent MeSNa to distinguish between

internalised and surface localised proteins.
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2.11 Immunoprecipitation (IP)

For IP experiments, the IP Dynabeads™ protein G kit (Thermo Scientific) was
used as per the manufacturer's instructions with minor modifications. After
treatment with each experimental condition, media was collected or cells were
lysed and each sample was BCA protein assayed as previously described
(Methods 2.6.2 & 2.6.3). Equal concentrations of media or cell lysate were pre-
cleared for any non-specific binding with 50 ul protein G Dynabeads for 1 hour at
4°C. Capture antibody (anti-LRP1; 1:100 or anti-Lf; 1:200; LifeSpan BioSciences)
was incubated with 50 pl protein G Dynabeads for 2 hours to allow sufficient
antibody binding. Pre-cleared media or cell lysates were then added to each tube
containing protein G Dynabeads bound to antibody and mixed for a further 24
hours at 4°C. Beads were then thoroughly washed and bound proteins were
either eluted with 50 yl Laemmli sample buffer for 10 minutes at 70°C or 100 mM
citrate buffer pH 2.0 for 10 minutes at room temperature. Unbound fractions were
concentrated approximately 10-fold using a 3,000 Da molecular weight cut off
Amicon Ultra-0.5 centrifugal filter unit with an Ultracel-3 membrane as previously
described (Method 2.6.1). As a negative control, mouse anti-B-actin (1:100) was
used as the capture antibody to confirm specificity of protein interaction. For co-
culture IP experiments, each fraction was buffer exchanged with HBSS using
Zeba™ Spin Desalting Columns and an aliquot from each fraction was tested for
Lf expression via Western blot before being applied to SH-SY5Y-APP695 cells
for 2 hours at 37°C. Immunoprecipitation of Lf with APP in mouse brain tissue
was performed by Dr Bruce Wong (The University of Melbourne, Australia). Equal
concentrations of supernatant from each experimental condition were pre-cleared
for non-specific binding with protein G agarose beads for 1 hour at 4°C before
being incubated with capture antibody (anti-Lf; 1:200; LifeSpan BioSciences) for
a further 1 hour at 4°C. Fresh equilibrated protein G agarose beads were then
added to each sample and mixed for a further 2 hours at 4°C. Beads were then
thoroughly washed in PBS-TX100 and bound proteins were eluted with Laemmli

sample buffer for 10 minutes at 70°C.
2.12 Double Immunofluorescence and Confocal Microscopy

Double immunofluorescence staining was performed to examine co-localisation
of APP with CHC, ARF6, Rab4 and Rab11 in the presence of holo-Lf. After RNAI
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transfection (Method 2.5.4), SH-SY5Y-APP695 cells were re-platted on poly-L-
lysine coated coverslips. Cells were rinsed once with DMEM and blocked in
DMEM containing 1 % (w/v) BSA on ice for 30 minutes to halt surface protein
internalisation. Cells were then incubated with mouse anti-APP (22C11; 1:50; in-
house) antibody in blocking buffer for 20 minutes on ice to label surface presented
APP. Non-permeabilised cells were rinsed in PBS (Mg/Ca) and incubated with
HBSS media containing 1 uM holo-Lf for 1 hour at 37°C. Cells were washed with
PBS (Mg/Ca) and fixed with 4 % paraformaldehyde for 10 minutes at room
temperature. Excessive fixative was quenched with 50 mM NHa4Cl. Cells were
washed thoroughly and permeabilised in PBS (Mg/Ca) containing 0.1 % Triton X-
100 for 15 minutes at room temperature to gain entry to internalised proteins.
After thoroughly washing with PBS (Mg/Ca), cells were blocked again in PBS
(Mg/Ca) containing 5 % (v/v) donkey serum for 30 minutes at room temperature.
Cells were then incubated with the appropriate primary antibodies diluted in
blocking buffer for a further 24 hours at 4°C. Primary antibodies used were anti-
CHC (1:100), anti-ARF6 (1:100), anti-Rab4 (1:100), and anti-Rab11 (1:50). Cells
were then incubated with fluorescently conjugated secondary antibodies for 1
hour in blocking buffer after further washes in PBS (Mg/Ca). Alexa Fluor 488
Donkey anti-Mouse IgG and Alexa Fluor 568 Donkey anti-Rabbit IgG (Life
Techologies) were used in combination at 1:500. Cells were washed in PBS
(Mg/Ca) and at a final time in ‘no salt’ wash buffer before being mounted onto
slides using FluorSave ™ mounting reagent (Millipore). A Zeiss LSM700 inverted
confocal microscope under an oil-immersed 63x objective lens (NA = 1.40) was
used to collect z-stacks of immunofluorescent stained cells, deconvoluted using
ZEN 2.3 SP1 (Black) software (Carl Zeiss Microscopy GmbH), and each stack
compiled using Image J software. Refer to Figure 2.2 for a schematic

representation of the double immunofluorescence staining procedure.
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Figure 2.2. Schematic overview of the double immunofluorescence staining
procedure. Cell surface APP (orange bars) were labelled with primary antibody
at 4°C before being allowed to internalise at 37°C in the presence of holo-Lf
(purple circles). Cells were fixed and permeabilised to allow access to internalised
proteins. Cells were labelled with the appropriate second primary antibody and
then stained with Alexa Fluor 488 (green) and 568 (red) conjugated secondary

antibodies to detect co-localisation of proteins.
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2.13 Fluorometric BACEL activity assay

Total BACE activity using human recombinant BACE1 enzyme (Invitrogen) in the
presence of apo- and holo-Lf was determined using the TruPoint™ (3-Secretase
Assay kit (PerkinElmer Life Sciences) according to the manufacturer’s
instructions. All measurements were performed in black 384-well OptiPlates
(PerkinElmer Life Sciences) in a final reaction volume of 50 ul. Both BACE1
enzyme and substrate were diluted in reaction buffer (included in the kit) and
reactions were initiated by the addition of 20 pl of BACE1 enzyme (10
pMM/reaction) to wells containing 10 ul of either apo- or holo-Lf (20 yM). 20 ul of
substrate was added to each well at a final concentration of 200 nM.
Fluorescence at an excitation of 340 nm and emission of 615 nm measurements
were started immediately and taken every 2 minutes for a total time of 90 minutes
using a FlexStation 3 with SoftMax Pro 5.4.6 software. Control wells were
prepared without BACE1 enzyme (background) or Lf proteins (enzyme alone). In
the presence of the BACE1 enzyme, the peptide substrate is cleaved, separating
the fluorescent europium chelate from the quencher (QSY 7), generating a time-

resolved fluorescent signal (Gopalakrishnan et al., 2002).
2.14 Calcein-AM assay

The use of Calcein-AM to measure the cytoplasmic LIP was adapted from a
previously reported procedure (Kakhlon and Cabantchik, 2002). Cells were
plated at 20,000 cells/well in a black 96-well microplate (Greiner Bio-One) in
complete growth medium before treatment with each experimental condition.
Cells were washed twice with PBS after which 100 pl of PBS containing a final
concentration of 60 nM Calcein-AM (Life Techologies) was added. Fluorescence
at an excitation of 485 nm and emission of 535 nm measurements were started
immediately and taken every minute using a FlexStation 3 with SoftMax Pro 5.4.6
software for 10 min or until a consistent minimum reading had been reached. In
triplicate, the iron chelating agent DFP was rapidly added at a final concentration
of 100 uM and fluorescence measurements were started again immediately.
Readings were continued for a further 5 min or until a plateau had been reached.
The fold change of LIP chelated was calculated as the AF (the difference in
fluorescence from before and after DFP addition) for each condition compared to

control under endogenous iron homeostatic regulation.
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2.15 Lipid peroxidation assay

Oxidative stress was measured with the lipid peroxidation sensor BODIPY-C11
(Thermo Scientific) according to the manufacturer’s instructions. SH-SY5Y-
APP695 cells were incubated with complete growth medium containing 0, 0.1,
0.25, 0.5, 1, 3, 5 and 10 PM holo-Lf for either 2 or 72 hours at 37°C. After
treatment, cells were rinsed once with PBS (Mg/Ca) and then incubated with
DMEM containing 1 yM BODIPY-C11 for 30 minutes at 37°C in the dark. Cells
were washed twice with PBS (Mg/Ca) and then incubated with DAPI (1:2000) to
measure cell death. BODIPY-C11 was read in tandem with DAPI using a BD-
LSR-Fortessa with a 488 nM blue laser according to fluorescence at 530+30 nM.
Flow cytometry data were analysed using BD FACS DiVa 6.0 and FlowJo 7.6.4

software.
2.16 Statistical analysis

Statistical analysis and graphical presentation was performed with GraphPad
Prism v7.0 software. All data are expressed as means * standard error (SE).
Analysis was carried out with a two-tailed t-test, one-way analysis of variance
(ANOVA) followed by Tukey’s post-hoc test or two-way ANOVA followed by
Bonferroni multiple comparison test, and p-values < 0.05 were considered

statistically significant.
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CHAPTER 3.0 IRON-BOUND HOLO-LF DIRECTLY BINDS TO
THE E2 DOMAIN OF APP

3.1 Introduction

How neuroinflammation and iron dyshomeostasis contribute to AD pathogenesis
remains poorly understood. There are a variety of proteins and cellular
components associated with these mechanisms that modulate AR production,
directly or indirectly interacting with APP (Tang and Liou, 2007). However, a
functional cognate ligand that promotes the amyloidogenic pathway of APP is yet
to be widely confirmed. The identification of a novel therapeutic target that not
only associates with APP and modulates it’s trafficking and processing but is also
involved in the associated early AD pathological mechanisms offers hope for
potential therapy.

Lf is an iron transporting protein which is secreted by activated microglia in
response to inflammatory stimuli (Fillebeen et al., 2001; Wang et al., 2015) and
plays an important role in modulating an innate immune response (Actor et al.,
2009). Lf is increased in AD within neurons and glia, and accumulates around
lesions of neuronal damage, including plaques (Kawamata et al., 1993; Leveugle
et al., 1994; Qian and Wang, 1998; Wang et al., 2010). The upregulation of Lf
within the AD brain suggests a potential role for Lf in AD. Furthermore, APP was
found to be co-localised with Lf in the affected regions of the AD brain (Kawamata
et al., 1993; Tuccari et al., 2002), suggesting a potential physical interaction
between Lf and APP. However, at present, there has been no evidence of a direct

interaction of APP with Lf or with any of the other members of the Tf family.

Iron imbalance is tightly linked with inflammation and the immune response and
many proteins involved in cellular iron management are altered by inflammatory
stimuli that ultimately lead to cellular iron retention (Sheng et al., 2003; Urrutia et
al., 2013). Indicators of an inflammatory response are associated with iron
accumulation as early hallmarks of AD (Rogers et al., 1996; Smith et al., 1997).
Both APP and Lf are involved in cellular iron management and have been linked
with neuroinflammation and the immune response. APP binds to the iron efflux
protein FPN, tethering it to the membrane for efficient neuronal iron export (Ayton
et al., 2015b; Ayton et al.,, 2014; Duce et al., 2010; McCarthy et al., 2014;
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Needham et al., 2014; Wong et al., 2014b), and APPKO mice exposed to an
inflammatory stimulus, exhibit less reactive microglia (Carrano and Das, 2015)
indicating an altered innate immune response. Lf, as an acute phase protein
isolates pathogens from its essential growth nutrient iron by sequestration and
redistribution (Actor et al., 2009; Kruzel et al., 2007; Kruzel et al., 2017).

LRP1 is part of the LDLR family and is involved in lipoprotein metabolism,
protease degradation, lysosomal enzyme activation and can also act as a cellular
entry point for bacterial toxins and viruses (Marzolo and Bu, 2009). LRP1 is one
of the gene hits discovered by GWAS associated with sporadic AD (Shinohara et
al., 2017). It is an endocytotic receptor that recognises more than thirty ligands
(Spuch et al., 2012) including APP (Lakshmana et al., 2008) and Lf (Grey et al.,
2004). The amyloidogenic processing of APP by B-secretase in the lipid raft is via
receptor mediated endocytosis involving LRP1 (Lakshmana et al., 2008). An
extracellular domain that also competitively binds Lf is required for this
endocytosis (Dautry-Varsat et al., 1983; Grey et al., 2004; Vash et al., 1998).

In the present chapter, we demonstrate the inflammatory response protein Lf as
a new binding partner to APP. Since conformational differences have been shown
between iron-free apo-Lf and iron bound holo-Lf (Jameson et al., 1998;
Querinjean et al., 1971), direct binding of Lf with the major isoforms of APP with
and without the presence of iron was investigated in vitro. Information obtained
was further validated in vivo, demonstrating physiological relevance of the
interaction between Lf and APP. The minimal binding domain of APP for Lf was
identified and through a series of biophysical techniques, the affinity of holo-Lf for
APP was observed to be comparable to that of another previously reported
interaction of Lf with the copper-carrying ferroxidase protein Cp (Ha-Duong et al.,
2010; White et al., 2012). Whether the binding of Lf to APP requires a protein

complex involving LRP receptors was also investigated.
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3.2 Results
3.2.1 Sedimentation velocity analysis of the interaction between Lf and APP

To confirm the interaction between Lf and APP, sedimentation velocity analysis
was performed. sAPPa (sAPP695) alone sedimented as a single homogenous
distribution with a modal sedimentation coefficient of 3.92 S (f/f0O = 1.4, molecular
weight = 61,000 Da), while holo-Lf alone provided a similar Gaussian distribution
with a modal sedimentation coefficient of 5.1 S (f/f0 = 1.38, molecular weight =
79,000 Da) (Figure 3.1A). Mixing of SAPP695 with holo-Lf at molar ratios of 1:1
or less resulted in a bimodal distribution with maximal sedimentation coefficients
at approximately 4 S and 6.9 S, (f/f0 = 1.39, molecular weights of = 61,000 and
142,000 Da) (Figure 3.1A). The significant shift in the second Gaussian
distribution to a higher sedimentation coefficient suggests a strong interaction.
Example data sets showing data quality, and the fit of the c(s) model to the data

are shown in Appendix | (Figure S1).

Increasing the ratio of holo-Lf:sAPP695 to 1.5:1 and 2:1, resulted in the
emergence of a third peak in the c(S) distribution with a maxima at =9.8 S (f/f0 =
1.36, molecular weight = 223,000 Da) (Figure 3.1A), consistent with a
stoichiometry of 2 Lf molecules per sAPP695 molecule. Weight average
sedimentation coefficients for these samples were obtained by integrating the
c(S) distributions in Figure 3.1A (Figure 3.1B). The data were fitted to a two-site
binding model (Appendix I: Eq. 1) to obtain estimates of Kdi:1 and Kdi:2 (Table
3.1), giving an R? of 0.998. Single site models were also trialled, however the
quality of the fit to this model was poor with a non-random distribution of residuals
and R? < 0.92 (data not shown). To determine if alternative isoforms of APP had
different binding affinities to holo-Lf, the larger sAPPa isoforms sAPP751 and
sAPP770, which are preferentially expressed in the periphery were also
examined. In the presence of equimolar holo-Lf, all three isoforms produced
similar bimodal c(S) distributions with maxima at approximately 4 S and 7 S
(Figure 3.1C) indicating that the additional domains present in the larger APP
isoforms did not alter the interaction with Lf.

To investigate the interaction of APP with apo-Lf, the sedimentation behaviour of
apo-Lf was analysed in the presence of sAPP695. The unbound-iron did not

affect the rate of sedimentation of apo-Lf alone, giving a very similar
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sedimentation distribution to that of holo-Lf. Mixing apo-Lf with SAPP695 at a 1:1
or 5:1 molar ratio resulted in a bimodal distribution with modal sedimentation
coefficients of 3.95 S and 5.0 S (Figure 3.1D), which correspond to the modal
sedimentation values of APP alone and apo-Lf alone, respectively. This indicates
that there is no significant interaction between these two molecules in the

absence of iron.
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Figure 3.1. Biophysical interaction of Lf with APP via sedimentation
velocity. (A) Sedimentation coefficient distributions of holo-Lf alone (5 uM,;
orange) and APP (2.5 pM) in the absence (black) and presence of holo-Lf (green:
2.5 uM; blue: 3.75 puM; red: 5 pM). The ¢(S) distributions indicate two different
complexes which form in a concentration dependent manner. (B) The weight
average sedimentation coefficient obtained by integrating the ¢(S) distribution as
a function of Lf concentration. Data was analysed using Eg. 1 found in Appendix
[, with the assumption that APP contains two binding sites for Lf with two different
dissociation constants. (C) Sedimentation coefficient distributions of APP695
(black), APP751 (red) and APP770 (blue) (2.5 uM) in the presence of holo-Lf (2.5
MM). (D) Sedimentation velocity analysis of apo-Lf alone (2.5 uyM; orange) and
APP (2.5 uM) in the absence (black) and presence of apo-Lf (purple: 2.5 uM,;
maroon: 12.5 yM). Data are means of 3 experiments performed in triplicate.
Sedimentation velocity experiments were performed by Dr Tim Ryan (The

University of Melbourne, Australia).
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3.2.2 Intrinsic fluorescence analysis of the interaction between Lf and APP

The interaction of SAPP695 with holo-Lf was investigated further using intrinsic
tryptophan fluorescence spectroscopy. Fluorescence spectra (Figure 3.2A)
showed that the tryptophan fluorescence intensity of SAPP695 in the presence of
an excess of holo-Lf was approximately 1.15 fold greater than the simple addition
of the tryptophan fluorescence spectra of these two macromolecules. In addition,
while the maxima of the 2 spectra are not significantly different, the spectrum of
the mixture of SAPP695 and holo-Lf is more intense in the longer wavelength
region than that of the addition spectra of the two macromolecules (Figure 3.2B),
indicating that there is a blue shift in one or more of the 15 tryptophan residues
present in these macromolecules. This increased sharpening and fluorescence
intensity suggests that at least one of these residues is being protected from
solvent as part of this interaction. The change in fluorescence intensity as a
function of Lf concentration is presented in Figure 3.2C. While a single site model
could fit the data (R? of 0.97) a better fit was obtained using a 2-site model (R? =
0.99), giving estimates of Kdi:1 and Kdi:2 that were in accordance with those

obtained from sedimentation analysis (Table 3.1).

Similar results in both intrinsic fluorescence and sedimentation velocity analyses

were obtained with bovine Lf (data not shown).
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Figure 3.2. Confirmation of biophysical interaction of APP with Lf via
fluorescence spectroscopy. (A) Tryptophan fluorescence spectra were
acquired using an excitation wavelength of 295 nm for APP alone (2.5 pM)
(black), holo-Lf alone (5 uM) (orange) and a mixture of APP and holo-Lf (2.5 yM
and 5 pM, respectively) (red). To determine the total expected intensity an
addition spectrum of APP alone and holo-Lf alone spectra was also calculated
(blue). (B) Normalised spectra for the addition spectrum (blue) and the spectra of
the APP and Lf mixture (red). (C) The difference in fluorescence intensity
between the addition spectrum and the spectra of the mixture of APP and Lf
plotted as a function of Lf concentration. The data were analysed according to
Eqg. 2 (Appendix 1) assuming a 2-site model with two different dissociation
constants. Data are means of 3 experiments performed in triplicate.
Fluorescence spectroscopy experiments were carried out by Dr Bruce

Wong (The University of Melbourne, Australia).
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Table 3.1. Dissociation constants determined from sedimentation velocity

and fluorescence analysis

Sedimentation velocity analysis Fluorescence analysis

Kdi:1 (uM) 0.62 0.69

Kd:2 (M) 8.2 9.4

3.2.3 ldentification of APP binding sites for holo-Lf

A peptide array of 15-mer APP peptides, each with a 5 aa overlap covering the
full length human APP770 sequence was prepared by using the Spot technique
and then tested for reactivity with purified holo-Lf (1 ug/ml; 24 hours). In
comparison to apo-Lf (Figure 3.3B), anti-Lf primary (Figure 3.3C) and anti-rabbit
(Figure 3.3D) secondary antibody treatment controls, we identified five reactive
sequences that bound to holo-Lf (Figure 3.3A). Peptide 49
(QAVPPRPRHVFNMLK), corresponding to region 481-495 of the APP770
sequence, showed to be most reactive. This was followed by peptide 40
(FOQKAKERLEAKHRER), located at 391-405 of APP770, peptide 55
(MNQSLSLLYNVPAVA), located at 541-555 of APP770, and finally peptide 50
(FNMLKKYVRAEQKDR) and 48 (LALENYITALQAVPP), corresponding to
regions 491-505 and 471-485 of APP770 respectively (Figure 3.3E). These
regions were mapped and located within the a-helix rich E2 domain of APP
(Figure 3.3F & G). Since our in vitro biophysical studies indicate holo-Lf to interact
with APP in a 2:1 ratio (Table 3.1), these results suggest that the amino acid
sequence of peptide 49 and the flanking peptides 48 and 50 could be the
predominant interacting site for holo-Lf, whilst the second interacting site contains

the amino acid sequence of either peptide 40 or 55.
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Figure 3.3. Holo-Lf binds to the E2 domain of APP. Peptide array consisting
of 15-mer peptides with a 5 aa overlap covering the full length APP770 protein
were custom synthesised on a cellulose membrane by the Spot technique. (A)
APP peptide reactivity was revealed by incubation with 1 pg/ml holo-Lf for 24
hours. APP peptides 40, 48, 49, 50 and 55 (highlighted in red squares)
correspond to sequences specific for holo-Lf binding which did not cross-react
with (B) apo-Lf (1 pg/ml), (C) anti-Lf primary antibody alone (1:500), or (D) anti-
rabbit secondary antibody alone (1:5000) treatment controls. The corresponding
sequence and reactivity of each minimal motif is indicated in (E). Peptide
reactivity was scored by visual observation as: +++ strong, ++ moderate, + weak
reactivity. (F) Schematic representation of the multiple subdomains of full length
APP770 highlighting the interactive binding sites within the E2 domain for holo-Lf
binding (red bars). Highlighted in black numbering below the schematic diagram
indicates amino acid sequence (18-770). (G) The colour blue represents the
structure and surface representation of the APP-E2 domain (PDB code 3NYJ)
from the N- to the C-terminus. Peptide 40 corresponding to residues 391-405
(FQKAKERLEAKHRER), residing in domain 1 is shown in yellow. Peptides 48-
50 corresponding to residues 471-505 incorporates three overlapping binding
motifs (LALENYITALQAVPP; QAVPPRPRHVFNMLK; and
FNMLKKYVRAEQKDR), residing in domain 2, shown in red. Peptide 55
corresponding to residues 541-555 (MNQSLSLLYNVPAVA), residing in domain
3 is shown in green. The first and last amino acid letter code along with the
starting and ending residue number (according to (E)) for each respective binding

site is labelled in black.
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3.2.4 In vivo confirmation of the interaction between Lf and APP

To determine whether the interaction between Lf and APP occurred in vivo,
Immunoprecipitation of mouse brain extracts was performed. Lf was captured
using an anti-Lf antibody bound to protein G agarose beads. APP was
prominently co-captured with Lf immunoprecipitated from brain tissue, as
detected by Western blot using a monoclonal antibody to the N-terminal of APP
(Figure 3.4). As expected for an iron-related interaction, APP co-elution with Lf
was exaggerated in mice fed a high-iron diet. Specificity of the interaction was
confirmed when no APP was detected in Lf immunoprecipitation from brain of
APPKO mice (Figure 3.4).
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Figure 3.4. Demonstration of in vivo interaction between Lf and APP.
Confirmation of an interaction of APP with Lf in vivo using anti-APP for detection
(analysed by Western Blot) and anti-Lf for immunoprecipitation of brain
homogenates from 12 month old APPKO mice and littermate controls either on a
normal or high iron diet. The ‘unbound’ refers to the starting material (‘start’)
remaining after separation from the agarose beads, and the ‘bound’ fraction
refers to the eluted protein. Each immunoprecipitation for an individual mouse
was performed on six different mouse brains (n = 6) from each mouse line.
Preparation of mouse brain homogenates followed by immunoprecipitation
of Lf with APP was performed by Dr Bruce Wong (The University of

Melbourne, Australia).
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3.2.5 LRP1 is not involved in the interaction between holo-Lf and APP

Immunoprecipitation was performed on SH-SY5Y cells treated with holo-Lf (500
nM; 2 hours) to determine whether the interaction between Lf and APP involved
LRP1. As expected, anti-LRP1 antibody bound to protein G Dynabeads co-
captured APP with LRP1 from non-treated SH-SY5Y cells, detected by Western
blot using a monoclonal antibody to the N-terminal of APP. However, in the
presence of holo-Lf, APP nor Lf was able to be co-captured with LRP1 (Figure
3.5A). To confirm this finding, immunoprecipitation was performed on SH-SY5Y
cells depleted of either APP or LRP1 in the presence of holo-Lf. Cells were
treated with control non-target (20 nM), APP (20 nM) or LRP1 (20 nM) RNAI
followed by incubation of holo-Lf to media (500 nM; 2 hours). Antibodies targeting
APP (22C11) or LRP1 confirmed knockdown in respective APP and LRP1 RNAI
treated cells (Figure 3.5B). In the presence of holo-Lf, anti-Lf bound to protein G
Dynabeads co-captured APP with Lf but not LRP1 in SH-SY5Y cells expressing
both APP and LRP1. Only when endogenous APP was silenced did anti-Lf bound
to protein G Dynabeads co-capture LRP1 with Lf. Specificity of the interaction
was confirmed when no APP, Lf or LRP1 was immunoprecipitated when using
anti-B-actin as the capture antibody (-ve) (Figure 3.5). Taken together, these
results not only suggest that LRP1 is not involved in the interaction between Lf
and APP, but Lf preferentially binds APP over LRP1.
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Figure 3.5. Holo-Lf preferentially binds APP over LRP1. To examine whether
LRP1 is involved in the interaction between holo-Lf and APP,
immunoprecipitation of LRP1 or Lf was carried out on SH-SY5Y cells in the
presence and absence of holo-Lf. SH-SY5Y cells were treated with (A) + holo-Lf
(500 nM; 2 hours) or transfected with (B) control non-target, APP or LRP1 RNAI
(20 nM; 48 hours) followed by holo-Lf treatment (500 nM; 2 hours). LRP1 or Lf
was immunoprecipitated using (A) anti-LRP1 or (B) anti-Lf antibody followed by
Western blot analysis. Anti-B-actin (-ve) was used to confirm antibody selectivity.
The ‘unbound’ refers to the starting material (‘start’) remaining after separation
from the protein G Dynabeads, and the ‘bound’ fraction refers to the eluted
protein. Immunoprecipitation experiments were performed in duplicate on two

separate occasions.
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3.3 Discussion

In the present chapter, we describe the ability of Lf to form a complex with APP
in vitro and in vivo. Further characterisation revealed the binding affinity of APP
with Lf to be selective as only the holo form (iron bound) of Lf interacted with APP.
No binding was evident with the apo form (iron unbound) of Lf. The E2 region of
APP was identified as the minimal binding domain for Lf and through a series of
biophysical techniques, the affinity of holo-Lf for APP was observed to be
comparable to that of another previously reported interaction of Lf with the
copper-carrying ferroxidase protein Cp (Ha-Duong et al., 2010; White et al.,
2012). Furthermore, despite evidence demonstrating LRP1 as a common binding
partner, it was found not to be involved in the interaction between Lf and APP.

The binding affinity and ratio of Lf with APP (Kd1:1 ~ 0.6 yM and Kdi:2 ~ 8.2 yM)
(Table 3.1) obtained from sedimentation velocity (Figure 3.1A & B) and intrinsic
fluorescence (Figure 3.2) analysis closely matched the affinity of Lf to another
iron regulatory protein; the copper-carrying ferroxidase enzyme Cp (11.0 yuM and
1.5 uM) (Ha-Duong et al., 2010). Studies revealed Lf to complex with and
increase the ferroxidase activity of Cp for the incorporation of oxidised iron into
Lf (Sokolov et al., 2005), possibly accounting for Lf’s role in iron sequestration
(Legrand et al., 2005). The dissociation of Cp with Lf can occur through a number
of conditions including high salt and low pH which suggests an ionic interaction
more than a conformational change in either protein (Ha-Duong et al., 2010;
Pulina et al., 2002; Sokolov et al., 2006). This is also possibly reflected by the
large difference in pl's between the two proteins (8.6 for Lf; 4.5 for Cp) (Sokolov
et al., 2005). APP has a comparably low pl to Cp (ranging from 4.0-4.5) (Simons
et al., 1995) and thus may similarly interact with Lf through the positively charged
N-lobe (Sabatucci et al., 2007). However, APP is unlikely to require the arginine
positive cluster within the N-lobe reportedly involved in the interaction with Cp
(Pulina et al., 2002; Sokolov et al., 2006), as it interacted with both bovine and

human Lf, and only human Lf contains this motif (Sinha et al., 2013).

The additional domains found in the larger isoforms of APP did not alter the
interaction with Lf (Figure 3.1C), meaning that the APP interactive sites for holo-
Lf binding must be in a region associated with all three isoforms. An array of APP

peptides representing the full length sequence of APP770 allowed the
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identification of the regions for holo-Lf interaction (Figure 3.3A-D). We identified
the minimal binding interactive sites of APP for Lf to be located within the rigidly
folded, highly conserved E2 extracellular domain (Figure 3.3F) (Coburger et al.,
2013), a region known to contain several negatively charged residues (Wang and
Ha, 2004). The peptide library revealed peptide sequence
QAVPPRPRHVFNMLK (peptide 49) to be most reactive to holo-Lf (Figure 3.3E).
The flanking peptide sequences LALENYITALQAVPP (peptide 48) and
FNMLKKYVRAEQKDR (peptide 50) also showed detectable reactivity to holo-Lf
(Figure 3.3E). Since each peptide was identical with the previous peptide in 5 out
of 15 residues, we speculated that the minimal reactivity observed with peptides
48 and 50 was due to the overlapping sequence associated with peptide 49.
Therefore, we assumed that amino acids within peptide 49 but also 48 or 50
formed the dominant interactive site for holo-Lf. In addition, two other APP 15-
mer sequences were shown to be reactive to holo-Lf, peptides 40
(FQKAKERLEAKHRER) and 55 (MNQSLSLLYNVPAVA) (Figure 3.3E). In an
effort to understand in more detail the location and proximity each interactive site
had to one another, the binding sites were mapped on a surface representation
of the APP E2 structure (Figure 3.3G). We found the APP binding site
encompassing peptide 40 to be isolated from the 49 and 55 sites, with these latter
sites being in very close proximity to each other (Figure 3.3G). Since our in vitro
biophysical studies indicate holo-Lf to interact with APP in a 2:1 ratio (Table 3.1),
there are a number of possible binding scenarios available. Whilst the most likely
scenario involves site 40 forming one binding region while 49 and 55 forming
another, without knowing how these proteins interact in their native structure, this
remains speculative. What also requires further investigation is whether the entire
15-mer sequence of each peptide or merely just a few residues of APP are
required for holo-Lf to bind to the associated E2 region. Further inspection of the
properties of the amino acids encompassing each binding site identifies that
peptide 49 mostly contains hydrophobic residues (A, L, M, F, V, P), peptide 40
predominantly has charged residues (R, K, D, E) and peptide 55 contains mostly
neutral uncharged polar residues (Q, N, H, S). Hydrophobic residues are typically
not involved in conformational changes upon ligand binding (Ruvinsky et al.,
2012), while accessible charged and polar residues exposed on the protein
interface are beneficial for ligand binding (Ruvinsky et al., 2012; Zhao et al.,
2011). Therefore, the interactive site of peptide 49 may act to stabilise the binding
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once the interactive binding motif of holo-Lf is bound to the associated APP-E2
region. It must be noted that these observations on the possible binding
arrangements between APP and holo-Lf are merely assumptions and are in no
way definitive. Therefore, structural studies are warranted to not only determine
the potential binding pockets and specific residues needed for holo-Lf binding,
but also determine how the conformational shape of each protein contours and
aligns itself for binding to the interactive sites proposed in this study.

Only the iron saturated holo form of Lf interacted with APP whereas no interaction
was evident with apo-Lf (Figure 3.1D & Figure 3.3B). The diverse range of iron-
independent roles for Lf may originate from the large conformational differences
between apo-Lf and holo-Lf. Based on structure analysis, apo-Lf has an ‘open’
conformation whereas holo-Lf mainly has a compact ‘closed’ conformation
(Grossmann et al., 1992; Jameson et al., 1998). These alterations in structure
are believed to lead to the exposure of different binding sites and may cause
alternative binding partners to interact with the different Lf forms. The APP
interaction with Lf only in the presence of iron would be consistent with a role for
Lf in iron export, but it must be noted that APP may still also be indirectly important
for the other functions of apo-Lf via its ability to mediate the location of holo-Lf
within the body. Notably, APPKO mice have previously been shown to have a
significant impairment in immuno-response to infection and inflammation
compared to their wild-type littermates (Puig et al., 2012), characteristics which
Lf knockout (LfKO) mice also feature (Velusamy et al., 2013; Ward and Conneely,
2004).

Studies on APP-deficient mouse tissue signified that the interaction between Lf
and APP occurred in vivo (Figure 3.4), demonstrating a physiological relevance.
Supporting previous observations on the similar location of APP and Lf in the
brain (Kawamata et al., 1993), anti-Lf co-immunoprecipitated with APP in wild-
type mouse brain tissue and responded accordingly in mice fed on a high iron
diet (Figure 3.4). This increase in iron load is known to drive rapid APP translation
via the IRE of APP mRNA (Rogers et al., 2002) and is also likely to upregulate Lf
expression in order to control the level of free iron via the formation of iron bound
holo-Lf (Rosa et al., 2017; Wang et al., 2005). An age dependent accumulation
in Lf has been observed in human brain, which is elevated in regions affected by

AD and in APP transgenic models of AD (Kawamata et al., 1993; Wang et al.,
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2010). The study conducted by Kawamata et al also revealed increased Lf
expression within neurons and glia in affected AD brain tissue (Kawamata et al.,
1993). Our data could explain the co-localisation of Lf and APP in the enlarged
granules observed by the authors, who originally attributed this finding to the
variety of functional roles Lf encompasses in association with the innate immune

response involved in AD (Kawamata et al., 1993).

Despite evidence of a direct interaction between Lf and APP in vitro and in vivo,
it is yet to be identified whether holo-Lf and APP form part of a multi-complex with
a third component. Multiple studies have shown Lf (Grey et al., 2004; Vash et al.,
1998) and APP (Pietrzik et al., 2002; Rushworth et al., 2013) to interact with the
ubiquitously expressed multifunctional cell surface receptor LRP1. Confirming
previous reports, we showed APP to interact with LRP1 in the absence of holo-
Lf (Figure 3.5A). However, in the presence of holo-Lf, no binding occurred
between LRP1 and APP (Figure 3.5). In APP depleted cells, an interaction
between holo-Lf and LRP1 was evident, while in LRP1 depleted cells, holo-Lf still
bound to APP (Figure 3.5B). These results indicate that holo-Lf preferentially
binds APP over LRP1 and that LRP1 is not required for the interaction between
APP and holo-Lf. After an extensive literature search, the binding affinity between
Lf and LRP1 could not be found, but it is feasible to assume the binding affinity
between holo-Lf and APP (Kdi:1 ~ 0.6 uM) (Table 3.1) is greater than that of holo-
Lf and LRP1. This could have potential implications on the signalling pathways
previously associated with LRP1 and Lf. Various studies have shown specific
ligands to directly bind cell surface LRP1 to initiate intracellular cell signalling
(Boucher et al., 2003; Shi et al., 2009; Webb et al., 2001; Zilberberg et al., 2004).
For instance, Qiu et al showed treatment of the LRP1 ligand a2-M to primary
neurons increased LRP1 expression and stimulated neurite outgrowth through
the mitogen-activated protein (MAP) extracellular signal-regulated kinases 1 and
2 (ERK1/2) signalling pathway (Qiu et al., 2004). The fact that the addition of
RAP, an LRP1 antagonist, could prevent a2-M from binding to LRP1 (Mantuano
et al., 2008; Qiu et al., 2004; Strickland et al., 2002) implies a functional role for
LRP1 in cell signalling. However, the resulting responses from LRP1 mediated
MAP/ERK cell signalling may be dependent on the type of ligand and co-receptor
expressed by the particular cell (Bacskai et al., 2000; May et al., 2004; Stiles et
al., 2013). For example, Wan et al showed that through MAP/ERK1/2 signalling



-89 -

N-methyl-D-aspartate (NMDA) receptors activate ADAM10 expression, one of
the several proteases that exhibit a-secretase activity (Wan et al., 2012).
Furthermore, Mantuano et al exhibited a NMDA multi-receptor complex with Trk
that interacted with LRP1 through ligands a2-M and the tissue-type plasminogen
activator (tPA) to induce MAP/ERK1/2 signalling (Mantuano et al., 2013). The
activation and expression of ADAM10 by MAP/ERK1/2 signalling is able to cleave
cell surface LRPL1 to release soluble LRP1 (sLRP1) into the extracellular space
(Liu et al., 2009; Quinn et al., 1997; Selvais et al., 2011) which can transport A
across the blood brain barrier (BBB), an important mechanism in A clearance
within the brain (Deane et al., 2004a; Sagare et al., 2007; Shibata et al., 2000).
However, sLRP1 is also pro-inflammatory and can induce microglial activation
(Brifault et al., 2017). Lf is synthesised and released by activated microglia
(Fillebeen et al.,, 2001; Wang et al.,, 2015) and can also act as an LRP1
antagonist, binding cell surface LRP1 to block ERK signalling and therefore limit
SLRP1 production (Laporte et al., 2004; Mantuano et al., 2016; Mantuano et al.,
2013). This could possibly be a potential mechanism of Lf whereby binding to
LRP1 and preventing sLRP1 production may downregulate microglial activation
and lessen the inflammatory response. In chronic neuroinflammatory diseases
such as AD (Zhang and Jiang, 2015), there is a reduction in SLRP1 and an
increase in oxidised sLRP1 (Sagare et al., 2007; Sagare et al., 2011), rendering
sLRP1 incapable of clearing Ap through the BBB (Deane et al., 2008; E Donahue
et al., 2006; Jeynes and Provias, 2008). Therefore, the preference of Lf binding
to APP over LRP1 could be a contributing factor to the chronic inflammation and
defected AP clearance by LRP1 observed in AD.

Even though LRP1 was not involved in the complex formation of APP and holo-
Lf, there is still the possibility of another binding partner being involved in the
interaction. One such example could be the ubiquitously expressed LfR (Suzuki
et al., 2005). Like holo-Tf, holo-Lf also interacts with its cell surface receptor (LfR)
and internalises into the cell via receptor mediated endocytosis (Dautry-Varsat et
al., 1983; Jiang et al., 2011); a similar internalisation mechanism to APP (Cossec
et al., 2010). Therefore, further investigation is required to identify whether the

LfR is involved in the interaction between APP and holo-Lf.

Taken together, our results describe iron-bound holo-Lf as a novel binding partner

to APP. The interacting regions of APP for holo-Lf binding were also determined.
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However, complementary studies to determine the specific binding sites on holo-
Lf for APP is also required. Determination of the structure of the APP and holo-Lf
complex (via X-ray crystallography) is also warranted since the peptide library
used to identify the interactive binding sites of APP were synthesised as short
linear peptides and thus unobstructed by the proteins conformational shape.
Since both the E2 portion of APP (Lee et al., 2011b) and holo-Lf (Haridas et al.,
1995) have previously been crystallised individually, the probability of
establishing a crystallised structure of the complex is high. Together, these
approaches will reveal the structural basis for the interaction between holo-Lf and
APP. The investigation of the downstream implications of this interaction in a

cellular model and its AD-related significance will be further explored.
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CHAPTER 4.0 HOLO-LF PROMOTES APP INTERNALISATION
THROUGH AN ARF6-DEPENDENT PATHWAY TO RAB11
RECYCLING COMPARTMENTS

4.1 Introduction

Once synthesised, APP is trafficked through the constitutive secretory pathway
to a functional location on the plasma membrane (Lai et al., 1995; Lyckman et
al., 1998; Wong et al., 2014b). Cell surface APP may be cleaved by a-secretase
(Koo et al., 1996) or be rapidly endocytosed due to the presence of the
cytoplasmic YENPTY internalisation motif where it can be either

amyloidogenically processed, recycled or degraded (Yamazaki et al., 1996).

By manipulating cell membrane cholesterol levels in addition to proteins required
for endocytosis, studies have indicated APP internalisation to be a cholesterol
(Ehehalt et al., 2003) and clathrin-dependent process requiring dynamin for the
budding and scission of clathrin-coated vesicles from the cell membrane (Motley
et al., 2003). The silencing of clathrin heavy chain (Koo and Squazzo, 1994) or
reduction of membrane cholesterol levels via MBCD treatment (Cossec et al.,
2010) prevents APP internalisation and results in an accumulation of APP on the

cell surface.

The endocytosis of Lf is not very well established but there has been some
evidence to suggest Lf internalises into the cell in a similar way to APP. Jiang et
al showed a significant decrease in the uptake of radiolabelled Lf upon clathrin
suppression (Jiang et al.,, 2011), while Florian et al demonstrated a lack of
internalised Lf into the cell with MBCD treatment (Florian et al., 2012). These
findings indicate clathrin and cholesterol, respectively, are required for Lf

endocytosis.

Surface presented proteins can also be internalised by a variety of mechanisms
that are clathrin-independent. For example, BACE1 responsible for APP [3-
cleavage undergoes a clathrin-independent process requiring the endocytic
trafficking regulator ARF6. Reducing ARF6 prevents BACEL internalisation,
thereby hindering the amyloidogenic pathway of APP (Sannerud et al., 2011).
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The trafficking of APP to the various intracellular compartments involves the
participation of Rab GTPase endocytic regulators (Somsel Rodman and
Wandinger-Ness, 2000). Rab5, Rab7, and Rabll are major Rab GTPases
associated with early (Bucci et al., 1992), late (Feng et al., 1995) and recycling
(Takahashi et al., 2012) endosomes respectively. Exploiting the APP sorting and
trafficking pathways has a profound effect on the cellular location of APP and
therefore its metabolism. For example, by transiently transfecting Rab5 into APP
overexpressing cells, Grbovic et al exhibited an increase in APP endocytosis
which resulted in enlarged Rab5-positive early endosomes (Grbovic et al., 2003),
a morphological feature commonly observed in neurons from post mortem
sporadic AD brain tissue (Cataldo et al., 2004; Ginsberg et al., 2010b; Laifenfeld
et al., 2007; Thinakaran and Koo, 2008). This also led to increased amyloidogenic

processing of APP, resulting in increased AB generation (Grbovic et al., 2003).

In the present chapter, we further explored the relationship between holo-Lf and
APP and found holo-Lf to internalise APP from the cell surface in a receptor
mediated pathway. The internalisation route of Lf and APP was determined by
manipulating the major proteins and cellular components required for clathrin-
dependent and independent internalisation. The precise intracellular location
within the endosomal system of Lf and APP after internalisation was also
determined by manipulating some of the major Rab GTPases involved in the
various APP trafficking pathways (Kiral et al., 2018). Data within this chapter
provides a critical insight into the cellular mechanism of holo-Lf mediated
internalisation and trafficking of APP.
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4.2 Results
4.2.1 Holo-Lf decreases APP levels on the cell surface

Cell surface presented APP was measured by FACS in SH-SY5Y cells treated
with iron bound holo-Lf and holo-Tf. Holo-Tf was investigated as a control to
determine the specificity of the interaction observed with Lf. The iron-unbound
(apo) isoforms of Lf and Tf were additional controls tested in this technique. SH-
SY5Y cells were incubated for 2 hours with holo-Lf, apo-Lf, holo-Tf, and apo-Tf
at either 37°C or 4°C. At physiological temperature (37°C), treatment with holo-
Lf decreased surface levels of APP (p < 0.0001) (Figure 4.1A). However, there
was no evidence of a change in cell surface APP with the addition of apo-Lf, apo-
Tf or holo-Tf (Figure 4.1A). This observation was confirmed to be through energy
dependent endocytosis (Peterson et al., 2007) by reducing the temperature to
4°C and inhibiting holo-Lf changes to cell surface APP expression levels (Figure
4.1B).

Cell surface APP levels in SH-SY5Y cells with holo-Lf treatment (500 nM; 2
hours) was also analysed by surface biotinylation. In support to Figure 4.1A, there
was a significant reduction of cell surface APP in SH-SY5Y cells in the presence
of holo-Lf (p < 0.0001) (Figure 4.2A). An increase in cell surface APP with holo-
Tf treatment (500 nM; 2 hours) was also evident (p < 0.05) (Figure 4.2A).
Changes in cell surface APP levels observed with holo-Lf was detected and
confirmed in primary murine neurons by surface biotinylation. Holo-Lf altered the
location of APP in the neuron, resulting in reduced neuronal surface APP (p <
0.0001), whereas treatment with holo-Tf remained unchanged (Figure 4.2B).
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Figure 4.1. Holo-Lf decreases APP levels on the cell surface via an
endocytic pathway. FACS was performed to measure APP levels on the cell
surface of non-permeabilised SH-SY5Y cells after a 2 hour incubation with 500
NnM holo-Lf, apo-Lf, holo-Tf and apo-Tf at either (A) 37°C or (B) 4°C using
ab15272 to recognise N-terminal extracellular epitopes of APP. Data are means
*+ SE of 3 experiments performed in duplicate. Quantified histogram data depict

fold change compared to non-treated control cells, * p < 0.05 and **** p < 0.0001.
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Figure 4.2. Confirmation that iron bound Lf decreases cell surface APP
levels. APP location was examined in (A) SH-SY5Y cells and (B) primary murine
neuronal cultures treated with holo-Lf (500 nM) and holo-Tf (500 nM) for 2 hours.
Cell surface proteins on (A) SH-SY5Y cells and (B) primary neurons were
biotinylated to identify changes to APP expression on the cell surface. Total and
surface labelled APP were analysed by Western blot. Cell surface APP was
normalised to Na*/K* ATPase surface protein content. Data are means + SE of 3
experiments performed in duplicate, * p < 0.05 and **** p < 0.0001 compared to
non-treated control cells. Preparation and isolation of mouse primary
neuronal cultures followed by cell surface biotinylation (Figure 4.1B) was

performed by Dr Bruce Wong (The University of Melbourne, Australia).
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4.2.2 Holo-Lf is internalised into SH-SY5Y cells in the presence of APP

The relationship between Lf and APP was further explored by investigating
whether Lf internalisation in SH-SY5Y cells is influenced by the presence of APP.
Biotinylated holo-Lf (0.5 mg/ml) was added to APP depleted SH-SY5Y cells
(RNAIi; 20 nM) for 60 minutes at 37°C. Surface biotin was stripped with the
impermeable reducing agent MeSNa so that only internalised biotinylated Lf
could be detected in the total cell lysate when analysed by Western blot. To
examine total biotinylated Lf, MeSNa treatment was omitted. 22C11 antibody was
used to confirm APP reduction in APP RNAI treated cells (p < 0.0001) and High
Sensitivity Streptavidin-HRP was used to detect biotinylated Lf (Figure 4.3). The
biotinylated Lf that was detectable in the total cell lysate (termed ‘total’) which
consisted of surface and internalised biotinylated Lf significantly decreased in
APP depleted cells (p < 0.0001). Cells treated with MeSNa (termed ‘internal’)
signified internalised Lf which decreased when APP was depleted (p < 0.0001)
(Figure 4.3). The surface fraction (termed ‘surface’) was calculated by subtracting
the internal fraction data means from the total fraction. No significant change was
observed between surface biotinylated Lf in cells with and without the presence
of APP, symbolising equivalent amounts of biotinylated Lf distributed (Figure 4.3).
These results reveal that not only is the internalisation of holo-Lf and APP a

receptor mediated event, but APP stimulates holo-Lf internalisation into the cell.
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Figure 4.3. Holo-Lf internalisation is reduced by APP knockdown. SH-SY5Y
cells were transfected with control non-target and APP RNAI (20 nM) for 48 hours
before being subjected to the ligand internalisation assay. Total APP protein
expression, total biotinylated holo-Lf (MeSNa (-)) and internalised holo-Lf
(MeSNa (+)) were visualised by Western blot. Data are means + SE of 3
experiments performed in triplicate normalised to B-actin. **** p < 0.0001
compared to the non-target total fraction and "™ p < 0.0001 compared to the
non-target internal fraction. Total fraction represents cell surface and internalised
biotinylated Lf (cells without MeSNa treatment), internal fraction represents
internalised biotinylated Lf (cells treated with MeSNa), and surface biotinylated Lf
fraction was determined by subtracting the internal fraction data means from the

total fraction.
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4.2.3 Holo-Lf mediated APP endocytosis does not require LRP1

To confirm earlier findings that suggested LRP1 is not required for the interaction
between Lf and APP (Chapter 3.2.5), FACS was performed to investigate
changes in APP protein expression on the cell surface of LRP1 depleted (RNAI;
20 nM) non-permeabilised SH-SY5Y cells in the presence of holo-Lf (500 nM; 2
hours). In cells without holo-Lf but treated with LRP1 RNAI, surface APP
significantly rose (p < 0.0001) (Figure 4.4A). However, cell surface APP levels
still significantly decreased in LRP1 depleted cells when holo-Lf was added (p <
0.0001) (Figure 4.4A). This response to Lf by APP in the absence or presence of
LRP1 was similar using the ligand internalisation assay as described in Results
4.2.2. Antibodies targeting APP (22C11) and LRP1 were confirmed by
knockdown in APP and LRP1 RNAI treated cells, respectively (p < 0.0001)
(Figure 4.4B). Whilst cells treated with APP RNAI alone showed a significant
decrease in Lf internalisation (p < 0.0001), LRP1 depleted cells exhibited an
increase (p < 0.0001) (Figure 4.4B). Co-transfection with APP and LRP1 RNAi
showed a decrease in Lf internalisation, comparable to APP RNAI treated levels,

demonstrating that APP mediated holo-Lf internalisation does not require LRP1.
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Figure 4.4. Holo-Lf mediated APP internalisation does not require LRP1. (A)
Quantification of APP levels on the cell surface of non-permeabilised SH-SY5Y
cells after being transfected with control non-target and LRP1 RNAi (20 nM) for
48 hours. Cells were then subjected to a 2 hour incubation with 500 nM holo-Lf.
FACS was performed using ab15272 recognising N-terminal extracellular
epitopes of APP. (B) SH-SY5Y cells were subjected to the ligand internalisation
assay after being transfected with control non-target, APP and/or LRP1 RNAI (20
nM; 48 hours). Surface biotin was stripped with MeSNa to detect internalised
biotinylated Lf. APP, LRP1 and internalised holo-Lf were visualised by Western
blot. Data are means + SE of 3 experiments performed in (A) duplicate and (B)
triplicate normalised to B-actin. **** p < 0.0001 compared to non-target control
and ™M p < 0.0001 compared to LRP1 RNAI cells.
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4.2.4 Depletion of cholesterol by MBCD disrupts holo-Lf mediated APP

internalisation

To determine whether APP cell surface expression and holo-Lf mediated APP
endocytosis are altered by shifting APP out of the lipid raft region of the cell
membrane, cholesterol content in the SH-SY5Y plasma membrane was
disrupted. MBCD was used to modify the membrane lipid raft content required for
the endocytosis of APP. Amplex Red quantification illustrated that cholesterol
was unchanged by the addition of holo-Lf (500 nM; 2 Hours) and confirmed
depletion by MBCD (1 mM; 3 hours) (p < 0.0001) (Figure 4.5A). Cholesterol
depletion caused a significant increase in surface presented APP levels in non-
permeabilised SH-SY5Y cells (p < 0.0001) which persisted when holo-Lf was
introduced (Figure 4.5B). Using the ligand internalisation assay as described in
Results 4.2.2, depleting membrane cholesterol in SH-SY5Y cells showed a
significant decrease in Lf internalisation (p < 0.0001) (Figure 4.5C), suggesting
that holo-Lf and APP endocytosis are both cholesterol-dependent.
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Figure 4.5. Holo-Lf mediated APP internalisation is cholesterol-dependent.
(A) Live SH-SY5Y cells were assayed for cholesterol depletion (MBCD; 1 mM; 3
hours) followed by holo-Lf treatment (500 nM; 2 hours) in serum-free DMEM
using the Amplex Red Cholesterol assay kit. SH-SY5Y cells treated in the same
conditions as (A) were subjected to (B) FACS and (C) the ligand internalisation
assay. Surface biotin was stripped with MeSNa to detect internalised biotinylated
Lf. (B) Quantification of APP levels on the cell surface of non-permeabilised SH-
SY5Y cells was performed using ab15272 recognising N-terminal extracellular
epitopes of APP. (C) Internalised holo-Lf was visualised by Western blot
normalised to $-actin content. Data are means = SE of 3 experiments performed
in (A & B) duplicate and (C) triplicate. **** p < 0.0001 compared to non-treated
control and (B) ™™ p < 0.0001 compared to holo-Lf only treated cells.
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4.2.5 Holo-Lf mediated APP internalisation is through a clathrin- and

dynamin-independent mechanism involving ARF6

To obtain evidence as to whether CHC or DYM, the major proteins involved in
clathrin-dependent endocytosis (Motley et al., 2003) are required for holo-Lf
mediated APP internalisation, FACS was performed on CHC or DYM depleted
(RNAI; 40 and 20 nM respectively) non-permeabilised SH-SY5Y cells in the
presence of holo-Lf (500 nM; 2 hours). Cells without holo-Lf but treated with CHC
or DYM RNAI: resulted in an increase in surface presented APP (p < 0.0001 & p
< 0.01 respectively) which significantly decreased when holo-Lf was added (p <
0.0001) (Figure 4.6A & B). These findings were investigated further using the
ligand internalisation assay as described in Results 4.2.2. Antibodies targeting
CHC and DYM were confirmed by knockdown in CHC and DYM RNAI treated
cells, respectively (p < 0.0001) (Figure 4.6C & D). Cells treated with either CHC
or DYM RNAIi showed a significant increase in Lf internalisation (p < 0.0001)
(Figure 4.6C & D).

Since previous results suggested CHC and DYM were not required for the
internalisation of APP facilitated by holo-Lf, an alternative clathrin-independent
ARF6 associated pathway (Gaschet and Hsu, 1999) was studied. Depleting
ARF6 (RNAI; 20 nM) in non-permeabilised SH-SY5Y cells without the addition of
holo-Lf had no effect on cell surface APP expression levels (Figure 4.7A). In
contrast, cell surface APP significantly increased in ARF6 depleted cells treated
with holo-Lf (500 nM; 2 hours) (p < 0.001) (Figure 4.7A). The endocytosis of APP
mediated by holo-Lf was further examined using the ligand internalisation assay
as described in Results 4.2.2. Antibodies targeting APP (22C11) and ARF6
confirmed knockdown in APP, ARF6, and double APP and ARF6 RNAI treated
cells (p <0.0001) (Figure 4.7B). Cells co-transfected with APP (20 nM) and ARF6
(20 nM) RNAI showed a decrease in Lf internalisation (p < 0.0001), comparable
to APP and ARF6 RNAI alone treated levels (p < 0.0001) (Figure 4.7B), indicating

Lf internalisation to be dependent on the presence of APP and ARF6.

The internalisation of APP mediated by holo-Lf was next demonstrated in SH-
SY5Y-APP695 cells by double immunofluorescence confocal microscopy. After
depleting CHC or ARF6 by RNAI treatment, SH-SY5Y-APP695 cells were placed

at 4°C to halt protein internalisation and label surface bound APP with anti-APP
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(22C11) antibody, and then incubated with 1 uM holo-Lf (1 hour) at 37°C to allow
protein internalisation to occur. Cells were permeabilised for antibody access to
internalised proteins and labelled with either anti-CHC or anti-ARF6 antibody. In
the absence of holo-Lf, intracellular APP (green) was found to co-localise with
CHC (red) and upon CHC RNAI, APP was retained on the cell surface (Figure
4.8). However, in the presence of holo-Lf, APP (green) co-localisation with CHC
(red) was not apparent and RNAI treatment did not stop the internalisation of APP
(Figure 4.8). In contrast, co-localisation was observed between APP (green) and
ARF6 (red) in untreated conditions and in ARF6 RNAI treated cells, intracellular
staining of APP was still evident (Figure 4.9). In the presence of holo-Lf, co-
localisation of APP with ARF6 was observed and upon ARF6 RNAI treatment,
APP accumulated on the cell surface (green) (Figure 4.9). Taken together, these
results suggest clathrin is not required for the internalisation of APP by holo-Lf
and that ARF6, which is also associated with the endocytosis of BACE1l
(Sannerud et al., 2011), is necessary for holo-Lf mediated APP internalisation.



CHC
(fold change relative
to non-target control)

Relative Cell Count

1.54

1.0

0.5

0.0-
RNAi

mSecondary 1 ¥ Secondary
. alone ’ ‘ -nou
([ Y A R
| ENon-target | ( \ B CHC RNAI
| \ RNAI + holo-L! |
| t 200 | / \
[l : \
| \ 10 | ' l\
J\\ 1 /N
IO' !D’ 10’ |o‘ Ws W‘ VJ IO’ 10‘ W,
400
mSecondary W Secondary
alone alone
WNon-target A WCHC RNAI
}\ RNAI s M CHC RNAI
BCHC RNAI * holo-L!
+ holo-Lf
l 0
\ 100
JA\
o
W' W) W’ 10‘ Ws w' !0’ 10’ W‘ Iﬂs
APP fluorescence intensity
2.0 e
ass 2
o FE 1.5
$e8
O ow
£ 25101 e
3 E 8 Wirink AAAA
=9S¢
8 '_g 2 0.57
]
0.0-
RNAi Non-target CHC
Holo-Lf - + - +
RNAi  Non CHC
target
— - -I CHC
f— — .I- . s B-actin
- o -I- -q Internalised Lf
---P — —I B-actin
3.04 o
22, o
o SEE” s
BES s £
L2293 E &
82 = Ac
£ 8 S 1.21 2
86 ¢ ]
£Ezog he
ke 'g- o 0,81 g
0.0-
Non . Non
RNAi
target CHC target CHC

-104 -

100 40 1
W Secondary WSecondary |
Iy ENonarget | ENonturget |
%0 ﬁ RNAI = | 3 ﬂl RNAI il
I WNon-target } BOYM RNAI |
‘\ RNAI + holo-L! :
200 ‘i ““ 200 ’ \
I\ / \
. 100 I\ 100
c || RAR |
3 / ‘ /
"=’ o A l e \
8 |0' lﬂz lﬂ) \0. IOJ |°‘ IO) Wl !0‘ l"
$ w00 100
= W Secondary N Secondary
3 Bhondarget HOYM RNAI
% 30 M RNAI oad MDYM RNAI
’ \ HODYM RNAI + holo-L!
* holo-Lf
200 | 200
| |
o } \ mi
L2\ |
'0‘ III) IO) Iﬂ‘ IOs |°‘ W) IO’ 00‘ IDs
APP fluorescence intensity
2.0 oY
sgf,, i
® € 1.59
<88
S o =
& §’ & 1.0- o n
(3 2 ‘? AAAA
=9c
33 2o
e
0.0-
RNAI Non-target DYM
Holo-Lf - + - +
. Non
RNAi
target DYM
— amm -l— W= W | DYM
--.‘--. B-actin
W o - (. o | Internalised Lf
--q--- B-actin
1.5 2.0
— o= il
£ 29 o
c S ® € 1.59
8 1.0 ge3d
® 209
o T 2 21.04
3 £2s
& 0.51 A G
o £ © 0 0.5
c S E
e €9
0.0- 0.0-
. Non . Non
RNAI DYM
target RNAI target DY




-105 -

Figure 4.6. Holo-Lf mediated APP internalisation is clathrin- and dynamin-
independent. Quantification of APP levels on the cell surface of non-
permeabilised SH-SY5Y cells after being transfected with (A) control non-target
and CHC RNAI (40 nM) for 72 hours or (B) control non-target and DYM RNAI (20
nM) for 48 hours followed by holo-Lf treatment (500 nM; 2 hours). FACS was
performed using ab15272 recognising N-terminal extracellular epitopes of APP.
SH-SY5Y cells RNAI treated in the same conditions as (A) and (B) were
subjected to the ligand internalisation assay. Surface biotin was stripped with
MeSNa to detect internalised biotinylated Lf. (C) CHC and (D) DYM protein
expression, and (C & D) internalised holo-Lf were visualised by Western blot
normalised to B-actin. Data are means + SE of 3 experiments performed in (A &
B) duplicate and (C & D) triplicate. ** p < 0.01 and **** p < 0.0001 compared to
non-target control and ™ p < 0.0001 compared to (A) CHC RNAi and (B) DYM
RNAi. cells.
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Figure 4.7. Holo-Lf mediated APP internalisation is ARF6-dependent. (A)
Quantification of APP levels on the cell surface of non-permeabilised SH-SY5Y
cells after being transfected with control non-target and ARF6 RNAIi (20 nM) for
48 hours followed by a 2 hour incubation with 500 nM holo-Lf. FACS was
performed using ab15272 recognising N-terminal extracellular epitopes of APP.
(B) SH-SY5Y cells were subjected to the ligand internalisation assay where
surface biotin was stripped with MeSNa to detect internalised biotinylated Lf after
being transfected with control non-target, APP and/or ARF6 RNAi (20 nM; 48
hours). APP, ARF6 and internalised holo-Lf were visualised by Western blot
normalised to B-actin. Data are means + SE of 3 experiments performed in (A)
duplicate and (B) triplicate. **** p < 0.0001 compared to non-target control, (A)
MM < 0.0001 compared to holo-Lf treated non-target and ## p < 0.001
compared to ARF6 RNAI cells.
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Figure 4.8. APP does not co-localise with clathrin in the presence of holo-
Lf. Double immunofluorescence staining was performed on SH-SY5Y-APP695
cells to confirm whether APP internalisation mediated by holo-Lf is clathrin-
independent. Deconvoluted confocal microscopy was performed on SH-SY5Y-
APPG695 cells after being transfected with control non-target and CHC RNAI (40
nM) for 72 hours. After surface labelling with anti-APP antibody, cells were
subjected to 1 yuM holo-Lf treatment for 1 hour at 37°C. After fixation and
permeabilisation, cells were labelled with anti-CHC antibody followed by Alexa
Fluor 488 (green) and 568 (red) conjugated secondary antibodies to detect APP
and CHC respectively. White arrows denotes co-localisation between APP and
CHC in the absence of holo-Lf. Images are representative of an SH-SY5Y-
APP695 cell from 2 experiments, performed in duplicate. Scale bar = 10 um.
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Figure 4.9. Co-localisation of APP and ARF6 increases in the presence of
holo-Lf. Double immunofluorescence staining was performed on SH-SY5Y-
APPG695 cells to test whether APP internalisation mediated by holo-Lf is ARF6-
dependent. Deconvoluted confocal microscopy was performed on SH-SY5Y-
APPG695 cells after being transfected with control non-target and ARF6 RNAI (20
nM) for 48 hours. After surface labelling with anti-APP antibody, cells were
subjected to 1 yuM holo-Lf treatment for 1 hour at 37°C. After fixation and
permeabilisation, cells were labelled with anti-ARF6 antibody followed by Alexa
Fluor 488 (green) and 568 (red) conjugated secondary antibodies to detect APP
and ARF6 respectively. White arrows denotes co-localisation between APP and
ARF6. Images are representative of an SH-SYS5Y-APP695 cell from 2
experiments, performed in duplicate. Scale bar = 10 pm.
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4.2.6 Internalised APP is diverted to the Rab11 GTPase-positive recycling

endosome by holo-Lf

Rab5, Rab7 and Rabll are major proteins associated with early (Bucci et al.,
1992), late (Feng et al., 1995) and recycling (Takahashi et al., 2012) endosomes
respectively. All have been associated with the vesicular trafficking of APP.
Depleting endogenous Rab5a (20 nM), Rab7a (20 nM) and Rabl1la (20 nM) by
RNAI altered cell surface presented APP in non-permeabilised SH-SY5Y cells
exposed to holo-Lf (500 nM; 2 hours). In cells without holo-Lf but treated with
Rab5a and Rab7a RNAI, surface APP significantly increased (p <0.0001) (Figure
4.10A & B), whilst Rablla RNAI treatment showed a significant decrease (p <
0.001) in cell surface presented APP (Figure 4.11A). This was also confirmed by
surface biotinylation where Rablla depleted cells displayed reduced surface
APP levels (p < 0.0001) (Figure 4.11B). In contrast, cell surface APP levels
significantly decreased in Rab5a and Rab7a depleted cells when treated with
holo-Lf (p < 0.0001) (Figure 4.10A & B) whilst Rab11a RNAI treated cells had an
increase in cell surface APP upon holo-Lf exposure (p < 0.0001) (Figure 4.11A &
B). These findings were investigated further using the ligand internalisation assay
as described in Results 4.2.2. Antibodies targeting Rab5, Rab7 and Rab11 were
confirmed by knockdown in Rab5a, Rab7a and Rablla RNAI treated cells,
respectively (p < 0.0001) (Figure 4.10C & D and Figure 4.11C). In accordance
with cell surface APP levels, the ligand internalisation assay showed that cells
treated with either Rab5a or Rab7a RNAi had a significant increase in Lf
internalisation (p < 0.0001) (Figure 4.10C & D), whereas in Rablla depleted cells
Lf internalisation decreased (p < 0.0001) (Figure 4.11C).

The accumulation of cell surface APP and decreased levels of Lf internalisation
observed with Rablla RNAI treated cells in the presence of holo-Lf warranted
further investigation of the endocytic recycling pathway. Rab4 is one of the major
proteins associated with the ‘fast’ recycling of cargo back to the plasma
membrane from the early/sorting endosome (Jovic et al., 2010) and therefore was
explored in conjunction with Rab11 using double immunofluorescence confocal
microscopy. After depleting Rab4a (20 nM), Rablla or double Rab4a and
Rablla by RNAI treatment, cell surface APP was labelled in SH-SY5Y-APP695
cells at 4°C with anti-APP (22C11) antibody. Cells were then treated with 1 yM
holo-Lf (1 hour) at 37°C before permeabilisation and labelling with anti-Rab4
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and/or anti-Rabl11 antibody. In the absence of holo-Lf, deconvoluted confocal
microscopy revealed APP (green) to co-localise with Rab4 (red) (Figure 4.12A)
and Rabll (red) (Figure 4.12B) positive compartments within the cell.
Intracellular staining of APP (green) was evident in cells depleted of Rab4a,
Rablla or double Rab4a and Rablla (Figure 4.12). In the presence of holo-Lf,
co-localisation of APP (green) and Rab4 (red) positive compartments was not
apparent (Figure 4.12A), whereas APP co-localisation with Rabll (red)
compartments was still evident (Figure 4.12B) in SH-SY5Y-APP695 cells. Rab4a
RNA. treated cells with holo-Lf appeared to have no effect on intracellular staining
of APP (green) (Figure 4.12A), but Rablla RNAI treated cells revealed cell
surface APP staining (green) (Figure 4.12B). However, depletion of Rab4a with
Rablla appeared to reverse the effect of Rablla alone, as intracellular staining
of APP was again present upon holo-Lf treatment in these cells (Figure 4.12C).
Taken together, these results suggest that holo-Lf directs APP to the Rabl1-
positive recycling endosome but upon Rab11 depletion, APP is recycled back to

the plasma membrane via Rab4-positive endosomes.
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Figure 4.10. Rab5 and Rab7-positive endosomes are not involved in the
endocytic pathway of holo-Lf and APP. Quantification of APP levels on the cell
surface of non-permeabilised SH-SY5Y cells after being transfected with (A)
control non-target and Rab5a RNAI (20 nM) or (B) control non-target and Rab7a
RNAIi (20 nM) for 48 hours, followed by holo-Lf treatment (500 nM; 2 hours).
FACS was performed using ab15272 recognising N-terminal extracellular
epitopes of APP. SH-SY5Y cells RNAI treated in the same conditions as (A) and
(B) were subjected to the ligand internalisation assay. Surface biotin was stripped
with MeSNa to detect internalised biotinylated Lf. (C) Rab5 and (D) Rab7 protein
expression, and (C & D) internalised holo-Lf were visualised by Western blot
normalised to B-actin. Data are means *= SE of 3 experiments performed in (A &
B) duplicate and (C & D) triplicate. *** p < 0.001 and **** p < 0.0001 compared to
non-target control and "™ p < 0.0001 compared to (A) Rab5a RNAi and (B)
Rab7a RNAI cells.
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Figure 4.11. Holo-Lf directs APP to Rabl1-positive recycling endosomes.
(A) Quantification of APP levels on the cell surface of non-permeabilised SH-
SY5Y cells after being transfected with control non-target and Rab1la RNAi (20
nM) for 48 hours followed by a 2 hour incubation with 500 nM holo-Lf. FACS was
performed using ab15272 recognising N-terminal extracellular epitopes of APP.
(B) Cell surface proteins of SH-SY5Y cells RNAI treated in the same conditions
as (A) followed by holo-Lf treatment (500 nM; 2 hours) were biotinylated to
identify changes to APP expression on the cell surface. (C) SH-SY5Y cells RNAI
treated in the same conditions as (A) were subjected to the ligand internalisation
assay. Surface biotin was stripped with MeSNa to detect internalised biotinylated
Lf. (B) Total and cell surface APP, (C) Rabll and internalised holo-Lf were
visualised by Western blot and normalised to (B) Na*/K* ATPase surface protein
and (C) B-actin. Data are means * SE of 3 experiments performed in (A) duplicate
and (B & C) triplicate. *** p < 0.001 and **** p < 0.0001 compared to non-target
control and (A & B) MM p < 0.0001 compared to Rabl1la RNAI cells.
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Figure 4.12. APP co-localises with Rabll-positive endosomes in the
presence of holo-Lf and is rapidly recycled back to the plasma membrane
by Rab4-positive endosomes upon Rabll knockdown. The endocytic
recycling pathway involving Rab4 and Rabll-positive endosomes were
investigated in conjunction with holo-Lf directed APP trafficking by double
immunofluorescence confocal microscopy. Deconvoluted confocal microscopy
was performed on SH-SY5Y-APP695 cells after being transfected with control
non-target, (A) Rab4a, (B) Rablla, and (C) Rab4a and Rablla RNAI (20 nM;
48 hours). After surface labelling with anti-APP antibody, cells were subjected to
1 UM holo-Lf for 1 hour at 37°C. After fixation and permeabilisation, cells were
labelled with either (A & C) anti-Rab4 or (B & C) anti-Rab11 antibody. Alexa Fluor
488 (green) conjugated secondary antibody was used to detect APP while Alexa
Fluor 568 (red) conjugated secondary antibody was used to detect (A & C) Rab4
or (B & C) Rab11. White arrows denotes co-localisation between (A) APP and
Rab4, and (B) APP and Rabll. Images are representative of an SH-SY5Y-

APP695 cell from 2 experiments, performed in duplicate. Scale bar = 10 um.
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4.3 Discussion

Holo-Lf was found to internalise APP from the cell surface in a receptor mediated
pathway. Therefore, by using RNAI directed against the major proteins required
for clathrin-dependent and independent internalisation pathways, we report here
that holo-Lf deviates APP from the previously published clathrin-dependent
internalisation route to a clathrin-independent pathway requiring the endocytic
trafficking regulator ARF6. Impeding the cholesterol mediated internalisation
route also altered holo-Lf dependent APP endocytosis. LRP1 was shown to
influence cell surface density levels of APP but was not involved in holo-Lf
mediated APP internalisation, confirming earlier results that demonstrated Lf to
preferentially bind APP over LRP1 (Chapter 3.2.5). By manipulating the Rab
GTPases involved in the various APP trafficking routes, holo-Lf was found to
direct APP to Rabl1-positive recycling endosomes. When Rabl1l activity was
disrupted, this led to the recycling of APP back to the plasma membrane via
Rab4-positive vesicles. The study of the endocytosis and intracellular trafficking
of APP directed by holo-Lf helps define a mode of action for holo-Lf at the cellular

level.

The ability of holo-Lf to significantly decrease surface presented APP in SH-SY5Y
neuroblastoma cultures (Figure 4.1A & 4.2A) was subsequently confirmed in
mouse primary neurons (Figure 4.2B). The inability of apo-Lf to elicit a change in
cell surface APP levels (Figure 4.1A) confirmed previous results specifying a lack
of interaction between apo-Lf and APP (Chapter 3.2.1), possibly attributed to the
large conformational differences observed between apo-Lf and holo-Lf (Jameson
et al., 1998; Querinjean et al., 1971). Dropping the temperature down to 4°C
reduced enzymatic and metabolic activity, rendering the cell inactive (Peterson
et al., 2007), providing a reference for the absence of endocytosis which resulted
in unchanged APP cell surface levels (Figure 4.1B).

There was a moderate increase in cell surface APP with holo-Tf in SH-SY5Y cells
when examined by surface biotinylation (Figure 4.2A). Transport of iron is largely
mediated by internalisation through the Tf/TfR1 complex (Crichton et al., 2011;
Moos et al., 2007). Once internalised, iron is released from Tf in the lysosome
and proceeds to be either utilised by the cell, stored in the iron storage protein Ft

or effluxed via FPN (Ganz, 2005). When cellular homeostatic regulation requires
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iron to be exported, all brain cell types use FPN (Song et al.,, 2010) and the
stabilisation of FPN for iron export at the cellular membrane is provided by APP
in neurons (Duce et al.,, 2010; Wong et al., 2014b). Therefore, a Tf promoted
increase in iron internalisation via the Tf/TfR1 pathway is likely to promote APP

expression on the cell surface so that the iron can be effluxed through FPN.

The reduction of cell surface APP levels in the presence of holo-Lf were
complemented by holo-Lf internalisation being significantly reduced upon APP
depletion (Figure 4.3). This suggests that holo-Lf may partially be dependent on
APP for internalisation. However, earlier results have demonstrated holo-Lf binds
LRP1 in the absence of APP (Chapter 3.2.5). Therefore, additional studies
examining cell surface APP levels in LRP1 depleted SH-SY5Y cells with and
without the presence of holo-Lf, and holo-Lf uptake in SH-SY5Y cells co-
transfected with APP and LRP1 RNAIi were performed to not only confirm that
LRP1 is not involved in the interaction between holo-Lf and APP, but to also
determine whether holo-Lf internalisation can be facilitated by LRP1 in the
absence of APP. Cells depleted of LRP1 showed an increase in cell surface APP
(Figure 4.4A) which correlated with an increase in holo-Lf internalisation (Figure
4.4B). LRP1 is known to endocytose APP via a clathrin-mediated pathway and
promote the amyloidogenic pathway thereby reducing APP cell surface levels
(Herr et al., 2017). In contrast, depleting cells of LRP1 has shown APP to
accumulate on the cell surface (Cam and Bu, 2006; Herr et al., 2017). This could
also explain why there is more holo-Lf uptake in LRP1 depleted cells (Figure
4.4B). In the presence of holo-Lf, LRP1 depleted cells showed a significant
decrease in cell surface presented APP (Figure 4.4A) and in cells depleted of
APP and LRP1, a similar decrease in holo-Lf internalisation was evident
compared to APP depleted cells (Figure 4.4B). Taken together, these results
confirm that LRP1 is not involved in the internalisation of APP facilitated by holo-
Lf. The question still remains as to why LRP1 is not facilitating the internalisation
of holo-Lf in APP depleted cells (Figure 4.4B). Several reports have shown Lf can
bind cell surface ligands to exert its numerous biological functions without the
need for internalisation (Brock et al., 1994; Ismail and Brock, 1993; Roiron-
Lagroux and Figarella, 1990; Zhang et al., 2014). This has also been shown with
LRP1 which can act as both an endocytic receptor and a cell surface signalling
receptor (Herz et al., 2000; Li et al., 2001; Strickland et al., 2002). For instance,
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Grey et al showed Lf to interact with LRP1 in primary rat osteoblasts to activate
cell signalling in conditions where endocytosis was blocked by pharmacological
inhibitor treatment, decreasing the temperature to 4°C or by incubating cells in a
hypertonic solution (Grey et al., 2004), indicating that the endocytic and signalling
properties of LRP1 are independent to each other. This could possibly explain
why there was no LRP1 mediated Lf uptake in APP depleted SH-SY5Y cells.
Whether Lf was involved in cell signalling through LRP1 that didn’t warrant ligand
endocytosis in APP depleted SH-SY5Y cells would need further investigation.

Various studies have documented APP endocytosis to be strongly influenced by
cholesterol levels (Cossec et al., 2010; Ehehalt et al., 2003; Kojro et al., 2001).
Whilst APP and BACEL1 may be present at separate regions of the lipid raft
domain, endocytosis brings APP and BACE1 together enabling B-secretase
processing of APP within endosomes (Cataldo et al., 2004; Chow et al., 2010;
Zheng and Koo, 2011). By manipulating cholesterol membrane levels, we
examined how this influenced the cellular distribution of APP and what affect this
had on holo-Lf mediated APP endocytosis. In the absence of holo-Lf, our data
supports previous reports that demonstrate lowering membrane cholesterol in
cells (Figure 4.5A) prevents APP endocytosis and results in an accumulation of
APP on the cell surface (Figure 4.5B) (Cossec et al., 2010; Kojro et al., 2001).
Concomitantly, reducing cell membrane cholesterol levels (Figure 4.5A) also
decreases holo-Lf internalisation (Figure 4.5C), indicating a cholesterol-
dependent holo-Lf mediated APP internalisation route.

Countless reports have shown APP endocytosis to be dependent on clathrin-
coated vesicles (Ehehalt et al., 2003; von Arnim et al., 2008; Yap and Winckler,
2015), whereas BACE1 undergoes clathrin-independent endocytosis and is
sorted to the early endosome via the endocytic trafficking regulator ARF6
(Sannerud et al., 2011; Tang et al., 2015). By modifying the specific early
regulators of APP and BACEL endocytosis through depletion of the CHC or ARF6
expression respectively, we may now begin to understand the mechanism by
which holo-Lf facilitates the internalisation of APP. Without the presence of holo-
Lf, our data supports previous evidence in which silencing the CHC prevents APP
endocytosis and increases APP cell surface levels (Figure 4.6A) (Cossec et al.,
2010; Motley et al., 2003), which was also observed when silencing DYM (Figure
4.6B), one of the major proteins involved in the budding and scission of clathrin-
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coated vesicles from the cell membrane (Carey et al., 2005). However, these
surface levels of APP decreased in the presence of holo-Lf (Figure 4.6A & B),
indicating that holo-Lf internalises APP via a clathrin and dynamin-independent
pathway. Concomitant with this internalisation of APP, holo-Lf endocytosis was
also elevated (Figure 4.6C & D). In support of these findings, APP stained on the
cell surface was shown to co-localise with clathrin inside SH-SY5Y-APP695 cells
in the absence of holo-Lf (Figure 4.8), signifying APP is internalised into the cell
via a clathrin-dependent pathway (Cossec et al., 2010; Motley et al., 2003). This
was further validated when APP accumulated on the cell surface in CHC depleted
cells (Figure 4.8). However, surface presented APP that internalised into the cell
in the presence of holo-Lf did not co-localise with CHC, and depleting cells of

CHC still resulted in intracellular APP in the presence of holo-Lf (Figure 4.8).

Silencing ARF6 revealed no changes to cell surface APP levels (Figure 4.7A),
indicating ARF6 is not directly involved in APP endocytosis (Sannerud et al.,
2011; Zhang and Song, 2013b). However, cell surface APP increased in ARF6
depleted cells when holo-Lf was added (Figure 4.7A). A reduction of Lf uptake in
cells depleted of ARF6 and APP resulted in a comparable level to that of APP or
ARF6 alone (Figure 4.7B). This demonstrates that Lf shares a common
internalisation pathway with APP and ARF6 and that the presence of each protein
is required to gain entry into the cell. Surface presented APP staining which
internalised into the cell co-localised with ARF6 in the absence of holo-Lf (Figure
4.9). A possible explanation as to why APP would co-localise with ARF6 could be
the result of ARF6 directed trafficking of BACE1l to the same endocytic
compartment as APP to initiate cleavage (Ehehalt et al., 2003; Sannerud et al.,
2011). In ARF6 depleted SH-SY5Y-APP695 cells, intracellular staining of APP
was evident (Figure 4.9). This confirmed previous findings suggesting APP
internalisation is not dependent on ARF6 (Sannerud et al., 2011; Zhang and
Song, 2013b). Furthermore, cell surface staining of APP internalised into the cell
in the presence of holo-Lf which co-localised with ARF6 (Figure 4.9). Depleting
cells of ARF6 resulted in an accumulation of APP on the cell surface in the
presence of holo-Lf (Figure 4.9), suggesting that holo-Lf mediated APP
endocytosis requires ARF6 to gain entry into the cell. In certain cellular
conditions, ARF6 has previously been reported to influence APP internalisation

via macropinocytosis, avoiding delivery to the early endosome and transporting



-121 -

APP to the lysosome for B-processing (Tang et al., 2015). Here, we propose that
in the presence of holo-Lf, APP endocytosis could follow a similar pathway that

is dependent on ARF6.

Next, we investigated the intracellular trafficking route of holo-Lf mediated APP
endocytosis by examining the various intracellular endocytic compartments
involved in the trafficking of APP. The Rab5 and Rabll GTPases are
predominantly associated with the early endocytic pathway (Trischler et al.,
1999), whereas Rab7 is more linked to the late endocytic pathway (Vitelli et al.,
1997). SH-SY5Y cells treated with Rab5a or Rab7a RNAI resulted in an
accumulation of cell surface APP (Figure 4.10A & B). Rab5 is the major GTPase
involved in endocytosis, trafficking, and sorting of internalised APP to the different
membrane compartments (Bucci et al., 1992; Gorvel et al., 1991; Grbovic et al.,
2003). Therefore, silencing Rab5a impedes APP internalisation and sorting at the
early endosome, explaining the accumulation of cell surface APP. The Rab7
GTPase is associated mainly with late endosomes and lysosomes (Guerra and
Bucci, 2016), involved in the degradation of APP and/or its cleaved products (Koo
et al., 1996; Yamazaki et al., 1996). Depleting Rab7 therefore can impede the
late endocytic degradation pathway, forcing APP to be recycled back to the
plasma membrane (Koo et al., 1996). However, increased APP cell surface levels
observed with Rab5a and Rab7a RNAI treatment decreased in the presence of
holo-Lf (Figure 4.10A & B), correlating with an increase in holo-Lf internalisation
(Figure 4.10C & D). In the absence of holo-Lf, co-localisation was observed
between APP and Rabll (Figure 4.12B), indicating a slow recycling process of
internalised APP mediated by Rabl11-positive vesicles (Ullrich et al., 1996; Urbe
et al., 1993). While in cells depleted of Rablla, there was a decrease in surface
presented APP (Figure 4.11A & B) with apparent APP intracellular staining
(Figure 4.12B), indicating a lack of APP recycling to the cell surface (Ullrich et al.,
1996; Urbe et al., 1993). However, there was co-localisation between APP and
Rabll-positive compartments in the presence of holo-Lf (Figure 4.12B),
suggesting APP internalised by holo-Lf is trafficked to Rabll-positive
endosomes. Furthermore, in cells depleted of Rablla, APP was found both on
the cell surface and intracellularly in the presence of holo-Lf (Figure 4.12B). The
accumulation of cell surface APP observed with Rabl1la RNAI treated cells in the

presence of holo-Lf (Figure 4.11A & B) in addition to the decreased levels of Lf
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internalisation (Figure 4.11C) revealed a discrepancy regarding the functional
role of Rab11-positive endosomes and therefore warranted further investigation
of the endocytic recycling pathway in the presence of holo-Lf. Rab4 and Rabl11
GTPases both regulate the recycling of intracellular cargo back to the plasma
membrane (Hsu and Prekeris, 2010; Li and DiFiglia, 2012). Rab4 facilitates a
‘fast’ recycling process and is predominantly localised with Rab5 on the
early/sorting endosome in addition to being associated with Rabl1-positive
compartments which are involved in ‘slow’ recycling of cargo and are typically
perinuclear (Sonnichsen et al., 2000; Ward et al.,, 2005a). Using double
immunofluorescence confocal microscopy, in the absence of holo-Lf, co-
localisation was observed between APP and Rab4, and in Rab4a RNAI treated
cells intracellular staining of APP was evident (Figure 4.12A). The co-localisation
of APP with Rab4 could be explained by the rapid recycling of APP in Rab4-
positive vesicles after internalisation (Zhang and Song, 2013a). In the presence
of holo-Lf, there was no co-localisation between APP and Rab4-positive
compartments (Figure 4.12A), indicating holo-Lf does not direct APP through the
rapid recycling route. Whilst in Rab4a RNAI treated cells, there was apparent
intracellular staining of APP (Figure 4.12A). Double RNAI treatment of Rab4a and
Rablla to SH-SY5Y-APP695 cells also showed apparent intracellular APP
staining both in the absence and presence of holo-Lf (Figure 4.12C). Taken
together, we identify a Rab11-dependent pathway as the major trafficking route
for APP directed by holo-Lf, and disrupting this pathway leads to the recycling of
APP back to the plasma membrane via Rab4-positive vesicles.

Whether holo-Lf is rapidly recycled or dissociates from APP and remains inside
the cell after Rabll disruption requires further investigation. Co-localisation
experiments performed within this chapter also posed a limitation. For further
validity, a triple stain including holo-Lf would be of benefit to monitor co-
localisation of APP and Lf with the associated regulators of endocytosis and
trafficking. Also, it is essential that the cellular mechanism of ARF6-dependent
holo-Lf mediated APP internalisation and trafficking to Rab11-positive recycling
compartments would need to be validated in a primary mammalian neuronal cell
line which is more likely to reiterate the properties of neuronal cells in vivo. Finally,
what impact holo-Lf mediated APP internalisation and trafficking has on the cell

fate of APP will be further explored.
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CHAPTER 5.0 HOLO-LF PROMOTES TRAFFICKING OF APP TO
RAB11 RECYCLING ENDOSOMES TO EXACERBATE AB
PRODUCTION

5.1 Introduction

The processing of APP is an important determining factor in the development of
AD. The ubiquitously expressed APP is predominantly processed by
amyloidogenic and non-amyloidogenic pathways (Chow et al., 2010; Zheng and
Koo, 2011). In AD, amyloidogenic processing of APP dominates leading to the
accumulation of AB in the brain. Full-length APP is endocytosed before being
cleaved by the B-secretase enzyme BACEL to release sAPPB and the amino
terminus of AB (Seubert et al., 1993). The y-secretase complex cleaves out the
carboxyl end of AB (Chow et al.,, 2010). Physiologically, non-amyloidogenic
processing is predominant, requiring ADAM10 a-secretase cleavage within the
AB domain at the cell surface (Koo et al., 1996), yielding neuroprotective sAPPa
(Roberts et al., 1994). The endocytotic shift for amyloidogenic processing of APP
depends on cholesterol-enriched lipid rafts (Ehehalt et al., 2003; Simons et al.,
1998). The ARF6 endocytic trafficking regulator is required for BACEL sorting to
the early endosome, where it encounters APP for [(-secretase processing
(Sannerud et al., 2011; Tang et al., 2015).

According to the literature, evidence suggesting a direct interaction between Lf
and APP has not been documented. However, one study performed by Guo et al
has demonstrated the ability of Lf to indirectly alter APP metabolism (Guo et al.,
2017). Treatment of Lf to the mouse neuroblastoma N2a cell line overexpressing
a FAD causing mutant of APP (APP Swedish mutation; APPsw) and in the
APP/presenilin | AD mouse model resulted in a decrease in total APP levels, an
upregulation of ADAM10 protein expression and an increase in sAPPa (Guo et
al.,, 2017). These findings indicate that Lf can promote ADAM10 activation to

induce non-amyloidogenic a-secretase processing of APP.

In the previous chapter (Chapter 4.0), the cellular mechanism and components
required for holo-Lf mediated APP internalisation and trafficking were identified.
Using a similar approach, we investigated what impact holo-Lf had of the main

amyloidogenic and non-amyloidogenic processing pathways of wild-type APP.
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We examined what affect Lf had on the a-secretase enzyme ADAM10 as well as
the enzymatic activity of BACEL associated with the amyloidogenic pathway of
APP. Whether the interaction between APP and Lf could possibly be considered

as a therapeutic target was also explored.
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5.2 Results
5.2.1 Holo-Lf promotes the amyloidogenic pathway of APP

To investigate the effects of holo-Lf on APP processing via the amyloidogenic
pathway, dose and time-dependent experiments were carried out to determine
the physiological parameters of holo-Lf exposure. To confirm the optimal
concentration of holo-Lf treatment, SH-SY5Y cells were treated 0-1000 nM for 2
hours. To confirm the optimal exposure time of holo-Lf, cells were treated for 0.5,
1, 2, and 4 hours with 500 nM holo-Lf. Conditioned media samples from SH-SY5Y
cells were concentrated and analysed by Western blot. Total SAPP, generated
through either the non-amyloidogenic (a-cleaved) or the amyloidogenic (B-
cleaved) pathway was detected by 22C11 (Cater et al., 2008), whilst sAPP3 and
AB were detected by 1A9 and 6E10 respectively. In the absence of holo-Lf,
changes in sAPP expression were observed to steadily increase up to 4 hours
(Figure 5.1B) and increasing the concentration and exposure time of holo-Lf
significantly increased sAPP, sAPP and AP levels (Figure 5.1A & B). These
findings suggest that holo-Lf exacerbates the amyloidogenic pathway of APP in
a dose and time-dependent manner, resulting in an accumulation of sAPP3 and
AB. The optimal concentration and exposure time of holo-Lf treatment was
confirmed at 500 nM for 2 hours. This avoided over-saturation of holo-Lf and

achieved a desirable detectable output in the most efficient time.

The exacerbation of APP amyloidogenic fragments observed with holo-Lf
treatment was also demonstrated in SH-SY5Y-APP695 cells. Media samples
from cells treated with holo-Lf and holo-Tf (500 nM; 2 hours) were concentrated
and analysed by Western blot. In the presence of holo-Lf, there was a significant
increase in sAPP with subsequent sAPPB and sAB production (p < 0.0001)
whereas treatment with holo-Tf resulted in no amyloidogenic fragment formation
(Figure 5.2A). The increase in APP amyloidogenic processing in the presence of
holo-Lf was detected and confirmed in primary murine neurons by Western blot.
In the presence of holo-Lf, there was a significant increase in both sAPP and
sAPP (p < 0.0001) in the neuronal media when compared to non-treated control
cells (Figure 5.2B). In contrast, incubation with holo-Tf had no effect on
generating APP amyloidogenic products (Figure 5.2B). AB levels within the media

and cell lysate was also measured via double-antibody capture ELISA in SH-
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SY5Y cells endogenously expressing APP incubated with holo-Lf and apo-Lf (500
nM; 2 hours) (Figure 5.2C). In the presence of holo-Lf, there was a significant
increase in AP levels detected in both the media and cell lysate (p < 0.01) (Figure
5.2C) whereas incubation with apo-Lf had no effect on promoting AB production
in SH-SY5Y cells.
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Figure 5.1. Holo-Lf dose and time-dependently promotes the amyloidogenic
processing of APP. (A) SH-SY5Y cells were exposed to increasing amounts of
holo-Lf (0-1000 nM) for 2 hours to determine optimal concentration. (B) SH-SY5Y
cells were treated with 500 nM holo-Lf for 0.5, 1, 2, and 4 hours to determine
optimal exposure time. Extracellular sAPP, sAPP3 and sAB protein expression in
the media were visualised by Western blot. Data are means = SE of 3
experiments performed in duplicate. Quantified data depict fold increase relative

to (A) non-treated control cells (0 nM) and the (B) 0.5 hour media alone treatment

time.
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Figure 5.2. Holo-Lf promotes the amyloidogenic processing of APP. (A) SH-
SY5Y-APPG695 cells and (B) primary murine neuronal cultures were treated with
holo-Lf and holo-Tf (500 nM; 2 hours) where levels of (A & B) sAPP and
subsequent amyloidogenic sAPP and (A) sAB production were measured in the
media and visualised by Western blot. (C) AB production in the media and cell
lysate from SH-SY5Y cells incubated with apo- and holo-forms of Lf (500 nM; 2
hours) were measured by double-antibody capture ELISA. AB levels were
calculated by comparison to the values obtained from the synthetic AB142
standards. Data are means = SE of 3 experiments performed in duplicate.
Quantified data depict fold increase compared to non-treated control cells, ** p <
0.01, *** p < 0.0001. Preparation and isolation of mouse primary neuronal
cultures with subsequent Western analysis of sAPP and sAPP@ (Figure
5.2B) was performed by Dr Bruce Wong (The University of Melbourne,

Australia).
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5.2.2 Experimental conditions vary holo-Lf response to ADAM10 expression

ADAM10 is the main a-secretase enzyme that cleaves cell surface APP through
the non-amyloidogenic pathway (Chow et al.,, 2010). Lf has been shown to
promote non-amyloidogenic processing of APP resulting in an increase in
ADAM10 protein expression in N2a cells overexpressing Swedish mutant human
APP (N2a-APPSw) (Guo et al., 2017). We examined ADAM10 expression levels
in SH-SY5Y and N2a cells overexpressing wild-type APP695 exposed to holo-Lf
in treatment conditions comparable to those used by Guo et al (Guo et al., 2017).
In the experimental parameters obtained from Figure 5.1, SH-SY5Y-APP695
cells subjected to 500 nM holo-Lf for 2 hours revealed a decrease in APP (p <
0.001) but no change in ADAM10 protein expression in the cell lysate (Figure
5.3A) when analysed by Western blot. Total APP was detected by an antibody
recognising an epitope in the N-terminal of APP (22C11). N2a-APP695 cells that
received the same treatment of holo-Lf showed unaltered levels of APP and
ADAM10 when compared to non-treated control cells (Figure 5.3B). Following the
treatment conditions by Guo et al (Guo et al., 2017), SH-SY5Y-APP695 cells that
received 0.1 mg/ml holo-Lf for 24 hours revealed a decrease in both APP (p <
0.0001) and ADAM10 (p < 0.01) protein expression in the cell lysate (Figure
5.3C). N2a-APP695 cells that received the same treatment of holo-Lf also
showed reduced levels of APP and ADAM10 when compared to non-treated
control cells (Figure 5.3D). These results indicate that holo-Lf does not activate

ADAMZ10 protein expression.
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Figure 5.3. Experimental parameters vary holo-Lf effects on ADAM10
protein expression. (A) SH-SY5Y-APP695 and (B) N2a-APP695 cells were
treated with holo-Lf (500 nM; 2 hours) while (C) SH-SY5Y-APP695 and (D) N2a-
APP695 cells were serum starved for 24 hours followed by holo-Lf treatment (0.1
mg/ml) for an additional 24 hours. APP and ADAM10 protein expression in the
cell lysate were analysed by Western blot and normalised against -actin content.
Data are means = SE of 3 experiments performed in triplicate. Quantified data
depict fold change compared to non-treated control cells, * p < 0.01, *** p <

0.001, *** p < 0.0001.
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5.2.3 Lf does not affect BACE1 enzyme activity

To account for the increased amyloidogenic processing of APP observed in the
presence of holo-Lf, total BACEL1 activity using a recombinant BACE1 enzyme
(10 uM/reaction) in the presence of apo- and holo-Lf (20 pM) was examined.
Upon adding the substrate (200 nM), measurements were recorded every 2
minutes for a total time of 90 minutes. Neither apo- nor holo-Lf influenced the
activity of BACE1 (Figure 5.4). These results suggest that BACE1 activity is not
affected by the presence of Lf.
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Figure 5.4. Lf does not affect BACE1 activity. Total BACE1 activity using
human recombinant BACEL in the absence (blue) and presence of apo-Lf (20
MM; red) and holo-Lf (20 uM; green). Activity was measured using the TruPoint™
B-Secretase Assay kit. Controls were prepared without the BACE1 enzyme
(background; purple). Measurements were started immediately and taken every
2 minutes for a total time of 90 minutes. Data are means = SE of 2 experiments

performed in duplicate.
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5.2.4 Depletion of cholesterol by MBCD reduces holo-Lf mediated

amyloidogenic processing of APP

Earlier results have demonstrated that the internalisation of APP directed by holo-
Lf is dependent upon membrane cholesterol (Chapter 4.2.4). To further
substantiate these findings, the cholesterol content in the SH-SY5Y-APP695
plasma membrane was disrupted by MBCD treatment and the effect on holo-Lf
directed APP amyloidogenic processing was investigated. SHSY5Y-APP695
cells treated with holo-Lf (500 nM) confirmed an increase of sAPPB and sAPB (p <
0.0001) formation in the media (Figure 5.5A) and AB (p < 0.0001) production in
the cell lysate (Figure 5.5B). In the absence of holo-Lf, cholesterol depletion with
MBCD (1 mM; 3 hours) resulted in reduced levels of A (p < 0.0001) in both the
media (Figure 5.5A) and cell lysate (Figure 5.5B). Cholesterol depletion followed
by holo-Lf treatment revealed a decrease in sAPP and AB formation in the media
(Figure 5.5A) as well as reduced levels of AB in the lysate (Figure 5.5B). These
findings demonstrate that holo-Lf mediated APP amyloidogenic processing can

be diminished by reducing membrane cholesterol.
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Figure 5.5. Depletion of cholesterol disrupts holo-Lf directed APP
amyloidogenic processing. SH-SY5Y-APP695 cells were treated with MBCD
(2 mM; 3 hours) followed by holo-Lf (500 nM; 2 hours) where levels of (A) sAPPS
and sAB in the media and (B) AB in the cell lysate were visualised by Western
blot. Data are means + SE of 3 experiments performed in triplicate normalised to
(A) total protein or (B) B-actin. **** p < 0.0001 compared to non-treated control

and MM p < 0.0001 compared to holo-Lf only treated cells.
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5.2.5 APP is diverted to the Rab11 GTPase-positive recycling endosome by

holo-Lf to accelerate the amyloidogenic processing of APP

To examine the effects and intracellular location of holo-Lf directed APP
amyloidogenic processing, the formation of APP amyloidogenic fragments
sAPP and AB upon exposure to holo-Lf (500 nM; 2 hours) was investigated in
SH-SY5Y-APPG695 cells after treatment with RNAI to either CHC (40 nM), DYM
(20 nM), ARF6 (20 nM), Rab4a (20 nM), Rab5a (20 nM), Rab7a (20 nM) or
Rablla (20 nM). In the absence of holo-Lf, the depletion of CHC, DYM (Figure
5.6), ARF6 (Figure 5.7), Rab5a, Rab7a (Figure 5.8), or Rablla (Figure 5.9) by
RNAI treatment reduced AB (p < 0.0001) formation within the media and cell
lysate. However, Rab4a RNAI treatment reduced AB (p < 0.0001) in the media
(Figure 5.9A) but increased AB (p < 0.0001) formation in the cell lysate (Figure
5.9B). This was also evident with cells co-transfected with Rab4a and Rablla
RNAI (p <0.0001) (Figure 5.9). Upon addition of holo-Lf, CHC, DYM (Figure 5.6),
Rab5a or Rab7a (Figure 5.8) depleted cells increased both sAPP[3 production in
the media and AR production in the media and cell lysate (p < 0.0001), whereas
with Rab4a depleted cells, sAPPB and sAp in the media, and AR in the cell lysate
remained unchanged compared to non-targeted treated cells (Figure 5.9).
Reducing ARF6 or Rab11 by RNAI with subsequent holo-Lf treatment resulted in
a significant decrease in sAPPB detected within the media and AB formation
detected in both the media (Figure 5.7A & Figure 5.9A respectively) and cell
lysate (Figure 5.7B & Figure 5.9B respectively) (p < 0.0001). This also occurred
in cells co-transfected with Rab4a and Rablla RNAI (p < 0.0001) (Figure 5.9).
Taken together, these results indicate that the intracellular endocytic location of
AB production exacerbated by holo-Lf is predominantly within the Rabll
GTPase-positive recycling endosome.
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Figure 5.6. Holo-Lf mediated APP endocytosis does not require clathrin or
dynamin for the amyloidogenic processing of APP. SH-SY5Y-APP695 cells
were treated with holo-Lf (500 nM; 2 hours) after being transfected with (A & B)
control non-target and CHC RNAI (40 nM) for 72 hours or (C & D) control non-
target and DYM RNAI (20 nM) for 48 hours. (A & C) Extracellular sSAPP and sAB
in the media, (B) CHC, (D) DYM and (B & D) AB protein expression in the cell
lysate were visualised by Western blot. Data are means + SE of 3 experiments
performed in triplicate normalised to (A & C) total protein or (B & D) B-actin. ****
p <0.0001 compared to non-target control and " p < 0.0001 compared to holo-

Lf treated non-target cells.
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Figure 5.7. Reducing ARF6 associated endocytosis of holo-Lf and APP
alleviates APP amyloidogenic processing. SH-SY5Y-APP695 cells were
treated with holo-Lf (500 nM; 2 hours) after being transfected with control non-
target and ARF6 RNAI (20 nM) for 48 hours. (A) Extracellular sAPPB and sAB in
the media, and (B) ARF6 and AR protein expression in the cell lysate were
visualised by Western blot. Data are means + SE of 3 experiments performed in
triplicate normalised to (A) total protein or (B) B-actin. **** p < 0.0001 compared
to non-target control and "™ p < 0.0001 compared to holo-Lf treated non-target

cells.
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Figure 5.8. Rab5 and Rab7-positive endocytic compartments are not sites
for holo-Lf mediated APP amyloidogenic processing. SH-SY5Y-APP695
cells were treated with holo-Lf (500 nM; 2 hours) after being transfected with (A
& B) control non-target and Rab5a RNAi (20 nM) or (C & D) control non-target
and Rab7a RNAI (20 nM) for 48 hours. (A & C) Extracellular sAPP and sAB in
the media, (B) Rab5, (D) Rab7 and (B & D) AB protein expression in the cell

lysate were visualised by Western blot. Data are means + SE of 3 experiments

performed in triplicate normalised to (A & C) total protein or (B & D) B-actin. ****

p <0.0001 compared to non-target control and "™ p < 0.0001 compared to holo-

Lf treated non-target cells.
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Figure 5.9. Holo-Lf directs APP to the Rabl1-positive recycling endosome

for the amyloidogenic processing of APP. SH-SY5Y-APP695 cells were

treated with holo-Lf (500 nM; 2 hours) after being transfected with control non-
target, Rab4a and/or Rablla RNAI (20 nM; 48 hours). (A) Extracellular sAPPf
and sAB in the media, and (B) Rab4, Rab11 and AB protein expression in the cell

lysate were visualised by Western blot. Data are means + SE of 3 experiments

performed in triplicate normalised to (A) total protein or (B) B-actin. * p < 0.05, **

p <0.01 and **** p < 0.0001 compared to non-target control and ™ p < 0.0001

compared to holo-Lf treated non-target cells.
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5.2.6 APP blocking peptides disrupts the interaction between Lf and APP
and dose-dependently decreases amyloidogenic SAPPB and SAf

production

To hinder the binding of holo-Lf to APP and assess amyloidogenic protein
formation, 15-mer APP peptides known to specifically bind to holo-Lf via the APP
peptide array (Chapter 3.2.3) were custom synthesised. APP peptides 40, 48, 49,
50 and 55 dissolved in DMSO were pre-incubated at varying concentrations with
holo-Lf (500 nM) for 2 hours. Incubated holo-Lf and peptide was added to the
media of SH-SY5Y-APP695 cells for 2 hours and dose-responses to sAPP(3
formation was measured by Western blot. Each peptide incubated with holo-Lf
dose-dependently decreased APP amyloidogenic sAPPB production in SH-
SY5Y-APP695 cells compared to holo-Lf treated control cells (Figure 5.10). ICso
values of each peptide to reduce amyloidogenic sAPPB formation are listed in
Table 5.1. APP peptide alone in each respective concentration exposed to SH-
SY5Y-APPG695 cells did not result in any sAPP formation (data not shown).

Peptide 49 proved to be one of the most effective blocking peptides in impeding
the binding of holo-Lf to APP and was therefore further investigated in
combination with peptides 40 and 55. Holo-Lf (500 nM) was pre-incubated with
peptide 49 (5 uM and 10 uM) combined with either peptide 40 or 55 at a 1:1 ratio
for 2 hours, then added to the media of SH-SY5Y-APP695 cells for a further 2
hours. Amyloidogenic fragments released into the media were measured by
Western blot. Peptide 49 combined with either 40 or 55 at 5 yM masked the
binding sites of holo-Lf which significantly decreased APP amyloidogenic sAPP(
and sA production in SH-SY5Y-APP695 cells compared to holo-Lf alone treated
cells (p < 0.0001) (Figure 5.11). 10 uM of 49 compared to 5 uM of 49 with 5 uM
of 40 or 55 had no additional effect on inhibiting SAPP and sAB production, whilst
20 uM of total peptide, that is, 10 uM of 49 with 10 uM of 40 or 55 resulted in total
inhibition of sAPPB and sAB production (p < 0.0001) (Figure 5.11). Taken
together, the APP peptide sequence of 49 combined with 40 or 55 blocks the
ability of APP to bind holo-Lf and that masking these sites diminishes
amyloidogenic sAPPB and sAB production caused by holo-Lf in SH-SY5Y-
APP695 cells.
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Figure 5.10. APP blocking peptides disrupts the interaction between Lf and
APP and dose-dependently decreases amyloidogenic sAPP@ production.
APP peptides 40, 48, 49, 50 and 55 were each pre-incubated with holo-Lf (500
nM) in x5 (2500 nM), x10 (5000 nM), x20 (10,000 nM), x50 (25,000 nM) and x100
(50,000 nM) excess for 2 hours, then added to the media of SH-SY5Y-APP695
cells for a further 2 hours. Amyloidogenic SAPP in the media was visualised by
Western blot. Data are means + SE of 2 experiments performed in duplicate
normalised to total protein. Quantified data depict % change relative to holo-Lf

only treated cells.
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Table 5.1. Peptide ICso values determined by Western blot for
amyloidogenic sAPP reduction

sAPPg reduction

Peptide ICso (uM)
40 7.10 + 0.38
48 8.95+0.31
49 5.05+0.19
50 9.04 +0.36
55 7.96 + 0.36
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Figure 5.11. Combinations of APP peptides 49, 40 and 55 alleviates APP
amyloidogenic processing mediated by holo-Lf. Holo-Lf (500 nM) was pre-
incubated with either 5 uM or 10 uM of APP peptide 49 combined with 5 uM or
10 uM of APP peptide 40 or 55 respectively for 2 hours, then applied to the media
of SH-SY5Y-APP695 cells and incubated for a further 2 hours. Extracellular
sAPP and sAp in the media were visualised by Western blot. Data are means +
SE of 2 experiments performed in duplicate normalised to total protein. **** p <
0.0001 compared to holo-Lf only treated, ™ p < 0.0001 compared to 5 yM
peptide 49, and ## p < 0.0001 compared to 10 uM peptide 49 treated cells.
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5.3 Discussion

In this chapter, we explored what impact holo-Lf directed APP internalisation and
trafficking had on the main processing pathways of APP. Through various
techniques to monitor APP and Lf trafficking through the cell, holo-Lf increased
the amyloidogenic cleavage of APP within Rab11-positive recycling endosomes,
resulting in the exacerbation of AB production. By masking the contact sites on
holo-Lf for APP, we were able to dose-dependently alleviate holo-Lf mediated
APP amyloidogenic processing, signifying holo-Lf as a potential therapeutic

target.

We first investigated what impact holo-Lf had on the amyloidogenic pathway of
APP. We determined the necessary concentration and exposure time of holo-Lf
to exacerbate the amyloidogenic pathway of APP and found increasing levels of
SAPP, sAPPB and sAB in a time and dose-dependent manner in SH-SY5Y cells
(Figure 5.1). An increase in AB production in the media and cell lysate from SH-
SY5Y cells with holo-Lf treatment was also detected via double-antibody capture
ELISA (Figure 5.2C). Through an alternative mechanism to that associated with
Tf, holo-Lf exacerbated the amyloidogenic processing of APP in SH-SY5Y-
APPG695 cells (Figure 5.2A) which was also demonstrated in primary murine
neurons (Figure 5.2B). There was a correlation between sAPPB and AP
formation, suggesting that BACE1 B-cleavage is either the rate limiting step and
therefore determines total AR levels or that the intracellular sites that harbour 3-
cleavage are also involved in y-secretase cleavage of APP to produce A (Chow
etal., 2010; Koo et al., 1996; Udayar et al., 2013). BACE1 and APP on the plasma
membrane are found in separate regions and only co-localise via receptor
mediated endocytosis, upon which BACE1 cleaves APP to produce sAPPB. The
remaining fragment is subsequently cleaved by the y-secretase complex to
produce AB (Chow et al., 2010; Zheng and Koo, 2011).

The main emphasis of the study performed by Guo et al was the ability of Lf to
promote the non-amyloidogenic pathway of APP in N2a-APPSw cells, resulting
in an increase in ADAM10 protein expression (Guo et al., 2017). Therefore, we
investigated ADAM10 expression levels in the presence of holo-Lf by replicating
the experimental parameters specified by Guo et al (0.1 mg/ml holo-Lf; 24 hours)
(Guo et al., 2017) in addition to our own (500 nM holo-Lf; 2 hours) in human SH-
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SY5Y and mouse N2a neuroblastomas overexpressing wild-type APP695. In the
experimental parameters used within this study, there was a decrease in total
APP levels with unaltered ADAM10 protein expression in SH-SY5Y-APP695 cells
(Figure 5.3A) with unchanged total APP and ADAM10 protein levels in N2a-
APP695 cells (Figure 5.3B). Using the experimental parameters specified by Guo
et al, a decrease in total APP levels (Guo et al., 2017) in the presence of holo-Lf
was evident in both SH-SY5Y and N2a overexpressing APP695 cells (Figure
5.3C & D). The decrease in total APP levels with holo-Lf can be explained by
earlier findings that indicate holo-Lf to facilitate APP amyloidogenic processing,
resulting in an increase in soluble APP fragments released into the media (Figure
5.1). However, holo-Lf failed to upregulate ADAM10 and in contrast caused a
decrease in ADAM10 protein expression in both cell lines (Figure 5.3C & D).
Studies have shown an increase in B-processing reduces a-secretase cleavage
of APP and vice versa (Skovronsky et al., 2000; Vassar, 2013). Therefore, the
predominant amyloidogenic APP processing mediated by holo-Lf could induce a
negative feedback regulatory mechanism resulting in the loss of ADAM10. It is
also possible that the downregulation of ADAM10 caused by holo-Lf could
subsequently force APP to shift towards the amyloidogenic pathway for (-
secretase processing. These results indicate that holo-Lf does not activate
ADAM10 expression and therefore does not promote the non-amyloidogenic

pathway of APP.

The inconsistencies between groups may be explained by a number of
associated reasons. Firstly, the iron-binding status of Lf could be a defining factor
where multiple studies have shown Lf to possess varying functions according to
its iron saturation state (Rosa et al., 2017). In accordance with this notion, we
have previously shown the iron-binding status of Lf to affect the interaction with
APP (Chapter 3.0). Only when Lf is bound to iron (holo-Lf) can it directly bind and
interact with APP, whereas in its iron-unsaturated form (apo-Lf) it cannot. The
large conformational differences observed between apo-Lf and holo-Lf
(Grossmann et al., 1992; Jameson et al., 1998; Querinjean et al., 1971) can lead
to the exposure of different binding sites and may cause alternative binding
partners to interact with the different Lf forms (Grossmann et al., 1992; Jameson
et al., 1998; Lopez et al., 2008). Whether Lf was in its apo or holo form was not

addressed by Guo et al. Secondly, to examine sAPPa secretion levels in the
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presence of Lf in vitro, the authors failed to detect secreted APPa in cell
supernatant samples and instead were prompted to perform Western analysis on
cell lysate samples (Guo et al., 2017). The predominant cellular location of APP
cleavage by ADAM10 through the non-amyloidogenic pathway is on the cell
surface where APPa is released into the extracellular medium (Culvenor et al.,
1995; Koo et al., 1996). Lastly, Guo et al examined the effects of Lf on both the
non-amyloidogenic and amyloidogenic pathways of APP in cell culture and AD
mouse models transgenetically overexpressing a mutant form of APP that
already selectively processes APP through the amyloidogenic pathway (i.e.
familial Swedish APP) (Citron et al., 1992; Sasaguri et al., 2017; Thinakaran et
al., 1996b). AD models harbouring the familial Swedish APP mutation have
shown the cellular location of B-secretase cleavage of this mutant form of APP to
preferentially occur in the Golgi apparatus, consequently diminishing levels of cell
surface APP (Thinakaran et al., 1996b). Therefore, this increase in programmed
amyloidogenic APP processing could indeed mask the effects that we have
shown with Lf accelerating the amyloidogenic pathway of APP. In addition,
without the presence of APP on the cell surface, extracellular (holo) Lf would not
be able to bind and internalise APP destined for amyloidogenic processing by [3-
and y-secretases in the endocytic compartments. Perhaps a more suitable AD
mouse model would be 15 (Line B6.Cg-Tg (PDGFB-APP) 5Lms/J) mice that
overexpress human wild-type APP, under the control of the human platelet
derived growth factor, B polypeptide (PDGFB) promoter. While mice exhibit
minimal levels of AR deposition in a normal environment (Borchelt et al., 1996;
Guo et al., 1999; Kitazawa et al., 2012; Mucke et al., 2000), they may be a more
suitable transgenic mouse line for monitoring the processing pathways of wild-
type APP in sporadic AD or under conditions where there is an elevated presence
of Lf.

The B-secretase enzyme in the brain that contributes to AD neuropathology has
been identified as BACE1 (Evin and Weidemann, 2002; Vassar et al., 1999).
Furthermore, BACE1 expression and activity are both elevated in the AD brain
(Holsinger et al., 2002; Yang et al., 2003). We therefore explored whether holo-
Lf increased the enzymatic activity of BACEL, attributing to the accelerated
amyloidogenic processing of APP. Holo-Lf failed to alter the fluorescence of

BACEL enzymatic activity (Figure 5.4), indicating that Lf does not directly affect
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BACE1 cleavage. Of note, the substrate used to measure BACE1 enzymatic
activity was a small peptide containing the cleavage site for BACE1 and not APP
itself. Whilst APP and BACE1 may be present at separate regions of the lipid raft
domain, endocytosis brings APP and BACE1 together enabling B-secretase
processing of APP within endosomes (Cataldo et al., 2004; Chow et al., 2010;
Daugherty and Green, 2001). Whether holo-Lf indirectly affects BACE1 by
shifting APP from non-lipid raft to lipid raft regions of the plasma membrane
coinciding with BACEL, thereby increasing the proximity and co-localisation of
APP and BACEL for increased APP amyloidogenic processing is also a possibility

and warrants further investigation.

To understand the mechanism by which holo-Lf facilitates the production of AR
via the APP amyloidogenic pathway, we modified the same specific components
and early regulators of APP endocytosis as we did in Chapter 4.0. In the absence
of holo-Lf, our data supports previous studies that indicate lowering cell
membrane cholesterol levels results in a decrease in total Ap production (Figure
5.5) (Ehehalt et al.,, 2003; Kojro et al., 2001). In the presence of holo-Lf, an
accumulation of sAPPB and total AR (Figure 5.5) confirmed earlier findings that
holo-Lf induces the amyloidogenic pathway of APP (Chapter 5.2.1). However,
when membrane cholesterol levels were depleted in cells, SAPPB and total AR
production decreased (Figure 5.5) which correlated with reduced levels of holo-
Lf mediated APP internalisation (Chapter 4.2.4). Whilst APP and BACE1 may be
present at separate regions of the lipid raft domain, endocytosis brings APP and
BACE1 together enabling B-secretase processing of APP within endosomes
(Chow et al., 2010; Zheng and Koo, 2011). Therefore, reducing the cholesterol
level in cells limits APP and BACEL1 internalisation, reducing amyloidogenic
cleavage of APP and AP formation (Cossec et al., 2010; Ehehalt et al., 2003).
Data presented here not only supports that holo-Lf mediated APP internalisation
is cholesterol-dependent but also confirms that endocytosis of APP (facilitated by

holo-Lf) is required for APP amyloidogenic processing and the generation of Ap.

APP internalisation is via a clathrin and DYM-dependent pathway (Cossec et al.,
2010; Motley et al., 2003) whereas BACEL is internalised into the cell via an
ARF6-dependent mechanism (Sannerud et al., 2011; Tang et al., 2015). When
both are present within the early endosome, then the environment within the

vesicle is conducive for the pH-dependent BACEL activity to optimally cleave
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APP where subsequent APP fragments including AB are then secreted (Udayar
et al., 2013). In the absence of holo-Lf, our data supports previous evidence in
which silencing the CHC and DYM prevents APP endocytosis (Chapter 4.2.5)
which coincides with a reduction in the amyloidogenic processing of APP (Figure
5.6) (Carey et al., 2005; Cossec et al., 2010; Motley et al., 2003). However, in the
presence of holo-Lf, APP internalisation was via a clathrin and dynamin-
independent pathway (Chapter 4.2.5), resulting in a concomitant increase in
sAPPB and AB (Figure 5.6). This can be explained by the associated increase in
both cell surface APP and holo-Lf internalisation in CHC and DYM depleted cells
(Chapter 4.2.5). Silencing ARF6 in cells also interrupted the amyloidogenic
processing of APP (Figure 5.7) since ARF6 is required by BACE1 to gain entry
into the cell to cleave APP within endosomes (Sannerud et al., 2011). Given that
our previous findings elucidated holo-Lf to internalise APP via an ARFG6-
dependent pathway (Chapter 4.2.5), silencing ARF6 in the presence of holo-Lf
also reduced levels of sAPP@ and AB (Figure 5.7) not only by limiting BACE1
internalisation but also preventing holo-Lf mediated APP endocytosis (Chapter
4.2.5). Intriguingly, the ARF6 expression profile is altered in AD brains, and this
accordingly correlates with neurotoxic AR formation in the hippocampus of AD
brains (Braak et al., 2006; Tang et al., 2015), suggesting that ARF6 may have a
key role in AD pathology.

Previous findings have stipulated that holo-Lf directs APP to Rabll-positive
endosomes (Chapter 4.2.6). Whether this was the primary site for holo-Lf
mediated APP amyloidogenic processing was investigated. The Rab4, Rab5 and
Rabll GTPases are predominantly associated with the early endocytic pathway
(McCaffrey et al., 2001; Trischler et al., 1999), whereas Rab7 is more linked to
the late endocytic pathway (Vitelli et al., 1997). Rab4 and Rab11 GTPases both
regulate the recycling of intracellular cargo back to the plasma membrane (Hsu
and Prekeris, 2010; Li and DiFiglia, 2012). Despite Rab5, Rab7 and Rabll
compartments reported to be the sites of B-, and y-secretase cleavage of APP
(Ginsberg et al., 2010b; Grbovic et al., 2003; Udayar et al., 2013), the primary
route for APP processing involves Rab5 (Xu et al., 2018) and Rab7 (Feng et al.,
1995) dependent vesicles. Data presented here confirms AP production
associated with all three endocytic compartments, with a significant decrease in

AB levels when cells were treated with Rab5a, Rab7a (Figure 5.8) or Rablla
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(Figure 5.9) RNAIi. However, silencing Rab4a decreased AR secretion but
accumulated AR in the cell lysate which was comparable to total AB levels in cells
depleted of both Rab4a and Rablla (Figure 5.9), indicating B-, and y-secretase
cleavage of APP within Rab5-positive endosomes requires Rab4-positive
vesicles to secrete the generated AB (Arriagada et al., 2007; Udayar et al., 2013).
In the presence of holo-Lf, an accumulation of sAPPB and AR levels were
observed with Rab5a and Rab7a RNAI treatment (Figure 5.8), concomitant to the
increase in both cell surface APP and holo-Lf internalisation in Rab5a and Rab7a
depleted cells (Chapter 4.2.6). In contrast, Rabl1a depletion revealed a decrease
in sSAPP3 and AP production while Rab4a depletion caused no change in sAPP(
and AB in the media and cell lysate (Figure 5.9). When cells were depleted of
both Rab4a and Rab11a, sAPPf and total AB levels were akin to sAPP and total
AB levels obtained from only Rabl1a depleted cells (Figure 5.9), suggesting that
unlike Rab4, Rab11 regulates AR production rather than secretion (Udayar et al.,
2013). Data presented here indicate that the primary site of AB generation
facilitated by holo-Lf directed APP amyloidogenic processing is in Rab11-positive
endosomes. Refer to Figure 5.12 for a schematic overview of AB production and
secretion in the absence and presence of holo-Lf in cells depleted of Rab4a,
Rablla and double Rab4a/Rabl1a.

Studies have indicated silencing Rabll in vitro leads to a decrease in AR
production (Udayar et al., 2013), suggesting BACE1 and the y-secretase complex
to be present in Rabl1-positive recycling compartments. Furthermore, Rabl1l
has been shown to directly traffic BACEL1 to recycling compartments in the axons
of primary neurons (Buggia-Prevot et al., 2014) as well as interact with PSENL1 of
the y-secretase complex in recycling compartments (Dumanchin et al., 1999).
Intriguingly, exome sequencing performed by Udayar et al revealed a genetic link
between Rabll and sporadic AD, and a network analysis of GWAS genes
associated with sporadic AD identified Rabll as an interacting component
(Udayar et al., 2013). In conjunction, these findings strengthen our data that
demonstrates holo-Lf to mediate the intracellular vesicular route of APP by
directing it to Rabll-positive endosomes, then leading to increased
amyloidogenic processing and exacerbation of AB. In addition to holo-Lf directing
APP to Rabll endosomes, whether holo-Lf could be a contributing factor

involved in the increased amyloidogenic processing of APP by directly affecting
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the activity of the y-secretase complex is a possibility and therefore warrants

future investigation.
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Figure 5.12. Schematic representation of AR production and secretion in
the absence and presence of holo-Lfin cells depleted of Rab4a, Rablla and
double Rab4a/Rablla. (A) In the absence of holo-Lf, APP on the cell surface
can be internalised into the cell via a clathrin-mediated process that enters the
endosomal system. Amyloidogenic processing of APP may occur in the
early/sorting endosome or the slow recycling endosome to generate AR which
can be secreted by Rab4-positive or Rab11-positive compartments respectively.
Whereas non-cleaved APP may be rapidly recycled back to the cell surface via
Rab4-positive endosomes (Chapter 4.2.6). Silencing Rab4a decreases AP
secretion but increases intracellular AR whilst silencing Rab11a results in a
decrease of both intracellular and secreted ApB. Cells depleted of both Rab4a and
Rablla exhibit an increase in intracellular AR and a decrease of AB secretion.
(B) In the presence of holo-Lf, APP internalisation (directed by holo-Lf) is via an
ARF6-dependent process. AB generation facilitated by holo-Lf mediated APP
amyloidogenic processing occurs in the slow recycling endosome and is secreted
by Rabll-positive compartments. Depleting Rab4a in cells does not alter the
production or secretion of AP, whereas depleting Rablla reduces the
amyloidogenic processing of APP and results in a decrease of AB secretion and
the rapid recycling of non-cleaved APP to the cell surface (Chapter 4.2.6).

Depleting cells of both Rab4a/Rab11a reduces AB production and secretion.
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Despite extensive empirical data implicating AB in AD pathogenesis, its utility as
a drug target has yet to be established. Several therapeutic approaches aimed at
lowering AB have proven not effective in multiple large-scale clinical trials (Karran
and Hardy, 2014). Whether Lf modulation of APP could possibly be considered
as a therapeutic target was explored. Peptides containing the amino acid
sequences of APP that were found to be the contact sites for holo-Lf (Chapter
3.2.3) were synthesised. Pre-incubating each of these peptides with holo-Lf
before exposure to SH-SYS5Y-APP695 cells resulted in a dose-dependent
reduction of SAPPB formation (Figure 5.10), indicating that APP amyloidogenic
processing could be alleviated by hindering the interaction between APP and
holo-Lf. From this, the half maximal inhibitory concentration (ICso) value of each
peptide was determined (Table 5.1). The amino acid sequence of peptide 49
served as the dominant binding site on APP for holo-Lf, requiring ~ 5 M of
peptide to inhibit SAPP production by 50 % (Table 5.1). In addition, the efficacy
of each peptide to mask the binding site of holo-Lf and reduce amyloidogenic
processing of APP was observed to correlate with the affinity of holo-Lf binding
to each associated peptide within the APP peptide array (Chapter 3.2.3). There
was no complementary effect when comparing 10 yM of peptide 49 to 5 uM of
peptide 49 combined with 5 yM of peptide 40 or 55 (Figure 5.11), validating the
amino acid sequence of peptide 49 as the dominant binding site on APP for holo-
Lf. However, 20 uM of peptide, that is, 10 uM of peptide 49 combined with 10 uM
of peptide 40 or 55 totally abolished holo-Lf mediated APP amyloidogenic sAPP(3
and sAP production (Figure 5.11). This revealed that the individual APP binding
sites for holo-Lf were independent from each other. Our in vitro biophysical data
indicate holo-Lf to interact with APP at a 2:1 ratio (Chapter 3.0) with high (Kd1:1 ~
0.6 uM) and low (Kdi:2 ~ 8.2 uM) (Chapter 3.0; Table 3.1) binding affinity. We
speculate that the predominant high affinity binding site on APP for holo-Lf
comprises of the amino acids from peptide 49 (together with the flanking 48 and
50 amino acid peptide regions), while the second lower affinity interacting site
corresponds to the amino acid sequence of peptide 40 or 55. Future experiments
evaluating the changes in binding affinity between mutant and wildtype protein
complexes will help determine which peptide amino acid sequence is responsible

for the high and low binding affinity observed between holo-Lf and APP.
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Determination of the structure of the APP and holo-Lf complex is critical to not
only validate the interacting regions of APP to holo-Lf but to also determine the
binding sites on holo-Lf for APP. This structural information will validate and
improve the rational design of high affinity peptides to impede the APP and holo-
Lf interaction. Complementary studies would involve determining the structure of
the holo-Lf and APP peptide complex and conversely, the APP interacting domain
and holo-Lf peptide complex. Furthermore, in vitro peptide inhibition studies
monitoring endocytic transport of APP, AR and sAPPB production, and cell
surface location of APP will strengthen the validity for the interaction between
APP and holo-Lf being a therapeutic target in neurodegeneration and will facilitate

rational drug design.
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CHAPTER 6.0 INFLAMMATION-INDUCED LF SECRETION
EXACERBATES AB PRODUCTION

6.1 Introduction

Activation of the innate immune system in the brain protects against infectious
insult but persistent neuroinflammation, as seen in AD, can exacerbate
underlying chronic pathology (Hensley, 2010). AD is characterised by reactive
gliosis around plaques and tangle-bearing neurons (Serrano-Pozo et al., 2011b).
Once activated, these cells produce a range of inflammatory mediators including
acute phase proteins, cytokines, prostanoids, chemokines and COX-2 (Heneka
and O'Banion, 2007).

Largely due to discoveries made with transcriptomics (including GWAS), data
from sporadic AD has implicated an inflammatory and immune response as being
a critical pathway (Malik et al., 2015; Pasqualetti et al., 2015). Lf is involved in
cellular iron management in neuroinflammation and the immune response
(Grossmann et al., 1992; Jameson et al., 1998; Sanchez et al., 1992). It is an
acute phase protein that is synthesised and secreted by activated microglia
(Fillebeen et al., 2001; Wang et al., 2015) and is highly expressed during iron
loading, infection and inflammation (Levay and Viljoen, 1995). This response is
partly due to a host’s immune response requiring Lf to isolate bacteria from its
essential growth nutrient iron (Grossmann et al., 1992; Jameson et al., 1998;
Levay and Viljoen, 1995). Lf is elevated in the brain in AD, found in neurons, glia
and around lesions of neuronal damage, including plaques and tangle-bearing
neurons (Kawamata et al., 1993; Leveugle et al., 1994; Qian and Wang, 1998),
signifying an association between Lf and AD pathology. However, the role of Lf
within AD remains elusive, and it is yet to be determined whether Lf is protective

by sequestering free iron or deleterious by signalling inflammation.

We have previously shown that the addition of exogenous holo-Lf to human
neuroblastomas and murine primary neuronal cultures alters the cellular location
of APP and exacerbates the amyloidogenic pathway, leading to an increase in
sAPPB and AB production (Chapter 4.0 & 5.0). In order to confirm these findings
in a more in vivo-like cellular environment, we adopted the transwell co-culture
device and used HMC3 microglial cells co-cultured with SH-SY5Y-APP695 cells



- 156 -

to determine whether Lf secreted by stimulated microglia promotes the APP
amyloidogenic pathway in SH-SY5Y-APP695 cells. Whether the mechanistic
effects Lf had on the amyloidogenic processing of APP could be alleviated by
either hindering Lf secretion from stimulated microglia or masking the binding

sites of Lf for APP was also investigated.
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6.2 Results

6.2.1 Activated microglia secrete Lf which decreases cell surface APP and
exacerbates APP amyloidogenic processing in co-cultured SH-SY5Y-
APPG695 cells

Since previous reports have shown Lf to be synthesised by activated microglia
(Fillebeen et al., 2001; Wang et al., 2015), we used a transwell co-culture of
HMC3 microglial and SH-SY5Y-APP695 cells to examine and confirm the effects
observed in the APP amyloidogenic pathway caused by Lf. HMC3 cells were
cultured in the upper chamber insert and SH-SY5Y-APP695 cells were cultured
in the lower plate compartment of the co-culture device. To activate resting HMC3
microglial cells, IFN-y (10 ng/ml) was added to the upper chamber insert and
incubated for 24 hours. HMC3 activation was confirmed by an increase of the
activation marker MHC class Il via Western blot (Figure 6.1B). Significant levels
of Lf (p < 0.0001) were detected within the media of the lower plate compartment
containing SH-SY5Y-APP695 cells by Western blot (Figure 6.1A), indicating the
permeability and pore size of the membrane insert was sufficient for the free
passage of secreted Lf from activated HMC3 cells. To determine the source of Lf
production, HMC3 and SH-SY5Y-APP695 cells were cultured separately and
treated with and without IFN-y (10 ng/ml) for 24 hours. Only HMC3 cells showed
Lf secretion after being activated for 24 hours (p < 0.0001) (Figure 6.1A).
Furthermore, only after HMC3 activation and subsequent Lf secretion were co-
cultured SH-SY5Y-APP695 cells able to exhibit decreased levels of surface
presented APP as measured by surface biotinylation (p < 0.0001) (Figure 6.2)
and increased production of the APP amyloidogenic products sAPPB (in the
media) (Figure 6.1A) and AB (in the media and cell lysate) (Figure 6.1A & B
respectively) (p < 0.0001).

To confirm that activated HMC3 Lf secretion was responsible for the
mislocalisation of APP and therefore subsequent APP amyloidogenic fragment
formation, Lf was immunoprecipitated and detected from the media of activated
(IFN-y; 10 ng/ml; 24 hours) HMC3 cells (Figure 6.3A). Unbound and bound Lf
fractions were then applied to cultured SH-SY5Y-APP695 cells, incubated for 2
hours and secreted amyloidogenic fragments in the media were analysed by
Western blot. SH-SY5Y-APP695 cells treated with bound Lf fractions revealed
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significant increased levels of sAPPB and sAB (p < 0.0001) (Figure 6.3B),
compared to non-treated control, cells treated with unbound fractions or when
using B-actin as the capture antibody, all confirming specificity of Lf interaction
(Figure 6.3B). Taken together, secreted Lf from activated microglia is able to alter
cell surface APP location in SH-SY5Y-APP695 cells and induces the
amyloidogenic processing of APP to produce sAPP[3 and sAR.
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Figure 6.1. Secreted Lf from activated microglia increases APP
amyloidogenic processing. In the co-culture device, HMC3 microglial cells
were cultured in the upper inserts, while SH-SY5Y-APP695 cells were cultured in
the lower plate wells. Human recombinant IFN-y (10 ng/ml; 24 hours) was added
to the upper inserts in serum-free EMEM to activate HMC3 cells. (A) Secreted Lf,
sAPP[3 and AB in the media of the lower chamber containing SH-SY5Y-APP695
cells, and the activation marker for induced HMC3 cells, (B) MHC class Il and A
protein expression in the cell lysate were visualised by western blot. Data are
means = SE of 3 experiments performed in duplicate normalised to (A) total
protein or (B) B-actin. *** p < 0.0001 compared to non-treated HMC3 only
control, (A) ™M™ p < 0.0001 compared to non-treated co-culture control, (B) ###
p < 0.0001 compared to non-treated co-cultured HMC3 control, **** p < 0.0001
and === p < 0.0001 compared to IFN-y treated co-cultured SH-SY5Y-APP695

cells.
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Figure 6.2. Secreted Lf from activated microglia reduces surface presented
APP. In the co-culture device, HMC3 microglial cells were cultured in the upper
inserts, while SH-SY5Y-APP695 cells were cultured in the lower plate wells.
Human recombinant IFN-y (10 ng/ml; 24 hours) was added to the upper inserts
in serum-free EMEM to activate HMC3 cells. Cell surface proteins on SH-SY5Y-
APPG695 cells were biotinylated after microglial activation to identify changes to
APP expression on the cell surface. Total and cell surface APP levels were
visualised by Western blot. Data was normalised against B-actin for total APP
levels and Na*/K* ATPase for surface protein content, and depict fold change
compared to non-treated co-cultured SH-SY5Y-APP695 control cells, presented
as means + SE of 3 experiments performed in triplicate, *** p < 0.001 and **** p
< 0.0001.
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Figure 6.3. Confirmation that Lf produced from activated microglia
increases APP amyloidogenic processing. To further validate whether Lf
secretion from stimulated microglia induce the amyloidogenic processing of APP,
(A) anti-Lf (LifeSpan BioSciences) was used to immunoprecipitate while anti-Lf
(Bioss) was used to detect Lf in the media (analysed by Western blot) of HMC3
cells activated with IFN-y (10 ng/ml; 24 hours). No detection of Lf when using
anti-B-actin as the capture antibody confirmed specificity of interaction. The
‘unbound’ refers to the starting material (‘start’) remaining after separation from
the protein G Dynabeads, and the ‘bound’ fraction refers to the eluted protein.
Immunoprecipitation experiments were performed in duplicate on three separate
occasions. (B) Immunoprecipitated bound and unbound Lf fractions from (A)
were applied to SH-SY5Y-APP695 cells and incubated for 2 hours. The APP
amyloidogenic protein fragments (SAPPB & sAB) in the media were visualised by
Western blot. Data are means + SE of 3 experiments performed in duplicate and

depict fold change compared to non-treated control cells, **** p < 0.0001.
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6.2.2 Hindering the interaction between Lf from induced microglia and APP

from SH-SY5Y-APP695 cells alleviates amyloidogenic fragment production

To determine whether Lf depletion could alleviate APP from being processed
through the amyloidogenic pathway and therefore lessen sAPPB and sAp
production, HMC3 cells were transfected with Lf RNAi (20 nM) and re-plated into
the upper chamber inserts, while SH-SY5Y-APP695 cells were cultured in the
lower plate wells of the co-culture device. HMC3 cells depleted of Lf were then
incubated with IFN-y (10 ng/ml) for 24 hours and the media in the lower
compartment analysed by Western blot for Lf, sAPPB and sAB protein
expression. Compared to non-targeting control HMC3 cells induced with IFN-y,
Lf expression detected within the media significantly decreased (p < 0.0001),
resulting in reduced levels of sAPPB and sAB production (p < 0.0001) from co-
cultured SH-SY5Y-APP695 cells (Figure 6.4).

We then investigated whether we could impede the interaction between Lf and
APP by means of a neutralising polyclonal Lf antibody to rescue APP from being
processed into sSAPP and sAB. Anti-Lf IgG antibody (20 ug/ml) or isotype control
IgG (20 pg/ml) was added to the media of the lower chamber of the co-culture
device containing SH-SY5Y-APP695 cells whilst IFN-y (10 ng/ml) was added to
the media in the upper chamber inserts containing HMC3 cells. After 24 hours,
secreted Lf and the APP amyloidogenic proteins sAPP[3 and sAB were measured
by Western blot. Compared to isotype control IgG treated cells, anti-Lf IgG was
able to significantly block the interaction between Lf and APP which led to
reduced levels of sAPPB and sAB formation (p < 0.0001) (Figure 6.5). Taken
together, impeding microglial induced Lf secretion or disrupting Lf binding to APP

reduces the APP amyloidogenic pathway, alleviating sAPPB and sAB formation.
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Figure 6.4. Reducing Lf secretion from activated microglia decreases the
APP amyloidogenic pathway. HMC3 cells were transfected with control non-
target and Lf RNAi (20 nM) for 48 hours, and re-plated into the upper inserts of
the co-culture device, while SH-SY5Y-APP695 cells were cultured in the lower
plate wells. Human recombinant IFN-y (10 ng/ml; 24 hours) was added to the
upper inserts in serum-free EMEM to activate transfected HMC3 cells. Secreted
Lf and the APP amyloidogenic protein fragments (SAPPB & sAB) in the media
were visualised by Western blot. Data are means + SE of 3 experiments
performed in triplicate and depict fold change compared to non-target control
cells, **** p < 0.0001.
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Figure 6.5. Neutralising antibody blocks the interaction of Lf with APP,
reducing APP amyloidogenic processing. HMC3 microglial cells were cultured
in the upper inserts of the co-culture device, while SH-SY5Y-APP695 cells were
cultured in the lower plate wells. Human recombinant IFN-y (10 ng/ml) was added
to the upper inserts in serum-free EMEM to activate HMC3 cells while anti-Lf IgG
antibody (20 ug/ml) or isotype control IgG (20 ug/ml) were added to serum-free
DMEM of the lower plate wells containing SH-SY5Y-APP695 cells and incubated
for 24 hours. Secreted Lf and the APP amyloidogenic protein fragments (sAPPJ3
& sAB) in the media were visualised by Western blot. Data are means = SE of 3
experiments performed in duplicate and depict fold change compared to isotype

IgG treated control cells, **** p < 0.0001.
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6.3 Discussion

Various studies have demonstrated that activated microglia, triggered to elicit an
inflammatory response, synthesise and secrete Lf in response to persistent
inflammation (Fillebeen et al., 2001; Wang et al., 2015). We therefore adopted
the transwell co-culture device which is an effective model for analysing the
cross-talk between different cell populations (Lin et al., 2007). Here, we were able
to closely resemble physiological conditions and obtain data with stronger
biological significance. We measured the inflammatory effects of Lf secreted by
IFN-y-induced HMC3 microglia on SH-SY5Y-APP695 neuroblastomas in a
shared co-cultured environment and found Lf secreted by activated microglia to
decrease surface presented APP and exacerbate APP amyloidogenic processing
in SH-SY5Y-APP695 cells. Hindering Lf secretion from induced microglia or
preventing the binding of secreted Lf to APP alleviated Lf mediated APP
amyloidogenic processing, further validating Lf as an attractive therapeutic target.

Microglia are the resident immune cells of the brain that become activated in
response to infectious insult or unwanted stimuli (Crain et al., 2013; Mammana
et al., 2018; Orihuela et al., 2016). IFN-y was used to activate resting HMC3
microglial cells which was confirmed by an increase in MHC class Il expression
(Figure 6.1B) (Colonna and Butovsky, 2017; Dello Russo et al., 2018; Sarlus and
Heneka, 2017). MHC class Il has been linked to the neuroinflammatory response
in neurodegenerative diseases, including AD (Perimutter et al., 1992; Schetters
etal., 2017; Tooyama et al., 1990) and is considered as a neuroinflammatory M1
marker that is consistently expressed and upregulated by activated microglia in
the AD brain (Colonna and Butovsky, 2017; Lambert et al., 2013; Perimutter et
al., 1992; Tooyama et al., 1990).

HMC3 cells were cultured in the upper chamber while SH-SY5Y-APP695 cells
were cultured in the lower plate compartment of the co-culture device. Lf
secretion was detected specifically from IFN-y-stimulated microglia (Figure 6.1A),
confirming previous reports that have shown an upregulation of Lf expression
within  microglia upon pro-inflammatory stimuli such as 1-methyl-4-
phenylpyridinium (MPP*) and ferric ammonium citrate (FAC) (Fillebeen et al.,
2001; Wang et al., 2015). In turn, this led to reduced levels of cell surface APP

(Figure 6.2) and increased production of amyloidogenic sAPP and AR fragments
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in SH-SY5Y-APP695 cells (Figure 6.1), confirming our previous findings that
holo-Lf acutely decreases cell surface APP through amyloidogenic processing
(Chapter 4.0 & 5.0). This was further confirmed by applying Lf
immunoprecipitated from activated microglia supernatants (Figure 6.3A) onto a
culture of SH-SY5Y-APP695 cells, which resulted in an increase in both sAPPJ
and AR (Figure 6.3B). Our data is also supported by other studies that have
shown pro-inflammatory induction of neuroinflammation in vivo increases the
amyloidogenic pathway of APP, resulting in an accumulation of AB (Sheng et al.,
2003). The fact that Lf could be detected upon IFN-y-induced microglial activation
confirms Lf is generated through the M1 activated phenotype, acting as a pro-
inflammatory mediator (Fillebeen et al., 2001; Hu et al., 2017; Kruzel et al., 2017)
that increases the amyloidogenic pathway of APP and resulting in an

accumulation of ApB.

Either hindering Lf secretion from stimulated microglia (Figure 6.4) or masking
the binding sites of Lf for APP (Figure 6.5) reduced the mechanistic effects Lf had
on the amyloidogenic processing of APP, further emphasising Lf as a potential
therapeutic target to alleviate AP load. This reveals an unprecedented
fundamental insight into how Lf, as an acute phase protein involved in
neuroinflammation (Levay and Viljoen, 1995; Sanchez et al., 1992), could have
a direct control of AR production within neurons. Studies have documented M2
microglial dysfunction in AD mouse models, correlating with A plague formation
(Jimenez et al., 2008; Krabbe et al., 2013), whereby lowering AB load restored
microglial phagocytic capabilities (Krabbe et al., 2013). Therefore, further
experiments are required to evaluate whether reducing sustained Lf signalling
shifts microglia more to an M2 activated phenotype that can elicit an anti-

inflammatory phagocytic response in sporadic AD.

Earlier results have indicated that only iron-bound holo-Lf is able to interact with
APP to exert its effects whereas iron-unbound apo-Lf cannot (Chapter 3.0 & 4.0).
Culture media was not supplemented with iron to convert the apo form of Lf to
the holo form after microglial activation since Lf has the ability to chelate iron from
Tf (Aisen and Leibman, 1972; Baker and Baker, 2004; Metz-Boutigue et al., 1984)
in addition to Lf’s high binding affinity to the iron originally contained within the
media (Aisen and Leibman, 1972; Chung and Raymond, 1993; Yang and Xiong,
2012).
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Even though the microglial cell line within this study was purely used as a source
of Lf, in the absence of SH-SY5Y-APPG695 cells, we expected secreted Lf to
induce APP amyloidogenic processing in stimulated microglia since earlier
results have indicated the ability of holo-Lf to interact with all three major APP
isoforms (Chapter 3.2.1). Despite microglia expressing all three major isoforms
of APP (Haass et al., 1991; LeBlanc et al., 1991), we were unable to detect levels
of either SAPPf or AB from activated microglia (Figure 6.1). This could be due to
the level of surface APP expression in HMC3 cells, since it is far more difficult to
detect SAPP and AR processed from endogenously expressing APP cells as
opposed to cells overexpressing APP (Guo et al., 2012; Teich et al., 2013).
Whether microglia themselves are actually capable of producing sufficient
amounts of AB through the APP amyloidogenic pathway is another point that
requires further evaluation since multiple studies have indicated neurons to be
the main source of AB production within the brain (Haass et al., 1991; LeBlanc et
al.,, 1991; LeBlanc et al., 1996). Microglia themselves are more involved in
secreting pro-inflammatory mediators via an M1 activated phenotype that can
regulate APP expression and processing in neurons (Blasko et al., 1999;
Buxbaum et al., 1992; Del Bo et al., 1995; Fassbender et al., 2000; Hirose et al.,
1994; Simon et al., 2018). For instance, LeBlanc et al investigated APP
expression and metabolism in primary rat neurons compared to microglia by
pulse-chase analysis using metabolically labeled APP and revealed the rate of
APP synthesis to be 10-times higher in neurons than in microglia whereas APP
turn over in microglia was 5-fold higher than in neurons, limiting microglial-derived
AB generation (LeBlanc et al., 1996). In support, immunocytochemically detected
APP in primary murine microglial cells revealed diminished surface presented
APP levels along with an increase in intracellular full-length APP compared to
other cell types (Haass et al., 1991). This led to insignificant levels of SAPP[3 and
AB production (Haass et al., 1991), indicating APP could possibly function
intracellularly in microglial cells via an alternative trafficking pathway. In relation
to these studies, the APP expression profile in activated HMC3 microglial cells
should be evaluated since APP localisation affects Lf induced AP production.

While AB is implicated in AD pathogenesis, the physiological function of the APP
amyloidogenic processing pathway and subsequent generation of AB remains

uncertain. Increasing attention has been on the antimicrobial properties of A and
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its potential role in innate immunity (Bourgade et al., 2016; Kumar et al., 2016;
Soscia et al.,, 2010). Our data suggests that Lf could be protective against
neuroinflammation and extracellular pathogen infection in acute conditions
through rapidly shedding cell surface APP to secrete AB as an antimicrobial.
However, in relation to AD, future experiments are required to determine whether
chronic Lf signalling leads to sustained AB-related neuropathology. To ascertain
whether cellular toxicity is a cause of chronic Lf binding to APP, similar
experimental procedures will also need to be carried out in cellular models
depleted of APP.
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CHAPTER 7.0 HOLO-LF ALTERS IRON HOMEOSTASIS
THROUGH A DIRECT ASSOCIATION WITH APP

7.1 Introduction

Iron is essential for cell survival, normal development and optimal function of the
brain. The brain is particularly vulnerable to damage caused by an imbalance of
iron. Iron homeostasis, including storage, transport and metabolism are tightly
regulated by iron uptake, transport, storage and enzymatic proteins that are
themselves regulated by iron (Hare et al., 2013; Zecca et al., 2004). The ability
of iron to freely receive and donate electrons is critical for neurotransmitter
regulation as well as oxidative phosphorylation, nitric oxide metabolism and
oxygen transport (Zecca et al., 2004). An iron imbalance can lead to metabolic
stress on these processes. High levels of unbound iron also detrimentally
catalyse the production of toxic ROS (Conrad and Umbreit, 2000; Sharpe et al.,
2003). Iron imbalance plays a major role in the pathogenesis of AD. Furthermore,
higher brain iron levels are associated with faster disease progression (Ayton et
al.,, 2015a, 2017a; Ayton et al.,, 2017b), and recent work has implicated
ferroptosis, a type of regulated cell death dependent on iron, as a
neurodegenerative disease mechanism (Stockwell et al., 2017). This has created
significant interest in the possibility that disturbances of brain iron levels may
occur through a failure to balance iron inside the cell.

Indicators of an inflammatory response and iron retention are both early
hallmarks of AD (Rogers et al., 1996; Smith et al., 1997). For example, in the apo
form, Lf safely binds and withholds iron away from regions of infection and by
doing so stifles pathogen growth (Grossmann et al., 1992; Jameson et al., 1998;
Levay and Viljoen, 1995). Whilst iron bound holo-Lf may provide iron that can
catalyse the production of free radicals to eliminate intracellular pathogens within
the phagolysosome of phagocytic cells (Anand et al., 2015; Weiss and Schaible,
2015). Another example comes from studies demonstrating neurons to depend
upon APP to regulate iron export. APPKO or knockdown causes FPN
destabilisation and consequent iron retention, while extracellular
supplementation with sAPPa stabilises surface FPN and stimulates iron export
(Ayton et al., 2015b; Duce et al.,, 2010; Wong et al., 2014b). However, the

sequence of events that lead to APP mediated iron retention in AD are currently
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unknown. Furthermore, whether amyloidogenic APP processing has any impact
on iron efflux is not yet known. However, unpublished data from our group has
shown that altering the proteolytic processing of APP at the cell surface causes
consequential changes in neuronal iron homeostasis. Changing the expression
and activity of endogenous secretases to enhance the amyloidogenic pathway of
APP processing, or overexpressing APP carrying familial AD mutations, leads to

intracellular iron accumulation via cell surface FPN changes.

In the present chapter, the ability of Lf to alter iron homeostasis was investigated
by examining the major iron regulatory proteins involved in iron export, uptake
and storage in the presence of Lf. Whether Lf altered intracellular iron levels was
also assessed. Similar to the previous aims that use an acute dose, a more
chronic administration of Lf at varying doses was used to determine whether the
persistent presence of Lf altered susceptibility toward iron-associated oxidative

stress and cell death.
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7.2 Results

7.2.1 Holo-Lf indirectly destabilises ferroportin on the cell surface and alters

iron homeostasis

APP is important in maintaining iron homeostasis by stabilising the iron efflux
pore protein FPN on the cell surface (Duce et al., 2010; Wong et al., 2014b).
Since our earlier results have demonstrated a reduction of APP on the cell
surface in the presence of holo-Lf (Chapter 4.2.1 & 6.2.1), FACS was performed
to investigate changes in FPN protein expression on the cell surface of non-
permeabilised SH-SY5Y cells in the presence of holo-Lf, apo-Lf, holo-Tf, and apo-
Tf (500 nM; 2 hours). Treatment with holo-Lf decreased surface levels of FPN (p
< 0.0001) while holo-Tf increased levels (p < 0.01) and there was no evidence of
a change in FPN cell surface levels with the addition of either apo-Lf or apo-Tf
(Figure 7.1).

In addition to FPN, the other major iron regulatory proteins involved in iron import
(TfR) (Zhang et al.,, 2012) and storage (Ft) (Arosio et al., 2009) were also
investigated in the presence and absence of endogenous APP in SH-SY5Y cells
exposed to Lf. SH-SY5Y cells were used as a means to examine endogenous
iron regulatory protein expression under basal iron conditions (Rogers et al.,
2008; Rogers et al., 2002). SH-SY5Y cells were transfected with APP RNAI (20
nM), followed by apo- or holo-Lf treatment (500 nM; 2 hours) where APP, TfR
and Ft protein expression were analysed by Western blot. Silencing endogenous
APP by RNAI (p < 0.0001) led to a reduction in TfR and an increase in Ft (p <
0.0001) as expected (Duce et al., 2010; Zhou and Tan, 2017) when compared to
RNAI treated non-target control cells. In the presence of holo-Lf, there was also
less TfR expression in addition to less APP, and increased levels of Ft (p <
0.0001) in non-target RNAI treated cells (Figure 7.2). In APP RNAI treated cells,
TfR and Ft protein levels remained unchanged with the addition of holo-Lf.
Intriguingly, holo-Lf was more efficient in decreasing TfR and increasing Ft than
APP RNAI treatment. There was no change in either APP, TfR or Ft levels upon
apo-Lf exposure compared to either APP or non-target RNAI treated cells (Figure
7.2). Taken together, through an APP-dependent pathway, holo-Lf indirectly
destabilises cell surface FPN and alters iron homeostasis by affecting iron

regulatory proteins responsible for cellular iron import and storage.
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Figure 7.1. Holo-Lf indirectly destabilises ferroportin on the cell surface.
FACS was performed to measure FPN levels on the cell surface of non-
permeabilised SH-SY5Y cells after a 2 hour incubation with 500 nM holo-Lf, apo-
Lf, holo-Tf and apo-Tf at 37°C. The FPN antibody used was raised to epitopes on
the extracellular domain. Data are means + SE of 3 experiments performed in
duplicate. Quantified histogram data depict fold change compared to non-treated
control cells, ** p < 0.01 and **** p < 0.0001.
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Figure 7.2. Iron homeostasis is dysregulated in the presence of holo-Lf. SH-
SY5Y cells were treated with either apo- or holo-Lf (500 nM; 2 hours) after being
transfected with control non-target and APP RNAIi (20 nM) for 48 hours. Iron
regulatory proteins APP, TfR and Ft expression in the cell lysate were visualised
by Western blot. Data are means £ SE of 3 experiments performed in duplicate
normalised to B-actin. Quantified data depict fold change compared to non-
targeting control cells, **** p < 0.0001 compared to non-target control and "™ p
< 0.0001 compared to holo-Lf treated non-target cells.
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7.2.2 Holo-Lf causes an accumulation of intracellular iron

To determine whether APP is involved in the ability of Lf to alter intracellular iron
levels, iron content in SH-SY5Y cells in the presence and absence of APP
exposed to Lf was investigated. SH-SY5Y cells were transfected with APP RNAI
(20 nM) followed by apo- or holo-Lf treatment (500 nM; 2 hours) where calcein-
AM was used to measure the cytoplasmic LIP. Depleting APP by RNAI treatment
resulted in an increase in the cytoplasmic LIP (p < 0.0001) which remained
unchanged with the addition of holo-Lf (Figure 7.3). Treatment with holo-Lf in non-
targeting RNAI cells revealed increased levels of intracellular iron (p < 0.0001),
more so than in APP depleted cells, and there was no change in intracellular iron
levels upon apo-Lf exposure compared to either APP or non-target RNAI treated
cells (Figure 7.3).
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Figure 7.3. Intracellular iron levels are increased in the presence of holo-Lf.
SH-SY5Y cells were treated with either apo- or holo-Lf (500 nM; 2 hours) after
being transfected with control non-target and APP RNAI (20 nM) for 48 hours.
Intracellular iron levels were determined by the direct measurement of cytosolic
labile iron using a modified Calcein-AM assay. Data are means + SE of 3
experiments performed in triplicate. **** p < 0.0001 compared to non-target
control and ™™ p < 0.0001 compared to holo-Lf treated non-target cells.
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7.2.3 Prolonged exposure of Holo-Lf leads to iron-associated lipid

peroxidation and cell death

To further investigate whether increased intracellular iron levels caused by holo-
Lf led to cellular toxicity, oxidative stress and cell death were measured in SH-
SY5Y cells after a short and sustained exposure of holo-Lf. SH-SY5Y cells were
treated with increasing concentrations of holo-Lf (0-10 yM) and incubated for
either 2 or 72 hours where oxidative stress and cell death were measured in
tandem by FACS using the lipid peroxidation sensor BODIPY-C11 and the cell
death marker DAPI. Lipid peroxidation and cell death levels gradually increased
with increasing doses of holo-Lf up to 2 hours (Figure 7.4A) whereas increasing
the incubation time to 72 hours intensified lipid peroxidation with concomitant cell
death (Figure 7.4B). These results indicate that holo-Lf has the ability to alter
intracellular iron levels, inducing susceptibility to iron associated lipid peroxidation

and cell death.
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Figure 7.4. Iron dysregulation by holo-Lf induces lipid peroxidation and cell
death. SH-SY5Y cells were exposed to increasing concentrations of holo-Lf (O-
10 uM) for either (A) 2 or (B) 72 hours. Oxidative stress and cell death were
measured in tandem by FACS using the lipid peroxidation sensor BODIPY-C11
and the cell death marker DAPI. Data are means + SE of 3 experiments
performed in duplicate. Data depict % increase relative to non-treated control

cells.
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7.3 Discussion

A careful balance of iron within cells is required as it is altered in response to
inflammation (for example, through infection) and implicated in AD (Rogers et al.,
1996; Smith et al., 1997; Urrutia et al., 2013). We now uncover that APP may be
central to iron changes during inflammation by virtue of its ability to bind Lf. Holo-
Lf consequently altered iron homeostasis through a direct association with APP
in human neuroblastomas. Holo-Lf indirectly destabilised cell surface FPN and
caused an accumulation of intracellular iron levels which led to changes in the
expression of the major iron regulatory proteins involved in iron uptake and
storage. Persistent exposure of holo-Lf triggered iron associated lipid
peroxidation and cell death in a dose-dependent manner. Our data suggest that
holo-Lf, through a direct association with APP, could be a contributing factor in

iron accumulation in AD.

Holo-Lf significantly reduced surface presented FPN levels in human SH-SY5Y
neuroblastoma cultures (Figure 7.1) when analysed by flow cytometry. We have
previously shown holo-Lf to internalise surface presented APP in a receptor
mediated pathway (Chapter 4.0). Therefore, the ability of holo-Lf to remove APP
from the cell surface indirectly destabilises surface presented FPN, resulting in
reduced surface expression. Whilst the apo form of Lf and Tf failed to elicit a
similar change, holo-Tf increased surface presented FPN levels (Figure 7.1). This
was in accordance with the ability of holo-Tf to increase cell surface APP levels
in neuroblastomas (Chapter 4.2.1). Transport of iron is largely mediated by
internalisation through the Tf/TfR1 complex (Moos et al., 2007; Zhang et al.,
2012). Therefore, increased internalisation of iron via the Tf/TfR1 pathway
promotes APP and concomitantly FPN expression on the cell surface in order to
facilitate iron efflux (Duce et al., 2010; Wong et al., 2014b).

The indirect destabilisation of surface presented FPN caused by holo-Lf led us to
investigate the other major iron regulatory proteins involved in iron uptake (TfR)
(Zhang et al., 2012) and storage (Ft) (Arosio et al.,, 2009) as well as the
intracellular cytoplasmic LIP. To ascertain whether Lf altered LIP levels and TfR
and Ft expression through an APP dependent pathway, we exposed Lf to SH-
SY5Y cells with and without the presence of APP. In the absence of holo-Lf, APP

depleted cells exhibited a decrease in TfR, an increase in Ft protein expression
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(Figure 7.2) and intracellular labile iron (Figure 7.3) compared to non-target
control cells. This was in accordance with findings published by others where
ablation of APP impeded iron export and in response limited further iron uptake
by translationally downregulating TfR whilst increasing Ft translation to
accommodate intracellular iron levels in APPKO primary murine neuronal
cultures (Duce et al., 2010; Wong et al., 2014b). The presence of holo-Lf did not
result in any further change in TfR and Ft protein expression (Figure 7.2) or iron
accumulation (Figure 7.3) in APP depleted cells, indicating holo-Lf indirectly
alters iron homeostasis through an association with APP. However, there was a
decrease in total APP and TfR, an increase in Ft expression (Figure 7.2) as well
as intracellular LIP (Figure 7.3) with holo-Lf exposure compared to non-target
control cells. The decrease in total APP levels with holo-Lf can be explained by
previous findings that demonstrate holo-Lf to facilitate APP amyloidogenic
processing, resulting in reduced levels of total cellular APP (Chapter 5.0). The
changes detected in TfR and Ft expression are likely to be in response to the
increased level of free iron within the LIP which prevents IRPs from binding to
IREs located in the UTR of TfR and Ft mRNA, governing an increase and
decrease in Ft and TfR translation respectively (Duce et al., 2010; Rogers et al.,
2002). The rise in intracellular iron levels (Figure 7.3) which further affected the
expression levels of TfR and Ft in non-target cells (Figure 7.2) were more
significant in the presence of holo-Lf than in cells depleted of APP. This could
possibly be a potential mechanism by the cell to retain intracellular iron in the
presence of Lf since Lf's main role is to withhold extracellular iron that cannot be
sequestered by the invading pathogen (Grossmann et al., 1992; Jameson et al.,
1998). In addition, Lf could be releasing its bound iron intracellularly to maintain
homeostasis and promote cell survival. This is supported by evidence indicating
Lf to activate autophagy in vitro to increase cell survival during nutrient deficiency
and promote cellular homeostasis (Aizawa et al., 2017). However, there are
inconsistencies within the literature on whether the effects of Lf has any impact
on any of the associated iron regulatory proteins involved in iron homeostasis.
For example, Cutone et al demonstrated no change in FPN, TfR or Ft levels with
exogenous Lf treatment to THP-1 differentiated macrophages when analysed by
Western blot (Cutone et al., 2017). These variations in results could be due to the
type of cell used in the study and therefore we cannot exclude the possibility that

Lf might possess differing roles in iron homeostasis which might vary among
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different cell types (Levay and Viljoen, 1995; Suzuki et al., 2005; Ward et al.,
2005b). However, further experimentation to determine the APP expression
profile in addition to cellular location in THP-1 differentiated macrophages used
by Cutone et al is essential since results within our study indicate holo-Lf to be
dependent upon the presence of cell surface APP for its indirect role in altering
the expression of the major iron regulatory proteins. Furthermore, whether Lf was
in its apo or holo form was not addressed by Cutone et al since several studies
have shown Lf to possess varying functions according to its iron saturation state
(Grossmann et al., 1992; Jameson et al., 1998). Further investigation on whether
Lf affects any of the other iron regulatory proteins is also warranted since multiple
studies have shown DMT1 and the iron export regulator hepcidin to be altered in
neurons exposed to a pro-inflammatory environment (Salazar et al., 2008; Urrutia
et al., 2013; Vela, 2018).

The presence of apo-Lf did not affect any of the iron regulatory proteins and had
no impact on intracellular iron levels in either APP depleted or non-target cells
(Figure 7.2 and Figure 7.3). A study conducted by Wang et al demonstrated apo-
Lf endocytosis mediated by the LfR to chelate intracellular iron and reduce
cytoplasmic iron levels in primary murine neurons which ceased when apo-Lf
uptake was halted by LfR RNAi treatment (Wang et al., 2015). Even though the
authors showed holo-Lf to gain cellular entry by the same mechanism as apo-Lf,
holo-Lf did not have any effect on intracellular iron levels (Wang et al., 2015),
indicating that the iron saturation state of Lf does not seem to play any role in
cellular uptake via the LfR (Florian et al., 2012; Jiang et al., 2011; Suzuki et al.,
2005). However, our data suggests an APP dependent mechanism for holo-Lf to
accumulate iron within the cell which is supported by earlier findings indicating
holo-Lf may be dependent on the presence of APP to gain cellular entry (Chapter
4.2.2) and therefore could explain the disparities in results.

The ability of iron to accept and donate electrons with molecular oxygen
generates ROS through Fenton and Haber-Weiss chemistry. An overproduction
of ROS may lead to severe cell damage and eventual death (Conrad and
Umbreit, 2000; Sharpe et al., 2003). Increased cellular susceptibility to oxidative
stress associated with iron accumulation leads to neurodegeneration within
patients and animal models of dementia related disorders (Connor et al., 1992b;
Jack et al., 2005; LeVine, 1997). A loss of APP in vitro leads to iron dependent
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oxidative stress (Ayton et al., 2015b; Duce et al., 2010) and dietary iron exposure
in APPKO mice results in marked oxidative stress in cortical neurons (Duce et
al., 2010). Ferroptosis is a recently described form of iron-dependent non-
apoptotic programmed cell death (Dixon et al., 2012) that results in toxic lipid
peroxidation products, mitochondrial fragmentation, loss of plasma membrane
integrity, and several other changes, which are all features of AD (Park et al.,
2015; Sanchez Campos et al., 2015). Post mortem evidence that demonstrates
increased lipid peroxidation and iron elevation (Connor et al., 1992b; Jack et al.,
2005; LeVine, 1997; Montine et al., 2002) also suggests a role for ferroptosis in
AD. A sustained exposure of holo-Lf led to a dose-dependent increase in lipid
peroxidation and cell death (Figure 7.4). There has been other studies indicating
holo-Lf to generate ROS production in vitro via increasing iron levels inside the
cell (Ambruso and Johnston, 1981; Fillebeen et al., 1999). Anand et al
demonstrated a dose dependent increase in ROS production with holo-Lf in
peripheral human macrophages, enhancing phagocytic activity to eliminate
intracellular pathogens (Anand et al., 2015). However, the mechanism of how
holo-Lf gains entry into the cell to raise intracellular iron levels was not elucidated
but authors assumed it was via the LfR (Anand et al., 2015). Taken together,
these studies suggest different cell types seem to express their own receptors for
Lf with varying functional characteristics (Suzuki and Lonnerdal, 2002; Suzuki et
al., 2005). However, whether the LfR could play a role in the interaction between

APP and holo-Lf requires further investigation.

Ferroptosis is triggered by loss of Gpx4 activity (Dixon et al., 2012). Therefore,
further experimentation to determine whether holo-Lf causes a reduction in Gpx4
and whether agents that enable the restoration of iron efflux to reduce iron
induced lipid peroxidation mediated by holo-Lf and protect against ferroptosis,
such as the known ferroptosis inhibitors liproxstatin-1 (Friedmann Angeli et al.,
2014), ferrostatin-1 (Cao and Dixon, 2016) and DFP (Stockwell et al., 2017) are

warranted to confirm a holo-Lf mediated ferroptosis route.
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CHAPTER 8.0 DISCUSSION

A careful balance of iron in cells is required as it is altered in response to
inflammation (for example, through infection) and implicated in AD (Rogers et al.,
1996; Smith et al., 1997; Urrutia et al., 2013). Lf is an acute phase protein that is
upregulated in response to infection and inflammation (Levay and Viljoen, 1995)
and is involved in cellular iron management in neuroinflammation and the immune
response (Grossmann et al., 1992; Jameson et al., 1998; Sanchez et al., 1992).
It is secreted by activated microglia (Fillebeen et al., 2001; Wang et al., 2015)
where its primary role is to sequester iron away from invading pathogens, limiting
their growth and spread of infection (Actor et al., 2009; Jameson et al., 1998;
Levay and Viljoen, 1995). Lf is elevated in the AD brain and studies have
documented its presence in neurons, microglia and around lesions of neuronal
damage, including plagues (Kawamata et al., 1993; Leveugle et al., 1994; Qian
and Wang, 1998) but it is unknown at present whether this has a neuroprotective

role by sequestering free iron, or is deleterious through signalling inflammation.

Data within this study uncovers a possible role for APP that links both iron
imbalance and AB accumulation with neuroinflammation, through an ability to
interact with Lf. The relationship between Lf and APP was explored where iron
bound holo-Lf was found to directly bind APP and facilitate internalisation into the
cell to increase the production of AB. Through various techniques to monitor APP
and Lf trafficking through the cell, the cellular mechanism of how Lf (together with
APP) enters the cell along with the precise location of AR production were
identified. By altering the cellular location of APP (through APP internalisation),
holo-Lf was shown to alter the regulation of iron, causing entrapment of iron inside
the cell where after a sustained presence, led to the build-up of lipid peroxidation
and induction of cell death.

The conformational modification to Lf caused when iron is bound (holo-Lf)
(Grossmann et al., 1992; Jameson et al., 1998) led to a high affinity interaction
with cell surface APP. Physiologically, APP is internalised into the cell through a
receptor mediated event typically through a clathrin dependent pathway (Figure
8.1) (Cossec et al., 2010; Motley et al., 2003; Nordstedt et al., 1993). Most of the
APP is either recycled via Rab4-positive vesicles (fast recycling) from the early

endosome, Rabl1-positive vesicles from the perinuclear recycling compartment
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(slow recycling) or degraded in Rab7-positive late endosomes and lysosomes
(Figure 8.1) (Caporaso et al., 1992a; Lai et al., 1995; Yamazaki et al., 1996).
Although studies have indicated Rab7 and Rab11 compartments to be possible
sites for APP amyloidogenic processing (Ginsberg et al., 2010b; Udayar et al.,
2013), the primary site of AB production lies within the Rab5-positive early
endosome (Figure 8.1) (Ginsberg et al., 2010a; Grbovic et al., 2003; Xu et al.,
2018). Amyloidogenic processing to produce AR primarily requires receptor
mediated endocytosis of full-length APP before cleavage by BACE1 and the y-
secretase complex (Chow et al., 2010; Ehehalt et al., 2003). However, holo-Lf
promotes APP trafficking from the cell surface down the same endocytic pathway
that regulates BACEL1 internalisation through an ARF6-dependent mechanism
(Sannerud et al., 2011; Tang et al., 2015) that prevents APP from being recycled
or degraded. This increased trafficking of APP to (Rabl11-positive) compartments
in which APP is amyloidogenically processed leads to increased Ap formation
(Figure 8.1). The recent data reveals an important insight into how Lf, as an acute
phase protein of the brain’s innate immune system, has direct control of AB
production within cells. Intriguingly, a network analysis of GWAS genes
associated with sporadic AD identifies Rabll as an interacting component
(Udayar et al., 2013). Furthermore, the ARF6 expression profile is increased in
AD brains, and this accordingly correlates with neurotoxic AR formation in the
hippocampus of AD brains (Braak et al., 2006; Tang et al., 2015), indicating a
causal link between ARF6 and Rabll with AD. Therefore, Lf directed APP
internalisation (involving ARF6) and trafficking (involving Rab11) may have key

roles in AD pathology.
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Figure 8.1. Schematic representation of APP endocytosis and

amyloidogenic processing in the absence (non-activated) and presence
(activated) of Lf. In the non-activated state, APP on the cell surface can be
internalised back into the cell via a clathrin-mediated process that enters the
endosomal system. Amyloidogenic processing of APP may occur in either the
Rab5-positive early, Rab7-positive late or Rab11-positive recycling endosomes
to generate sAPPB and AB which are both secreted. Some of the APP can also
be sorted either into Rab4 or Rabl1-positive compartments for rapid or slow
recycling, respectively, or into Rab7-positive compartments destined for
degradation. In the activated state, induced microglia secrete iron-free apo-Lf
which binds iron to form holo-Lf. Holo-Lf directly binds APP and internalises into
the cell via a clathrin-independent, ARF6-dependent mechanism. Holo-Lf
directed APP internalisation is directed to the Rab11-positive recycling endosome
to exacerbate the amyloidogenic processing of APP, increasing sAPP and AB
production, which are both secreted. Abbreviations: APP, amyloid- precursor

protein; Lf, lactoferrin; ARF6, ADP ribosylation factor 6; AB, amyloid-f3.
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To confirm findings in a more physiological cellular environment, we developed a
transwell co-culture model to interrogate the signalling cross-talk between
different populations of cells found in the brain. Here, we were able to more
closely resemble physiological conditions and obtain data with stronger biological
significance. When co-cultured with neuroblastomas, the ability of stimulated
microglia to secrete Lf in an inflammatory environment provided physiological
relevance and in turn confirmed Lf to induce AB production in neuroblastomas
through an ability to bind APP on the cell surface. Studies have documented the
expression of Lf and the LfR in endothelial cells within the brain, indicating the
BBB as a possible point of entry into the brain for peripheral Lf through receptor
mediated endocytosis. For instance, Fillebeen et al developed an in vitro co-
culture model of the BBB consisting of differentiated bovine brain capillary
endothelial cells (BBCECS) in the upper chamber, representing the capillary wall
of the BBB and astrocytes in the lower compartment (Fillebeen et al., 1999).
Exogenous addition of radiolabelled holo-Lf to the upper chamber was detected
in the lower compartment as well as LfR expression on the surface of BBCECs
(Fillebeen et al., 1999). Furthermore, radiolabelled holo-Lf added to the lower
chamber could not be detected within the upper compartment containing
BBCECs, indicating the transport of holo-Lf to be unidirectional, from the apical
to the abluminal membrane (Fillebeen et al., 1999). These findings suggest that
the presence of Lf within the brain may come from a source within the periphery.
Results presented in this thesis demonstrating an increase in Lf expression from
activated microglia suggests Lf may originate from within the brain. The presence
of Lf transcripts in human brain tissue is also in favour of an in situ synthesis of
Lf (An et al., 2009; Wang et al., 2015). Therefore, the accumulation of Lf within
the AD brain (Kawamata et al., 1993; Leveugle et al., 1994) is likely to originate

from a mixture of sources from within the brain and periphery.

Taken together, our findings suggest that APP can ‘switch’ the cell into a form
that protects against inflammation. Holo-Lf may be required when neuronal iron
levels are sufficiently low to promote normal metabolic function or as an innate
defence mechanism (Actor et al., 2009; Legrand et al., 2005). Shedding APP
from the cell surface by holo-Lf could provide an acute neuroinflammatory
response aimed at preventing iron availability to invading pathogens outside the

cell and a concomitant utilisation of the amyloidogenic processing pathway of
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APP. Intriguing new research has revealed that AB shares many features with
known antimicrobial peptides that have key protective roles in innate immunity
(Bourgade et al., 2016; Kumar et al., 2016; Soscia et al., 2010; Spitzer et al.,
2016). Therefore, the amyloidogenic processing of APP may not only have a role
in stifling invading pathogens by withholding iron but also producing AB to
eradicate invading pathogens. While this may provide a protective role for Lf in
acute conditions, whereby it removes iron required for extracellular pathogen
survival (Jameson et al., 1998; Sanchez et al., 1992), more persistent presence
of such a potent modulator of inflammation and immunity may become
detrimental to the brain over time. Chronic processing of APP through the
amyloidogenic pathway may lead to AB production within the local extracellular
environment and retention of neurotoxic iron, both harmful components
commonly observed in AD (Cras et al.,, 1991; Liu et al., 2018). Furthermore,
persistent induction of the pathway by Lf could lead to increased susceptibility to
a novel form of cell death called ferroptosis that involves both elevated iron and
lipid peroxidation (Dixon et al., 2012; Maiorino et al., 2018).

The amyloid cascade hypothesis clearly states that AB deposition is the initiating
trigger that drives AD pathology (Hardy, 2006; Hardy and Allsop, 1991). The
classification of AR as an antimicrobial peptide (Soscia et al., 2010) does not
necessarily refute the amyloid cascade hypothesis but does attempt to update
and expand the existing hypothesis to include an explanation for sporadic AD.
Also, it shifts the focus of AB from being a harmful toxic by-product that
aggregates to form plaques, to a protective role as an innate immune response
peptide that becomes dysregulated under a chronic inflammatory environment
(Moir et al., 2018). Nevertheless, instead of being regarded as a repercussion of
AB production, it does elude to neuroinflammation as having a more causative
role and is what might drive AB deposition to counterbalance immunochallenge
(Li et al., 2018; Moir et al., 2018). Perhaps the existing amyloid cascade
hypothesis is more applicable to early onset FAD that involves a pure genetic
predisposition to the disease while the theory related to the antimicrobial activity
of AB is more appropriate for late onset sporadic AD. Whether the triggering
mechanism that elicits neuroinflammation with subsequent AB production is from
an infectious or non-infectious insult to the brain remains unclear and warrants

further investigation. Either way, the amyloidogenic processing of APP that leads
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to the generation of AB is through receptor mediated APP endocytosis (Cirrito et
al., 2008; Cossec et al., 2010) and the existence of a currently unknown cognate
functional ligand. Data presented here identifies Lf as a potential ligand
prominently expressed during inflammation (Kruzel et al.,, 2017; Levay and
Viljoen, 1995), that promotes the amyloidogenic pathway of APP and give rise to
AB known to have antimicrobial properties (Gosztyla et al., 2018). This also
supports that microglial activation, leading to the production and secretion of Lf,
is an underlying factor in the development of AD rather than a consequence of

AD pathology.

Multiple studies have shown several pro-inflammatory cytokines produced from
activated microglia to affect the amyloidogenic pathway of APP, thereby
promoting AB peptide production (Atwood et al., 2003; Del Bo et al., 1995;
Fassbender et al., 2000; Ringheim et al., 1998). The ability to attenuate the
majority of AR production by masking the holo-Lf binding sites of APP using either
an antibody recognising Lf or peptides from APP that recognise the binding site
to holo-Lf suggests that the source of AB production could predominantly
originate from the interaction between holo-Lf and APP. This also proposes that
Lf may possibly regulate cytokine production by activated microglia that act
downstream to further exacerbate AB formation. Since AP itself can further
activate microglia to secrete pro-inflammatory cytokines (Fassbender et al., 2000;
Meda et al., 1995), this would lead to a viscous cycle resulting in chronic
neuroinflammation, further accelerating the development of AD (Griffin et al.,
1998; Lindberg et al., 2005). The effects of Lf on cytokine secretion remain
unclear. However, Lf has been shown to interact with members of the pattern
recognition receptor (PRR) family such as the receptor for advanced glycation
end products (RAGE) where binding leads to NF-kB stimulation and subsequent
gene transcription of pro-inflammatory cytokines and chemokines including IL-1,
IL-6, TNF-a, COX-2 and NO formation (Huang et al., 2001; Kruzel et al., 2017,
Schmidt et al., 1994; Vallabhapurapu and Karin, 2009; Zemankova et al., 2016).
This suggests that cytokine release by activated microglia could occur secondary
to Lf, demonstrating Lf as one of the first lines of host defence by activated
microglia (Actor et al., 2009; Kruzel et al., 2007; Kruzel et al., 2017) and that the
presence of Lf contributes to pro-inflammatory cytokine induced AB production.

Therefore, further experiments proposed for this study would be to examine
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cytokine levels in Lf knockdown activated microglia to confirm whether cytokine

release is affected by the presence of Lf.

Data presented within this study provides the framework for potential progression
into a more translational and pre-clinical setting. Future longer-term supporting
studies will need to be carried out to validate and confirm results in vivo. Whether
persistent Lf signalling leads to sustained AB-related neuropathology would also
need to be established in vivo. However, one major limitation is that none of the
existing mouse models available fully reproduce the complete spectrum of AD,
and therefore investigation is limited to an in-depth analysis of one or two
components of the disease (Esquerda-Canals et al., 2017). Choosing a suitable
mouse model to study the effects of Lf on APP amyloidogenic processing for
therapeutic intervention could present certain difficulties. For example, mice
carrying the familial Swedish APP mutation, such as the Tg2576 and J20 models,
among many others, tend to accumulate high levels of AB and develop amyloid
pathology (Kitazawa et al., 2012; Lee and Han, 2013). One might assume that
the administration of Lf in a model that always develops amyloid would help
determine whether Lf can accelerate neuropathology associated with AD.
However, these transgenic mouse models that rely on the utilisation of genetic
mutations are mostly associated with FAD and therefore do not accurately
represent the sporadic, late onset form of AD (Lee and Han, 2013). Furthermore,
AD mouse models harbouring the familial Swedish APP mutation have shown (3-
secretase processing of APP to predominantly occur at the Golgi apparatus,
resulting in decreasing levels of cell surface APP (Thinakaran et al., 1996a). This
increase in programmed amyloidogenic APP processing could mimic the effects
that we have shown Lf to have on promoting the APP amyloidogenic pathway. In
addition, without the presence of APP on the cell surface, extracellular (holo) Lf
would not be able to bind and internalise APP destined for amyloidogenic
processing by B- and y-secretases in the endocytic compartments. Also, using
transgenic mouse models overexpressing APP to study AR amyloidosis non-
physiologically overexpress APP which often results in the overproduction of
various APP fragments in addition to AB, making it difficult to distinguish the
neuropathological phenotype specifically caused by AB (Gidyk et al., 2015; Rice
et al., 2019; Sasaguri et al., 2017). Perhaps a more suitable alternative mouse

model to study the effects of Lf on APP would be the APP knock-in model carrying
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a humanised AR sequence that is capable of endogenously overproducing AB
without non-physiologically overexpressing APP (Saito et al., 2014; Sasaguri et
al.,, 2017). The APP knock-in model administered with a pro-inflammatory
stimulus known to induce microglial derived Lf production (Fillebeen et al., 2001;
Wang et al.,, 2015) will identify whether Lf can induce APP amyloidogenic
processing, leading to pathological deficits associated with sporadic AD. The use
of the LTKO mouse model would also be advantageous which under normal
physiological conditions show no obvious phenotypic abnormalities (Ward et al.,
2003). An APP knock-in model crossed with a LIFKO mouse line challenged with
the same pro-inflammatory stimulus would help determine whether Lf ablation

has any correlation with APP processing, AB production and iron homeostasis.

Currently there are no effective treatments for AD and with a greater
understanding of the APP processing machinery, continuing studies should be
supported in designing drugs that can alleviate AB production in an AD
pathological environment. While small inhibitor compounds can be designed to
achieve highly specific binding to inhibit complex formation, precise identification
of the binding motif involved in the interaction between Lf and APP is critical to
maximise specificity and affinity while keeping the compound size reasonable.
Other approaches such as antibody based therapy and inhibitor peptides must
also be able to cross the BBB for efficient delivery into the brain as well as the
ability to compete with the interaction (Dong, 2018; Paul, 2011) between Lf and
APP. The type of therapy used must also avoid disrupting the physiological role
of APP, since APP has been shown to interact with multiple ligands to exert
numerous functions (Muller et al., 2017; van der Kant and Goldstein, 2015).
Perhaps the most suitable approach in blocking the interaction between Lf and
APP would be via allosteric modulation (Abdel-Magid, 2015), inhibiting the
conformational change that occurs when Lf binds iron, since data within this

thesis has shown Lf to interact with APP only in its iron bound holo-form.
8.1 Conclusion

How neuroinflammation and iron dysregulation contributes to AD pathogenesis
is not entirely understood. Taken together, information presented within this
thesis describes iron bound Lf, a pro-inflammatory mediator as a novel
extracellular ligand to APP. The binding of Lf to APP promotes APP
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internalisation through an ARF6-dependent pathway that increases trafficking to
Rab11-positive compartments resulting in an increase in A formation. Shedding
APP off the cell surface by Lf indirectly destabilises cell surface FPN, increasing
iron retention and under a sustained exposure facilitates iron-associated toxicity
and cell death. Therefore, current observations indicate Lf to be a key player
connecting neuroinflammation, iron accumulation, APP processing, and AP
secretion, displaying a unified mechanism responsible for the neurodegeneration
prevalent in AD. Lf serves as a promising therapeutic target for reducing
intraneuronal iron accumulation and AB production, especially under chronic
inflammatory conditions. Where a strong persistent inflammatory response may
not be required, such as in patients living with AD, the blocking of the interaction
between APP and Lf could restore the flow of iron out of cells and reduce the
production of AB. However, if the production of AB is indeed warranted due to a
microbial presence then the blocking of the interaction between Lf and APP may
prove to be detrimental. To address this issue, comprehensive screening of
patients for a microbial presence will be required. This could lead to the hope for
providing a new potential therapy in a population of people that have no pre-

existing family history of the disease.
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APPENDIX |: CALCULATIONS REQUIRED FOR DISSOCIATION
CONSTANTS

Sedimentation velocity analysis

In general, the sedimentation velocity data is fitted to the function:

1

Sw = ZSL'CL' Eq 1

Ctot

where Sw is the weight average sedimentation coefficient, cwt is the total
concentration of macromolecules, Si is the sedimentation coefficient of

component i, and ci is the concentration of component i.

The concentration of each component is related to the dissociation constant (Kd)
of the complex by standard mass conservation equations:

mym K=m,, my ., =m, +m,, m;,, =m +my,

sagamatspegmy+sar(eate)mar
Sw = 2

EaMma,tottELML tot

where m indicates the total (tot) molar concentration ma, mg, and ma. of species
A (APP), L (lactoferrin) and AL (APP and lactoferrin), respectively. It is assumed
that all species are in instantaneous equilibrium following the mass action law
with the equilibrium association constant K, with € denoting each species
extinction coefficient. From the analysis of these equations, binding constants as
well as an s-value of the complex was determined by nonlinear regression in
Sedfit 9.4.

Tryptophan fluorescence analysis
The fluorescence data was analysed using the following equation:
I, = (fAXIA) + (fL X IL) + (fAL; X IALy) + (fAL, X IALy) + (fALy 3 X 1ALy 3) 1

where the total intensity (I;) of the sample is given by the fraction (f) of APP alone
(A), lactoferrin alone (L), APP and lactoferrin bound at site one (LA1), APP with

lactoferrin bound at site two (LA2) and APP with lactoferrin bound at site one and
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site two (LA12) multiplied by the intensity of each respective complex. The

equilibrium concentration of each complex is determined by:

_ Kdq.1Kdj:2[Ale
[Alfree = Kdi1Kd1.2+Kdy.1[L]+Kd 12 [L]+[L]? 2
__[L][A]
AL, = Kdox 3
_[L]14]
Al, = Kdq 4
AL, . = LIl 5
L2 Kdq.1Kdq:2
and
_a 2 2 _ 2
[L]_3+3/(a 3b) 6
where
a = Kdy; + Kdy; + 2[A], — [L], 7
b = Kdy1Kdy.; + Kdy4[A]; + Kdy2[A]e — Kdy4[L], — Kdy 5 [L]; 8
¢ = Kdy.1Kdy5[L], 9

where [Alree is the free concentration of APP, [A]: is the total concentration of
APP, [L] is the free concentration of lactoferrin, [L]: is the total concentration of
lactoferrin, Kdi:1 is the dissociation constant for binding to site one and Kdi:2 is
the dissociation constant for binding to site two. These equations are a general
description of an independent two-site interaction. To apply these equations to
the current model we assume that the change in fluorescence intensity is taken
to be proportional to the fraction of each complex and that the binding of
lactoferrin to site one is taken to provide the same fluorescence change as the

binding of lactoferrin to site two.
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Figure S1. Related to Figure 1A. Sedimentation velocity data for (A) APP alone,
(B) Lf alone and (C) a mixture of APP and Lf (circles). (A, B & C) The data were
fitted using the c(S) model from sedfit 9.4 (solid lines through the data) to obtain

the corresponding sedimentation coefficient distributions in D, E & F.
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